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ABSTRACT

The acceptor ground-state in germanium was studied by means of the ultra-
sonic attenuation measurement. The attenuation was measured in Ga-doped Ge

> 16

with concentrdtions ranging erm 3.5 % lOl to 2.5 X 10 cm._3 and with dis-

_loéation densities of the order of 103 cmfz.

The temperature dependence of the attenuation in the absence of the mag-—
nefic field was measured in the temperature range 1.3 to 45 K at several a-
coustic péwer levels. The_attehuatioﬁ increases with decreasing the temper-
ature below 15 K. This increase is ascribed to the resonance absorption of
the ultrasonic wavés causéd by the holé transitions between the split levels
due to tﬁe internal stresses. The attenuation at low temperatures decreases
with increasing the acoustic power: the saturation effeét-in the ultrasonic
attenuation appears. \

| The magnetoacoustic resonance attenuation (MARA) was observed under
strong magnetic fields. The attenuation was studied in detail by varying
the acoustic freguency, the témperature, the magnetic field directién, the
acceptoi concentration, the acoustic power, the acoustic mode, the propagation
direction, ana the unia#iai stress. The experimental results are explained
semi—quantitapively in terms of the_gcceptor—hole—lattice_interaction in the
effective mass appréximation by teking account of the presence of the distri- .
“buted lqcal splittings énd the quadratic Zeeman effect in addition to the
.1inéar Zeeman effect. Consequently, the Zeeman-splitting parameters of the
grouﬁd state in Ga;doped Ge are obtained. The g-values a?e.gl/g' - -0.1% * 0.07
and,g3/é' = 0.02 * 0.03 fqr_ﬁ // [001]. The discrepancy between the present
résults and.the results derived from the magnetooptical absorption by Soepangkat
and Fisher is resolved by proposing a new aésignmept of their magnetooptical
spectra; The coefficiénts~of the quadratic Zeeman effect are q2 = (0.5 = 0.2)
X 10_)'L K/kG2 and gz = -(0.6 £ 0.2) x 1072 K/sz. The present g-values, which
are very small compared with the effective mass calculations, seem to be
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conéistent with the mesasured magnetothermal conductivity and the present status
of the ESR study. From the line shape of the MARA, we evaluated the initial

splittings of the acceptor ground-state. When we assume that their distribution
is represented by the Gaussian form, the average splitting AO and the variance ..

G are obtained as -0.02 * 0.006 X and 0.03 -~ 0.05 K, respectively.



ZUSAMMENFASSUNG

Es wurde der Akzeptorgrundzustand im Germanium mit die Ultraschall-
,dampfung untersucht. Die_DEmpfung wurde in Ga-gedopt Ge mit Konzentrationen

1 ® «n3 und mit Dislokationdensititen (v103

zwischen 3;5 X 1077 und 2,5 X lOl
cmfz)_gemessen.

Ohne magnetisches Feld wurde die Témperaturabhéngigkeit der Schall-
dimpfung fir Temperaturen zwischen 1,3 und U5 wter einigen Akustikintensi-
taten gemessen. Unterhalb 15 K wachst die Dimpfung mit abnehmender Températur
an. Diese Anwachse werden der Reéonanzwechsélwirkung_des Scﬁalls von dén
innérén Drucken verﬁrsachten Aufspaltungen des Akzeptorgrundzustandes
_zugeschrieben. AuBerdem wurde die Intensitétsabh%ngiékeit der Schalldampfung
beobachtet. | | |

Die magnetoskustische Resonanzdémpfung\(MARD) wurde in starkem Magnétféld
beobgchtet. MARD ﬁurde genau geméssén, dabei wufdé dié akustische Fréquénz,
die Temperatur, die Richtung des Magneﬁfeldes, dié Akzéptorkonzéntration, die
Akustikintensitét, die Akustikmode, die Richtung der Vérbreitung und das
uniaxiale Druck verwandeltb. Dié expériméntéllén Ergébnissé wérdén halbqualitativ
durch die AkzeptorfL5cher—Gitter—WechselWirkung efklérf, die untér einer
: Effektivmasseannéherﬁng mitiRﬁcksicht suf vértéilté Aufspaltungén und dén
quadratischen Zeeman-Effekt sowie auf den linearen Zeeman-Effekt berechnét.
wird. Daraus werden aie Parameter_fﬁr dén Zéénmn—Spaltén dés Akzéptorgrund—
zustandes in Gafgedopt_Gg bekommén. Die_g—Wérténsind gl/z'ﬁs?}ﬂglh * 0,07
und 93/2"= 0,02 £ 0,03 fur H // [oo1l. Die Unterschiede zwischen diesen
‘g-Werten und denen von Soepangkat und Fisher werden durch neuen Vorschlag
der Zuteilung fiir ihr Magnetooptik-Spektrum gelost. Dié»Koeffizientén}fﬁr
den quadratischen Zeeman-Effekt sind q = (0.5 + 0.2) x 10*”-K/£G2 Und~q3 =
~(0.6 + 0.2) x 1072 K/ng. Die obengenannten Q—Wérte, die sehr kleiner als
die wvon Effektivmé;éébeféchnungen sind,_kannén sich mit der béobachtéten

Magnetothermal-Leitfahigkeit und dem heutigen Zustand der ESR-Untersuchung

~



Vertragen. Mit dem Llnlegestalt von MARD schatzt man die anfangllche Auf~
spaltung des Akzeptorgrundzustandes. "Die durchschnlttllche Aufspaltung A
und die Abweichung O'betragen -0,02 * 0,006 XK und 0,03 - 0,05 K, wenn man

die Aufspaltungsverteilﬁng als eine Gaufische voraussetzt.
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I. INTRODUCTION

The électronic states of shallow impurities in semiconductors are repre-
sented by the hydrogenic states. When the average distance among the impurity
atoms i1s larger than their effective-Bohr radius, we can neglect_the interaction
among them in the first-order approximation. The localized shallow impurities
interact with acoustic phonons strongly. This has been seen as s remarkable

increase at low temperatures in either the thermal resistancelulo or the ultra-

sonic attenuation.lt™?
The thermal resistance and the ultrasonic attenuation in lightly doped
n-type Ge and n~type Si at low temperatureé have beenxunderstood rather well:
They are explained by the interaction of the acoustic phonons with the local-
ized donors whose electronic states are represented by the effective mass

- - \
1 h’ll 16 However, the problem on the interaction with the

approximation.
localized acceptorsihas remain unsettled.

Thé strong increése of the ultrasonic attenuation in p-Si as decreasing
the temperature below 20 K was first ascribed to the effect of free holes.lT
Pom.erantz,18 however, pointed out that the holes are frozen into the acceptor
- ground-state in adopted experimental conditions. Suzuki and Mikoshiba (sm)?
pfoposed a model to explain.the ultraesonic attenuation in lightly doped p-Si
at low fempefatures: (a) They calculated the coupling of the ultrasonic waves
with the acceptors in the regime of the effective mass approximation.go’zl
(b) They assumed the presence of the randomly diétributed internal stresses,
whiéh split the fourfold-degenerate acceptor-ground-state into fwo Kramer's

doublets.22 The observed ultrasonic sttenuation in lightly doped p-Si at

17,23,24 25

low temperatures as functions of the temperature,

2,26

the uniaxial stress,

the magnetic field, the dislocation density,zu and the acceptor concent-

ra.tion2h are consistent with the SM-model.. This model is also consistent with

27

the thermal conduc%&ﬁity and the heat-pulse propagation28 in p-8i. In p-Ge,

this model is useful to” explain the temperature dependence of the thermal

~
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conductivity2 and the heagt-pulse propagation.28 Cahllis and Halbo;29 however,

have reported that this model is inadequate for the analysis of the magnetic
field dependence of the thermal conductivity in‘p—Ge. They proposed that

the existencé of the low-lying states due to the dynamic Jahn-Teller effect3o
should be taken into account.

In order to clarify the anomalous magnetothermal conductivity in p—Ge,29’3l
we measured the magnetic field dependence of the ultrasonic attenuation in
Ga~doped Ge. Then, we foundva resonance attenuation under stropg magnetic
field,32 which was observed in neither B-doped Si nor Zn-dopedbGaP.33 The
resonance attenuation seemed td be explained by an extension of the SM-model;
we had taken the quadratic Zeeman effect of the acceptor ground-state into

32,33 in addition to the 1inear Zeeman effect whose parameters are

)3’4 \

‘account
reported by Soepangkat and Fisher (sF
| We have extended thé experiments of the magnetoacoustic resonance attenu-
ation (MARA) by varying the acOustic‘frequency, the temperature, the magnetic
field direction, the acceptor concentration, the acoustié poﬁer, and the acoustie
mode, and also by applying the uniaxial stress. It turned out, then, that
the Zeeman-splitting parameters adopted previouély32’33 were not adequate to
explain all of the-observed results consistently. We found that the g-values
of the aéceptor ground-state, which are derived by SF,E’!‘L could not be consistent
with our experimental resﬁlts,at all. In this article, we propose new g-values
whigh are useful to explain our observations and also>are consistent with the
experimental results by SF_:3h An alternative assignment of the observed
mégﬁetooptical~spectra is consistent with the new g-values.

The purpose of this articlé ié to show the detailed description on the
MARA as functions of the temperature and so on, and to present a successful
interpretation of them. We wiil show that the experimental results are

explainéd by the extension of the SM-model by taking account of the quadratic

Zeeman effect. From the comparison of the resonance fields with the calculated

\
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energy-level shifts of the acceptofeground-state quartet, we have determined
the Zeeman?splitting parameters. The consistency of these values with other

3k

experimental results, the magnetooptical spectra” and the magnetothermal

29,31 are discuséed;

conductivity,
| The techniques for the attenuation measurement are described in Sec. II.

The sa@ple characteristics and the e#perimental procedure are also discussed

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

of the ultrasoﬁic waves With'the acceptor holes at iow temperatures are presented.
Section iV contains the experimental results of the MARA under various experi-
mental conditions. Analyses of these results with the theoretical predictions

are presentea in Sec. V. In this section, various aspects of the experi-
mental results and the theoretical interpretation are also discussed. In |

Sec. VI, we discuss the results of the pré%ent investigation and the consist~
ency with the*cthér*experimental results. Summary and concluding remarks

of the present study are given in Sec. VII.



IT. EXPERIMENTAL TECHNIQUE AND PROCEDURE
A. Ultrasonic equipments and attenuation measurement

The ultrasonic attenuafion was measured by standard pﬁlse—echo technique.
In the present experiment, the amplifude of an ultrasonié echo was measured
as a function of magnetic field or tempersture under a fixed acoustic frequency
“and a fixed acoustic poﬁer'lével.“

Electrical rf pulses with'frequencies below 800 MHz'werevgenerated and
received by - - Matec Model 6000 rf Ultrasonié.Generator and Receiver with
‘either Plug—iﬁ Model 960 (10 to SlO'MHz) or - Plug-in Model 970 (300 to
800 MHz).. The rf pulses tuned fo thé desired frequency were introduced to
an ultrasonie transducer through a matching network (Nihonkashuha, Stub
Tuner) and'converted to u;trasonig pulses. Then, a series of the ultrasonic
echos was set up within a sample. These in turn‘geherated small electrical
signals in the transducer, which were coupled to a hlgh galn recelver. The
video envelopes of the amplified signals were dlsplayed on an os01lloscope
(Sony Tektronix 465), which was triggered by the pulses from the pulse
'génerator. Thé video signals was still amplified by a Box Car Intégrator
(PAR Model 160). Since the gate of the Integrator was synchronizéd with the
rf pulse generator, we could select oﬁe of the ultrasonic echos. Thé de
signals from the Integrator were led to & Logarithmic Con&erter (HP 7560 AM)
end then were recorded with an X~Y reéorder (YEW Typé 3072) as a function of
éithér the magnétic fiéld'br the.témperaturé. The magneticlfield was monitored
with the calibratedAmagnétoresistance of the copper wire connéctéd to a
digital voltmeter (YEW Typé 2501). The block diagram of- this sy’stém is
showﬁ‘in Fig. 2-1.

| Thé block diagram for thé ultrasonic measurement with fréQuéncies‘bétwéén
1 énd 2 GHz is shown in Fig. 2-2. An rf oscillator (Nihon Koshuha) of 1 to
2 Gszwas triggéred by thé pﬁlsés.from a pulse.genérator (P Model 21hA) and

: generated the electrical rf bulses. The pulses were passed.through a circulator
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FIG. 2-1. Block diagram of the ultrasonic measurement in

‘the frequency range 10 to 800 MHz.
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FIG. 2-2. Block diagram of the ultrasonic measurement in

the frequency range 1 to 2 GHz. The magnetic field system

is the same in Fig. 2-1.



(Western Micrqwave, Model 3A4102O) and were introduced to the sample through
the matching netﬁork. After the reflected signals from the sample Wére passed
through the circulator, they were mixed with reférence signals from an rf
oscillator (HP:8614A) and a.mplified by a mixed émplifiér (Shimada Rika Kogyo).
The signals were amplified by Matec Model 6000 rf Recéivér with Plug-in Mbdél
960. The video envelopes of the amplified signals Wéré treatéd as before and
recorded on the chart,

In'the‘present experiment,” pulse repition-rate of Sb - 100 Hz and

pulse durstion of 0.5 - 1.0 ﬁsec were used. The overall nonlinearity of the

apparatus was less than 5 %.

B. Ultrasonic tfansdueer

Wé,uSed a ZnO—piezoeleétric £ilm transducer35 in order to avoid giving
stresses to the sample. :This transducer was not affected by the magnetic
field up to 120 kG.

We fabricated the ZnO-piezoelectric film transducer.on one of the
paréllel o facéé by an rf sputtering technique as follows. Aluminum film
with thickness of 500 - 1000 X was eveporated onto one face of the polished
surfaées under presgure of 10—6 Torr. Prior to the evaporation, the surface
Was,ﬁoderately baked at the temperature of 70 -~ 100 C in order to degas from
thé surface. qud wires wifh diaméter of 50 ﬁm Weré ultrasonically bonded

~at a corner of the alumipum film. - The film and the wires act as a ground
electrode and.leadsAof the ZnO film, respectively. The sample with the film
wés set on a sample holder of thé'sputtering apparatus so that : Zn0 was

' sputtéred on.thé aluminum film. We set tﬁe sample surface parallel to a face
of .a  Zn0 ta}get:to préparé the transducer for the longitudinal Wavés as
shown in Fig. 2—3(a). To prepare thé transducer for thé transvérsé wavés,
thé sample was sét incliﬁéd.against thé ZnO—targét facé by an anglé of about
130° as shown in Fig. 2-3(b).. The sputtéring was carried out by rf field of

~ .
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13.6 MHz in the atomosphere of argon gas with pressuré of about 10—2 Torr.

. The sputtering rate was gbout 30 Z/min and the film thickness was 3000 - SOOO Z.
The sample was cooled dﬁring the sputtering by passing water through the

sample holder. After the sputtering, another aluminum film was evaporated on
the center of the Zn0 film.in the shape of s circular plate with diameter.

of about 4 mm. Finally, gold wire (50 um¢) was cemented by a condicting .
siiver paste (EPO-TEK L41T7) on the aluminum film with area of 150 - 200 um?.

The ZnO—piezoeléctric £ilm transducer prepared by thevabove procedure‘is

shown schematically in Fig. 2—&, We could generate and detecf either the
longitudinal or the transverse waves in the frequency range 0.3 to 2 GHz by

one transducer in the untuned condition. The conversion loss was estimated to

be below 50 dB includihg losses due to impedance mismatch of the circuit.
\

C. Samples and sample préparatioh

Fivé.different samples of Ga—do@ed Ge were used. The copcentrations N
were estimatéd by the resistivities.36 The sample charaéteristics are listed
~in Table 2-1.. | |

The crystals were.oriented within 1° of the desired direction by X;ray
method.. We cut them in a shape»of rectangular parallelepipeds. -The end faces
nbﬁmal to the propagation direction of the ultrasonic waves were lapped by
successive using of either carborundum or alumina powders of mesh size Nos.
1600,_1200, 2000, and.hOOO. Fina;ly, We_polished with 0.05 micron alumina
powder, Parallglism-of the faces was 10 - 20 seconds of arc. In the sample
#15LC, which was used for fhe measurement of the uniéxial stress dependence,
the end faces perpendicular to the uniaxial stress direction were also lapped
and polishéd by thé same procedure to within paralleiiém of 1 minute of arec.
Béforé preparing thg ZnO-piezoeleéfric film transducer, we washed out the
samples with chemicals, ‘e.g., ‘the mixture of ethyl ether and methyl alcohol,

aceton, etc.

-



Table 2-1. Characteristics of the samples.

Sample Resistivity EPD? Ga—concentrationb vPropagation Dimensionsc Rd
(ohm-cm) (cmf?) . N (cmfs) direction (cm—3) (K)

#15LA 1.1-1.2 00 (3.5%0.7)x10%7 [o01] 1.02x0.61x0.59 408
#15LB | 1.1-1.2 w700 (3.510.7)><1o15 [110] 0.7180.59x0.63 408
#15LC 1.1-1.2 . AT00.. (3.5i0.7)xlol5 [110] 0.62%0.63x1.67° 408
#15H , | 0.50-0.55 «900 (7.0£0.6)x10%? [001]' 1.04%0.55%0.61 324
#16L 0.19-0.20 k0O (2.5¢o.5)><1016 [0g1] 1.08x0.61%0.62 212

%EPD denotes the etch pit density.

Py is estimated from the resistivity after Ref. 36.

®The dimension in the propagation direction is given first.
da

R = (3/hﬂN)l/3 denotes the average distance among gallium acceptors.:

®The dimension in the uniaxial stress direction ([001]) is given third.



o .
)1/ 3 are 408, 324, and 212 A in #15L,

The average distances R = (3/4uW
#15H, and #16L, respectiveiy; The effective Bohr.radius a¥*, which indicates
an extent of the acceptor-ground-state wave-~function, is estimated to be
37.8 X in the effective mass theory.21 Since R 2 6a* is satisfied in our
sampleé;’we may regard thevacceptors isolated in the first-order approximation.

- The samples were set'fo the sample holder of the cryostat with great

care in order to avoid giving stresses except for the cvase measuring the

stress dependence.

D. Magnetic field appar*i;l’c.us37
Static magnetic fields up to 120 kG were supplied by using s Nb._Sn

3
superconducting magnet (IGC) and a dec current power supply (IGC Model 1508).
Figure 2-5 shows the schematic diagram of the superconducting magnet (H)
mounted in liquid heliﬁméand nitrogen dewars (E) which were made of stainless~
steel'(S.S.) (Janis Research Co; Inc., innermost diameter of 8 inch, length
of bk inch). On a dewar cap (B), we attached the following materials; two
terminals for = current supply to the magnet, two guide-tubes for liquid
hélium traﬁsfer and for = return of vaporized helium gas, a guide-tube
for thé insertion qf the liquid-helium level-indicater, several tefminals for
monitoring magnetic field and coil voltege, etc. Three S.S. tubes
(€) (10 mm 0.d., 9.4 mm i.d.) were attached to the lower face of thé cap (B)
for supporting the magnét. Four aluminum shield plates (81)-(sh) were fixed
to the tubes (¢) in orde; to reduce the vaporization of liquid helium
by thérmal radiatién. Cables (J) for introduction of the magnét current
to thé @agnet consisted of three parts: 1200 wires (0.1 mm-diameter polyester-
coated coéper wire) frém (B) to (81), 600 wires from (S1) to the sipport ring'
- (w), 350 wires from (N) to the terminal of the magnet. These cables were passéd
thropghi” thé_guidé-tupgg fop_ | réturn of thé Vaporizéd helium gas and

hence were cooled by the helium gas.

~10-
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The hysterisis was observed in the relation between the magnet current
and the magnetic field strength as shown in Fig. 2-6. On the other hand,
the hysterisis did not exist in the magnetoresistance of the copper wire
which was wound in the magnet as shown in Fig. 2-7. Therefore, we monitéred
the field strength by the.latter device.> The magnetic field strength in
these figures was measured by integrating the induced voltage on "a search

coil during 180°-rotation. S

E. Cryogenic equipments

Although the superconductiﬁg magnet itself was fully submerged in 4.2 K
'liquid helium, the témperaturé of the sample was changed in the range 1.3 to
42K during the experiment in the magnetic field. Figure 2-8 shows one of
the cryos%ats, which was designed and assemgled by K. Kajimura. This eryostat
consisted of two S.S. tubes (outer tube (F) was 32 mm o0.d. and 31 mm i.d.,
inner tube (D) 26 mm 0.d. and 25 mm i.d.). A valve (A) and a S.5. tube (E)
(7T mm 0.d., 6.4 mm i.d.) were used to evacuate s vacuﬁm'jaket up to
10_6 Torr. (G) was a teflon spacer in order to.avoid contact of the two
tubes (D) and (F). ILiquid helium was transfered into a sample room by
turning a fineé-threaded 5.8. screw-tip (C) through a handle (B). The precise
déscription ﬁf this systeﬁ has been given by White.38

Temperatures gbove hf2 K were controlled by Joule heat of a Cu-Ni
wire—heater (Cu 30 %, 0.2 mm diameter, 19 ohm/cm at room température) whieh
was wound on  ‘a sample holder. The temperature was monitored'by a calibrated
~ germanium thermometer (CryoCal\Inc., CryoResistor). Temperatures below 4.2 X
were obtained by forced vaporization of the liquid helium»in~the,sample-room
by using an oil-sealed rotary pump whose pumping rate was 900 liter/min. The
témperaturé was measured by the observation of the helium gas pressuré near
‘thébsample using ég%her é.calibratéd absolute pressuré_gauge (Naganokeiki)
or a McLéod gaugé (Shimazu).

~
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FIG. 2-8. Schematic representation of one of the

cryostats used in the measurement of the temperature

dependéhce of the ultrasonic attenuation.



1

FIG. 2-9. Schematic representation of one of the
cryostats used in the ultrasonic measurement. This

was set in the cryostat of Fig. 2-8.



One of the cryostats forvthe ultrasonic measurement is shown in Fig. 2-9.
The electrical rf pulses were guided frdm.a BNC connector (A) to the sample ®
(H) through a coaxial cable (C). The cable (C) consisted of a 0.5 mm~diameter -
S8+ .wire, a teflon tube (3 mm o.d., 0.5 mm i.d.), and a S.S. tube.(h mn o.d.,
3 mm i.d.). Two 50 um¢’gdld wires (G) connected the coaxial cable end to the
electrode leads of the transducér. Al/2 inch'brasé—valve (B) was used to
measure the helium gas pressure through a S.S. support (E) (7 mm o.d., 6.4 mm
i.d;).i Two polished copper radiation shields (D) were attachéd to (E).
Terminals (C) were connected té the terminals on the plate (F) by the enamel-
coated 0.16 mm-dismeter copper wires. The copper wires were used as the
lead wires to moﬁitor the tempefature and to supply the current to the heatér (K). °

The sample (H) was fully subﬁergéd in the liquid helium during the ex~
péfiment at temperatures bélow L.2 K. It should‘ve noted.that the transmission
of the ultrasonic waves to the liquid helium can be neglected: The ratio of
thé aéoustic impedance of the liquid helium (&3 X 103 g/cm34sec) to the

3

germenium crystal (53 x 106 g/cm3'seé) is estimated to be 10 . The trans-

mission of the ultrasonic waves to the liquid helium is less than 0.1 %.

F. Uniaxial stress apparatus.

Thé apparatus for applying uniaxial compressionalvstress at low
températuréé was designed to ﬁinimize non-uniformity of the stress in the
sample. figure 2-10 sho?s the stress apparatus schematically.

' The stress frame (N)-(T) Was.fully submerged in the liquid helium during
thé eipérimént,_aﬁd was firﬁly fixed to the end of a outer S.S. tube (1)
(32 rm 0.d., 31 mm i.d.). Thé stréss frame consisted of two parallel 98 mm—
long bress rods (P) (4 mm diameter) and two brass rods (Q) (32 mm long, 10
mn diameter) and (R) (35 mm long, 10 mm diameter). Top ends of (P) were
scréwéd to a sliding bréss bar (N) (28 mm long, 10 mm wide, 8 mm thick) and

bottom ends were also screwed to a brass base-plate (T) (same size of (N)).

~
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FIG. 2-10. Schematic representation of the uniaxial

stress apparatus.



An end of each brass rods (Q) and (R) were flat end perpendicular to the axis
of the rods. A top rod (Q) was firmly fixed to a brass holder (0) (32 mm
outermost diameter) and a sliding brass rod (R) was placed on the base plate (T).
The stress frame was prepared with great care in order to avoid introdﬁcing
any.ffictions during the application of the stress.

The strain-generation frame (A)-(G) was usually at room temperature and~
was firmly fixed fo the top end of the tube (L). fhis freme consisted of two
parts: One took part in generation of the strain and another in monitoring
its deformation when the stress ﬁas applied. Strain was generated by turning
a rotatable aluminum disk (A) (100 mm diameter, 10 wm thick) against a 60 mm-
long brass rodA(C) (10 mm diameter). The central section of (A) was constructed
from a fihe-thregded-brass screw (0.75 mm pitch) and the top pgrﬁ of the rod
(C) was also a finé—thfeaded screw. Four parallel 204 mm-long aluminum rods
(E) (12 mm dismeter) were, fixed by arStationary,crosshéad-(BQ and the dewar
cap. A ball-bearing wasbattached between (A) and (B) in order to rotate (a)
fréely. The bottom end of (é) was fixed to the top of Load Cell (TMI/BLH
Inc., Typé 50L T3P1). The»bottom of Load Cell was attachea to thé end of
the 85 mm-long brass rod (G) (10 mm diemeter). The magneitude of the strain
was monitored by connecting the out put of Load Cell (E) to a calibrated
Wheatstone bridgé.

Translational motion of the rod (G) was transfered to the slidiﬁg bar (N)
‘through a S.S. tube (K) (3m 0.d4., 2.4 ym i.d.) and a 55 mm-long brass rod
(M) (6 mm diaméter).A In grder to get rid of the leakage of the helium gas,

é Wilson—typé séal (J) was uséd. Sincé this séal causéd.thé‘frictibn for the
motion of (G), we released this seal during the experiment.

The él;ctrical rf pulééswéré'guided to the sample (S) through a BNC
connector (£) and a coaxial cable (I), which was the same as described in

Sec. II-E. . . o
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CIII. THEORY
A. Acceptor ground-state

When an impurity‘from Grbup—III of thé periodic table replaces an atom
in the crystal lattice of germanium, it produces a set of discrete states
in the forbidden_gap near the valence-band edge. Approximate energies and
waves functions for some of these states have been calculated in the effective

21,22,28,39-41 The state ¥(¥) of the shallow acceptor

mass approximation.
: : >
can be represented by the Bloch functions ¢j(r) of the wvalence-band edge and

the hydrogenic envelope functions Fj(;) as

¥(F) = : F,(¥)6, (7)), . (o1
| =000 |

where j.denotes the six-fold degeneracy of the wvalence-band edge, a three-
fold orbital and a two-fold spin degenerécies. This degeneracy is partly
lifted by the spin—ofbit interaction, which splits the valence-band edge into
a quartét and a doublet corresponding to the total angular momentum J = 3/2
and 1/2 states, respectively.

*Thg]énvelopes}Fj(ﬁ) aré obtained by expanding in spherical harmonics
Yzm(e,b).39_hl' Only even % or only odd £ terms contribute simultaneously
since the effective mass Hamiltonian is even under inversion;22 Of importance
in the present study are the acceptor-ground-state wave-functions. These aré
largely s-like, in thch case the even Q‘expansion should bé used. Only the
% =0 (s-like) aﬁd the & = 2 (d-like) contiibutions are considered here.

Thén, there afe six indépendent envélopes, one 8-like for £ = 0 and m = O,

and five dalike correéponding to 8 =2andm=2,1, 0, -1, -2. Of particular
intérést hére’is tﬁe form of the.wave functions of the acceptor-ground-state
quartet corresponding to the magnetic quantum nuwbers Mb = 3/2, 1/2, -1/2,
;3/2. These are ﬁSWAconétructed from products of the s- and d-like ‘envelopes
and tﬁé bases ¢j(?), according to Eq.(3.1). For each MJ’ these products can

~
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Table 3-1. The functions <I>i(M'J) for an axis of quantization along [001],

with corresponding radial functions and amplitude factors. T

M, % % --% -g— Radial Parts  Amplitudes c
1 0 0 0
0 1 0 0 '
o, M) | 0 0 0 O D3R () 0.860
0 0 1 0
0 0 0 1
a/2 0 Y3 5/h 0
o -/(2/3)a 0/ _ 0 _
(M.} | 3p/k 0 a/2v3 0 _5\1/2 -2
e, " J 0 a/2v3 0 s/l |G Ry (2)r ~0.198
0 o ||-/(2/3)= 0
0 || /3v/k 0 a/2
0 c*/vV2 -a/v2 0
:;3 c/2 0/., ~c¥/2 0 )
(M) [V(3/2)d| =-c/V2 0 0. _5.1/2 -2
2, 0 0 c*/v2 |L/(3/2)a (lm) Ry()r™ -0.318
0 c/2 0 /3 c¥/2
0 a/v2 -c/v2 0
-a/2 0 -3 b/k 0
0 0 , 0 -b/V2
(M) b/h 0 3 a/2 0 i/2_ -2
6,7 o /s o/ s o |2V PR (e 0.187
-b/V2 0 0 0
0 <v3 v/h 0 -a/2
0 —c¥®/V/2 a/v/2 0
—c/2§2 o/ -c¥®/2 5%//3) : )
(M) a/ —c/V2 0 -V(2/3)e¥q, 5 1/2_ -2
LA By | B cxpve |[-arve’ |G TRy(ede 0.292
-24/v3 . e/2. 0 c*/2v/3 :
-0 ~a/v2 || e/V2 0
0 c*/2. a /3 /2
.-c/:;6 "o —c¥* /Y2 —-/(2‘//3)d
(M) a/v3 e/2. 0 c¥/2/3 _5.1/2 -2
<I>5 I° | _ejov3 o _e¥/2 -a//3 (lm) Rs(z’)r 0.002
vY(2/3)a c/V2 0 c*/v6
V3 e¥*/2 -4 -c/2 0
Ta, =52 %(x2 + yg), b= %2 - yg, ¢ = z(x - <y), and 4 = Zay.



Table 3-2. The functions @i(MJ) for an

along [111].+ The radial functions, the

axis of quantization

amplitude factors,

and @O(MJ) are the same as in Table 3-1.
3 1 1 3
My 2 2 T2 2
0 A% /22 -ZA/L 0
V3 A/ 0 ~A/h 0
o (Mb) V3 A% /h -A/2V?2 0 0
1 0 0 A% /o/2) ~/3 A/b
0 A%/l 0 V3 A¥/L
0 TA% /)l ~A/2V?2 0
iB/V/6 c*/3 iv/2 ¢/3 0
c/v6 -2B/3 ~C¥/3/2 0
® (Mb) -iv2 C¥/V3 -c/3 -B%/3/2 0
2 0 B/3v/2 c*¥/3 V2 ¢/V3
‘ :0 c/3v2 2B*/3 -Cc*//6
0 -iv/2 C¥/3 -C/3 -iB*/V6
0 =A% [2y/2 TA/L 0
-A/4/3 0 A%/l ZA/V6
® (MJ) TA¥ /L3 -A/2v2) 0 A% /V6
3 -A/V6 0 A% /22 ~TA/hvV3
-1A%//6 A/L 0 A% /43
0 ~TA% /L INEYE 0
-B/V6 ~C¥/3 -iv2 ¢/3 0
-c/3/6 0 —-C*/3/2 -hic/3v3
® (Mb) ~iv/2 C%/3/3 -c/3 ~B¥%//2 2c%/3/3
h -2C/3V/3 B/V2 c*/3 iv2 ¢/3V/3] -
Lic*/3/3 c/3v/2 0. C*/3/6
0 V2 Cc*/3 c/3 B*//6
0 /2 c%/3 iC¢/3 -iV2 B¥/V/3
2¢/3/3 0 20%/3 | -iv/2 ¢/3v/3
o (A@) 1C*¥/3/3 -/2 ¢/3 0 /2 C%/3/3
5 ¢ V2 ¢/3/3 0 V2 c%/3 -1C/3/3
V2 C*¥/3/3 -2¢/3 0 -2C%/3V/3
V2 B/V3 ~1C%/3 V2 ¢/3 0
+A=x2—y2—-—32-—-]2‘-(x2+y2)], B=ugy + yz + 3x, and



' then be arranged to form six independent functions, @i(Mb), each of which
satisfies the correct symmetry of the J = 3/2 states. Suzuki, Okazaki, and
Hasegawa (SOH)Z' have derived these functions in the (Mb, Mb) bases for an

axis of quantization along the [001] direction as shown in Table 3-1. Here

the members in each célum vector are labelled according to Mb and Mb, i.e.,

(1, 1/2), ,(0_; 1/2). (-1, 1/2), (1, 1/2), (0, -1/2), and (-1, -1/2), respectively.

Radial parts are. given by

i

Bo() = 4/, )2 ey, | (3. 2)

R; (r)

]

(8/1&51*27)1/2 e exp(—r/ré), (i=1,2, 3,4 5) | (3. 3)

o .
where the effective Bohr radii ry and r, are 37.8 and 29.9 A, respectively.al

Then the wave functions of the acceptor ground-state can be written in the

form
5 . ‘ ‘ ,
e 5 e, o, (M) ' (3. 1)

" where the ey (i =051, 2,3, L4, 5) aré the amplitude factérs and are listed
in Teble 3-1.%%

| The éorrespondihg functions-for the axis of quantization along the [111]
diréction can also derived by the same way.' The functions @i(Mb) and e, inv

this case have been derived by Fjeldly, Ishiguro, and Elbaum28 as shown in

Table 3-2.

B. Zeeman splitting of the acceptor ground-state
Several calculations have been reported on the Zeeman effect of the
shallow acceptors in gerﬁahiumf Some of these have utilized either the ef-

fective mass wave-functions or the effective mass formalism to obtain explicit

~ .
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Table 3-3. g-values of the acceptor ground-state in germanium under H // [001].2

See text (Secs. VI-A and VI-D-1).

] ! . ! !
91 9o 91/2 9370
Bir et al.? 5.66 ~0.26 5.60 5.10 (calculated)
sor® ~1.h4k 0.56 -1.30 -0.19 (calculated)
row? ~1.13 0.63 -0.97 0.29 (calculated)
e
SP -1.73%0.11 0.78+0.07 © =1.53%0.09 0.03%0.04 ~ (boron)®
-0.26+0.11 0.12+0.07 -0.22+0,09 0.03+0.0k4 '(boron)f
Present -0.16+0.08 0.08+0.0k4 -0.14+0.07 0.02%0.03 (gallium)
a"l‘he g—vaiues are given using two notations. The relationships between these
1 9
are gy =9yt 9 md gy’ =gy g
| bSee Ref. L2,
See Ref. 21.
dSee Ref. 43.
®see Ref. 3b.
f



g-values and intensities of the Zeeman components of the optical spectra. . The
first such calculation is that of Bir et aZ.hE in which the g-values of the
acceptor ground-state arevexpreésed ih terms of those of the free holes using
four-component wave-functions bf the Kohn~-Schechter type.hl Only the linear
Zeeman effect is considered. The results of Bir et al. are given in Table
3-3, where the'g~valueé are tabulated using two notations. The g;values have

2L They have used an effective mass Zeeman Hamil-

also been calculated by SOH.
fénian.With six»componént wave-functions, the latter being calculated by them
using the valence-band parameters. A calculation identical to that of SOH,
‘but using four-component wave—ftnctions of Mendelson and James,ho has been
made by Lin—Chung and Wallis éLCW)fh3 These results are also given in Table
3-3.
o For the study of the Zeeman_effect of the acceptor state'in germa?ipm and
silicon, Bhattacharjee and Rodriguez (BR)lm have adopted a group theoretical
treatmenf. ‘BR have derived the exact Zeeman Hamiltonian to obtain expressions
for the énérgies of thé Zeeman sublevels.

The application of the magnetic field & introduces a new term in the

Hamiltonian of the acceptor holes. This additional term constitutes the

45

e

Zeeman Hamiltonian

Hppeman = 5% + 28)F - T mum®o%? - 1)), (3. 5)
where ﬁB is the Bohr magﬁgton, m the free elec#ron mass, ; the position operator
of thé'holés, Z and.g thé orbita; and the spin angular mbménfa in unit of 4,
réspectivély.

- From symmétry considéfation, BR have constructed a most general form of
thé'Zééman—Hamiltonian matrix for.the acceptor ground—stéte in terms of the

Lk

angular momentum.operatgr 3 (7 = 3/2) as

ol



: - T ' 3 3 3
B oeman = V591 (HeJ) + Mpd2 (H¢J¢ * HQJQ Yy )

F 22 2.2 2, 2 2. 2 :
+ + o + + + .
qlﬂz q2(H J) qS(Hx J,, Hy Jy H,J, )s ‘(3 6)
where the pearameters gl', g2’, qqs 9> and 43 depend on the unperturbed wave
functions of the acéeptor ground-state. Here the components of H are referred
to the cubic axes x, Yy, and 2z of the crystal.

Now we éxpress the magnetic field by the polar angle 6 énd the azimuthal

' L + -
angle ¢, i.e., H- = Hn with
n, = sinbcosd, ny = ginbsind, and n, = cosb, _ (3. 7)

Then the HZeeman begomes

o > > 3 3 3
= uB[glf(n~J) + ge'(nxJ +nd " +nd )]

H
Zeeman x Yy 2 3

+ [qy + q2(3'3)2.+ q3(nx2J¢? +n 2Jy2 + nz2J22)]H2.

Y (3. 8)

| For an arbitrary direction of the magnetic field, Eq.(3.8) is not nécessarily.
diagonal~in the J =.3/2 space. The expressions for the energies of the Zeeman
sublevels in this case are obtained by diagonalizing the Hamiltonian matrix
(3.8). However, the eigenfunctions are no longer defined by the states of
J = 3/2. |
: Whenvihe magnetic field ié‘applied in the [001] direction, the energies

of the Zeeman sublevels are expressed as

) ~ 3 2
E, = uB(gl'M +g,'M E + [q + (g, + q3)M ]H (3. 9)

vhere Mb 3/2, 1/2, -1/2, and -3/2. When the magnetic field is applied in
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L

the [111] direction, the energies of the Zeeman sublevles are derived as

1L/2

H + (ql

= 2, 2 2
Fis/a = ‘“B[(z 9+ 3 9,")" * 59 ety q3)8°, (3. 10)

=i (Zg red3 1 5 \p2
Eyyjp = WplG g  + 35 g, M+ (g + T4, + ¢ g3 (3. 11)

C. Interaction of thé ultrasonic waves with the acceptor holes

The coupling of the ascoustic phonons with the acceptor holes and the
energy splittings of the adcepter ground-state are déséribed by a strain
Hamiltonien.z; From symmetry consideratien, Hasegawa20 has constructed the
strain Hamiltonian for the valence-band edge in terms of the angular momentum

1) as

" operator L (L

2 1.2
2p [(z," - 5 L%e,, + C.P.] + Du,[(LxLy + Lny)exy + C.P.1],

3strdin
(3. 12)

where Ld is G~-component of the angular momentum operator (o = x, Yy, and =z
refering tb the four-fold axes). pu and Du' are the deformation-potential
constants of the va}ence band. C.P. denotes cyclic permutation of the indices
x, Y, and 3. eaB are the conventional strain components. The term, which
' giveslthe‘shift of'theféeﬁter]of;gravity‘of.the”valence-band edge, is ignored
in Eq.(3.12).

A widely used alternatlve form of the strain Hamiltonian is written in
terms of J-operator acting only on the four Bloch states defined by J = 3/2 2l

Thls form is obtained by projectlng H v into the J:= 3/2 space, while

strain
all informations about the d-like parts of the envelopes are simultaneously
relegated to a set of the deformatlon-potentlal constants D and Du,a replacing

D, and D1 respectlvelx, in Eg. (3.12) (superscript "a" stands for "acceptor").

Thus the strain Hamiltonian for the acceptor ground-state can be written aszl
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a

1
Hétrain

= %Dua[(ng - 3 Jz)exx + C.P.] + %Du,a[ (T, * Jny)exy + C.P.1,
(3. 13)
where J is a—com?onent of the angular momentum operator J (J = 3/2).
First we consider the energy splittings of fhe acceptor ground-state
induced by applying the uniaxial stress. When the uniaxial stress f is applied

in either the four-fold or the three-fold axis, the ground state splits into

two Kramer's doublets 'Mbl = 3/2 and lel = 1/2,20’22’h6’h7 with a separation

A given by
A ='<W(3/2)|H . vlw(3/2)> _ <\1,(1/2)”1 v y1/2),
. strain srain
= ;51 straina'§> - <%1Hétraina %b’ | ‘ (3. 14)
where W(Mb) are the six-column vectors given by Eq.(?.h). le> repfesent-the

four acceptor-ground-state vectors corresponding to J = 3/2. This results

in the following expressions>for the energy splittings and for the connection

betweenADua and D or Du,a and D, ,: For X // Too1],%L

L

b a, L

A = 3D, (sll slz)x, (3. 15)
a _ 2 2 2 1, 2

D~ = Du[,co et —egt - 2(c2 - ch) + /2 (c2 + Ch)cs]’ (3. 16)

where-Sil and Si2 are cubic compliance constants, and e, (i =0, 1, 2, 3, L,

5) are given in Table 3-1. For X // [111],21

-2, a
A=%D %1, _ (3. 17)

a _ 2 1 2,1, 2 2 2v2 1
ur = Dyrleg” = 3ley —e3)™ + 2(3e, + 2e0), - Sy ) = ey + ey + 3°5

(3. 18)
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where Shh is a cubic compliance constant, and c:.L are given 1in Table 3-2.
If we take only s-like parts as the acceptor-ground-state wave-functions,
i.e., oy = 1 and c; =0 (i=1,2,3,4, 5), Egs.(3.16) and (3.18) give the
a

= D

relations Du = D and D e

ul
Next we calculate the matrix elements describing the interaction of the
ultrasonié waves with the acceptor holes under the following assumptions:
(1) The phonon dispersion is linear, which is a good approximation for the
frequency ranée of the ultfasonic'waves used in preseht investigation. (2)
The crystal is elastlcally qua51—1sotrop10 in such a way as to represent the

true elastlc propertles of the glven crystal as closely as p0851ble on the

average. This leads to the average velocities ash8’h9

S 2 s 91/2
'UL = [(C’ll - 5 4 )/p] °
; (3. 19)
_ e Lo 1/2
T)T = [(cll-l\l + 5 C )/p] s
Whéré c¥ = Cll - C 2Cnh (¢ ll’ 12, and Chh are the three elastic constants

for cubic crystals) and p is the crystal demsity.

- TheAmatrix elgments are thaineduinaa straight forward manner by substituting
an expansion in normal modes for the strain components into the stain Hamiltonian
(3.13), and by using the acceptoregroqnd-state wave functions presented in
Sec. III-A. The matrix elements will contain infegrals over all space of
the products between th; various s-like and d-like paits of the wave functions,
their radial parts, and a phase factor from the expansion of the strain
components in normal modes. It is difficult to contain all these integrals.
 The essential information, however, is obtained by using "fbﬁﬁ factors"

(cut—off functions) which reflect the admlxture of the d-like parts to the
wave functions in an average way. 28 This is done by teking the angular

average over all directions of q before the spatial integral. Then, from

~
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the spatial integral involving only s-like parts, the form
: 24-2
Folq) = 1 + (qr /2)%] (3. 20)

is obtained.28_'Another type of integrals contains the products of similar

d-like parts and has the form?8

£o(q) = 11 - Bqry/2)? + (qry/2)"1/11+ (qoy/2)216. (3. 21)

In these expressions, r, and r_ are the effective radii for the s-like and

1 2

d-like parts, respectively, whose values are shown in Sec. III-A.

By adding the various contributions to the spatial integrals appearing

28

in the matrix elements, the following two form factors are found:

FHa) = )’ Fol@) + [e,® = ) + He, = )% + V2 (e, + ¢,)esf, (),
’ | (3. 22)
FHa) = e ?Fola@) + [5{ey = eg)® + (3¢, + 20.¢) - 5¢,7)
- %g(ce + ch)c5 + %cselfz(q). - (3. 23)

By using the two form factors, the g-dependence of the deformation-potential

constants can be expressed as?
D,%q) = DI (q)/fy(@)] ena D ,Hq) = D Lf Q) /Fy(@]. (3. 2b)

In the phonon matrix elements, fI(q) is always associated with the appearence

of the deformation-potential constant Dua and fII(q) with the appearence of

Du,a. For Ge numerical difference between the two is always small; less than

20 % for all q. This suggests the following approximation:28

£lq) = 5 £ (g) + £(g)]
(3. 25)

) = ).

R
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With these expressions, and after expanding the strain compnents inlnormal

modes, the matrix elements of H % teke on the form;9’28

strain
2\1/2,2 , a T nn'

<n|H Unt> = = (ﬁwqt/ZMvt .
(3. 26)

strain

. q>t
where the acceptor ground-states corresponding to Rg.= 3/2, 1/2, -1/2, -3/2
are labeled by n = 1, 2, 3, 4, respectively." wqt is an angular frequency and
aqt and aqt+ are destruction and creation operators, respectively, for the
phonons of the wave vector E and in the branch ¢t (¢t = 1, 2, and 3 refer to

the 1ohgitudinal, the fast-transverse, and the slow-transverse branches, re-

spectively). 'vt is the sound velocity in branch ¢. The C&tnn"are referred
to coupling paﬂ."a.meters.z7 They are related in the following way:
thll - C&thh - _Cq%zz - _th33’
th12 _ _th3h, C&tl3 - C&tehé (3. 27)
thlh - qus23 =0, cétnn' - (Cbtn'n)*'

When an axis of quantization is taken to an arbitrary direction of the
crystal, M& is not a good quantum‘nuMber as described previously. For the
two cases, where the axes of quantization are in the [001] and the [111] ai-

rections; the acceptor state are well defined by the‘IMb> states. In addition

to the above described assumptions, we assume that the small amount of the
d-like parts in the acéeptorfground-state wave-functions is ignored. Under

these assumptions, we can obtain the explicit expressions of the coupling

' .
parameters thnn for these two cases in terms of the conventional polar

angles (6, ¢), where (0% ) denotes the [001] direction and (7/2, 0) the

. ' .
[100]-directipn.‘ Then, the thnn are calculated for the axis of quantization

-
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along both the [0011%7 and the [111] directions2d as given in Tables 3-4 and

3-5, respectively. In Table 3-5,28

Cop = Xpp ¥ Xpp + 2Ty, + T50),
(3. 28)
13 1 1
c ==Y +V2 Y , +i(-=X,+V2X.,).
qt ok s ¥ P ot

In these tables, D = Dua/Du,a.

We are interested in the cases where all acoustic phonons of three branches
propagate along either the [001] or the [110] direction for two axes of
quantization, the [001] and the [111] directions. For fhe axis of quantization
along the [001] direction, the coupling parametefs thnn' afe given in Tables
3-6(a) and 3-6(b) for the propagation along the [001] and the [110] directions,
réspéctivély. For thé axis of quantization along the [111] direction, they
are given in Tables 3-T(a) and 3-7(b), respectively. These tables indicate
that the selectioh rules exist in the coupling of thé relevant phonons with
the acééptor holes.

Now wé will derive the attenuation coéfficient of the ultrasonic waves

by using the above results. Following Kwok's method, the attenuation coefficient

of the ultrasonic waves by the acceptor holes isbexpressed by;g

. w_qt 'ﬁwgt 2 a2 2 rn e
o= 3 z ' Nn("?;' Dyt |Cq1: | 2 2°
v, kI n,n (ﬁwqt - En'n) + (I‘n + l"n-,)
. (3. 29)
where .
E ., =E~E, ‘ : (3. 30)

end N and T are the number of holes per unit volume and the level width in
_the n-th level, respectively.

~ .
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Table 3-4. Coupling parameters Cq

direction in the quasi-isotropic approximation.

for an axis of quantization along the [001]

t 1 2 3
c, M (D/2)(3cos26 - 1) ~(3D/4)sin28 0
c 12 (V3/2)sin28 x (V3/2)cos26 x -(v/3/2)cos x
¢ ' (cos¢d ~ 2sing) (cosd - Zsing) (sing - Zcoso)
c 13 (V3/2)sin%0 x (V3/L)sin26 x ~(V3/2)sind x
v (Dcos2¢ - isin2¢) (Dsin2¢ ~ Zcos2¢)

(Dcos2¢ - Zsin2¢)




. 11
Table 3"'5. th [ Xl'b’ tha t

direction in the quasi-isotropic approximation.

Ylt’ and Y2 for an axis of quantization along the [111]

t o 1 ‘ 2 3
c 11 (1/2)§in26sin2¢ -(l/h)sinzesi;2¢ '-(1/2)sinecos2¢
qt +(1/2)sin26(sind+cos¢) -(1/2)cos26(cosd+sing) ~(1/2)cos6(cosd-sind)
X, (D/V2)sin>0cos2¢ ~(D/2V2)s1n26c0s2¢ (D/V2)sinbsin2é
Xy (1/2V2)sin20(cos¢-sing)  -(1/2V2)cos20(cosd-sind) (l/é/é)cose(cos¢+sin¢)
Yoy (D//E)(3cos26-1) (V3/2/2)Dsin26 0
Yoy -(1/2/6)[23in29cos2¢ (1/2V/6)[sin26cos2¢ (1/2v/6)[2sinbcos2¢
' -sin26(sin¢ ' -cos28(sind —-cosB(cosd
+cosd) ] +cos¢) ] -sin¢)]

12 X

13 .
and th are expressed in terms of X og?

T X
The coupling parameters th 12

Y.,, and Y., as shown by Eq.(3.28) in the text.
1t 2

t



f : !
Table 3-6. Values of coupling parameters thnn for an axis of quantization along the

[001] direction.

(a) For 3 // [o01].

¢ 1 2 3
cqt?l D | o 0
cq t12 0 (V3/2) (cos‘d)—isincb) ~% ( v3/2)(sin¢~icosd)
c, 2 0 0 0

(b) For 3.// [110].

¢ 1 2 3
cqtll -D/2 0 | 0
thlz 0 £(v6/4)(1~2) o
c, S ~/3i/2 0 | -/SD/ 2

¢ [



° 4 .
Table 3-T. Values of coupling parameters C’q tnn for an axis of quantization along

the [111] direction.

(a) For q // [o001l.

t 1 2 3
11 o
th 0 1/2 -1/2
ot D/V2-i(D+1)/V6 1/2/2+i/2/6 i/V6
: cqtl3 (D-2)/2v3~iD/2 1/2v/3+i/2 1/v3
(b) For q // [110].
t 1 2 3
11
th 1/2 1/v2 0
¢ 2 _ -iD/V6 < i/2v3 D/V2
qt
¢ 13 p/2v3 1/v6 —iD/2




In order to make the calculation tractable, Suzuki and Mikosghiba (SM)l9
have made the following assumptions and approximations: (1) The ground-state
quartet is split by random local strains by an amount A, the distribution of

which has the Gaussian/Lorentzian form. We take the Gaussian form here, i.e.,
~1/2 -1 2 2
g(8) = (em) ™2 7L axpl-(a - 8)%/26°1, (3. 31)
where AO is the average value of A and 0 the variance. (2) The level width

I, is determined by the direct (one—phonon)lh-and the Raman (two--phonon)50

processes, i.e.,

r,=T%+T,. | , (3. 32)

R Bn
.~ : L
(L +D%) (2 ah 5 oo x e e
o s~ (5D ) (&)’ [T de —EC o(akT), (3. 33)
25,"302ﬁ6 3 u! 0 (e$ - 1)2
0E) = o SRE 43, 52 B | 5 )
o) = v, F(th> + 2o, f2<ﬁvT>, (3. 3W)
Wheré'w = wqt’ x = %w/k]% and D = Duq/Du'a' v and Up are the average velocities.

f(q) is the form fégtdr given by Eq.(3.25) which js  expressed approximately

by
Flg) = 1+ (qa*/2)212, | (3. 35)

where a¥* is the effective.Bohr radius of the acceptor ground-state. The Fnd

is given for each case as described later. (3) The internal strains are re-

-~

. =36-



presented by the normal stresses in the [111] and its equivalent directions.
Under these assuﬁ@tions and approximations mentioned above, the measured
attenuation coefficient o is obtained by integrating q(A) which is a function

of the local splitting A as
a = [ 2 a(A)g(a)da. . (3. 36)

First,_we consider the attenuation in the absente of the magnetic field.
Since the acceptor-ground-state quartet is split into two Kramer's doubleﬁs,
IMbI = 3/2 and !M&I = 1/2 levels, we denote them by #n= 1 and n = 2, respectively.
' The axis of quantization is taken to be in the [111] and its éqpivalent di-
rections. Then, the attenuation coefficient d(A) for the fast-transverse

waves prdpagating along the [110] direction is given by

. 2 .
a(s) = B E p 92 (4 (8) + ay(a)], (3. 31)
pvy
. . B . 2T : 27T
o (A) = == [u, s g 2, (3. 38)
TP T ) s ar® Rw)? « ar? -
B, - ..+ T . + T
ay(8) = 75w, s+ 1 1, (3. 39)
(iw - A)° + (Fl + F2) (7 + A)° + (Pl +T,)
with
m =1+ exp(a/kr) 17, n, = [1+ exp(-0/%r)17%, | (3. %0)
rd.rp [1 ' -1 d _ -1, L
T7 = Told =~ exp(=0/km) 1, 1,7 = Tylexp(a/kT) - 11775 (3. k1)
1= 20200 (3 ae (3. k2)
0 - lLswp Pandied D, ) Q\4), 3.

where Bl and 62 are scaling factors (0< Bl, 82 < 1) which are determined by
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the bes£ fit of the calculation with the experiment. They are required
because the stresses in the <111> directions give larger contribuﬁion to the
attenuation than that in the other directions.lg Moreover, 82 contains the
' saturation effect of the hole population due to the resénance absorption of

51

the ultrasonic waves. For the other mode and the other propagation direc-
tion, thé'similar expressions of the attenuation coefficient ecan be obtained.
It should be remarked = that the atfenuation coefficient consists of the
relaxation term dl and the resonanée term d2,

Next, we conéider the attenuafion in the presence of thé magnétic field
and/or the uniaxial stress. In this case, the derivation éf fhe expréssion
of ﬁhé atténuation.coéfficient'is‘fairly,complicated. Howévér, whén thé
splittings inducéd by the exiefnal fields are larger than the intérnal split-
tings, Wé can easily dbtain the expressions. Wé derivé the analytic expressions
for the axes of quentization along either the [001] or fhe (111] diréction.
Fdr thé other directions, We cannot obtain the analytic expressions.as désc-
ribed previously. |

| When the magnetic field and the uniaxial stress are applied in the [001]

direction, the expressions of Eﬁn’ and Dnd are expressed as follow: From

Egs.(3.9) and (3.15),

13

Bip = by + uX + wplgy "+ 5 g, )H + 2(g, + g8, (3. 13)
Eig= 8y + X + qB(2gl' +.%'92;)H + 2(q, + q3)32, ~ (3.»hh)
Byp = 8y *+ LX - 43(291' * %;92')H * é(qz * q3)H?’ (3. 45)
Byg = Ay + 0X - p'];(glf + 32 g, + 2lq, + g )8, (3. 16)

where ¢ = (h/S)Dua(Sll - 512); A'Followingﬁthelresults:by KMok,lh

> .
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PR 2

3 2 3 D~ + 1
L= 5[ QE,) +E — az. )],
1 yspend 12 1 - exp(-E/kT) TT120 131 - eXP(—El3/TT) h )13
3. 47
rd%(pi"a)ztz S 2wy en Bl gy
2 yomp3 2L 1 - exploEy /Ty TR2LT TRk L - eXP(-Egh/tT) hé)zh
3.
rd_(Dura)a [E 3 D2'+l Q(E )+E 3 2 Q(E’ )]
3 7 yonpnd 3L T - exp(-Eg /R CL) T Uk T exp (g JAT) VU3
| | | | (3. %9)
Td='('D‘uf'z‘2'[E SR Q(B,,) + B4 2 Q(E, )]
b7 yompp3  ¥2 1 - exp(-B) /kT) TTN2T T U3 1 - exp(-E) o/kT) TN
(3. 50)
‘where Q(E) is given by Eq.(3.34). Nh is expressed by
w o 4
Nn = N[ iil exp(—Eni/kT)] R | (3. 51)

where N is the acceptor concentration per unit volume. The coupling parameters
' -

C&tnn are changed with respect to the acoustic mode or the propagation direc-

tion. For both the transverse waves (t = 2) propagating along the [001] ai-.

rection and the fast-transverse waves (t = 2) propegating along the [110] di-

rection, according to Tables 3-6(a) and 3-6(b), respectively,

lcq2nn|2 =0 (n =1, 2, 39.)"‘)9
(3. 52)
12,2 34,2 132 2k 2
Icqg |€ = |cq2 | = 0.75, IC'q2 | = lc'q2 1< = o.

For the longitudinal waves (& = 1) propagating slong the [001] direction,

according to Table 3-7(a),

lc ™12 =0%/% (n=1, 2, 3, 4),

ql
| (3. 53)
.’C,qllZ’Q - ICq13)+I2 = 10q113|2 - Icq12)+|2 = Q.
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On the other hand, when the magnetic field is applied in the [111] direc-
vtiéh, the expressions of E, 1, -and Pnd are obtained from Egs.(3.10) and (3.11),

and using the Kwok's results, respectively, as follow:

, 2 1 . ,41/2 1 2 2
Bio = Ao,““B[{(g"gl' * 392') *39,' /2 - (5ay' "'%92')]]1*2‘723 >
, (3. 54)
. » 2
Byg = 8+ upl{(Zgy" + 2{:;, NE %’92'}1/2 * e %QEQJH + 2qs
| | (3. 55)
: : 1 1/2 ., 1 2 2
Buo = B9 - “B[{(%gl' * g 92') t3 9" o Ga'+ g g," )18 + 2q,8",
| | (3. 56)
‘ . 2 1 /2 1 2 2
Byz3 =8 - ml{G gy + %3 g,1)° + 2o, 12 - G o'+ 539, )00 + 2q 87
| ' (3. 57)
2(p ,%)2 2 2
d " u! 3 20" + 1 3 D™ + 2
Iy = l357“353 LE12 1- exp(-—E’lQ/kT) Q(Ela) BT exp(-EB/kT,) Q(E13)]’
- " a) ! (3. 58)
: 2(D 2 2
d _ u'’ 20" + 1 3 D~ +2 ,
Ty” = 1351rpﬁ3 [E21 1- exp(—E’zl/kT) Q(Eel) YETS exf;(-E'zh/kT) Q(Ezh)]’
a2 (3. 59)
r d _ Q(Du' ) (B 3 D2 + 2 ' Q(E ) " E,. 3 2D2 + 1 QE_,)]
3 13spen3 3L 1 - exp(-E /RT) 34 1~ exp(-E,) /RT) ~' 7347
a2 (3. 60)
h T pasmS 42 1 - ew (B, /RT) Tkl T ks T eap (o) /AT © U3l
| o ' (3. 61)

The éxpréssiqn of N is also given by Eq.(3.52) in this case. The coupling
paramétérs C&tnn'ale also changed with réspéct to the acoustic mode or the _
‘propagation direction, which is derived from Tables 3-T(a) and 3-7(b): for

é;amplé, for the ‘transverse waves (t = 2) propagating along the [001] direc-

tion,

|Cq2nnl2 = l/h (n = l’ 29 39 )4)9
: (3. 62)
12,2 34,2 : 13,2 24,2
Icqg ‘ l = IC' I = 1/6: -lcq2 3| = lC’q2 I = 1/3.
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It should be noted that the attenuation coefficient obtained above is
. > -> > > .
functions of A, H, or X, i.e., 0(A,H,X). As for A, we can integrate

’ - - d

according to Eq.(3.36). The effects of H and X appear through E_,v8nd T
in the attenuation coefficient (3.29). If the attenuation is measured as a
function of the external magnetic field, we will meet the field at which
ﬁwqt = Eh'n (n!' ¥ n). This results in the resonance attenuation of the ultra-
sonic waves. Generally speaking, the attenuation coefficient consists of
two terms in the presence of the magnetic field, which is similar to the case
in the absence of the magnetic field described previously: one is the resonance

term and ﬁhe other the relaxation term which exists under the condition of

[C&tnnl2 X 0. In sumary, the measured attenuation coefficient is given by

f_oo b a(a,E,X)g(s)

Q -
i

s @R +a (E,%). (3. 63)

% esonance re laxation
Numerical calculations described in later sections reveal that the relaxation.
attenuation is small compared with the resonance attenuatién below 4.2 K and

is henceforth disregarded in fhe present investigation in most cases.
Moreover, when we éompare the attenuatién coefficient described above with
the observaﬁions, wé introduce & scaling factor B in the presence of the

magnetic field by the same reasons as Bl and 62.
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IV. EXPERIMENTAL RESULTS |
A. Temperature dependence of the attenuation in the absence of the magnetic
fie‘ld |

Prior to the description of the magnetoacoustic resonance attenuation
(MARA), we show the temperature deéendence of the ultrasonic attenuation in
the absence of the magnetic field. The attenuation was measured in the temper-
ature range 1.3 to 45 K at various acoustic power levels in four samples with
different concentrations (Table 2-1).

Figure 4-1 shows the temperature dependences of the atténuation of thé
1.11 GHz-fast-transverse waves propagating along the [110] diréction in #15LB.
at four acoustic powér levels. The attenuation incréases with décréaSing the
temperature below 15 K except for the case of 6 mW/cm?, which changes little
with the températuré, The résidual attenuations of nl dB/cm are causéd by
thé following facts; thé scattéring by defects, the lack of the pafallelism
of the sample facesy and the intérférence of the wltrasonic waves féfleéted
at two facés of a Zn0 film. The attenuations at low temperatures décréasé

1 is observed.

wifh incréasing the acoustic power; thé sgturation effect
The temperature dependehceé of the 1.23 GHz—transverse waves propagating
along the tOOl] direction in #15LA are shown in Fig. 4-2 at three acoustic
power levels. The feature of the temperaturevdependence is éimilar to the
case shown in Fig. 4=1. The temperature_depéndencé of the longitudinal wévés
in these samplés is éimilar to that of the ﬁransverse waves except for an
amount of thé attenuation, which is small reflecting the fast propagation of
the former waves. | \
The résults for the 1.06 GHz-transverse waves and the 1.28 GHz-longitudinal
 waves propagating along the [001]'direction in.#15H are shewn in Figs. 4-3
gﬁa bl respectivély. The feature of the tewperature dependence is similar

to the cases in #15LA and #15LB except for an attenuation increment near T K.

This increment becomes clear with increasing the acoustic power. The temper-

Lo
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FIG. 4-1. Temperature dependences of the attenuation of the 1.11 GHz-
fast-transverse waves propagating along the [ilO] direction in #15LB.
Closed and open circles denote the attenuation at the acoustic power
levels of 0.01 and 0.06 mW/cm?, respectively. Open and closed triangles .
denote those at 0.6 and 6 mW/cm?, respectively.



11 T T T T T T T T T
. #15LA 7
10 oo G/ 001 —
= = %, Tranverse -
| . |
= | ° : 1.23
g e} oee: . GHZ -
N L 2N .
. © “%@
| 81 oy Y
2 P o <3
5 L ‘b&@ y N
: : xR %a%” f
< 7 QQ’OQ)Q °go f —
ég ) ° % ° %fg&§
W - R0 S 5 -
- | T %o 0%, ep0 500 3
T 6 bbetmadistiusn, [TRetS -
- 4%, Haa
5L : 4
| . { | | l: | I | ] | |
1 2 3 4 56 810 20 304050

TEMPERATURE  (K)

FIG. 4-2. Temperature dependences of the attenuation of the 1.23 GHz-
transverse waves propagating along the [001] direction in #15LA.
Closed circles, open circles, and closed triangles denote the attenuastions

at the acoustic power levels of 0.06, 0.2, and 2 mW/cm?, respectively.'



12 — T T T T T — —

L e #15H |
| - | g/won |
£ 10| L | Transverse |
N L & 1.06 GH, |
m % €03 '

° ool Tmm 4 .
~ &bo% - %eo
— o o 0o -
2 6209
8 8 Aﬁ %‘% 2%
l<—[- | A »C%Q’&ag%)oo%ooo :o -
= 7| > &L -
A lo
Ll A© &
— B ‘;? ® dég% o~
2 6 AA%OO fﬁ
~ > ofm 53%9 -
A GHIELP,
o A“,:AW _
5I- _
aq RN R R B 1‘ L
1 2 3 456 810 20 304050

TEMPERATURE = (K)

FIG. L-3. Temperature dependences of the attenuation of the 1.06 GHz-
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ature dependence of the attenuation in #16L is similar to the case in #15H

except for an amount of the attenuation.

B. Magnetoacoustic resonance attenuation (MARA) |
1. Magnetic field dependenée of the ultrasonic attenuation by the acceptor
holes
We measured the magnetic field dependence of the ultrasonic attenuation

in fivé samples (Table 2-1). The magnetic field up to 120 kG was applied in
the (110) plane. The attenuation was measured in the temperature range 1.3
to 4.2 X at a fixed acoustic power. |

: Thé efféct of the magnetic field on the atteﬁuation of the 1.23 GHz-trans-
_ﬁerse waves propagating along the [001] direction in #15LA is shown in Fig.
45, Since the magnetic field was monitored by the magnetoresistance of the
copper wire, the absciséa is not evenly spaced because of its non-linearlity
'(héréaftér wé'ﬁéé this abscissa in most cases); When the magnetic field is
applied in the [001] direction, the attenuation is characterized by four
peaks A, B, C, and D.  When the magnetic field is applied in the [111] direc-
tion, thé atténuation shows four peaks a, b, ¢, and d at différént fields
from the abové. Wé regard thesé péaks as the resonance-attenuation peaks,
sincé théy appéar in the limited field region, shift with the acoustic frequency,
and saturate with increasing the acoustic powér. The background attenuation
rapidly décréases up to éO - 30 kG and then is almost constant up to 120 kG.
The overall behavior of the magnetic field dependenée is similar in #15H and
#16L as shown in Fig. L-6.

~ We show that these resonance behaviors are specifié to the attenuation

32,33,52

by the acceptor holes in germanium. We could observe the MARA in

neither B-doped Si nor Zn-doped GaP, though we could observe the attenuation
by the acceptor holes which are characterized by the increase with decreasing

2k

the temperature below 20 K. In Fig. 4-T7 are shown the magnetic field
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dependences of the attenuation in these two samples. In B-doped Si (the

sample Sil6LD in Ref. 2h), the attenuation of the 0.65 GHz-fast-transverse
waves propagating slong the .[110] direction at 4.2 K under H // [110] decreases
rapidly up to 40 kG and then decreases gradually up to 120 kG. In Zn-doped
GaP (V1.5 x 1017 cw™3), the attenuations of both the 0.5- and the 1.3 GHz-
longitudinal waves propagating along the [112] direction at 4.2 K under

" // [112] decrease rather monotonically up to 120 kG. These magnetic field
dependences in p-Si and p-GaP look like the background attenuation in p-Ge.

In later sections, we describe the MARA in Ga-doped Ge. In the present
invéstigation, we concentraté our attention to the resonance-atteﬁuation peaks
at high magnetic fields (> 30 kG), in order to make possible to compare with
the theory (Séc. V). We found that the MARA varied with both the temperature
and thé acoustic power reflecting the attenuation in the absence of the magnetic
fiéld’(Sec. IV-A). However, it turﬁed ouf fhat the resonance-peak positions
aré affected bﬁ'neithér the temperature nor the acoustic power. We show that
thé MARA changes with the acbustic frequency, the acbustic mode, the magnetic

field direction, and the uniaxial stress.

2. Acoustic power dependence
When we chaﬁgéd the acoustic power, the resonance-peak attenuations were
' afféctéd‘but thé shifts in the résonancé—péak ppsitions were not obsérved.
Wé measured thé acoustic pover dépendence of the MARA in #15LB using the
111 GHz-fast-transverse waves propagating along the [110] direction. The
magnétic field was applied in the [001] direction.
Figuré 4-8 shows the efféct of the acoustic power on the MARA at 1.5 K.
Thé bottom line represents the MARA at NG mW/cm? and the attenuation péaks
aré faint. The successive lines upwards represént thé MARA obtained with
decréasing.the acoustic power. Numerals attached to the linés show thé acoustic

power levels in unit of dB; O dB corresponds to 6 mW/cm?. As the acoustic power
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was decreased, the attenuations of thé péaks A and B were increased, whose
feature is shown in Fig. 4-9. 1In this figure, we define the resonance-pesk
attenuations as the differences between the peak attenuations and tﬁe back-
'ground attenuations. On the other hand, the resonance-peak positions did.
not shift appreciably with the acoustic power, whose feature is shown in

Fig. h—lo; ‘These behaviors of the acoustic power dependence of the MARA were
found at any tempgratures below 4.2 K or in the other samples.

* The acoustic power dependence of the MARA is related to the saturétion
effect describedbin Sec. IV-A and will be discussed in Sec. V-C. In the
folloﬁing ééctions, our measureménts’were performed in the low acoustic power
whére the signal is clear enough to follow the detailed behavior. Our analysis
vwhich is related to the determination of the Zeeman-splitting pafametérs of
thé accéptOr_ground—staté is. carried out in rélation to thé resonancé-peak
positions, which aré not affected appreciably by the acoustic power.

3. Temperafure dependence

‘Whén the ten@érature wasbvariéd, the resonance—péak attenuations wéré
changed'appréciably but the résonance-peak positions wéré affectéd little.
Figuré h-11 shows thé éffect of thé température on the MARA in #15LA for thé
1.23 GHz-transversé waves propagating along the [001] direction at 0.06 mW/cmz.
Thé magnetic fiéld.was applied in the [001] direction. Thé bottom line re-
présénts thé MARA at 1.3 X, which is thé samé as thé solid liné in Pig. L4-5.
The.éuccessive lines upwards represent the MARA obtained with increasing the‘
| témpératuré. As decréasing the temperaturé, thé attenuations of thé péaks
A and B increaséd appréciably but the resonance-peak positions shifted little,
whoSé féaturés are shown in Figs. 4-12 and 4-13, respéctively; The similar
témpératuré dépéndénceé wéré found in the othér samplés or the other acoustic
modé;

- When the magnetic field was applied in the [111] direction, three peaks
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(assigned by a, b, and e in Fig.k-5) were found above .30 kG. Since the‘peak
b was, howeyer, ﬁot clear enough to follow the temperature dependence, we
disregarded this peak in this cése. The temperature dependences of the
resonénce-peak attenuations and positions in #15LA for the 1.86 GHz-longitu-
dinal waves propagating along the [001] direction are shown in Figs. 4-1k
and 4-15, respectively. The attenuation of the peak a increased with déc— v
reasing the témperature‘dcwn to 2 K and saturated below 2 K. The atténur
ation of the peak ¢ saturated over whole tamperatﬁrés betveen 1.3 and 4,2 K.

The saturation effect will be discussed in Sec. V-C.

4. Acoustic frequency dependence

When the acoustiC'frequency was changed, the resonance-peak positions
Wéré shifted. Figuré.h-l6 shows the acoustic frequéncy dépendencé of the
 MARA of the fast-transverse waves propagating along the [110] direction at
1.5 XK under H // [00I1 in #15LB. The successive lines downwards represent
thé MARA obtained with decréasing the acoustic frequéncy. As décreasing the
fréquéncy, thé résonancé—peak positions shifted appréciably; the péak A shifted
toward the lower magnétic field and the péék B shiftéd toward the higher magnetic
fiéld with décréasing the frequency. At 0;58 GHz, two resonance peéks could
not be observed separately. Bélow 0.30 GHz? we could observe one peak at the
high magnetic field.

The feature of the resonance-peak shifts with the acoustic frequency is
shown in Fig. L-17 fof the sbove case. The peak 4 almost linearly shifts
toward the lower magnétic,fiéld, whéreas thé peak B toward the higher magnetic
fiéld with décréasing thé'frequency. Consequently, these two peaks approach
éach othér with.décréasing the fréquéncy and ovérlap néar 92 kG,

Whén thé hagnetic fiéld was applied in the [111] direction, the observed
acoustic fréquéncy depéndence of the resonance-peak positions in #15LA is

shown in Fig,‘h-18. The measurements were carried out at 1.3 K by using both
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vthe transverse and the longitudinal waves propagating'alohg the [001] direc-
‘tion. The peak @ shifts almost linearly toward the lower magnetic field,
whereas the peak b toward the higher'magﬁetic field with decreasing the
acoustic fréqnency. Consequently, these two peaks approach each other with
decreasing the frequency and overlap near 75 kG. In this figure, the frequency
dépendénce of the peak ¢ is showﬁ.

Thé overall behaviois of the acoustic ffequency dependence in #15H and
#16L aré similar to thé above cases. We do not show the acoustic fréquéncy
depéndence of the.resonance—ﬁeak attenuations, since we could not observe

the attenuation by controlling the degree of the saturation.

5. Acoustic mode dependence

‘The MARA changes with the acoustic mode and the'direction of the ultra-
sonic wavés in both thé magnituaé and the peak positions. This réflects the
‘difference in thé éoﬁbling péraméters or the selection ru;és.

Eiguré 4-19 shows the MARA of the 1.86 GHz-longitudinal waves propagating
along the [001] directibn at 1.3 K and 0.1 mW/cm? in #15LA. The magnetic
fiéld was applied in'thé [o01] diréction. This corrésponds to that of the
transvérsé‘wavés shOwnABy the solid line in’Fig. h-S. The effect of the mégnetic
field on the attehuationiof;the longitudinal waves is smaller than that of
’thé transvérse waves réflecting fhe‘fast~propagatioh of thevfbfmer waves..
Inbadaitioh to this-differehcebin’magnitude;-we observe-an extra attenuation.
increment near 40 kG for the case of the longitudinal waves.

Figgre 4-20 shows the MARA of the 1.83 GHz-fast-transverse waves and
of 1.84 GHz-longitudinal waves propagatiﬁg along the [110] direction at 1.5
X and 0.06 MW/cm? in #15LB. TFor the transverse waves, the MARA consists of
féur péaks whosé féature was quite similar to’the solid line in Fig. 4-5,

_On the other hand, for ﬁhe longitudinal waveg, the feature of the MARA is

quite different from that of the transverse waves; the peak A and B were not
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observed, but two clear resonance peaks were found near 18 and 46 kG.

6. Mugﬁetic field-dirvection dependence

When the sample was rotated so that the magnetic field direction rotated
from the [001] to the [111] direction in the (110) plane, we found the shifts
of the résonance—peak positions. We measured the magnetic field-direction

vdependence of the MARA in #15LA using the 1.23 GHz—transVerée waves and the
1.84 GHz-longitudinal waves propagating along the [001] direction.

Figure 4-21 shows the MARA of the trané?erse wavés at’sevéral magnétic
field directions. The [001] and the [111] directions cérrespond to 0° and
54.7°, féspéctively. Thus, the resonance peaks 4, B, ¢, and D for 0° and
thé péaks a, b, ¢, and d for 54.7° were obsérved in accordance with Fig. L4-5.
Thé succéssivé linés downwards from the line for 0° represent the MARA obtained
with incréasing 0, which is an angle from the [00l] direction. The resonance-
péak positions*WEré strongly affected by the magnetic field direction.

.In Figs. 4-22 and 4-23 are shown the magnefic field-direction dependences
of thé résonance-peak positions observed for the transverse and the longitudinal
waves, respectiveiy. These two figures are quite similar to each other.

When the magnetic field Wés set in the [001] direction, four peaks 4, B, C,
and D weré found.’ The peaks A and B shift.tow§rd the higher magnetic fields
with incréasing 0 slightly. When ® > 10°, these peaks could not be found in
thé magnétic fiéld up to 120 kG. TFollowing the disappeérence of the high
magnetic field peaks, two peaks were found at the low magnetic fields (near
20 and 40 kG). The low-field peaks did not shift apéreciably as 0 increased
 from 10° to Lo°. When'ﬁo° < 6 < 70°, the low-field peaks.shifted toward the
higher magnetic fields making the maximum near 55°. At 54.7°, the peak at
40 kG will be connecfed to the peaks a or.b and the peak at 20 kG to the

peak e.
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7. Uniaxial stress dependence

When the uniaxial stress was applied, the shifts of the resonance-peak
positions were observed at rather weak stress?2 The sample #15LC was prepared
for this experiment so that the compressional uniaxial stress and the magnetic
field were applied in the [001] direction. The 1.1l GHz-fast-transverse waves
were propagated along the [110] direction at 4.2 K.

Figure L2k shows the effect of the uniaxial stress on the MARA. Thé top
line represents the MARA in the absence of the stress. The successive lines
downwards represent the MARA obtained with increasing the stress. Since we
used the stréss apparatus described in Sec. II-F, thé stress had a large
érror due to the friction for the translational motion of the rod (@) ete.
Typical érror'was 1.0 X 107 dyns/cm? at 1.h x 107_dyns/cm?: The error was

véstimatéd by incréasing and décreasing the stress as monitoring thé MARA.

As increasing the stress, the peaks A and B shift toward ﬁhe lower magnétic
fiélds and théﬁpeaks c and D toward the higher magnetic fiélds. At &1.8 b lO7
dyns/cm?, the peaks overlap near 45 kG. Above 2.4 x 107 dyns/cm?, we could
observe no peaks in the magnetic field up to 120 kG.

It should be noted that the MARA is strongly affected by the stress at
rather weaknlévél. This méans that,in order to get the intrinsic attenuations,
wé must havé paid étténtion to a&oid giving external stresses except for the

experiment of the uniaxisl stress dependence..

8. Acceptor-concentration dependence
The resonance-pesk positions were not affected by the acceptor concentra-
tion remarkably in the adopted samples, when the acoustic mode and the magnetic.
field direction were the same. The MARA obtained in three samples with differ-
rent concentrations by using the transverse waves propagating along the [001]
, . _ .
direction under H // [001] are shown in Figs. L4-5 and &hG. The resonance-peak

positions did not shift appreciably but the resonance-peak widths were broadened
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with increasing the acceptor concentration. The peaks A and B became obscure

with increasing the acceptof concentration. The peaks C and D became faint
.and disappeared with increasing the concentration. Since the degrees of the

saturation effect are not the same for the three cases, we cannot compare

the magnitude of the resonance-peak attenuations.
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V. ANALYSES OF EXPERIMENTAL RESULTS
A; Temperature debendence of the attenuation in the absence of the magnetic
field | .

As described in Sec. II-C, we can regard the gallium impurities in our
samples as isolated in the first-order approximation. Therefore, we analyze
our experimental resuits in the iight of the theory described in Sec. III.

In this section,_we consider the temperature dependence of the attenuation
in the absence of the magnétic field. |

The formulas for the ultrasonic attenuation in the absence of the magnetic
field aré'givén by Egs. (3.37) - (3.h2). Two types of atténuations éxist:
:thé relaxation-type Oy and the resonance-type Oy o

To calculate thé coupling of thefultrasonic waves with the accéptor holes,
Wé use thé deformation—potenﬁiél constants obtained by piezospéctroscopy.53
On thé othér hand, in thé calcUlation of the level width Fn’ Wé adopt thé‘
"dynamigf deformation;poténtial constants determined by the heat-pulse experi-
ment28 by the following facts: (1) The analysis of the heat-pulse data stands
basically on the same principle adopted here. (2) Fn is determined by the
phonons which are in the same frequency range as the phonons contained in the
héat pulsé. These phonons have the wavelength 1/q (g is the wave nﬁmber of
the phonon), which is smaller than the effective Bohr radius a* of the acceptor
holes. (3) The third reasdn will be described later in this section. Moreover,
sincé it is assumed in the aerivation of the ultrasonic attenuation formulas
iﬁ Sec. III-C that the envelope functions consist of solely s-like parts,
thé deformation-potential constants for the acceptors become equal to those
for thé valence-band edge according to Egs. (3.16) and (3.18). Thus, we use

- . . ' a a Sh
the deformation-potential constants of Du = 5,45 eV and Du = 6,10 eV

[ 2
53,55

% = 3,8l v’ for the coupling of the

for T , whereas D % = 3,32 eV and D '
n u U
ultrasonic waves with the acceptor holes.

First, we calculate the temperature dependence of the level width Fn in

-T2~



the absence of the magnetic field. Figure 5-1 shows the calculaﬁed temper-
ature dgpendences of T, and Pnd (n =1, 2), where we assume that the split—
ting is uniform throughoutvthe sample. The splitting A is expressed in unit
of degrees of Kelvin. Other constants used are given in Table 5-1. For A =
—0.02 K, ﬁhich is determined by the ahalysis of the MARA as described in Sec. -
V-B, Pn are smaller than those for A = -0.1 K by one or more orders at any
témpératures.» Thus, the contribution of Pnd to the level width is négligibly
small and that of fR dominates.

Now we calculaté tﬁe temperature dependence of the attenuation of the
1.11 GHz~fast-transverse waves propagating along the [110] direction in #15LB.
In Fig. 5-2 is shown thé calculated témpéréture dependéncé of thé atténuation,

vhere wé_assume that the scaliﬁg factors Bl = 62 = 1 and the Gaussian distri-
" bution for thé initial splittings with AO = -0.02 X and 0 = 0.03 K; whosé
valués are détefmined'by thé line shapes of the MARA as describéd in Sec. V-B.
-Inserted figuré"shows thé‘rélaxation attenuation dl. The calculatéd attenua-
tion indicates that the attenuation below 4.2 K, where thé MARA was obsérvéd,
is ascribed to thé resonancé attenuation O The résonance attenuation is
caused by the hole transitions between the split levels due to the internal
streSsés.

The slight increment hear 7.3 K is ascribed to the relaxation attenu-
ation, which is ihdependentbon the acoustic power. This is explained as
follows; PR near 12 K becomes egual to_the energy cprresponding to 1.11 GHz
ultrasonic waves as shown by an arrow in Fig. 5-1 and then the Lorentzian has
& maximum value. Since the relaxation attenuation al includes the terms Nl’

vN2’ and 1/T, in additiop to the Lorentzian, the resultant temperature depend-
ence has the maximum near 7.3 K. This is consistent with the observations.

At this stage, we consider about the third reason for the use of the
"dynamic" deformation-potential constants in the caleulation of Fn. If we

a

take the values Dﬁa = 3.32 eV and Du' = 3.81 eV, the slight increment near
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Table 5-1. Values of physicé.l parameters used in the

calculations.
Symbol Numerical wvalues Dimension
, 3
P 5.32 g/cm
K ‘ | 16 , —_—
, . 5 ‘
vl[oou h,92 x 10 cm/sec
a : ¢ 2D
02[001] » 3.55 X 10 cm/sec
a S 5
vl[llO] _ 7 5.41 x 10 cm/sec
- a8, ’ 5
‘02[110] . 3.55 X'10 cm/sec
v ‘ 5.37 X 105 cem/sec
U 3.28 x lO5 cm/sec
o | -12 2,
- . P
Sll 512 1.20 x 10 cm /dyne
) ' ‘ ‘ 1)
a* -37.8 A
, _ : . b ,
m¥* » : 0.2 m, _ grams
my 9.1 X 10728  grams
a . '
- V
Lb 3.32 | e
D, | - 3.81 eV
Dua[dynamic]c 5.5 ev
Du,a[dynamic]c 6.10 ‘ eV

= g
— —

®The Miller indices denote the propagation direction.
bThe éffective mass m¥ is calculated from the ioni-
zation energy (= 10.97)59 in the effective mass theory.6o '

°The meaning of "dynamic" is discussed in Sec. V-A in the text.



ATTENUATION (dB/cm)

0 ] S N N S N O A I
T 2 3 4 5 7 10 - 20

|  TEMPERATURE (K)

FIG. 5-2. Calculated temperature dependence of the attenuation of the 1.1l
GHz-fast-transverse waves propagating along the [110] direction in #15LB.

Inset shows the relaxation attenuation in the temperature range 4 to 15 K.



0 4 8 12 16 20 24
TEMPERATURE  (K)

FIG. 5-1. Calculétéd températuré dépéndéncés of the
level widths I, and rnd (n =1, 2) as a function of the
uniform splitting A. The value of A is represented in
unit of degrees Kelvin. An arrow merk denotes the

temperature corresponding to 1.11 GHz.



T.3 K is shiftedvtoward 20 K. This is inconsistent with the observations.
The calculated temperature dependence is similar to the observations

in the weak acoustic power limit except for the scaling factors. In order

to get the better fitting of the calculated with the observations, we must

take account of the saturation effect. The saturation effect may Be taken

into account by adjusting a scaling factor-82 in the present formulas. As-

thé acoustic power increases, the saturagtion effect becomes strong and 82

‘is reduced. In the strong acoustic power limit, the resonance attenuation is

suppressed as shown in Figs. 4=1, h-2, 4-3, and 4-h. Under these considerations,

wé can almost néglect the relaxatioﬁ attenuation at low températufes, e.g.,

bélowvh.2 K, where the MARA was measured. The detailed discussion on the

“saturation éfféct is given in Sec. V~C together with that on thé MARA.
It‘should be noted that the scaling factors Bi and 82 are chénéed by the

way to taking,thé randomly distributed internal strains into the theory.

In Sec. iII—C;ﬁﬁé took the simple way in order to perform the calculation

vin an analytically tractable way: The internal stresses, are represented by

thé normal stréssés in the [111] and its equivalent directions. The actual

crystal has thé more complex internal stresses than the above since the

internai stresses are caused by the interactions among the acceptor impurities

as wéll as the internal mechanical strains, ﬁhich will be discussed in Sec.

VI-C. Thus, it is very-difficult to obtain the values of Bl and 82 theoretically.

Theréfore, we treat Bl and 62 as the adjustable scaling factors in comparison

of the experimental resulis with the theory.

B. Magnetoacoustic resonance attenuation (MARA)
1. Imtroduction

As described in the prévious section, the ultrasonic attenuation below
4,2 X is mainly dué to the resonance attenuation. When the attenuation is

.'measﬁred as a function of the magnetic field, the resonance absorption of
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the ultrasonic waves is observed at the fields where En'n = 7w (n' x n).
The magnitude of the resonance attenuation is proportional to l/(Pn + Pn,),
whére ﬁ and-n' denote the relevant levels to the resonance process. Since
Pn decreases with decreasing the témperature as shown in Fig. 5-1, the attenu-
“ation is expected to increase with decreasing the temperature. When the
| value of Pn is.small, i.e., the relaxation time is long, thé saturation effect
appears; the attenuation décreéses with increasing the acoustic power. This
is éonsistént with thé observations in Seec. IV-B-2, quever; since both the
témperature and the acbustic power do notvaffect the resonance-peak poéitions
and theréfore the energy splittings, we can disregarded these effects in the
 c§nsiderétion of the level splittings of the acceplor ground-state. = The
resonancé fields chaﬁge with the acoustic frequency, the magnetic field di-
rectibn, and'thé uniaxial stress as described in Sec. IV-B. In addition to
these facts, the selection rules exist in the MARA, which is seen in the
acoustic mode dependence of the MARA describéd in Sec., IV-B-5.

Whén Wé ana}jze these experimental results in the light of the theory

déscribed in Séc. III, the information about the energy levels of the acceptor
ground-state is obtained. Itvshould be noted that the theory and formulas
described in Bec. III are adequate for the analyses of thé experimental results
under the strong magnetic fields.v Thus, we will derive the Zeeman-splitting
parameters of the ground state in Ga—dofed Ge by comparing the observations

with the theory above 30 kG.

2. Comparison of the observed resonance fields with the theory

In order to find.the resonance fields, we calculate the magnetic field
dependence of the energy splitting Eﬁ'n' We considér first two cases where
the magnetic field is applied in either the [001] or the [111] direction.
In these two cases, the acceptor ground-state is well represented by the

state for the angular momentum J = 3/2 and the formulas are simplified as
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described in Sec. IiI. The expressions of E _, , Eqs. (3.43) - (3.46) for

R // [o01] aﬁd Egs. (3.54) - (3.57) for g // [111], inelude five parameters
gl', g2', 955 939 and AO. In what'follows, we try to determine these parame-~
‘ters by coﬁparing the observed resonance fields with the calculations.

VWe take account of the following factors; the selection rules in the
coupling of thé‘ultrdsonic waves with the acceptor holes, thé acoustic frequéncy
dependence of the MARA,Atheiuniaxial stress dependéncé Of:thé“MARA? and the

”mégnetic fiélardiréction dependénce of the MARA, Thé seléction rules aré
derived from Tsbles 3-6 and 3-T. For B // [001], the hole transitions between
levels 1 and 2 and'betweén leveis 3 and L are allowed for both thé transvérse
waves propagating along the [001] direction and the fast-transverse waves
propagating along the [110] direction. For the longitudinal waves propagating
along the [110] diréction, the transitions bétweén levels 1 and 3 and between
levels 2 and b are allowed when H // [001]. For X // [111], all transitions
éré allowed fof”bofh the transvérse-and the longitudiﬁal waves propagating
along the [001] direction. Based on these selection rules, the allowed
résonance transitions are felated to the observed peaks under ﬁ // [001] as

follows: For the peaks 4 and B,

lElgl i, - ’ . : (5. 1)

or

and, for the peak near 46 kG in Fig. 4-20,

12, = 7w, (5. 3)
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or
By, = Ao » (5. 4)

In'addition to these resonance conditions, we take the uniaxial'stress
dependence of theylevéls into account. When the stress i'is applied inithe
[001] @irection, the acceptor ground-state splits according to Eq. (3.15).
This indicates that the |3/2> states are higher than |1/2> states in énérgy.

First, we cohsidef the éase of ﬁ // [001]. Since we try to determine
the above fivé:parameters, it is necessary to take four cases_foi each reso-

nance conditions, (5.1) or (5.2):

(a) qé *q3>0 and g, '+ g’ >0

(v) a9 * 44 >0 and g," * 9, <0;

(5. 5)

(e) qy*q3<0 and g '+ g, >0;

(a) Ay *+ q3 < 0 and g,'"
Consequently, eight possible transitions exist for the resonance peaks 4 and
B, which are discussed in Appendix A. From the consideration in Appendix A,
the eight cases are reduced to two as

(1) the case (b) for (5.1),

(2) the case (a) for (5.2).

Further we take account of the transitions (5.3) and (5.%4). When we take
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FIG. 5-3. Calculated magnetic field depéndénces of thé énérgy différénces
E,,, for % // [001] and X = 0. The ordinate is ex@ressed in two ways:
The left scale is in unit of degrees Kelvin. The right scale is in
giga-Hertz for plotting the observed frequency dependences of the
resonance-peak fields. Closed circles and triangles represent the
transverse and the longitudinal waves, respectively, propagating along
~the [001] direction in #15LA. Open circles and closed rectangles
represent the fast-transverse and the longitudinal waves, respectively,

propagating along the [110] direction in #15LB.
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Table 5-2. Parameters

from the MARA.

of the acceptor ground-state obtained

-0.02 + 0.006 K

-0.16 * 0.08

I+

~0.08 £ 0.0k
(0.5 + 0.2) % 1o’h K/kG2

-(0.6 * 0.2) x 107 K/kG2

1+

0.03 K for #15LA and #15H

0.05 K for #16L




(5.3), the linear Zeeman-splitting parameters are obtained by the least-squares

fits of the ecalculations to the observed behavior of the MARA as follows:

(1) g," =2.75 and g,’ -1.58 for the case (1) in (5-6);v

(11) g,' = -0.16 and 95" 0.08 for the case (2) in (5.6).

When we take (5.4), the following linear Zeeman-splitting parameters are

obtained by the same procedure:

(I11) g, = 0.43 and g,,' = -1.60 for the case (1) in (5.6)3

(zv) g,' =-0.08 and g, = 0.06 for the case (2) in (5.6).

: The quadratic Zééman—splitting parameters for the above four'casés aré the
same as g, + g3 = 0.44 x 107 K/kG°. A further reduction in the mmber is
allowéd when we'take account of the observations for H /7 [111].

.Sihcé all transitions aré allowed for H // [111] as described sbove,
wé také the way to calculate the energy splittings Eﬁ'n by using the values
of thé linéar Zeémanésplittingvparameters obtained above four cases and by
adjusting the wvalue of dps then to compare those with the observations.
éonsequéntly, it turned out that only oné case, (II), is adequate to explain
thé obséfvéd béhaVidg5of ﬁhe-MARAfconsisfently, wvhose Tfeature is shown in
Figs. 5-3 and 5-4 for % // [001] and H // [111], respectively. The vélues

of the five parameters obtained are listed in Table 5-2,

3. Magnetie field-direction dependence of the resonance fields
We can explain the magnetic field-direction dependence of the resonance

fields by using the parameters derived in the previous section. We consider

-8l-



the case where the magnetic field is rotated from the [001] to the [111]
direction in the (1I0) plane. We choose the magnetic field direction as the
axis of Quantizétion of the systeﬁ under the strong magnetic field.

For an arbitrary ‘direction of the magnetic field in the (110) plane,

‘we'put ¢ =_ﬁ/h in Eq. (3.7). Then the Zeeman Hamiltonian is written as

= Lo
= uglg, '{ = sinb(J + JQ) + cos6J}

_ HZeeman /o

+ gz’{ l-sinG(J¢3 + JQB)

+ cosbBJ 3}] H
/2 2

T S 2
+ [q + qz{/; sind(J, + Jy) + coséJ,}

+ .05 singe(qx2 + Jyz) + cos?6s “}] #°, (5. 7)

where 0 is the angle from the [001] directioﬁ. We can obtain the energies
of the Zeeman sublevels by diagonalizing the Hamiltonian matrix (5.7). We
calculated the energies numerically by using a computer under two assumptions:
q, =0 K/kG2 and AO % 0 K. Since q; is cancelled out in the calculation of
Eﬁ'n’ the assumptiqn of.ql =0 K/sz‘is harmless. |

Figure 5-5 shows the calculated magnetic field dependences of the Zeeman
sublévéls for ﬁ // [001] and ¥ // [111]. For X // [001], the levels 3 and 4
cross near 84 kG. Then the resonance condition (5.2) is satisfied at both
’sidés of its ciossing, which are shown by broken arrows with 7, for the 1.83
GHz-fast-transverse waves propagating along the [110] direction. Broken
arrows with L show the Allowed transitions for the 1.84 GHz-longitudinal
waves propagating along the [110] direction. Solid arrows show the alloved
traﬁsitions for the 1.23 GHz-transverse waves propagating along the [001]
direction (hereafter this waves is considered). For H // [111], levels 2 and

4 cross near 80 kG and the transitions are allowed at both sides of there as
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FIG. 5-5. Calculated magnetic field dependences of the enérgiés of the
Zeeman sublevels for B // [001] and T // [111]. The resonance transitions
are indicated by arrows: Sblid'arrows with no letters correspond to

the 1.23 GHz-transverse waves propagating along the [001] direction;
Broken arrows denptéd by the letters I and L correspond to thé 1.83 GHz-
fast-transverse waves and the 1.8 GHz-longitudinal waves, respectively,

propagating along the [110] direction.
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FIG. 5-6. Calculated magnetic field dependences of the energies
of the Zeeman sublevels for the cases 6 = 5°, 30°, 50°, and 60°
(6 is the angle between the [001] direction and the magnetic field
in the (1I0) plane.). Arrows indicate the resonance transitions

corresponding to the 1.23 GHz-transverse waves propagating along
the [001] direction.



éhown by solid arrows. Mofeover, two allowed transitions exist in the low
magnetlc fleld as shown by solid arrows.

When the magnetic field is rotated from the [001] to the [111] direction
by 5°, 30°, 50°, and 60°, the calculated magnetic field dependences of the
Zeéman sublevels are éhown in Fig. 5-6. In these cases, the movements of the
le&els with the magnétic field are different from the above two cases (Fig.
5-5) When two levels: approach each other, the level anticrossing occurs.‘
Thls is ascribed to the fact that the acceptor ground-state is descrlbed by
the linear combination of the J = 3/2 states. In other words, the Zeeman-
Hamiltonian matrix in the space of J = 3/2 states has off-diagonal elemeﬁts
for the ﬁrbitrary direction of the‘magnetic field. When the matrii is
diagonalized, these off—diagonal elements cause splittings of the lévels in
thé vicinity of the crossing point} At 5°, the splitting energy due to the
anticroésing ié smaller than the ultrasonic waves energy and hence the reso-
naﬁce condition allows four transitions as shown by solid arrows. Two arrows
in the high magnetic field shift toward the higher magnetic fields than.those_
for B // [001]. "Two transitions in the low magnetic field, which are for-
bidden for H // [001], are allowed in the present case. When GAincreased
to 30°, the resonance condition in the high magnetic field is not satisfied
bélow 120 kG but two tranéitidns in the low magnetic field are arrowed as
éhoWn by solid arrows, whose positions shift little from those for 5°. For
506 and 60°, the feature of the magnetic field'dependences is similar to
each other and the anticfossing occurs near 80 kG. The spllttlng energy -
is comparable with the ultrasonic waves energy and hence only one transition
is allowed in the high magnetic field. In the low magnetic field, two tran-
sitions are allowed as the cases for 5° and 30°.

The above calculated results agree well with the observatlons in Figs.
5-5 and 5—6 So far,‘we assumed AO = 0 K, which is inconsistent with the

result in Sec. V-B-2. ' However, since A, is sbout -0.02 K, the introduction
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of it changes only siightly the level diagrams in Figs. 5-5 and 5-6.

We can explaiﬁ quélitatively the resonance line-shape under the strong
‘magnetic field by using Figs. 5-5 and 5-6. In the vieinity of the [001] direc-
tion, the splitting energy due to the anticrossing is small compared with the
uitrasonic waves energy'used in the preéentvexperiment. On the other hand,
in the vicinity of the [111] direction, the splitting energy is larger than
that of // [001]. Moreover, the levels relevant to the resonance frocéss
move slowly with the magnetic field for & // [001] than for E // [111] as
-shown in Fig. 5-5. From these facts, we expect the sharper résonancé line
in the vieinity of the’[OOl} than the [111] direction. This is consistent

~with the observations in Fig. 4-21.

4. Magnetic field ciependence of the level width 'I‘n
| To calculate the level width an, wé use the "dynamic" deformation~potential
constants by the same reasons described in Sec. V-A. When the magnetic field
is applied in the [001] or the [111] direction, the calculated magnetic
fiéld depéndences'of PR and Pnd (n =1, 2, 3, 4) are shown in Fig. 5-7-or
5-8, respectiVely. In these calculations, we use the parameters listed in
Tables 5-1 and 5—2 and assume that the initial splitting A is uniform.
These figures-show.the following facts: The level width is determined by
PR bélow 30 kG and is 52 X 10_h K. - Above 30 kG, the contribution of Fnd
to the level width dominates | since Pnd increases with increasing the
magnetic field. At 120 kG, I‘ld becomes V2 X 1072 K.

Now we consider the attenuations of the 1.23 GHz-ultrasonic waves. The
energy of ﬁhis wave is 6.i X 10—2 K and then the foliowing relafion stands;

d d

hw R 2T, ?2rn' (n= 2, 3, 4). | (5. 8)

This indicates that the relaxation attenuation is not neglected under the
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strong magnetic field. However, the calculated attenuation shows that the
rélaxation attenuation makes no peak structures and increases slightly with
increasing the magnetic field near 120 kG. Therefore, we can also neglect

the relaxation attenuation in the presence of the magnetic field up to 120 kG.

5. Temperature dependence of the resonance-peak attenuations

.When the resonance condition is satisfied, the resonance-pesk attenuation
is proportional to l/(Pn + Pn;) as described previously} Since I' decreases
with décréésing thé temperaturébas shoWn“in’Fig:'B—l; the peak-attenuation'..
increases with décreasing the teﬁpefature. This is consistent with‘the obser-
. vations described in Sec. IV-B-3. Moreover, Pn is affected by the magnetic
fiéld as shown in Figs. 5-7 and 5-8. To compare the numerical calculation
with the observed temperature dependence; we take account of the distributed
.initial splittings estimated by the line-shape fitting as will be described
in thé néxt sééfion. |

Eiguré 5-9 shows the calculated temperature dependences of the resonance

attenuations of the peaks A (solid lines) and B (broken lines) for the 1.23
GHz-transverse waves propagating along the [001] direction in #15LA under
o ﬁ // [001]. Groups of lines AL and AH aré obtained by fitting the calculations
to the data of the peak 4 at 1.3 and 4.2 K, respectively. Then the scaling -
| factor B is 0.37 for the line AL and 0.67 for the line AHf A1l of.the obsérved‘
atténuations lie between the_lineé AL and AH; the scaling factor decreases
with décréasing the temperature. This is ascribed to the saturation éfféct,
which is more probable at the lower temperatures reflecting the decrease of

the level width (Fig. 5-1).

8. Acceptor-concentration dependence: Line shapes
The resonance fields are almost the same for three samples with different -

concentrations as shown in Figs. 4-5 and 4-6, when we take account of those
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shifts due ﬁo the différence of the acoustic frequency. However, the line
shape of the MARA changes with the acceptor concentration. We assume that
the resonance 1ine—width»is due té the distributed initial splittings. Then
we try to-fit the liﬁe shapes by varying the initial splittings. We take up
the reéonance line-shapes of the peaks 4 and B, since their shapes are ¢lear.
Figurés 5-10, 5-11, and 5-12 show the calculated MARA line-shapes in
#15LA, #15H, and #16L, respectively. These corréspond to the casés of Figs.
4-5 and L-6. The scaling factor B is adjusted so that the resonance~peak
atténuation coinsides with the experimental: B = 0.29 for #lSLA,'B = O;l for
#15H, and Bv= 0.09 for #16L; Whéﬁ 0 is taken to be 0.02, 0.03, and 0.04 K
,for’#lSLA, the calculated line shape is varied as shown in Fig. 5-10. Avgoéd
fitting to the observation (the solid line in Fig. 4-5) is obtained for o =
0.03 K. ‘For #lSﬁ and #16L, the calculations with 0 = 6.03 and 0.05 K, respec-
tively, are the beét fits to the observaﬁions (Fig. 4-6). These are listed
in Table 5-2. If fhe“value of AO is changed, the resonance fields shift and

then the calculated MARA becomes inconsistent with the observation.

. C. Satuf*ation effect in the ultrasonic attenuation

| The resonance process may be suppressed by the saturation effect: As

increasiné thé acoustic‘power, the lower level becomes more depopulated and

hence the #ttenuation saturates. When the relaxation time of»the two level

system is long, the acoustic power le&el causing the saturation is lowered.
When we consider first that the two level system is localized mutually,

the acoustic power, P, dependence of the ultrasonic resonance attenuation is

ek@ressed by56

' - -1
%pesonance = uo(; + P/Pc) s , (5. 9)
where % is the unsaturated attenuation and'Pc the critical acoustic power,
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which is inversely proportional to the relaxation time. We consider two
extreme cases for the acoustic power level: (1) P < Pc: The number of the
resonance process is small enough not to influence noticeably the occupation
nurber. . The attenuation in this acoustic power rangé is unsaturated and is
independent on the acoustic power. (2) P >> Po: The resonance attenuation is
expected to vary as Pt

In the absence of the magnetic field, the acoustic power dependences of
the attenuations at-l.S and 4.2 K in #15LB are shown in Fig. 5-13. The attenu~
ations aré obtained by subtracting the residual attenuations in Fig. k-1.
As déscribed in Sec. V-A, the attenuations at low temperatures in-Fig. 5—13
aré mostly ascribed to the résonance process., In thé pré;énce of the magnetic
fiéld, the acoustic power dependences of the resonance attenuations of the
péaks A and B at two temperaturés (1.5 and 4.2 K) in #15IB are Showh in Fig.
5-14. This figure is the same as Fig. L-9; in this case the attenuation is
plotted l_ogari‘bhmiéally.

‘Whén we take the most probable fitting of Eq.(5.9) to the experimental

results in these figures, the solid lines are obtained and then a. and Pc

0
are also obtained as listed in Table 5-3. The critical acoustic power level
Péyin thé absepce and the presence of the magnetic field are almost the same.
Since Tn in the abéence of the magnétic field is much smaller than Fn near

100 kG as shown in Fig.‘S—T, it is expected that Pé in the absence of the
magnetic field is much smaller than Pc near 100 kG. This does not agree with
the ékpérimeﬁtal results in which two PE are similar. This indicates that
thé'éthér interactions causing the level broadening exist in addition to both
the direct and the Raman processes which are taken into account in the present
' théory déscribed in Sec. III: for example, the transverse relaxation mechanism
dué to the interaction among the acceptor impurities as in the amorphous

5T

materials. When we assume that the level broadening due to the direct

process dominates over the transverse relaxation process near 100 kG, the
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Table 5—3.v Unsaturated attenuation ao and critical

acoustic power level Pc in #15LB.

(a) In the absence of the magnetic field.

T ) o P

0 led
(x) (aB/cm) (mW/cmg)
1.5 SRR O | : 0.19
h,2 e | 3.6 0.27

(b) Near 100 kG.

T o P
. o 0 e
(x) ~ (aB/cm) (/e )

1.5 ’ : 3.9 0.17

3 ) . 2.2 0.22




level width in ‘the absence of the magnetic field is mostly determined by the
- other'meéhanism than either the direct or the Raman process in the acceptor
state ground-state with the small splitting (v0.02 K).

The saturatién effect in the ultrasonic attenuation in p-Ge was observed
- first by Ortlieb et aZ.51 They measured the acoustic power dependence of
the attenuation and then the critical acoustic power level is estimated to
be 0.2 umW/cm®, Their eriticel acoustic power level is the same order of
ours. |

We should remark here about the caleculated temperature dependence of the
ultrésonic attenuation in the agbsence of the magnetic field described in
Séc. V-A. As described above, the caléulated Pﬁ at low témperatures becomes
too small in the absencé_of the magnetic field and hence it is expected that
somé othér réléxation processés may dominaté, At thé presént stagé, howevér,
we cannot take account of these quantitatively. Therefore, we calculated
_thé témpérature depeﬁéénce of the attenuation as shown in Sec. V-A neglécting

these relaxation processes.
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VI. DISCUSSION
A. Linear Zeeman effect
Soepangkat and Fishef (SF) have investigated the transverse Zeeman effect
of boron and ﬁhallium acceptors in germanium by means of the optical absorp- |
tion.3h .The g—#alues derived by SF are listed in Table 3-3 for boron acceptors.
Ve attémpted first to explain the MARA by‘using the g-values derivéd bvaF.32’33
However, we found thét these wvalues vere not adequate to explaiﬁ thé MARA
déscribéd'in See. IV consisténtly. As described in Sec. V-B, we dérivéd the
QBValués so that the observéd behaviors of the MARA were explained consistently.
It is clear that SF's and ours are quite différent beyond the experimental
:érror éven if the differencé of the chemical éhift among these impurities is
taken into accoﬁnt. To resolve this problem, we reconsidered-the SF's way
to derivé the g-values. By comparing the observéd excitation spectra for
thé Zeémén components ﬁith the calculations by Lin-Chung and Wallis (LCW)h3
and by Bhattacharjee and Rodriguez (BR),ML SF have chosen an assignment out.
of thirty-two possibilities for the D-line spectra (Fig. 23 in Ref.3l): Their
guiding‘principle was to adopt the values which are close to the theoretical
valués.&3 We searched whether an alternative assignment was possible by un-
loosing a little their guiding principle, Then, we found a new reasonable

assignment by exchanging D) and D transitions in Fig. 23 of Ref. 3L (see

>
Séc( VI-D-1). The g-values obtained by the new assignment are given in Table
3-3 at thé sécond entry for SF. The new g-values are in good agreement with
those obtained from the MARA. |

| Thé g-valuesvobtainéd in the present investigation aré_much-léss than
those calculated in the effective mass theory (Table 3-3). The cause is not
clear. It should be noted, however, that the theoretical g—values are
sénsitivé to the valués of the valence-band parameters, as pointed out by
SOH.2‘l The present formulas for the Zeeman splittings of the acceptor

ground-state are derived under the following assumptions: The unperturbed
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ground state is separated from both the excited states and the valence-band
édge, and the magnetic field is sovsmall that the splitting of each leﬁel

" can be treated 1ndependently. Thls means that the theory described in Seec.
III-B is valld when vy is small compared with unity, where vy is the dimension-
less parameter for the magnetic field introduced by Yafet et aZ.58

| By using the values of the parameters listed in Table 5-1, Y = 0.27 is
obtained at 100 kG for Ga—dopedbGé. In this calculation of Y, we used m¥ =
0.2 m, (m is the free electron mass) as the effectlve mass of Ga-acceptor
‘holes in Ge, whose value is determined from the ionization energy of Ga-acceptor -
| (= 10.97 meV)59 in the effective mass approximation.so Therefore, the value of
Y may be larger than the above one. Thus, although the behavior of the MARA

is éxplained(successfully, the derived Zeeman-splitting parameters may includé
some errors since the theory approaches its limit for the validity.

The‘g4values of the acceptor ground-state can be dérived directly by means
of ESR'method.: In piéé, fhe successful ESR study have not been reportéd in
our knowledge. Mitsuma and Mofigaki6l‘have searéhed the ESR signal in p-Ge with
X~band micrbwaves by éweeping tﬁé magnetic field from 0 to 15 kG. This méans
fhat the ESR signal wasbsearched in the regime g >0.L48. The new g-values does

not conflict with the ESR study.

B. Quadratic Ze.eman effect (diamagnetic shift)

The'quadrafic Zeeman effeét ié effective for the holes moving in a large
orbits under the strong magnetic field (Sec. III-B). ‘In order to check this,
we calculate the coefficient of the qﬁadratic Zeeman effect by taking a simple

model. The Hamiltonian of the quadratic Zeeman effect is expressed by)45
H" = (e2/2mcz) K?, : (6. 1)

‘where e, m, and ¢ are the electronic charge, the electron mass, and the light

velocity, respectively. The vector potential K is given by
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P : (6. 2)

=4
u
o [
e
X

Hé

where ; is the position veétor.

By using Egs.(6.1) and (6.2), we can calculate the quadratic Zeeman
énergy (diamagnetic shift) in the first-order perturbation. When we take
the s-like enveloée function of the acceptor ground-state as the unperturbed

wave function, i.e., according to Eq.(3.2) and Table 3-1,

b, = (1a¥) ™ 2exp(r/ar), (6. 3)

the energy AE"»ié calculated as
18" = (Pa*®/im®) BP = ot | | (6. 4)
The coefficient g is calculated for p-Ge as
g =0.68 x 107" k/Ke?. | - (6. 5)

This value is of the same order of 95 and qg as shown in Table 5-2.
Now we consider the quadratic Zeeman effect in p-Si and p-GaP by taking
the above simple model. Using the quadratic Zeeman energy expressed by Eq.

4 k/ke® ana 0.08 x 107

(6.4), the coefficient q is calculated as 0.11 X 10~
K/kG2 for p-Si and p-GaP, respectively. UThese values are small compared
with one for p-Ge. This indicates that the quadratic Zeeman effect is more

o o
probable for the acceptor holes with large orbits as in Ge (a* = 37.8 A) than

o] (o]
in Si (a* = 13 A) or GaP (a* = 11 A).
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C. Initial splitting of the acceptor_ ground-state
By comparing the ultrasonic measurements with the theory in the effective -

mass approiimation, it is fdund thai the ground sfate of the shallow acceptors
in the‘cubic sémicqnductors is split dué to the initial_local fields. Thé
splittings are induced by the static fields which break the tetrahedral
symmetry at the aéceptér site. In the absence of the external fiélds, the
-splitting may bé caused by the initial local stresses which ié brought about
by the fandomly distfibuted cr&stal‘imperfeqtions ahd the dislocations as well
as weak correlations:among the acceptor impurities.zh- We have charactérizéd
the feature of thése splittings by the Gaussian distribution function in order
to maké the'célculation tractable. Consequently, thé average splitting Ao
does.not vary appreciébly ﬁith the acceptor concentration in our samplés.

The vélﬁes of o vafy,slightly. »It should be noted, however, these values of
AO and O were obtained by the comparison of the MARA line-shape under thé
strong magnetic field with the theory as described in Seec. V-B. Thus, this
mayinot necessafily iepresent the splittings in the absence of the magnetic
field; Anyhow, Wé will discuss the origin of the initial splittings.

Thé’origins of thé local fields ascribed to the following mechanisms:

(1) the presence of point defects such as vacancy, 6xgen, hydragen, or carbon
impurities; (2) the presence of dislocations; (3) interactions among the
acceptor impurities; (4) the Jahn-Teller effect for the acceptor state; (5)
others. We discuss these mechanisms. |

(1) It is known that there are considerable amounts of electrically inactive
elements in germanium, which act as the point defects. The présence of the
point defects modifies the acceptor states thfough causing the local mechanical
stresses.v We estimate the strain fields due to the point defects under the
following assumptions: (a) The point defects are randomly distributed in an
elastically isotropic(media witﬁ a large but finife radius. (b) Thé strain

fields at the point of observation mainly come from its nearest neighbor.
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Under these assumptions, the probability of finding the nearest neighbor at

a distance r is obtained as, after Sonder and Schweinler,63
dpP = lrrrltlz'ge'xp(— %ﬂlvr‘?)dr, ’ (6. 6)

where N is the concentration of the point defects. A strain field € at large

64,65

distance r is expressed by
e = a/r. | 6. 7)

Under the assumption (a), the proportional factor A is related to the volume

dilation AV by65

S
A =TT o vy AV : | (6. 8)

where v is the Poisson's rétio of the media.

Using Eqs.(6.6) and (6.7), we obtain the distribution of the strain

fields as

(dp/de) = (dP/dr)(dr/de)
= - Eﬂ%é-a—géxp(—%-nNA/s). (6. 9)

Here we take the values of N = 1016 cm—3, VvV = 0.27, and AV = 8,14 x 10"23cm3

for the oxygen impurity in germenium tentatively. From thevgraphical evalua-
tion, the distribution (6.9) has a width 2.2 X 10—8 centered on -8.0 X 1077

.

These values éorrespond to our average splitting Ao and the wvariance O as

Ao = -0.00021 X and o = 0.00055 K. (6. 10)
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These valueé are very small compared with the results in Table 5-2. Therefore,
the presence of the point.défeéts does not play s dominant role to form‘the
initial splittings.

(2)> The dislocations modify the acceptor states by introducing mechanical
stresses which break the tetrahedral symmetry at the acceptor site. Since

'thé stréss field around the dislocation is very complicated, we make the
following assumptions and simplifications: (a) The dislocations aré randomly
distributed in an elastically isotropic media. (b) All the dislocations-are
'pafallel and straight. This assumption enables us to regard the systém as

the two dimensional one. (c) The strain fields at the point of observation mainly
come from its nearest neighbor. Under these assumptions and simplifications,

‘the probability of finding the nearest neighbor at » is obtained as
dp = 2nDrexp(-mDr°), : , ' (6. 11)

where D 1s the dislocation density. A strain field € at large'distance r

is expressed by66

€ = B/r. : (6. 12)

In order to estimate the strain field, the proportional factor B is assumed

as

B = b/2m, \ | (6. 13)

where b is the magnitude of the Burgers vector.

Using Eqs.(6.11) and (6.12), we obtain the distributidn of the strain

field as

(dP/de) = (dp/de)(dr/de) = -wD"B%e Sexp(-1DB?/c?). (6. 1)



When we evaluate the distribution graphically by using the values of D = lO3

em ~ and b = 5.66 % 10_8 em, it turns out that the distribution has a width

T

1.1 % 10'6 centered on - 4.1 X 107 ', With these results and Du“ = 3.32 eV,

we obtain the average splitting AO and the variance 0 as

A, =-0.011 K and 0 = 0.028 K. (6. 15)‘
These values are in good agreement with the results in Tablé 5-2. Thus, wé

can take the presence of the dislocations of the order of 103 cm_2 as oné of

the origins for the initial splittings.

. (3) As one of the interactions among the acceptor impuritiés, the possibility
of the preferential aggregation or clustering of the impurity atom is consideréd
first. However, the possibility of clustering is low in this kind of diluté
cbncentrations. The second is the splitting by the formation of thé molécular-
ion-type combiﬁation of the gallium acceptors, which is probable in thé presence
" of the compensated impurities.lo This effect can be ruled out sincé éur samples
are not compenéated artificially. The third is the overlép of the wave fﬁnctions
of the acceptor ground-state. This effect is discussed later in relation to

the othéf experimantal results for the initial splittings.

(4) Bir has discuésed the existence of the Jahn-Teller effect for the shallow
acceptors in cubié se:m:‘Lc:onductors.6)4 Since the stability critefia,given by

Bir are not satisfied for the gallium acceptors iﬁ germanium, the static
John-Teller effect is not stable in this case. - Thus, the possibility is ruled
out for these shallow acceptors.

Challis and Halbo?g

pointed out the possibility of the dynamic Jahn-Teller
effect30 generating additional low-lying acceptor levels through the magneto-
thermal conductivity measurement. Since we have no tractable theory of this

effect, we cannot evaluate the possibility quantitatively.

(5) The electric field or the electric field-gradient effects by the point-



defect charges, etc. may be other possibilities for the origins of the initial
spiittipgs. »

| Se#eral values for the initial splittings of thé Ga-acceptor ground-state
in Ge have been reported, which are shown in Tablé 6-1. ‘We have charactérized
the distribution of the initial splittings by the Gaussian distribution. On
“the other hand, Challis et a1, 3t and Ortlieb et aZ.Sl assumed that the distri-
bution is constant up to é maximum whose value is given in Table 6-1. The
.values of the initial splittings are widely distributed régardléss the similar
acceﬁtor concentratiqns.and dislocation densities.r Ultrasonic measuremehts
_give the small vélues in spite of the different assumptions for the distribu-
tion of the initial splittings. Heat—pulse propagation28 and thérmal conduc-
tivity3; give the largef values than the former ones. ‘In addition to this
fact, our results are the smallest ones in the four experimental results. The
cause of this discrepancy is not clear at the présent stage. Howevér, wé
notice the following*facts.
(a) As pointed out in Sec. V-C, the level broadening determined from the MARA
line-shapes is too small in the absence of the magnetic field. Then we spggestedf
the presence of the relaxation mechanism due to the inferaction among the
acceptor impurities, which causes the initial splitting effectively in the
absence of the magnetic field. At this point, we consider the shrinkage effect
én the wave functions of the accéptor ground-state. By variational method,

the shrinkage of the effective Bohr radius is given by62
a*(#) = a*[1 - (ka*3/2m*c®) B2],

where a*(H) and a* are the effective Bohr radii in the presence and the absence
of the magnetic field, respectively. K and m¥* are the dielectric constant and
the effective mass of the Ga-acceptor holes, respectively. Using the values

listed in Table 5-1, we find that the shrinkage of the effective Bohr radius
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Table 6-1. Initial splittings'of the Ga-acceptor ground-state in Ge and the assumptions for the distribution.

Sample characteristics Assumpﬁions for
Concentration Dislocation density Initial splittings '

(cmf3) cmfz) (X) the distribution
: a 1k : :
F3 . : X : B . .
jeldly et al 5 1016 , wknown L.2 (a)
(Heat-pulse propagation) 1.7 x 10 5.9
Chéllis et al.b 1 x 10lh : L
: 16 10 10.0 (B)
(Thermal conductivity) 1.3 x 10
Ortlieb ef aZ.c ,
(Ultrasonic attenuation 3.0 X 1016 . nT00 0.09 ‘ (B)
at H = 0 kG)
Present 3.5 % 1015 700 - -0.02 (0.03)
(Ultrasonic attemuation . 7.0 x 10%° n900 -0.02 (0.03) (c)
at H = 100 kG) 2.5 X 10l6 00 -0.02 (0.05)
5ee Ref. 28. Psee Ref. 31. See Ref. 51.

(A) The distribution is characterized by a force per unit area of average magnitude given in the Table
and rendom direction.

(B) The distribution is constant up ﬁo a maximum value, whose value is given in the Table.

(C) The distribution is represented by the Gaussian distribution function, Eq.(3.31) in the text,

~with the average values A, and the variance 0 (paranthesis). These values are given in the Table.



is 2.6 % at 100 kG. The shrinkage of the wave functions at large distances from
the impurity atoms is larger than that of the effective Bohr radius;62 The
interaction among the acceptor impurities can be reduced by this efféct under
strong magnefic fiéld. Then; the relaxation mechanism is quencﬁed at thé strong
magnetic field where the MARA was observed.

(v) When wevtake the large values of the iﬁitial splittings, e.g., the valués-
derived ffom héat—pulgg propagation28 or thermal conductivity,3l as the parameters
for‘the Gauséian.distribution, the temperature dependencé of the ultrasonic
attenuation cannot be explained; The calculated attenuation decreases with
decreasing the temperature’below 4 X, which conflicts with the observations

described in Seec. IV-A,

'D. Relation to other experimental rg:-su'li;s
1. Magnetooptical measurements by SF3h

- We discuss the way to deriv¢ a new. agsignment for SF's magnetpoptical'spéctra,
which résolves the*différence between"thé:g—valués obtained from the MARA and
the SF's results as described in Sec. VI-A.

Wé will discuss the D-line spectra in B~doped Ge for " // [001] identical to
thét of SF.3h When the magnetic field is applied, the components of the D-line
are éssigned in thirt&ftwo ways{' We take up four cases, where the relative
intensities of the Zeemﬁn components agree well with the theoretical onesh3’ b
for the D—liné. These four assignments are illustrated in Fig. 6-1. Thése are
divided into two cases, viz., either va> 0 of vD' <0, where vD is'the parameter
of the transition probability for the D-componehts introduced by BR.hh Since
the sign of vD is undetermined at this point, it is necessary to consider two
caseéév In Fig. 6-1, (a) and (b) are two assignments for v, > 0, and (e) ana (4)
are for vD<: 0. The assignment (a) is the same one adopted by SF (Fig. 23 in

Ref. 34). Corresponding to these four assignments, the g-values of B-acceptor

ground-state can be calculated by using the SF's data as follows:
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(a) . gl/z"= -1.53 £ 0.09 end gy, = 0.03 £ 0.0k;

- (b) gy/p" = =0.22 £ 0.09 and g3, = 0.03 % 0.0k;
(6. 16)

(c)b.gl/z' = -9.10 £ 0.98 and g3/2' = 0.51 * 0.03;
, . e .
(d) 91/2f = -6.12 * 0.08 and 937" = 0.07 * 0.03.

A fﬁrther réduction in the number of the above four is accomplished when -
wé C6mparé the‘calculated_magnetic field dependences of thé enérgy différences
: E%'ﬁ’ as thé'same‘Way described in Sec. V-B-2, with the observed béhavior of

thé MARA. Aftér this, it turns out that the g-values for three cases, (a),
(¢), and (a), are‘not adequate to explain the observed MARA consistently.

Then only one case,(ﬁj remains. - Using the new g-values for the case (b), we
‘can éxplain the results of the-other spectra and the spectra for the other
magnetic fi‘eld‘direc*bionsh consistently. In particular, the G-line spectra,
which is‘not’explaihediby the SF's assignment, can be interpreﬁed byithe new
‘g-valués invagreement with the SF's remark: The small’splitting of the G-line

34

is related to the small g-values of the acceptor ground-state.

2. Magnetothermal conductivity measurement by Challis et at, 2931
We consider the magnétothermal conductivity in lightly Ga-doped Ge by

Challis et aZ.29’31

The éxperimental ?esults for R // [110] are charadterized'

as follows: In the magnetic field below.80 kG, the conductivity shows & slight

‘:incréasé‘and then has a maximum., - The maximum change is less than 1 % compared
with'thé valué'in,thé sbsence of the magnetic field. This behavior is similar

to the other magnetic field directions. As the magnetic field increases above

80 kG, the conductivity decreases up to 130 kG at temperatures between 1.8
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and 2.5 K, or has & minimum at tempefatures_between 1.1% and 1.35 K. This
minimum shifts toward the lower magnetic field with decreasing the temperature.
The magnetothermal conductivity in p—Si has been explained by the SM-model

modified'by considering the linear Zeeman effect.l3 However, the magnetothermal

conductivity in p-Ge could not be explained by this model. Challis et aZ.29’31
ascribed the anomalous behavior in p-Ge to the existence of thé low~lying
excited states by the dynamic Jahn-Teller effect30 for the acceptor staté.
The energy spacing between the ground state and the low-lying excited states
aré smallér for Ga in Gé than for B in Si, provided the values of the deforma-~
tioh—pbtential constanté are similar in these materials.32 Therefore, if the
anomalous behavior in tﬁe magnetothermal conductivity in p—Gé is caﬁséd by
thé excited states, a similar anomaly should be observed in p-Si, in contra-
diction to the experiment.

Wé considef that the reported anomalous behavior of the magnétothermal
conductivity iﬂnp-Ge stems from the use of the inadequate Zééman—splitting
paraméters and the neglect of the quadratic Zeeman effect. Now wé calculate

the magnetothermal conductivity in p-Ge at low temperatures by using the new

g~values and taking account of the quadratic Zeeman effect. We use the usual

semi-phenomenological formula for the lattice thermal—conductivity:27
L3 3 o - :
xan =KL 3 ALl g, (6. 17)
énm” t=1"t ° (" - 1)
with
-1 -1 -1 -1 A
= 18
T Toe  *Tr ot Tpy, s | (6. 19)

where x = 7iw/kT and Taes Tpo and Th—p are the phonon relaxation times due to
the boundary, the isotopic, and the acceptor-hole scatterings, respectively.

The sﬁbscript t denotes the phonon branch as deseribed in Seec. III-C.
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We calculate ﬁhe phonon relaxation—rate Th-p—l in the light of thg theory
described in Sec. III by taking account of the following three processes;
thé resonance scattering,. the second-order elastic scattefing,vand the
second-order inelastié scattering. The expressions of the relaxation ratés
for these three(processés are given in Appendices B, C, and D. in the présent
’ calculation, we consider the case of A // [001] since the formulas become
too complicated fof ﬁ // [110] and the expérimental rééults aré similar for
thésé-two’cases; o

| We consider first the thermal conductivity assuming that the initial

splittings are‘hémpgenéous.for simplieity. Figures 6-2 and 6-3 show the
calculated magnetic field dependences of the thermsl conductivity at 1.10
and 2,50 K, respectively, in the samble of Chaliis and HaIbo.29 The numerical
valués of the paraméters used are listed in Tables 5~1 and 5-2. The conduc-
tivity is normalized at 30 kG, above which the present theory can bé applied
‘rather well. In these figures, the dats by Challis et aZ.31 are aléo shown
by brokén lines. At 1.10 X, the conductivity decréases with increasing thé
magnetic field and thén has a ﬁinimum at some stréngth of thé magnétic fiéld.
The minimim shifts toward the higher magnetic field with  decreasing A as
shown in Eigf 6-2. With further increase of the magnetic field, the coﬁductivity
incréases. On the.other hand, the conductivity decreases with inereasing
both the magnetic.field up to 130 kG and A at 2.50 K as shown in Fig. 6-3.

In the above calculation; we assumea the homogeneous initial_splittings.
Whén wé take account of the distribution of the initial splittings, the
calculatéd may agree the observed magnetic field dependence. Further, the
‘adopted splitting is of the order of 1 K, which is much larger than one obtained
from the MARA. This uay be ascribed to the fact that, for the study of the
thermal conductivity, the intimate contact between the heater and thé sample
is réquiféd to reduce_thé coﬁtaet resistance. We cannot rule out the posibility

of the introduction of the external stresses and further the distribution
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seems to us to be rather complicated.

Below 30 kG, we cannot make the quantitative discussion on the thermal
conductivity as wellias the ultrasonic attenuation because of the'limit of the
préSent theory.  However, we cén say that, in the low magnetic field, the
movements of the Zéeman sublévels by applying the magnetic field are very
slow as shown in Fig. 5-5 reflecting the small g-values. This may explain

the fact that the change of the conductivity was slight.
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VII. SUMMARY AND CONCLUDING REMARKS

We havé shown that the observed MARA, as functions of the acoustic fre-
quéncy, the temperature, the magnetic field direection, the accgptor concentra-
ition, the acoustic power, ihé acoustic mode, the propagation difection, and
'the uniaxial stfess, are explained consistently in terms of thé interaction
of the ultrasonic ﬁaVes with'thé gallium-acceptor holes in the éffective mass
approximation. Consequently, we.could determine the Zeemasn-splitting paraméters.
Wé havé shown that the g-values reported by SF cannot explain the MARA. Howevgr,
by ré—éxamining the assignménﬁ of SF's data, we have shown that the g-values
which are close to the present results are derived. The présent‘g—values '
sééms to bé uséful to explain the magnetothermal conductivity and to be con-
sistent with thé fact that the ESR signals have not béén detéctéd in thé
régioﬁ corrésponding to g > 0.48. We have shown that the quadratic Zeeman
éfféct is appiecidble in p-Ge, whose éfféct bécomes comparable with thé ordinary
linéar Zeemantgfféct near‘loo kG.

From the analysis of the MARA line-shape near 100 kG, we have estimated
‘the initial splitting of the acceptor ground—staté.‘ By using the estimated
splittings, we have calculated the level widthsband we have shown that the
lévéi:widthsvbecome too narrow if we consider the direct gnd the Raman processes
associéted-#ith_the thermal phonons_undér fhe assumption that the impurities
aré isolated. The transverse rélaxation ﬁia the interaction among the impurities
may be an additional mechanism +to the level broadening.

Finally, it is worthwhile to point out some limitations of the theory
described in Sec. III, which have been noticed during the study. First, the
présént formulas of the ultrasonic attenuation does not take account of the.
local equilibrium of the acceptor holes and therefore seems to be valid except
-for wt << 1, where ®w is the angular frequency of the phonons and T is the
rélaxation tiﬁe of the acceptor holes. This means that the theory is useful

v - - 68
in the low temperature range, e.g., below L.2 K. Secondly, the present
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theory stands when the Zeeman splittings of the acceptor ground-state are

larger than the initial splittings due to internal local stresses, i.e.,

IElhl or |E’23| > IAOI.
On the other.'hand, the present formulas for the Zeeman splittings aré valid
when y is small compared with unity as déscribed in Sec. VI-A.
‘In stead of the present procedure, the existence of.the dynamic Jahn-Teller
e:f‘feci; for ﬁhe acceptor state‘ in germanium has been propésed to explain the
_magﬁefothe-ma-l cénductivity.‘ We cannot-rule out the posibility of the effect.

‘However, we have explained the MARA and other phenomena in terms of the

racceptor-hole-lattice interaction in the effective mass approximation.
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APPENDIX A
Comparison of the resonance conditions (5.1) and (5.2) with the observations

The left-hand sides of the resonance conditions (5.1) and (5.2) are

rewritten by the following parabola,

- 2 | 2
f.(%.H) = 2(q, + q5)(# - Hy)™ + By + 2X - 2(q, + q5)4,", (A. 1)
whére
HO = +uB(91' f —-92')/1#(622 *+q5). (a. 2)

_ When doublé s‘igris appear in the éxpressions, the upper and the lower signs
cori'espond to the conditions (5.1) and (5.2), respectivel.;y. Each parabola
of f+(X,H) is classi:f‘iéd into four cases according to thé coefficients as
(5.5). We £ind that ‘the parabolas‘f_l_(X,H) for the cases (a), (v), (¢), ana
- (d) in (5.5) have the same properties as the parabolas f (X,H) for the cases
b), (a), (4), and (e), respectively.

First, we consider the case (b) for f+(X,H) or the case (a) for f (X,H).
7 ‘I'hé parabolé. 1n these cases is shown in Fig. A-l schematically. When the
‘relation A, - 2(q2 + q3)H 2 < Fw is satisfied at X = 0, ]f+(X H)| = %w
_' gives four roots H ) H HC" and HD as shown in Fig. A—l where the resonance
condit‘ic:n is sa.tisfied. When the uniaxial stress is applled the parabole
is raised. Then HA, B HC’ and HD shift as shown in F_ig.' A-1. With further
increase of X, the roots become two (H , and HD) and, when
D¢ > [2(q2 + qB)Hoz_ - AO]/C, 10 roots are found.

Néx’t,A we consider the case (a) for f+(X,H) or the case (b) for f (X,H).

When.w-e calculate Ho according to Eq.(A.2), we £ind that HO has a negative

. value for these two cases. Lastly, we consider the remaining cases. Since

(g, + q,) is negatlve, the roots (or the resonance fields) shift in opposite
q2 93

-120-



directions to ones shown in Fig. A-1.

Now let us compare the observed résonance-peak poéitiohs under H // [oo01]
and X // [001] shown in Fig. 4-2L with the sbove resonance condition. The
vdbserved résonance—peak,jositioné of the peaks 4 and B were shifted toward
the lower magnetic fields with increasing the uniaxial stress. On the other
hand, the resonantce-pesk positions of the peaks ( and D weré shifted toward
the higher magnetic fields with increasing the wniaxial stress. e
These peaks disappeared at Ho = 45 k@, which is positive. This behavior is
explained if we regard the resonance fields of the peaks 4, B, C, and D as

HA,

(a) for f;(X;H).

Hy, H,, and Hp, respectively, in the case (b) for f;(X,H) or the case
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'FIG..A—l. Schematic répreséntation of the function f(X,H).
The vertical arrows indicate the inereasing direction of
the unisxial streés %, and the corresponding shifts of the
resonance fields denoted by H,, H,, H

3> Hps and Hp are indicated
by the horizontal arrows. »



APPENDIX B ‘ v v
Expression for the phon’on relaxation-rate due to the resonance scattering
by acceptor holes
The expression fér the bhonon relaxation-rate due to the resonance
, scattering is derived by using first-order perturbation theory (Golden Rule),
with all higher-order termé répresented by the introdﬁction of the level

o ) l)-l- , . . 27328 .
broadening after Kwok. Then the relaxation rate becomes

W 0
Sl Ly L Mgt gty 12 @2 .
T at) = =L 1 - em(- 251E 0, M3 2,
pv n
z
| nn' 2 '
x:r 1 |c 8B, -%w ), B.
n' q’,{;" q't! ™ o n'n wqt) , (8. 1)

where notations used are the same in the text. At this point, the finite

level widths are taken into account by simply replacing the O-function with
a Lorentzian, ite.,27’28

6(E r - ﬁw ) > | .
n'n qt m _ 2 2
' (Eﬁ'n %ubt) + (Pn * Pn’)

(B. 2)

Thé relaxation rate is evaluéted in the quasi-isotropic approximation
for an axis of quantization along the [001] direction. The relaxation rate
'is derivéd for all three acoﬁstic modes; The results are enumeréted below
with therindex t = 1 denoting the longitudinal, t = 2 the fast-transverse,
and £ = 3 the slcw—tfansverse‘phonons. From Table 3-l, the average relaxation

27

rate,
T.7Hgt) = (1/4m)fSsinededgt, " (qt), (8. 3)

can be calculated as

TMee) = 2o 1 - e(- E1E 0 S2P(g) % 5, (8. ¥)
pvt )
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where W = wqt and Bt is given by, for ¢ = 1,
2 I, + 1, D° +1 I, + Tg
By =M [g 5 2t T ) 5]
(E21 - Aw)< + (I‘l + I‘2) (E31 - fiw)< + (I'l + I‘3)
+Nt-2- T, + r, +D2+1 T, "'.Th
20 (g, -7w)? + (I, +T.)2 > (B, - ) + (T, +1))2
12 R L2 : 2 'k
;: Ty + T Pa1 T+ Ty
wylE 2T 5 7]
(Eh3 - #w)? + (P + Fh) (2 E g - Aw)" + (r, + T )
2 T3+, R T, + Ty 1.
h 5 2 2 5 2 27
(E' - ﬁq)) + (I‘3 +7T),) © (B, - Aw)” + (r, +1,)

(B. 5)
For t‘ 2 and £t = 3, B and 33 are obtalned by the following substitutions

for the numerical coefficients in the square brackets in the above expression.

2_ : 7 . x__._,.D""l D 4+ 1 _ .
5 * 3o oand” 5 > = for B, (t = 2); (B. 6)
2 1 D+ 1 D° + 1
5 > i and - T for 33 (t = 3). (B. 7)
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APPENDIX C
" Expression for the phonon relaxation-rate due to the second-order elastic
scattering by acceptor-ho]es

The first term in the perturbation series for the elastic scattering
is of second order. It arises from two-step processes in which the accéptor
holes make the transitions from the initial state to any possible intérmediate
states, and succeeding transitions to the final state. ~The expréssion for
the phonon relaxation-rate due to these second-order elastic scattering by
acceptor holes is derived by using the second Born approximation. Then the

27,28

relaxation rate becomes

7w

P ‘ I
l(qt) Tt (3 u,a)hfz(q) TN L X ——q—-——fz(q')cS(ﬁw et = )
pvt n n q'st! 2pvt,
n'm mn n'm mn
x Iy (qg't' th + Ebt Cb't' 2

(c. 1)
vhere n, m, and n' denote the initial, the intermediate, and the final states,
respectiﬁely._ Notations used are the same in the text.

For an axis of quantization along the [001] direction, the average re-
laxation rate in the gquasi-isotropic approximatioﬁ can be calculated by the

same procedure as Appendix B. The result is given by

P : a
(qt) = ——— () )Q(‘ﬁ)xc (c. 2)
e M 1001rp2v tz f2 N

where Q(Aw) is expressed by Eq.(3.34) and €, is given by, for ¢ =

. 2 2 L 2 2 2
oo [8{E21 + (%w) ‘}’+ (D" + 1)E31 + 2D (A iw)“}

g, ® - w)?Y {Ey,® - w)?)
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8{F,2 + ()t M0 + 1)5,,2 + 20%(hw)?)

+ i 12 +
2 g P - w)®P {E,® - (w)?)?
8(E, 2 + ()P} 0" + 152 + 2P ()}
+ N +
31E,7 - (w)?PP {57 - (w)?y?
8{E,2 + (7w)?} WMD" + 1)B,2 + 20%(w)?)
+ N’-l[ 32 5% + : 5 5.5 (c. 3)
{E3’4 - (’71,0)) } | {EZLL - (ﬁw) }

For t = 2 and ¢ = 3, 02 and 03 are obtained by the following substitutions

for the numerical coefficients in the square brackets in the above expression.

8 + 7 and L =+ 1 forc'2 (t = 2); - (. )

i

8 > 5 and 4 > 5 for03 (t = 3). | o '(c. 5)

The unphysical divergencies in these expressions can be removed by

taking acéount of the finite level widths of the acceptor state; This just

27,28

correspohds to making the substitution

g P - aw?r? s [{8,," - @)% + 5 A+, 2T (c. 6)
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APPENDIX D
Expression for the phonon relaxation-rate due to the second-order inelastic
scattering by acceptor holes

| The inelastic scattering in the second-order perturbatién‘falls into
two categories. The first, Tl—l(qt), is associated with the hole transition
from the upper levei (n) to the lower level (n'). The relaxation rate for
this process is readily obtained from the second Born approximation. Taking
geecount of the direct and the inverse processes, we introduce the various
statistical factors for the phonons. This inelastie process_givés thé

27,28

relaxation rate

_ ’ﬁ W .,
. £ = —2 (1 - exp(- oE1E 0, NP@ T, T 1 L2
pvt | n ®ur q';t! 2pvt,

[ v £
c n'm, mn , n'mg, m
#x'(nqrt: + 1)15( q't! gt ., gt g't!

Another inelastic process involves the hole transition from the lower
level (n) to the upper level (n') by either thermally assisted phonon absorp-

tion (%w

phonon < By >E_, ). The relaxa-

) or inelastic scattering (%w shonon '

tion rate for these processes is also obtained in the second Born approxima-

tion a527’28
o 7iw Aaiw .,
w5 Hat) = —-q'-[l—ex:p(— —21E& 0, P T, s 3 —4EL P
.put n %ot q'st’! 2pvt,
n'm, mn "m mn
qlt qgt qt q't .
x |2 : )’ Len vy 101y, + T,

m Emn -»ﬁwqt Emn' + ﬁwq't'



- ey + 1080y, - B + BT, | (:p. 2)

where € is the step function

1 for #w ,6 <E_,
€={ gt n'n (D. 3)
0 . for ﬁw&t > En'n’
and nqt.is the distribution function of the phonons
ot = [exp(ﬁwqt/kT) - 1], : | (D. L)

and other notations are the same in the text.
For an axis of quantization along the [001] direction, the average
- relaxation rate in the quasi-isotiopic approximaetion can be calculated by
thé_same procedure asﬁﬁppendix B. It should be noted that the final expressions
for ?l—l(qt) and ?2—l(qt) are similar. They will, therefore, be written

~ together as T, "l(qt) where the upper and the lower subscripts are associated
: 2

with the upper and the lower signs 6r equations, respectively, when double

sigﬁs or double equations appear in the expressions. Then,

- -1 W 2 a\k Fiw R
T (gt) = 22— FP(OED DL - exp(- )] x [ + D + 0,1,
; _ lOprzvtz 3 Tu! kT t1 t2 t3 th

(D, 5)

+.D

where D, (2=1,2, 3, 4) are given as follows: for ¢ = 1,

G(ElQ)

1. 8 8
)( ){--— + —=}
127 : 2 . 2
OB, M1 - 8(, )Y t,° ¢,

"
D, = Nl[De(—-%?-)3n(12)Q(t

: t o(E..) : .
+ D2(0° + 1)(Z3%03)q(s 13 4 4

; )( :
‘13 : NPT LU, 2
_e(Egl){l..— 6(#13)} t, ti5
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o(E ),) )x

t
+ (07 + 1)(—-;2—1*->3n<1u>cz<tm>( |
O(E),, 11 - 8(£ )}

x {2(=m + 22 4 o(Ao 4 L2}, (D. 6)
t12 %3y f13 o

o(g._.)
= m,[0%( 21>3 (21)9(£,. ) 1L s 8y
n 21\ o(z. ) 1322 £ 2

Dy,
1 - é(tgl } 0 o1

o ' o(E..)
+ (D7 + 1)( ) 3,(23)0(% 3) _ X
e(E3 {1 - 6(t23)}

ST Y A SN SRy~ P U SR~
g {2(t21 ' th3) ' 2(1’13 i t’zh) }

o(g,),) .
SO T

PR R+ 1) (2L >3n(zu>e(t2h)( >
0(E) )1 - 8(¢,))}

tzh

(p.. 7)

}

o(E.,.)
31 "
) ){'_é' T

= w00 (p + (G 31>3 (31)Q(¢ )(
P13 § Aoz, ) - 8t )} t ¢

0 31

0(£3,) ) o
)

+ (0% + 1)( 32>3n(32m<t32>( |
0(E,,){1 - §(t5,)}

: 1,132 1 1,2
x {2(7=— + =) + 2(=~— + =)}
_t12 %3 £ tup

t

o(E., ) .
34 ){—-8—+ 8411, (0. 8)
34

b3
+ DO (S 3 n(34)Q(t )
s (e(%){l ORI R
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| P o(E,. )
b, = B0+ DRy M ) x
. . 0(F)) M1 - 8(¢),;)}

{o(E—  —2)? 4 oA+ 12

L T g b1 fup’

-t o(z ) -
+ PP + 1)(—2—2—)3;1(&2)@(%)( e Jis +

| O(EH ML - 8()5)} £ty
2,ty3.3 O(E) ) \. 8 8
* D5 (z3)"n(k3)a(t), ) N =+—=. (0.9)
| 0(E4,){1 - 8(2),,)}

LT

For t = 2, D2i (2 = 1, 2, 3, 4) are obtained by the foilowing substitutions
for the pairs of the numerical coefficients in the curly brackets in the
gbove expressions, i.e.,

{8,8} »~ {12,71},

{L,4}) - {6,111}, , (D. 10)

{2,2) » (L, L)

VT

For t = 3, D3i (£ =1, 2, 3, 4) are also obtained by the similar substitutions,

i.e.,
{8,8} » {o0,51},

{hL4) > {0,5), o . 11)
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In these expressions,

£y = i,

(3) = [ - exple 21"
n(id -,l-exp-kT)] s

1l for >0
O(E) = :

0 for E L0,

and 8(E) is the delta function and Q(E) is defined by Eg.(3.3k4).
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