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Abst-ract

Dynarnics of photoexcitecl carriers in InSb unCer a strong

magnetic field have been studied by means of far-infrared laser

cyclotron resonance measurement. Motivation of tire study was

the confirmation of optical hot electrons through the cyclotron

ernission measurement. In n-type InSb, presence of electrons

in higher Landau subbands of the conduction band that few elec-

trons populate in thermal equilibrium, was confirned in both

cyclotron absorption and emission measurements. Examining the

off thermal equilibrium electron cyclotron absorption signals

by time resolution, the transient behavior of hot electron.s

could be investigated. For studyinE optical'hot electrons,

employing a p-type material is more convenient since observed

electron signals are caused only by off thermal electrons.

In the cyclotron absorption measurement, tlo electron

resonance peaks from the two lowest Landau subbands and one

donor electron peak were observed. Based on the study of

Matsuda and Otsuka, the effective electron temperature deter-

mined by population ratio in the two subbands is found to attain

to 50 K.just after photoexcitation. On the other hand, another

'temperature determined from the population ratj-o between the

conduction band. and the donor level is nearlv equal to the lattice
temperature.

The high electron temperature between the two subbands is

found to be caused. by the small probability in spin flip transi-

tion betvreen the .two subbands. From the excitation intensity

depend.ence and sample d.ependence of this temperature, it has

been concluded that the spin flip transition is caused mainly



by ionized impurity scatterings. Contributions of neutral im-

purity scatterings ancl electron-electron scatterings, hovrever,

cannot be neglected.

The spin states of electrons in the cond.uction subband have

an important role in the energy dissipation process of optically

excited electrons.

Once electrons are excited to the conduction band by light,

they will be kept to donor impurj-ty states for a long time after
being transfered witirin the conduction subbands as well as their

attached donor leveIs. Those electrons bound to donor levels

eventually recombine with holes bound to acceptor levels. The

energy dissipation of donor electrons due to donor-acceptor

recombination is observed. from the observation of both donor

and acceptor signals. The aspect of decrease in donor signal

has been consistent with that in acceptor signal.

According to the theory of Thomas et a1., the dorror-acceptor

recombination is dependent on their binding energy. The larger

the binding energy, the smaller the recombination probability.

Thus the effect of a magnetic field seems to make the recombina-

tion probability smaller. Thus a slower decay curve wou'l C be

expected. An opposite tend.ency, however, was obtained in our

measurenent. This may be explicable by considering carefully
the overlap integral between donor electron and acceptor hole

wave functions .
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I. Introduction

Since the first pioneering work by Ulbri"frl) on GaAs, the

photoexcited hot carriers have been studied by many authors.

rn a strict sense, holvever, an original study of hot electrons
goes back to the work of Ryder and shocttey.2) rn their experi-
ment a large deviation from Ohmic relation in I-V characteristj-cs
was observed under the application of a strong electric fie1d.
The concept of "electron tenperature" was introduced by them to
explain the electron distribution disturbed from thermal equi-
librium. stimulated by the work of Ryder and shocliley, rnany

more rvorks on the hot electron system due to electric field.
excitation were reported and even some reviews are available

2\now."/ The primary object of those works was rrainly to survey
1\ +lr^ ^14^^+Li Lrre eriecr. of external field on el-ectron temperature and

2) the energy dissipation rnechanism. InSb offers an appropriate
stage to investigate hot carriers, since the hot elect,ron con-

dition is easi-Iy achieved becbuse of its small electron effec-.
tive mass and avairability of a high purity sampre. rnd.eed so

many worl<s related to the hot carrier phenomena in rnsb have

been carrj-ed out.4-13) Exa*ples are the observation of cyclotron
emission by Kobayashi et al.4) u.rrd cornik5,6) the magneto phonon

?\
measurement by shimomae et aI.", the observation of combined

resonance in the magneto phonon measurement by Zawadzki et .I. B) 
,

impact ionization effect due to hot carrier by Glicksman and

Steele9) -rrd so on. In all these measurementsr electrons
excited by d.c. or a.c. electric field were always and

naturally studied in n-type materials. In the meantime,

studies of hot electrons opticallv excited have also been
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carried out, e.g., the observation of Sirubnikov-de Ilaas oscilla-

tj-on of electrons heated by a Co2 - 1.=".,10) the study of optical

heating of electtorr=11) etc. These works were again carried

out in n-type materials and the results were told in the language

of electron temperature, determined from the electron distribu-

tion within the conduction band. The, nain channel to dissipate

the electron energy was considered to be the electron-phonon

(acoustic and optical phonon) interaction.

Intensive studies of the hot electron system due tg electric

field excitation was carriecl out by Kobayashi and otsuk uL2) ,
'l ?)

and by l4atsuda and Otsuka-"' by means of cyclotron resonance

absorption measurernent. N-type samples were employed. Matsuda

and Otsuka measured two .kinds of electron temperature, i.e.,

intra-subband anC j-n+-er-subband electron temperatures. The

electron distribution described by these two kinds of tempera-

ture was discussed on the basis of the theory of Kurostt.r14)

who introduced a gieometrical distinction in energy d.istribution

of hot electrons under the presence of magnetic field.

In these measurements ernploying n-type rnaterials, electrons

were already present prior to electric excitation. In n-type

InSb, the donor levels are so shallow that a large portion of

the donor electrons are released into the ionduction band even

at liquid helium temperature. Applied an electric field, :the

donor electrons are ejected j-nto the conduction band ano then

the densitv of conduction electrons increases. So the electron

distributi"" function is chanqed over the conduction band and

donor leve1s.

On the other hand,if one applies a small electric field
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to a p-type material, nothing is observed in cyclotron absorp-

tion measurement because of the absence of electrons to be excited.

But employing the intrinsic light to excite carriers, hovrever,

electrons in the valence band are released into the conduction

band. So the observation of electron signals in p-type material

becomes possible. Of course, the electron excitation is depend-

ent on the vravelength of the excitation source. Even the excita-
tion of donor electrons by means of an extrinsic light is possibJ-e

using an appropriate light source. This case rras treated theo-

retically by Ridley and Harri=15). But we restrict ourselves

in the intrinsic photoexcitation case. One of the most important

characteristics of the intrinsic photoexcitation of p-type

material is a possible observation of minority carriers (elec-

trons) being sent into a hot state

One direct evidence of existence of hot carriers is given

by the observation of cyclotron emission. Cyclotron emission is
the reverse process of cyclotron absorption. Applied a magnetic

field to a sample, the conduction band'is bunched into the

Landau subbands. The elect.rons excited by light from the valence

band. can populate the higher Landau subbands. One of the pos-

sible energy dissipation channel is the electron transition
from higher to lower subbands emitting 1ight. Confirmation

of the cyclotron emission clue to photoexcited electrons has

already been reported.l6) There is no doubt that the photo-

excited electrons can be in an optically hot state. In this
paper, w€ wiIl report .the dynamics of photoexcited carriers'by
means of cyclotron resonance absorption. Three resonance peaks

will mainly be examined, two electron absorption peaks arising
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from the lorvest two Landau subbands in the conduction band and

one from the ground state of the donor. From the analysis of

the intensities of these three peaks, three kind.s of electron

temperature h/ere obtained. The first is an effective temperature

deri-r'ed f rorn- the intensity ratio between two Landau subbands.

The second is derived from that betrqeen the sum of trvo Landau

sul-'banci and the impurity level. It is found that there exists

a great difference between these two electron temperatures.

The third electron temperature d.escribes the electron distribu-

tion within a single subband. This temperature is found to be

nearly constant for any change in. the experimental condition as

far as our experience is concerned.

One of the important characteristics in our experiment is

ernpl 6y6ent of the time resolution technique to investigate the

time variation of the absorption intensities after photoexcita-

tion. Fronn the result of the time variation measurement, it is

found that the decay process of the photoexcited electrons has

three stages. In the first stage, the absorption intensity

decreases rapidly due to the free hole-free electron recombina-

tion. This stage appears cnly in the strong excitaticn case.

In the secand stage, electrons are transferreC in a com.plicated

manner betrveen the conduction band and donor levels. This stage

'wiII be discussed in detait in a later section.-In the third stage,

one observes a very slow decrease in absorption intensity of

tire donor electron signal. This slorv decay is due to the donor-

acceptor recombination. The effect of magnetic field on the

behavior of this slow decay will also be discussed later.

To investigate the second stage in particular, the time

■-4



variation of the absorption intensities rvas measured, changing

the lattice temperature and excitation intensity as parameters,

not to speak of the depencl.ence on samples

Frorn these measurements, it is found that the spin states

of electrons play an important role in the energy relaxation
process of electrons.

The energy relaxation cf photoexcited carriers has been

investigated theoretj-calry by several authors .L5 'L7-2L)

Typically, the group of Calecki, Lewiner anC Pott'erl9-21)

has constructed. a theory of the energy relaxation of photocarriers

in a strong magnetj-c field. It is based on the treatment in InSb

of Kurosar+a and shorrred. the time evolution of hot electrons

excited. by pulsed light.

In the above theory, the int.er-subband. transition was in-

cluded. But the spin states were unfortunately not considered.

So this theory cannot be applied to. explain our experimental

results. In future, nevertheless, it may be possible to utilize
the theory with some modifj-cation to explain our results.
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2. Experimental l{ethod

2-L) Far-infrared (FIR) cyclotron resonance measurement

a) FIR-laser

Tlvro types of FlR-laser vrere employed, complying with a

purpose. One rvas a d.ischarge type pr-rlse laser using H2O or

DrO vapor. The other was anoptical pumping Clri-1aser which

was excited bV a CO2 laser,usingr CH3OH, CH3OD, CD3OD and so

on. The employed wavelengths of the former system ranged from

84 1rm tc 220 lrrn and those of the latter from 119 pm to 5I3 um.

In the studlz of photoexcited hot electrons, the 84 pm laser

1j-ne of D2C laser rvas mainly employed to attain the best resolu-
tion

b) Excitation source

fn optical excitation measurement, two kinds of xenon

flash lamp were employed. One (EG & G FXIOB) had a narrow pulse

width, FWHI.I of which was less than 1 US and maximum peak po\rer

was about 20C l/ctr.2, while the other (constructed. by Sugawara

Stroboscorpe PS 24OI4T-U1 and EG & c FX-I93) had a pulse of -10

US FWIIM and maximum peak povi-er 1 l/cm?. The latter source was

employed to get a quasi steady-state excitation. ?he intensity
of excitation light was controlled by glass or neutral density

filters. The glass filter cuts the wavelangths shorter than

0.6 Um.

The photopulse due to xenon flash lamp was synchronized in
every other turn with the FIR-laser. Usually, opcration of the

FIR laser was repeated at 30 Hz and photopulses by 15 Hz.

c) Experimental situation and detecting system

Figure I shows the block-diagram of the experimental
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apparatus. The sarnple rvas mounted in a superconducting magnet

which generated a magnetic field of up to 5 T. The geometry be-

tween the incident FIR-laser and the magnetic field vras always in

Faraclay configuration G // s) . The transmission l-i.ght vra.s de-

tected by a Putley type InSb detector. The Cetector \^/as biased

at constant current. The a"c" coupled signal was ampIified and

then detected by a boxcar integrator. An absorption signal at

any delay time after photopulse could thus be obtained. Two

methods of boxcar detection were available. One was a system

using two analogue boxcar integrators (PAL MODEL 160 and NF

Bx 530A) (system (a) in Fig. 1). In this case, the signal in-

tensity transmi-tted through the sample under photoexcitation and

that under no excitation were taken in selectively by tvro boxcar

-=unt-egrators and summed up . The FIF. absorption by photoexcited

carriers could then be obtained. using a logarithmic amplifier.

The cther system (shown (b) in Fig. 1) was a multichannel

system.22| constituted. by a trdnsient memory (nrxgN DEIISHI TcJ

2000A) , a two channel digital boxcar integrator (NF 8X531) and

a microcomputer (Sord M243) with several peripheral equipments:

two B-inch double d.ensity floppy disk drives, a graphic display

(the resolution of which was 640 x 400 dots) , a 12 bit A/D con-

verter, a printer and an X - Y plotter. The boxcar integrator

was connected with the microcomputer by means of GPIB interface

bus. The detected signal was digitized and divided into 2048

points every other.microsecond and once stored in the transient

memory. The transient rnemory yield.ed a d.esired number of sam-

pling points every other L2.5 us for the boxcar integrator.

Any 16 points of the data (duration L2.5 Us) viere ta-ken in and
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accumulated at each delay point for an appropriate number of

samplj-ng times and then sent to the X-Y plotter or hel-d. in a

I floppy diskette. The strength of the magnetic field was monitored

by measuring voltage of shunt resistance in the power supply

for the magnet. In system (b), the shunt voltage was converted
; from analogue to digital and held in the microcomputer.

2-2) Light modulation technique in cyclotron resonance

measurement

Figure 2 shows typical absorption curves of n-InSb as a

function of maqnetic field in the cvclotron resonance measurement,

I using 119 Um laser 1ine. The curves (a) and (b) express the

absorption intensities without and with photoexcitation, respectively:

These signals have the form g,n(In/I., .) in which f1 and I. are the' u' LrZ' L Z

transmission intensities of laser beam of intensity I0 through a

sample without and with excitation. These signals were obtained by
It.

using a logarithmic amplj-fier and two boxcars. The modulation

signal S*od i= to be defined as a remainder taken the intensity in
(a) from in (b) , i.e. ,

S-od = ,!^tT,/T. ) . (2.■ )

This signal corresponds to the variation of absorption coefficient

Acr, due to photoexcitation, i.e.,

Ad = S,^od/d = (ttd),!^(t,/I"), (2'2)

where d is the sample thickness.

Using this modulation technique, the change in absorption

coefficient arising from only photoexcited carriers could be

obtained and the fluctuation of incident laser beam intensity

could be elimj-nated. This technique was especially helpful

for the study of minority carriers.
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3--3) Time resolution methoC

I.ie are interested in the time variation of excess carriers
generated by photoexcitation. The signal at any Celay time

after photopulse could be detected se] ectively by Ineans of a

boxcar-integrator. There were trvo rvays in the usage of the

boxcar integrator. In the first usage, the gate of boxcar in-

tegrator vras opened at any delay time and fixed. there with

appropriate gatewidth (typical value of which was 0.5 us) for

each laser pu1se. Then the variation of absorption intensity

with any other param-eter, for example magnetic field, was recordeC.

The other usagie was so-called "gate scan" in l'rhich the

position of the gate fixed on FIR--laser pulse vras mor,'ed along

the time axis from the pho.topulse at any speed. This rnethod

trvas suitable for the study of the phenomenon having a long'time

constant, e.g. I donor-acceptolrecombination.

2t4) Samples

Two n-type and 16age p-type InSb were enplcyed. Their

characteristics are listed in Table 1. To avoiC the interference

in the cyclotron absorption m.easurement, all the samples have

wedge shape. The samples had typical d.imensions of 4 x4 xd mm3,

rvith d being the thickness. The th-i-ckness d was chosen to be

suitable for the purpose of the measurement in the range between

0.15 - 0.8 nm. These samples had. a fl-at face normal to the <111>

crystallograohic axis. Both sides of the samples were ground

vlith 3000 emery paper anC were etched with CP-4.

Determination of the impurity concentration in each sample

was made by the measurement of cyclotron absorption. In the
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absence of intrinsic photoexcitation, the electron absorption

due to residual impurity is observed in n-type material. The

intensity of this absorption is proportional to the excess d.onor

concentration NO -Na. In tvro samples, A and B, this excess

donor concentrations was found by means of Ha11 measurement.

The relation betrveen the absorption intensity of cyclotron reso-

nance measurement and the irnpuritv concentrati-on is qiven bv

dd = K { No - Na ) (2.3)

where o is the absorption coefficient and d is the sample thick-
ness'. The constant K is defined by this equation with the values

of q, of samples A and B and will be used u.= '. general constant

for other InSb samples. Using eq. (2.3) with the above R, the

donor concentration of each sample was obtained by m.eans of the

measLlrement of cyclotron absorption.
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3. Theoretical Baclcground

3-f) Conduction band structure under the application of

magnetic field

Indium-antirnonide is one of the III-V compound serniconductors

and is known as a typical narrorv-gap semicond.uctor. It is also

a direct gap seniconductor. The bottom of the conCuction band

is located at f6. The top of the valence band is located at

Ig and that of the spin split-off band is located at 17. Kane23)

constructed a three band. model basei on ii. ! perturbation in
the zero magnetic fie1d. This model, lvhich is constituted by

f6, fB, f7 levels'describes the energy diagram near f-point
rvith simple form and considarable precision. Bowers and YafeL24)

and Yafet25) first showed theoretical description of energy leve1s

near f point for InSb in the presence of a m.agnetic field.
Treatments of these people are based on the perturbation theory

and only a finite nur'.rlcer of close-lying bands are considered.

So the treatment becomes in effect a three band model. The

resulting B x B set of differential equations for the envelope

functioris was solved exactly in terrns of harmonic oscillator
functions. The following assumption is made. The asymmetric

Landau gauge is used for the vector potential of external magnetic

field and the kinetic energy term of the free electron is naglect-

ed because of its small contribution to electron energy itself.
The assumption, A rr.o, furthermore, is used. The energies of
conduction electron r,lrrauu subbands are given by

E(.,n ,k",t) =-€!/z +EE.Xl2)'o€JD..ke.s Jh , (3.1)

where
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D..kギ =t ωC(“十1/2'十 (す年ぜ/2″ざリギぽ|ノち月/2.(3_2)

Flere the notations n, kz, j denote Landau quantum number, the

momentum along z-axis, which is parallel to the magnetic fie1d,

and the effective spin state, respectively. trtrhen the spin-orbit

interaction is includ.ed, the pure spin state is no longer a good.

quantum number. The quantities mg* ancr 96* denote effective mass

and effective g-factor at the band edge of the conduction band,

respectively, and are given by

鷲=券 (3。 3)

and

n* ttti >A (3.4)
do ftn! 2A+3Eg .

It has been found that three band. model gives quite a good

analytical description of conduction electrons.- The model also

describes the aspect of the valence bands fg and 17. When one

needs more detailed and precise description about not only con-

duction band. but also degenerate valence band to consider, for

example, interband magneto-optical transitions, the contribution

from other bands must be included in the theory. Pidgeon and

Brown26) ga.ve a theory including the interaction with higher

bands. This model has indeed shows a considerable success in

describing the valence and conduction bands systematically. But,

in this model, there remains uncertainty of band parameters.

According to the treatrnent by zawad.zkiz1 '28) , who gave a

review of the three band model in InSb type semiconductors,
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-l.et tls r,,rrite dovrn the

tion el-ectrons in the

equation in question

wavefunction

presence of a

is

ancl energy Ieve1s

rnagneti-c f ield.
of conduc-

't'ne scaroctl-ng'er

(3.5)

uihere harniltonian ff is represented by

″二
赤 F峰 唯(アリ+」課 (ま xアんりF十ル言ダ .““

)

Here i=p+(e/c)A is the kinetiё  momentum in tho oresё nde of a

magnetic field HO a■ Ong the z― axis.  え represents the vector

potential of the magnetic field and IB denOtes the Bohr magneton.

vO(2)denOtes the periodic potentia■ of the lattice and 3 is the

Pau■ i spin operatoro  The 3rd and 4th terms in eq。 (3.6)repreSent

the spin― orbit interaction and Pau■ i term′  respective■ y.  A so■ u―

tion of eq。 (3.5)is represented in the fo■ ■owing form

'7-9 tl. F tldtY = tr-Y

uj(T) 
2

→

where the summation is over the energy band.  U」 (r)iS

odic Parts of the B■ och functions at、 band edges′  which

the Luttinger― Kohn29) amp■ itudes.  The orthonorma■ ity

these functions ■s estab■ ished′  i.e.′

十(ア ,=乙 1(ア )
(3.7)

are per■ ―

are ca■ ■ed

between

(3.8)
I(?L)< u{lo,t1 ) = Eth 

2

where the ■ntegration ■s carr■ ed over the vo■ ume of the un■ t

ce■■ Ω.  The envelop functions fj(r)′  being in cOntrast with

ij(1), are s■ owly varying functions so that they are regarded

constant within a unit ce■ ■e  By applying the momentum operator

on the product fJ(r)uj(F)and multip■ ying ui(蓄 )from the left′

3-3



eq. (3.5) becornes

r[ | E'2}rfrr +
d

the follow■ ng set of coup■ ed equations

εル十E]町 十ち・戸   (."
where 十Й′

『
十ノB ttτ亀ノ]{タアリ=0′

石<q二 ′戸+f毎 (メχ ttπ りla」i〉 .

‥
）Ｓ

、

４

(3.10)

(3.11)

R十 ↑ ノ

↓ ― F層「 Z

=F

■メ=

Here Cj′ O is a eigen_energy Of uj(1)andフ リ
S° is tlle spin―orbit

■nteraction term.  The resu■ t′  so far′  inc■udes no essential

approx■matiOn.  One proceeds according to the s■ m■■ar approach

by Kane′ 3)A finite number of c■
ose― ■ying ■eve■ s are treated by

means of the perturbatiOn theory of degenerate or nea■ y degen―

erate bands′  ■eav■ng out the Contr■ bution from a■ ■ other bands

in the first approximatione  Attention is pa」 .d on■ y to 
「 8′

 F6

and 「 7 bands.  TO sO■ ve eq。 (′3.9)′  the fO■ ■owing eight states

are chocen as the L.― K.functions29)  ui(1)′

/u.=

u2=ガS↑ ′

u3=R_↓ ,

u十 =√要 x↓  +√要R_↑ ,

aJ=√要
'X↑

-4要
・

R十 ↓′

u`=

u7=

ヱ↑十/暮 R+↓

R_↑

and dP
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r"rhere =(x+;f)l{T (3.■ 2)

Here S and X, Y, Z are period-ic functions which transform like
atomic s and p functions under the operations of the tetrahedral
group at the point I. The symbol f means the spin-up function
and { spin-d.own function. By applying the functions (3.11) to
eq. (3.9.), the infinite set (3.9) becomes B x B set and is re-
presented as follovrs:

二 〇

(3.■ 3)

Here rc is def ined as follovrs:

(3.■ 4)

十
一

ｂ
氏

ち

K=｀ (― じ/旬 )<SI Pgi Z>.
This is called the interband rrnatrix erement. using eq. (3.13) ,

the functions f,3 fB can be expressed by fl and f2.28)

Eq, (3.13) is divided into two orthogonal solutions.
First solution corresponds to f2=f6=0 (which is denoted '-')
and another solution denoted r+r corresponds to the set includ.-

ing f 1 = f 3 = Q. Ad.opting the Landau gauge for the vector
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tHijl It.] = o

―EttV kP+

.― cσ―E+V

涯kPz

十
Ｐ

〇
　
　
一
２秋一

―

′

ヾ

∫IkP+
―εg― EttV
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fl

f3

= 0



potentia■
‐
式′ i.e. A=(_Hy′ 0′ 0)′  the SO■ ution of eq.(3.■ 3)is

given as the fo1low■ ng form

子
1。 2(1ア )=cγP[オ (たχえ十たごzり J φarttf三色り ,

where y0 = k*t2. Using the above functions, and putting

and solving the remaining equations of (3.13) to get f3

the follovring complete wave function is obtained:

(3.15)

f2=0

°・・  f8′

↓∫D麟 十

(3.■ 6)

the fol■ ow■ng function

_Ь……C_F (婦 f“率IRキキC―r雫

十 ♭_:(」墨Lミ4≧
生≦LttR__(戒ωこ

“l声ダ犠_iァ|「 ]↑∫フ

ア
七
ヴ積7ョ
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| - enof ; ( l IY^'.k* ka tF t = exF t i ( h* x + te=z ))

来 l[ギ 4+φわバ ~ b+~C十 √】

Da+

By a similar procedure, putting f1 =0,
is obtained:

｀
ゝ 農Lg(プ¬=→鍬F[オ (たこχ tt Lセリ]

力
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濃S十
土生

毛十
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1,IF⊥
と

'之
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|
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where the coefficients are

α十=
tX + E+.

勺+2E土

″
“
冽

with

ρ=

―

一
３

〓
♭
十
一′

E十

β
⊇

勺+2E」

Ct=÷・ _F十

″
2

(3。 ■8)

勺
+2_F十

ム
2

伽 J、

(ム十
tノ

(ム +3物 /2) 卜  .¨

3-2) Valence band & acceptor leve1 in the presence of

a magnetic field.

Valence bands canno! be.treated in the manner cf treating

the conduction band, because of their band degeneracy and warping.

InSb is a narrow-gap semiconductor, So that for valence bands

a calculation taking account of the contribution of the conduc-

tion band and other bands is needed. Pidgeon and Brovrn26) ga.ve

the total band description of the cond.uction and valence bands,

including the contribution of higher bands. In their theory

several valence band parameters are included. The determination

of these parameters has come into question. New parameter sets

are given by several authors.30-34)So*" authors proposed modified

theories based on Pidqeon and Bror,/n 's one.30 ' 
31' 35 )

Because of the complexity of valnece band.s, the

determination of the acceptor level in the presence of the mag-

netic field is so difficult. that fer,v authors36-39)treated the

acceptor level theoretically. only Lin-Chung and Henvis4o)
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treated the acceptor ■eve■ s in lnSb theoretica■ ■y.  In this

theory′ the acceptor ■eve■ s assoc■ ated W■ th the ■ight hOle band

and the donor ■eve■ s are calcu■ ated by a var■ ationa■  method

based on the treatment of conduction and va■ ence bands by Pidgeon

and Brown。 26) zawadzki4■ ′42)howeVer′  pointed out that there is

a fa■ ■ure ■n the  treatment of Lin― Chung and Henv■ s for donor

■evels′  so that the observed spin― flip trans■ tion of donor

e■ectron ■s m■ ss■ ng theoretica■ lyo  Neverthe■ ess′ out of this

theory′ Seiler et a■ .43)achie↓ e a cOnsiderab■e success in the

interpretation of hole transition between acceptor ■eve■ s.  工n

the absence of an appropr■ ate alternative′  we w■ ■■ proceed′

somewhat tentative■ y′ w■ th the theory of Lin― Chung and Henv■ s

for dea■ ing w■ th our exper■ menta■ resu■t.  Lin―Chung and Henv■ s

treated the fo■ ■ow■ng effective mass equation :

[7FD~百
頚i覆フダ

]F(1、 リノA'= F`Nノ γ,)'F“

"Hノ
'ノ

, (3。
20)

where ffo is the Hamiltonian for free carriers in the presence

of the external magnetic field. The schr6dinger"equation for

316 ts given by

Vf,+ (N,H)-- Etr.t, H)-f(NrH.)

This equation is equivalent to eq. (3.9).

tions of free carrier, f (i{r1"1) ;}l:€j criv'ic1ed

is, a-series and b-series, and written in

form; namely,

(3。 2■ )

Here enve■ Ope func―

into two parts′  that

one column vector

И′憂Ⅳ.H

ズ∂ON_l,H_:

ス
`Φ

諄‖′H十 :

47●V引 ,H.l
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and latN,H) =

¨

Ｍ
　
　
Ｈ

鈴
蟻

ん

花

(3.23)

Ar

where 0,^" is a harmonic oscillator function (N < 14) . The enel-gy
f ,r.l.'l

levels belonging to ONyt are Iabelled by Landau quantum. nunter

N and a::e degenerate for different M (angular mornentum) . Following

Wallis and- Bov'z1den'=4d') treatment and using above envelope func-
+-'i^-c +lrn "-:iational envelope functions of impurity j-s give in oneL-LUli>r r-rrc vdl

column vector form, i.€. ,

F^r trl pr \) =I a'l.Dl'vr'.1". ?2 tzS
tr e'z' (3.24)

where e is the variational pararneter, the variation of which is

shown in Fig. 3 against the magnetic tieta.40) Py(z) represents

a set of orthogonal polynomials of z of order l, given by Wallis

and Bowld"rr44) ; for exampre,

(E'tr/zrr-)/+
(3.2s)

( E'}' / ztt e.lc o

The exponential factor in eq . G.24) derivecl is fiom the inspection

of the similarity to a hydrogenic v/ave function. This trial

function is valid under the high field limit, i.e., y >>I,

so the function is appropriate for high-field impurity states

associated with light hole Land.au subbands.

A+ f tttt ,ntt

/子去13(村・Hリ

φ″゙らH+′

ｒ
Ｔ

・

一
Ｃ

フ
Ｚ

た、

′

ノ

7" (Z) =

?tE1 =
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3-3) Several scattering processes

In this section, the transition probabilities concerned

rvith O+ and 0- Landau srrbbands and donor leveIs will be surrma-

rized. In InSb, the spin flip transition of electrons due to

the electric type perturbation having no spin operator can be

possible, because cf the spin mixing in the electron lvavefunc-

tion. E11iott45) first p.ointed out this possibility. So this
spin flip transition due to electric perturbation is called

the Elliott process. In InSb, it has been found that the spin

flip transitions play an important role for all scattering

*od."=.46) The relaxation times for several scattering mechanism

lvith spin flip (for exam.ple,ionized impurity scattering, acoustic

scattering and so on) are Eiven here.after the manner of ref..47.

When the transition from 0- subband to g+ subband is con-

sidered., the relaxation time t is given by the following equation:

τ = ■ ― P
+丁 .

ｒノ　
＋ て le. (3。 26)

Ti:e first relaxation time .t.*p denotes the time establishing

the electron temperature of excited electrons in 0- subband.

Second time T1 is the spin relaxation time and the third is

the momentum relaxation time of d.eexcited electrons in g+ sub-

band.. It is reasonable to assume that tt.*p, Te . TI

rn view of the carrier concentration of 1013 - 1014 c*-3, the

non-d.egenerate statistics will be employed, so that T1 is in-

dependent of the electron concentration in 0- subband.

a) Spin relaxation due to ionized iinpurity scattering

The potential of ionized impurities in the crystal is

written:

3-■ 0



lJrTt = f,nrG- F., ) (3'27)
T

rvhere the summation runs over impuri-ty atoms si-tuated- at Ith

lattice site tr. The single impurity potentiaf v(?) is given

by a screened Coulomb type one:

bイ アリ=― C2C″P(一 粂″
'/ど

。
「 ノ

(3128)

where .O is the static dielectric constant and q= is the inverse

sc::eening: length.

The spin relaxation time Ti is represented as

L =+ < tPi+ tu I F, -> l'> FcF+-F-) . (3'2s)
a+,,I

The calcu] ation of the matrix element of the potentia-I is carried

out using electron $Iave functj-ons ( 3. f 6 ) and ( 3. 17) , so that

the following expression of T1 is obtained,

l   TrettND    E=

■  2ちEL(号 +2餃り(号 +2Dfj 時研島・ffイ ),いの

rvhere T (3.31)
L(:/ = - | - ( r+r )eAF(t) Ei (-x ),

E1 (x) is the exponential integral function

El(―χり = ― ∫」F =:二Fdt              (3.32)
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d=

The expression ( 3. 30)

Boguslawski.4T)

ε
“
ね

△ 4+2%
+ウ ム+3%/2 (3.34)

s slightly different from the form of

ム

　

．．

b) Deformation potential interaction with acoustic phonons

The spin relaxation time due to the deforraation potential

inter:action vrith acoustic phonons lgi11 b'e treated. The form'.

of the interae+,'i on potential vrith acoustic phonons is given by
-' /o\Bir and Pikus="/ as follorvs:

tT^^ = L,a.c ffi
where rn,n are Cartesian

the deformation tensor,

)     (3.35)
′

CIpm represents

D^* tn,n (rm,,n = l. 2. .]

coordinates. The notation

having the follovring form,

∂を“
/Dχ燿7 ′ (3.36)＋ａχＤ／

〔
タＤＦ

Ｌ
‥
一２

where

壱

>√

アl' = (I「
ラ:ち瓦万7丁 )夕

ε′[Ьグツ琢7(1'Pメリ+H.CJ.(3.37)

Here p is the crystal density, bdv the annihilation operator
→

of a phonon mode′  ω。(q)the phonon frequency and aν  the phonon

po■ arization vector.  The vector q ■s the wavevector from the

νth phonon branch.  HoCo denotes Hermite con]ugatateo  The de―

formation potential Dmn has a f° rm
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D“ m =― RH P“ /“。 十フЪヵ
“

(3.38)

where V renresents the derivative of the crystal potential'Inn --I-

with respect to strain e*, and P* is the momentum operator.

To calculate the matrix element of 6V.", the proced.ure used by

-qzymanska et uI.46) i= taken. The resultant relaxation time

is expressed by trvo terms, i.e. "intraband" term and "interband"

terrfl,

-r;t =,a':t* )-' .,. ( r / -r::' )-'.
The intraband part is expressed by

キ=締詩 (七焼が引

z t.z = (-!i lz) [ k" r ( k; -u k; )4]' (3。 4■ )

v runs over three branches of the po■ ar■ zation

eTl′  eT・ and eL.  Mν (zi) are giVen by

[Cr~δ C2~Z(2 ci十 ′

`C2リ

ー
=2(cr十

争C2'7=

(3.39)

(3.40)

where

and summation of

of phonon, i. e.,

ML(zり =

〆tZリ (3。 42)

and

十

|

+ eJ( cr + +e,)JFtz )

+ [- 4cz- 2oZCz- zTzoc:+J ct)-23(ct+'f ez)JFcz1,

[Ci"C2~=(CItt C2′ Jヱ

[二 こ2~2マ c2~(C:十 C2'=句 Fに ,

一“　
十

Vfel = [ c. + Y'zcz* ?r(c,+ldc. ) + z3(cr + <tcr)J

l+ct+ lo? c2 + <:(2c1 r 2oc2)

?efrp(z)Ei(-E)lo

with
Ftz t
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The interband part is calculateC similarllz and is expressed

J as follotvs:

|  ′,β2St t影
手4士 N″ごノ

““一

  二  
―丁i品  3磁丁コ1′ 号 (たトac

with

NL=πl(1- 27‐ 7どう―覇争x(1!・ 夕ど
'|マ

ごノ ,

Nフ =」 (卜 Zり =igFイマリ (3.45)

and   NT2=雀
l(1+3ヱノ 十 (よ +喜F=ノ gF・

`=リ

These tvro parts are divided. according to the relationship to

the deformation potential constants 1, m, n and s. The constants

are defined as follovrs:

■ =く χ l Dxキ IX> ♭

“
=<xl Dνッ

IX> ′
(3。 46)

“
=r<χ lDこメlY> ,

5=く s:Dり lx>

or their cyclic equivalents. X, Y, Z and s are periodic func-

tions of ftS and. f1 symmetries, respectively. The intraband

part is related to L, m, n and interband part is related to s

interband constant.

' c) Piezo-acoustic interaction
The form of the interaction potential is given by

I c'-r- tne? / fr \Z
WavPA=- el.g4\rvru,ril) (3.4i)

kν [ ♭7νεttP(だ 7)iメ
リ…Ь7D eAP(~オ ブ′ノJ
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for a s■ngle phonon mode qν .  P iS the piezo― e■ ectr■ c constant

of the crysta■ ′ and K descr■ bes the angu■ ar dependence of the

■nteraction.  Cons■ der■ng the screen■ ng effect by free carrュ ers′

the free carrier die■ ectric function C(q)土 s inc■ uded in eq。 (3.48)

The resultant spin relaxation time thus becomes

と

|

TPx =3`7(‐
う壮り母り

21メ

讐:F
たeTωcた∫

誦渚

t d/ u')o, = 鳳
ジ

(k,'tui)o,

P(げノ=|十 S十 (ftt S ttFSり a?rfノ E=r― ヂノ

S = ノ言gξ /2′

Pζ
4'ど リ ノ

(3。 48)

(3.49)rvhere

(3.50)

and (3.5■ )

3-4) Donor― acceptor recombination

Thomas et attP)showed that the exper■ menta■  resu■ ts of

donor― acceptor recombination radiation could be expla■ ned c■early

■n GaP.  In the■ r treatment′  two cases are cons■ dered.

One ■s the s■tuation that donor or acceptor concentration ■s ■n

excess and all the impurities are initia■ ■y neutra■ .  The other

■s the s■tuation that donor and acceptor concentrations are

equal and a■ ■ of them are ■n■ tia■ ly neutral.  The former w■ ■1

be cal■ed type ■ and the ■atter wil■  be ca■■ed type 2。   For

both s■ tuations′  the time var■ ation of res■ dua■  neutra■  donor

(or acceptor)cOncentration and that of the radiation intensity

caused by dOnor― acceptor pa■ r recombination are given by this

3-■ 5



tl'reory. fhe decay profile does not obey an exponential law.

If the distance to the donor is not too small, a hole bound. to

an acceptor sees an .incid.ent electron wave weakly bound to a

donor, the wave function of rvhich is d.enoted by r!1(r"). Giving

a full credit to the assumption that the electron vrave function

Vt(re) can be replaced by the t'.I8.r+t€functio" Vi(r"), rvhich is the

wave function of the electron at the site of the ac.ceptor in

the absence of the acceptor, the optical matrix element is given

l:y

M(′り =
Cν

c_4f.x f trt
wh.ere r is the distance betrveen the donor and the acceptor.

Furthermore the behaviof of rf1 (r) for large r is given by the

follovring simple equation,

*ttr)&, Y^*p(-t-/a) )
(3.53)

(3。 52)

(3.54)where α:: =[2“lE/'2]と

=- | + (En /Ez-)k.and (3。 55)

Here E" is the binding energy of an ideal hydrogenic donor and

4a is that of a real donor. If the simpl-e hydrogenic d.onor is

considered, there m will be zero and ag will be the Conor Bohr

radius. The radiative recombination rate W(r) of an electron'

bound. on a donor with a hole bound on an acceptor at a distance

r from the donor will be vrritten

3-16
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Iiere vjo.* i= a constant dependi ng on the impurity levels. Let

O(t) be the probability that the electron populates on the donor

at a time t. The quantity to be compared rvith an experimental

value is the ensembl-e average of Q (t) , which we will denote

<Q(t)>. After calculating the ensemble average, the follor^iing

exoression is obtained, for the case of type 1;

(Qtt )) = qf l+rrnJ t"of L-WcntJ - rJ r'dr . (3.57)

Here the quantity n denotes the concentration of the majority
constituent. rn the situation of type 2, in which the compensa-

tion is exactly attained, the average probability <e(t)r"o*p
is given by the following equations;

くQCtり,L“P=C%P14T“ :Gα
Pi…

h〆け′
∫く。6師)L珈

P(
ltl― iり 角イ (3。 58)

(Ottl) 
"o*7 

= < A (T)>

ん
/

(3.59)
<Q(tl)  。

Here t denotes the true time. rn bot\ situations, one parameter

W*.*, that is characterized by material and impurity, has to
be included

and

τ
ｆ

Ｊ
。

〓
ｔｈｔ０■Ｗ
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4. Experi rnental Results

4-i) Strong excitation case in n-type InSb

As mentioned in the preceding section, Figure 2 shows the

absorption signal of photoexcited carriers just after photo-

excitation in n-type sample A at 4.2 K obtained by using 119 um

FIR-Iaser. In Fig . 2- (a) , which is the absorption signal in the

absence of intrinsic photoexcitation, tl:ere arise the rvell known

double peaks due to electron transitions. The resonance peak

at the lower magnetic field is the transition of donor electrons

from the grouncl state (000)+ to the excited. state (O1O)+, i.e.,

the so*calleC impurity cyclotron resonance (fCn)50). Here the

nomenclature of lla1lis-Bowld.err44) i= employed. for donor leve1s

in the strong magnetic field. The other peak is the cyclotron

resonance of cond.uction electrons and corresponcis to the transi-

tion from 0+ to 1* Land.au subband (denoteci- bv C, ) , vrhere the number

indicates the Landau quantum number and * and - indicate the

effective up- and down-spin states

The absorption signal is due to the carriers in thermal
J.

equ:-librium. Jn other worcls, electrons populate only the O-

subband. and (0OO)+ level, while practically no free holes exist,

in thermal equilibrium at 4.2 K. On photoexcitation, two new .':

peaks were obtained'related to light holes (ind.icated by f itt

fig. 2(b) and (c)). The peak located at B=1.66 T (m*=0.0184mg)

corresponds to the transition from -I- Landau subband of light

hole to O- sul-,band. a.nd. the peak located at 4.56 T (m* = 0.0505mg)

corresponds to that from -1+ to g+ subband.. In Fig. 4, the

LanCau-fan for light holes is shown, that is calculated after

the manner of Pidgeon urr,l gtotrr26) witl'r our valence band
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??lparameters. ""' The cyclotron resonance absorptions with u"/2n =

25L9 GHz (corresponding to the wavelength 119 um) are shown by

the vertical arrows in Fig. 4. Tire above assignment is -verified

from this figure and agrees with that by Button et "fJI) The

time variatj-on series of the cyclotron absorption at 4.2 K is

shown in Fig. 5 up to the magnetic field of -3 T with laser

wavelength of 84 Um. These are not modulation signals. On the

right shoulder of each curve is denoted the delay time after
photoexcitation. The resonance peaks of lighL hole (clenoted by

* itt Fig. 5) di-sappear at a deIay time of 7 Us. From this series,

it is found that the time constant of the light hole signal is

1.5 Us. Furthermore the time constant of the light hole signal

at 4.56 T in Fig. 5 is also found to be -1.5 Us. Und.er the

strong excitation in n-Insb, the aspect of the absorption signal

associated with electrons is consiclerably complicated.. There

appears no obvious resonance peak related to electrons just after
the photoexcitation. The disappearence of electron resonance

peaks may be explained by Li et a1.52) They have shown that

no bound state exists, when the donor impurity concentration is
greater than 6 x 1013 cm-3 because of the broadening of impurity

levels due to the overlapping of bound electron wavefunctions.

When the excitation intensity is high enough to neutralize all

the donors, the number of free electrons increases with the

increase of excitation intensity and then the binding energy

decreases. The difference between bound and free states dis-

appearsr So that a very broad peak is obtained. The critical

impurity concentration may be larger than that predicted by Li

et al. Then the measurement of the time variation of the
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absorption signal at the resonance magnetic fielcl of the donor

electrons yields tire information al:out both free and bound

electrons. Figure 6 shows the time variation of the absorption

signal at B = l-.66 T corresponding to the resonance field of ICR

by means of the gate scan technique. It is founcl that the decay

curve is drvided j-nto two stages, the first stage decaying very

.fast and being observable till about 10 Us and the second decay-

ing very slowly. The fast stage has a tine constant of -I.5 Us,

that is independent of ternperature (betl,reen I.7 and 4.2I() and

samples so far as n-type samples are concerned.. The decay rate

of the second stage varies frorn sarnple to sample, ranging from

several tens of us to a few ms. The decay curve is not neces-

sarily expressible by a.simple exponential. This second stage

with a slovr decal'has proved to be due to the donor-acceptor

recombination from its analogy with a similar phenomenon in
. q?\germanium."rA detailed discussion will be given later.

The first stage does not appear in the weak. excitation

condition. The time constant of the electron sJ-gnal in this

state agrees with that of the light hole signal mentioned before.

The first stage is interpreted as the signal due to overflovring

free carriers. The photoexcited carriers promptly fill up the

ionized imptrrity states. If the intensity of photoexcitation

is strong enough, one should expect a large number of free cdr-:

riers, which are unable to find a place to neutralize among the

impurity centers. The sole channel for these excess carriers

is electron-hole recombinatj-on. The time constant 1.5 Us is

two or three times larger than the value obtained for radiative

recombj-nation by Fossum & Ancker-Johnson.54) I'lore quantitative
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study about this stage is difficult, since the response time

of the whole detecting systen including the Putley detector55)

is equal to or larger tiran 0.5 US.

4-2) Vieak excitation case

ltrhen an n-type sample rvas subjected to a strong photoexcita-

tion, the absorption signals just after photopulse was very broad

and overlap each other even in the highly resolved measurenent

at 84 Um. This makes a quantitative analysis difficult. Resolu-

tion in absorption curves becomes better after about ten micro-

seconds fron photopulse, rvhence the curves can be treated analyt-
inallrz Tnc+,s4fl of l.laiting for a good resolution after a St.rongJvve

excitation, v/e may as well treat the signals under a weak excita-

tion. In that case, not i.tll. of the impurities are occupied. by

carriers and there exist no overflowing carriers. fn Fig. 7

and Fig. 8, a series of trme resolution traces under weak

photoexcitation are shown as a function of magneti-c field for

n-type sample B and p-type sample C, respectively. It is noticed

that an ad.ditional peak is observed, corresponding to the electron

cyclotron resonance of 0- subband (denoted by C2). Comparing with

the signals without excitation for n- and p-type materials

denoted by * in each figure, it is found that there exists a

great difference betvreen these signals. In n-type sample, there

exist double peaks (Cf and ICR). On the other hand, Do residual

signal is observed in p-type material. In other r,vords,a11 the

observed signals are of the transient character in p-type sar,.p-]-e,

so that it is better to use a p-type sample fcr studying the

time dependent behavior of the photoexcited electrons.
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lieanrr'hiIe, in p-type InSb, smaIl changes in peak position,

half width and linehsape can be recognized for each peak, the

peak shift could not be observed within experimental error.
The changes of the half width is less than those in n-type.

'l ?'l
Though asynmetry of lineshape due to kr-broadeningr^"' is rec-

ogni zable a.t the beginning of photoexcitation in n-type sample,

the lineshape of each peak in p-type sample can be fitted by a

sim.ple symmetrical Lorentzian.

For these reasons, w€ studied the behavior of photoexcited.

carriers in p-type material. The integrated intensities of

resonance peaks ICR, Cl, C2 are proportional to the densities

of elec'"rons populated in (000)+ level, 0* and 0- subbands,

respectively. These integrated intensities of ICII, CI, C2 wiIl

be denoted by IO, Il , 12, respectively. By tracing the variation

of each intensity, tire variation of the electron density. populat-

ing each level can be obtained. In Fig. 9, I,'re plot the tirne

variation of each integrated intensity derived. from the absorp-

tj-on signals in the p-type sample C. The intensities ID, Il, 12

and their total Itot =ID*I1+I2 vary over the time scale of

several tens of microseconds. The intensity ID first rises,

lhen reaches a maximum and starts decaying. The first rise

reflects the progressive neutralization of the donor centers

at the initial stage. In the time variation of 11, a similar
first rise can be slightly recognized. After I Usr the variation
is regarded as an exponential decay. The time variation of 12

is also exponential. The time constants of 11 and 12 are L2 Us

and 2.7 Hsr respectively. If the time variation of ID after

reachJ.ng the maximum at 3 Us is regarded as exponential, its
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time constant is found to be 23 us.

Discussion of electron density in each level needs a .d.etailed
knowledge about electron transfer processes in these leve1s.

Before stepping into this r w€ shall recall Lhe concept of electron

temperature. In each level, the mornentum relaxation time is as

small as 10-11 sec for sample C at 4.2 K, so that the establj-sh-

ment of quasithermal state can be attained. The introduction

of electron temperature is not so strangie and is convenient to

describe the nonequilibrium carriers. W" *if f introd.uce ttvo

kinds of electron temperature, i.e., intersubband electron tem-
aaperature T-*- and the electron ternperature established between-rJ

donor level ancl 0+ subband, T'DC. T!:ese efiective tenpera-uu.r€s

will be d.escribed in the next section.

4-3) Electron temperature

To describe a transient behavior of a photoexcited electron

system, two kinds of electron temperature are introduced. !{e

assume that the electron distribution betv,,een C+-- subband.

and (000)+ donor level and. that between g+- and O--subbands are

described by Maxwell-Boltzmann statistics. These two distribu-

tions, however, will correspond to different electron temperatures,
.eeDci a T-- |'l1, zE , -;", respectively. This treatment is according to

1 ?r 13)the manner of Kobayashi et al. *o' and l'latsuda and Otsuka.

First intersubband temperature T-cc is defined by the
L

equation ,

/nd
C∝P[一   ヒ

lc]ノセB耳
“

L4

4-6

(4.■ )



where nu and nd are densit.ies of e'iectrons populating 6+- and

0-- subbands, respectively, ani! AE is the energy difference betrveen

these two subbands, that is -5 rneV at 2 T. The electron densities

are proportional to the integrated absorpti on intensities, so

that the ratio of electron clensities between g+ and 0- subbaircl

is equal to that of absorption intensities , that is, (n6,/n.,r) =

(r2/rl. By measuring the intensitv ratio (I2/Il , the electron

temperatrr" T"CC is d.eterminecl by the eguation,

(4.2)

Another electron temperature ,oo" is determined by the popula-

tion ratio betrveen (OO0)+ donor Ievel and O+ subbandr so that
the relatj-on between this ra.tio and temperature obtained by

iviatsuda and otsukti3) i= used. They have measured the cyclotron

resonance absorption by varying the lattice temperature from

4.2 K to 90 K in n-fnSb .(rig. 10). In thermal equilibrium, by

considering an n-type material having densities i{O and NO

of donors and acceptors, respectively, the electron density

occupying to g+- subband, ilu, is d.etermined. by the following
equations;

でC一
場 [ム (■

']…

′
.

omq(Np-No)
Nど cχ P[― iEFttPC]

―

一
２

ニ (4。 3)

NS
and

where N*" ig tL,.e

a magnetic field;

ef'fective density of

ed is the ionization

tlta = No- Na -N; (4。 4)

states :.n the presence of

energy of (0OO) + ground.
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Conor level; and nf is the density of neutral donors (Iiere the

I factor L/2 is different from the correspondi-ng equation of l.{atsuda

and otsuf..l J) uO fitting the data obtained by Matsuda and otsuka

to eq. (4.3) (niE. 11), N*^ and tC are c'btained. as follows:
I

.ra lJ :
NJ = .l.5 x lo u.-o n*) t,d = 1.4 lue.T . (4's)

The effective density of states N*" is given by

NI=(1/ζ Tl,(2T竹 ざ たB丁 /力 :メζ
(c3/c'り 。   (4.6)

By taking appropriate values of parameters to fit the experimental

I r.^nrlifi6ns, we obtain 3.25 x1015 cn-3 as N*". The binCing energy,vlv..c.

of (000) r state at 2 T is -2.3 *ev40 '561 trr" agreement of N*"

etween above trvo values is fairly good but ionization energies
' have a consiclarable gap. Irie will employ the value (4.5) to

obtain the effective temperature t"o" in the study of photoexcited
I carriers by means of the following equation,
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tation, the conditi

s rewritten

TfC=― ≦ユ
|」‰[2(《廿り(1浄 )]J~|. (4.8)

Here the ratio n,r/uj must be determined from experiment. From

the neasurement of impact ionization due to electric fieId,
Kobayashil2) has found that the oscillator strength of donor

electron transition is nearly equal to that of conduction
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eiectrcn transition. The ratj-o nrr/tl$ in eci" ( 4.8) , therefore,

can be replaced by IL/ID.

4-4) Expression of experimental data by electron temperature

Figure L2 shows the two kind-s of electron temperature

derived from the time variation of absorption intensities at

IL= 4.2 K and 1.6 K (fig. B). It is found that there exists a.

NN CC -CCgreat difference between the behavior of rr"- and T;- . TE

for T" = 4.2 K attains to 40 K at the just end of the photopulse

and cools dorvn to 10 K at L2 1rs r r'qhile the maximum value of To'Dc

!s orrly 5 i( and it does not vary very much vij.th delay tirne.
narlloreover, T;" becomes even lower than lattice temperature

TL= 4.2 K after -5 us. The determination of r"Dc depends on

the chcice of the e6 value. If v,re chccse as e4 nct 1.4 meV bu+-

-- 40,56) -DC2.3 meV,--'- -- TE attains B K just after photopulse. The lattice

temperature seems not to affect the electron temperatures betrveen

1.6 K and 4.2 K. It should be remenibered that, in p-type, all

the observed sJ-gnals are due to transient carriers. It may not

be too strange then that the effective temperature j-s less than

the lattice ternperature. In this time variation of the absorp-

tion, there exists the following characters. The existence of

c2 peak d.etermines the effective temperature 
"o"" 

and indicates

for the electron system to be in non-equilibrium; in other words,

in an optically 'Jhot" state. The 1ow value of ToDc shows that
11

the hot electron state is not derived from the rising of the

1atlice temperature, T". If Tl were high enough for the peak

C2 to appear, the disappearence of ICR would be accompanied with

(see Fig. 10). The low value of To"Dc, therefore, proves that
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the lattice temperature has not increased.
afIf To]" Cecreases to the lattice temperature T" accorCing

.r, "*nonential curve with time constant 'r., the description

the time variation of ro'cc is given by

ノで
C= TξC― TL

dt tc -

I,'lhen this equation is applied to the esperirnental result r t"

becornes 6 Us. That seems to be a considerably large value.

(4.e)

Tc . Then, t. is def ined in the form

τc= τ(た夕丁L/“ξ52り j

where 'r is the electron-phonon scattering time which depends
OCboth on T"tt and on T1, m*" the effective mass of electron and S

the sound velocity. Putting ffC = 49 K and Tr = 4.2 K, one obtains

Tc = 1.3 x10-7 =, that is much lfrort"r than the experimental value.

Here one may add another temperature' i.e., intrasubband

electron ternperature, T"intra. This temperature has been defined

by l.latsuda and Otsukal3) .rrd discussed in the electric fietd ex-

citation. In InSb, one of the hot electron effects is shown in

the deviation of momentum k, in a subband. This effect induces

a tail on the high field side of the resonance peak and the

shape of resonance peak becomes aysmnetrical (ca1led "k"'
1?)broadeni.I:9"*"' ) . Figure t3 shows the ratio between. the right

and left half widths af half maximum of C1, whi-ch are denoted .by

Ar" and Ar, respectively. It is found that the ratio (nr/nt") is

nearly equal to 1 and is much smaller than the ratio in the

Let'us take the Shockley rnechanism3) to explain the large

(4.■ 0)

4-■ 0



electric fietd excitation (denoteC by a- bar at 0 Us) . And the

ratio seems to be independent of delay time. This means that

a'lmost all the electrons populate the bottom of 0+ subband, so

that the intrasubband temperature is not much higher thar: T1.

This f act holds true also for the C2 peak. By stud.ying the

line shapes of C1 and C2, ,uttttt seems to be inCependent of the

excitation intensity and the lattice temperature (up to -15 K).
intraAnC T"*""-* seems to be independent of samples. The time-

variation of r"CC can be deterrnined by that of the ratio G2/f1)
directly. Let us consider what determines the tin.e variation

of the ratio. The ratio_ (r2/rL) seems to decrease exponentially,

having 3.6 Us as the time constant. This time constant is much

shorter than that of the total electron d.ensity (t1og 
= t9 Us).

As far as considering the decay of the ratio (I2/Il , the assump-

tion that the total electron density is constant is reasonable.

Under this assumption, let us consider the following simplest

rate equations:

●

リ

(4.■ ■)

(4.■ 2)

(4.■ 3)

(4.■ 4)and

vrhere n6 and ir.,, as well as l,l' and NU are the electron densities

belonging to the O-- and g+- subbands as well as to (O0O)+ and

(000)- donor levels, respectively. The schematic diagram of

possible electron transition between these levels is shown in

mJ=―
“
d/■′―旬′/‐  ,

mq= 
“

Jノ T21~網
“
/72

Nu

Nd
“
q/τ2

/nd/■
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Fig. 14. "(2LLs the characteris',ic time constant of the transi-

tion between O- and O+ suJcbands. This transition is associated.

vrith a flip of electron spin. 12 and 13 represent the time con-

stants of transitions from subbands g+ and 0- to associated

donor states (000)+ and (000)-, respectively. By solving the

coupled rate equations, each electron density is represented

as a function of delay time v,'ith the form,

rna ft) =
Ｏ

Ｊ
ａ“ e^r [ - ′

「
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(4.20)

of carriers just at

and (000)+ dOnOr

(4.■ 6)′  the rざ tio

〕

'
(4.■ 7)

Here rd.o , rrro ancl Nqo Cenote the clensities

the end of photopulse in 0--, g+- subbands

leveI, respectj-veIy. From eqs.(4.15) and

(n6,/n6) is given by the form,

“

メ
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In the experiment, the ratio (n6,/nrr) decreases as the delay time

increases, so that it is found that t' ,t2 from eq.(4.18). 12

and 13 are tire time constants of the transitions frorn 0-Landau

subband to (000) donor level having opposite spin states, so that

one may assune that T2 is nearly equal to 13.

Under the approximationr w€ will consider the donor density

Nu(t) in two cases.

a) If r' << '8.2 , (4.L7 ) is transformed as follorvs:

N.(t, `ミニ

b) Whi■ e′  if て' f

N:十 ″●(1~Cグ′f― 《≒」).
τ
2′  (4.■ 7)becomes

Nu (t,1 * ( N; - Nf; / eD(p [-

(4.22)

(4.23)

(4.24)

子
ｌ
Ｊ

ｔ

一
■ v「 .

In both cases, the.time variation of \(t) depends on :.2. From

the time variation of l{o it Fig. 9, one obtaj-ns t2 - 10 Us using

either eq. (4.22) or (4.23), assuming an exponential decay.

By measuring the slope of the time variation of 12, one obta.ins

2.7 us as the value of r' fron eq.(4.15). Under such a circum-

stance, it is not so bad an approximatj-on to put T' .a'r2. By

utilizing the assumption 12=r3r T' is found nearly equal to

rl and also r'=r2.1-From the experimental result in Fig. 9,

roo being much larger than rdo , eq. ( 4.2l-) is approxirnately

given by

廿
= 

哉f・

ettP[―
理与′

]。

It is found. that the time variation of tutt (i.e. (n6,/n,r) ) is

determined by tr1 which is the time constant of the transi-tion
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from 0:- to O+- subbands, in other words,the life time of electrons

in 0-- subband. GorniksT) has observed the transition from l,*

to g+ subband. by means of saturation rneasurment of cyclotron

radiation r,vith FIR-laser (vravelength 90.6 pm and 66.0 Un) at 2 K.

FIe showed the value of 0.1 ns as the electron lifetime at 1+

su-bband for this transition. This value was determined by

electron-electron scatterings. In his case, there existed

electrons having a concentration of 1013 "*-3. The experimental

conditions (for example, tem.perature, resonance field etc.) were

simj-Iar to ours. The only difference was that he observed 1+

subband electrons, while rve observe 0-- subband. electrons.

With aI1 that, there is a big difference between observed lj-fe-

tj-m.es. The' transition f rom 0- to g+ is accompanied with electron

spin flip, while that from 1* to O+ is not. The observecl long

lifetime of electrons in 0-- subband may thus be due to spin-

flip

t,s n"'entioned in Section 3, the spin f lip transition is
possible even by an electric perturbation with no spin operator.

The spin flip transition in the presnece of a magnetic field

due to various scattering potentials has been investigated

extensibly by Boguslawski and Zawad.zkL|T) They showed that

at low temperatures belorv 20 K, the donninant scattering mechanism

for spin flip transition is the ionized impurity scattering,

supposing donor concentration is -1015 
"*-3.

Let us calculate the life time of electrons in 0- subband,

i.e., relaxatj-on time of spin flip transition, using the appro-

priate value of parameters to fit the experimental conditions.

The follorving values are chosen: effective mass of electrons
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-^* -^q.

hiuKet

energy

.0l6mg, effective g-value E* = -50,

e = L7.B ' impurity concentration lJ

type screening length -50C A. The

-nlr, is assumed to be

(友 ヽリ
2など

ギ f

static dielectric con-
1A -?= 10r* cm " and Debye-

unquantized part of

(4.25)
ふ

馨
―

一
２

〓

intrawhere Te-""-* is the intrasubband electron temperature. After

calculating eq. (3.30) l.iith these parameters, we obtained the

spin relaxation time T'as a function of intrasubband electron

temperature Tuitt=t u= plotted in Fig. 15. A fairly good agree-

ment between the calculated vdlue at Tointra = 20 K and experi-

mental . data was attained.. The oU""trr"-a slow decay of the ratio

G2/Il thus seems to be caused h,1r spin flip transition of O-

subband electrons. The dominana =""aa"ring channel seems to be

due to ionized impurities. But other scattering centers have

also to be considered. With our experimental conditions,

electron-neutral impurity scatterings and electron-electron

scatterings have a possibility of contributing to the spin-

flip transition.
First treating the neutral impuri-ty scattering, tire form

proposed. by otsuka5B) was taken as the scattering potential.

The f orm is given as follor'rs;

上
≪

十
‐

一
″Vtr) = - ear L (4.26)

effective Bohr radius. Using the Fourier trans-

calculating after the manner of Boguslavrski-,

~可
]′

where .B* is

form of V(r)
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the spin flip time due

by

I te+ N;
'T.n.q Z'hto2,l

where

“

c(

vlhere Jcxl = - I (

to neutra■  impur■ ty scatter■ ng ■s g■ ven

Fg 2

乙 J`FFソ
フ

(4.27)

(4.29)

(4。 30)

(シ中2バシ■22ノ

J ct., -
(4.28)

λ
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While the T1 due to ionized impurity scatterings will be written
'i n-as T-l *"^'. The notations in each equation v,rere already given in

3-4. The obtained relaxation time Trneu is shown in Fig. 16.

It is f ound that T., 
neu is nearly equal to but somewhat smaller

!L-- ion rt *.y be noted here that the extent of a singleEflA.II'I'1

neutral donor (tfre order of ""* ) is nearly the same with that

of an ionized d.onor (the order of the screening length) . The

contrj-bution of neutral donors, accordingLy, may not be neglected,

so far as their density is comparable with that of ionized donors.

Second, the spin flip relaxation time due to electron-

electron scattering has been given by Boguslawski 59) . The

expression was given in no magnetic field as follows;
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Here qs is the inverse screening' radius ofand S=βI■
2qs2/2ヽ
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D.ebye-Flucl<e1 type and other paraneters are as before. A dif-
ferent point from the ionized impurity scattering is the exist-_ ..

ence cf the exchange channel included in the factor +. To compare

this relaxation time with that due to ionized impurity scatteritrgs,

the following expression is readily obtained.

1ri:-"
'T ,o&I

tl

炉
一∫

〓
J 6/4/ N;

(4.3■ )

J (s) rnc

One may note J(s) +-[n s as s +0.

temperature, rve have

Then in'the limit of hiqh

(4.32)Tee

- 
_+

T,'o^
l, ta No*

m<

It is found that the spin relaxation time due to electron-
electron scatterings becomes nearly the san.e a.s that due to

ionized impurity scatteringS, suoposing that the density of con-

duction electrons is nearly equal to that of ionj-zed d-onors.

The form cf eq. (4.31) can be applied to general cases. t{ith
appropriate parameters, one obtains B Us as the relaxation time

aoT1--.

These two additional scattering mechanisms, neutral impurity

scatterings and electron-electron scatterihgs, have the same

physical origin as ionj-zed inpurity scatterings, namely the

electron scattering by an electric potential of the screeneci

Cot-:lornb type or similar, in a crystal with non-negJ-igible spin-

orbit interaction.
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4-5) Excitation intensity variation of spin relaxation

To stucly the ccntribution of these three scattering m.echa-

nisms on spin relaxation tirne, the effect of excitation intensity

on spin relaxation time was studied. By increasing the excitation

intensity, the density of free electrons and that of neutral

donors will be increased, while the density of ionized donors

will be decreased. The measuren,.ent of the excitation intensity

dependence of the time constant rr'of the ratio (I2/fl vrill

then shorv rvhat the main scattering center is.

To obtain the relaxation time T1, a series of time variation

data rvith other physical parameters being fixed was needed.

The versatile multichannel time resolution system was fu1I used

to get such on dependence of spin relaxation time on some physical

pararneters (for example, excitation intensity, lattice temperature

eti. ) under the same condi-tiohs.

Figure I7 shorvs a series of time variation of sample C

under a medium excitation intensity, obtained by neans of a

single scanning of the magnetic fie1d. The series consists of

15 absorption curves with their t.irne interval being I Us betrveen

adjacent traces. To survey the effect of excitation intensity,

this series of the absorption curves was obtained und.er several

excitation intensities between 0.025 mld/cm2 and 0.2 mv,t/cmz

measured. at just before a sanple.

By obtaining the integrated absorption intensities IO, II
and 12 for each curve -of. trace, time constants for ID, II

and 12, as well as that of the ratio (I2/Iyl , or the assumed

spin relaxation time T1r were determined. We notice the relaxa-

tion time r2L of the ratio (f2/Il to be a function of excitation

4-18



i nianqi 1*rr Figure 1B Sho\ys the excitation intencity (Ier)

dependence of rzL as v/ell as that of the absorption intensities
ID, 11 .and 12. "t2L first increases vrith excitation intensj-ty

f"*, reaches a maximum at Iex = 0.13 ml,i/cn2 and. then slowly

decreases.

As seen in eq.(3.30), the spin relaxation tlme T1 due to

ionized impurity scattering is inversly proportional to the

density of ionized i-mpurities NOr . ff only the ionized impurity

scattering were contributing to the determination of T1, that is,
deterrnination of r2;_, the observed relaxation time 'r21 lvould

be longer as neutral impurities increased.. In otirer rvords, tl:e

intensification of the photopulse rvould red.uce 'tzl. This is not

the case of the experirnental result. In the calculation of
L7 59) ..Boguslawslci i -' . the scattering originated from Coulomb potential

was based on one electron approximationr so that spl-n rel-axation

time due to electron-electron scattering is also j-nversly pro-

portional to the Censity of conduction electrons nc. ff the

potential form (4.26) is taken as the potential due to neutral

impurity scattering, the corresponCing relaxation time should

also be inversly proportional to the density of neutral donors

ND" . t{hen the spin relaxation times Tlt"t given by eq. ( 4.27)
AOand T1-- given by eq.(4.29) are calculated with appropriate

traranneters, it is f ound that Tlt"t = 2 us and Tlee = g l.rs.

These values are comparable with triot = U us due to ionized

impurity scatterings. Under such a circumstance one might as

well make an overall treatment for three different kinds of
scatterj-ng cent,ers rather than treating them separately. So

the following effective density of scattering centers N is
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intrcduced;

(4.33)

where the constants d,b and c denote relative scattering proba-

bilities due to a single neutral donorr dD ionized donor and

a conduction electron, respectively. As far as one assum-es the

one electron approxiination to hold, the variatrofl or N agrees

with that of relaxation tirne T1 (tnat is, rZ3) . In the lovrer

part of Fig. lB, clependence of d,ensities of conduction electrons

and. Conor electrc.,ns on excitation intensity is shown. The

densities are derived from the absorptJ-on intensities (I1 + I2)

and ID at 2 us after the photopulse, respectively. The density

cf neutral donors shows a tendency to saturate at the total

donor density of i x 1014 .*-3 as excitation intensity is

increased. The observed absorption intensity ID as a function

of excitation intensity Iex is extrapolatecl to tire li-mit of the

strongest excitation, where ID converges to the maxirnum value
_ maxID^"*", that corresponds to the absorption j-ntensity due to all

the donors, the concentration of which is 1.0 x1014 "*-3. 
By

neasuring the absorpti,on intensities ro and (r1 + 12) with to*t*

as a cal-ibration standard, the relative electron densitj-e= NDo

and n" can be obtained. These are shorvn in Fig. 18 and the

position of the lrIO (corresponCing to to*"*) is denoted by a

horizontal dot-dashed line. The relative density of ionized.

donors Nf cculd be determined from the relation

ND~N∫ . (4.34)

The resultant ionized. impurity density Npf is ehowh by a broken

N 4N; + ♭Nダ C mC 
ノ

Nま ニ
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■ine in Fig. ■8.  Using these densitttes′  N can be determined

by choosing appropriate valuё s of a′ b and c to fit the experi―

menta■ resu■ t shown in Fig. ■8.  The chosen va■ ues of a′  b and

c are O.9′  ■ and O。 8′  Fespective■ y.  The resu■ tant curve of N

■s shown ■n Fig. ■9 as a function of ttex.  ThOugh these parameter

va■ues have a cons■ derab■ e uncerta■ n■ ty′  the exper■ menta■ resu■t

that there exists a maximum in τ2] at O.■ 3 雨 /ヽcm2 may be exp■ ained.

工n lnSb′  the binding energy of a donor e■ ectron ■s very sma■ ■

(～ 0.6 meV at zero magnetic ftte■ d)′  SO that the neutra■  donor

impurity has a ■arge Bohr radius(that iS even ■arger than the

screening ■ength of ionized donor ca■ cu■ated from the Debye―

Hticke■ model in our experimenta■  condition).  The scattering

cross― secttton of a neutra■ donor is thus comparable with that

of an ionized impurity.  Considering that a neutra■  impurity

has so ■arge an extent as an ■on■ zed impur■ ty′  it is not sur―

pr■ s■ng that the contr■bution of neutra■  iFrpur■ ty scatter■ ngs

tO T2■ iS COmparab■ e w■th that of ion■ zed impur■ ty scatter■ ngs。

If eq。 (4。 31)ho■ dS in our experimenta■  condition′  the contribu―

tion of e■ectron― e■ectron scatterings may be about 90 2 of that

of ion■ zed impur■ ty scatter■ngs.  This va■ue seems to be reason―

ab■e in view 6f the ratio c/b=0。 8 that is predicted from eq.(4。 32).

From the measurement of the excitation dependence Of τ2■ ′

■t is found that the contr■ butions from these three kinds of

scattering centers to T2■  have more or ■ess the same importance.

4-.6) Sample dependence of spin rela>:ation tin'.e

Figures 20 and 2L show the absorption curves of samples

D and E, respectively. The experimental conditions (excitation
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.i-!^-^,:!.- t-rrrLsrrDrLy, rdttice temperature and so on) were the sane as those

for the data of sanple C shown in Fig. B. Comparing the three

absorption curves, it is found that the intensity of C2 of
sarnple E just after the photopulse is much snaller than those

of sarnples C and D. The maximum electron ternperature in sample

E is 30 I(, vihile that attains to 40 I( in sarnple C. In sample D,

it becon-es as high as 54 K.

In Fig. 22 the time variations of the ratio (f2ill of these

samples are shown. It is obvious that difference is seen not

only in the magnitude but also in the decay behavior betrveen

samples C and D and sanrple E. The ratio I2/II in sarnple E is
much snaller than those in sample C pnd D. This means the elec-

trcn ternperature T"inter in sarnple E is lorver than those in samples

C and D. The slope of decay curve of I2/Ii in sarnple E is larger

than those of sample C and D. The tirne constants T2I of these

three samples are plotted against the inverse donor concentration
(l/l'ID) in Fig. 23. Fiere the solid line indicates the calculated

1.r?1 47\value T1-"" ty the theory of Boguslawsl<i' '' , vrith appropriate

param.eters, in which the spin relaxation time ,liot is consiCered

to be inversely proportional to the ionized donor densitie= Nt.
-- o -- -l- ionAssuming Nol << ND, the relation xp : Ntf is realizedr So Tltot o

(l/ND). The d.onor concentration of sample E is about tvrice as

large as those of sarnples C and D, the donor densities of which

are 1.0 x 1014 crn-3 and l-.3 x 1014 c*-3, respectively. This result
seems to indicate that the dominant scatterinE channel of the

spin i'el-a>:ation of 0-- subband electrons is clue to the irnpurity

scattering and this seems to support our previous conclusion.
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4-7 ) Lattice temperature Cependence

To explore the phonon effect on the spin relaxation time T1,

the lattice temperature dependence of T2I (i.e., T1) r+as measured.

The temperature range was from 4.2 K to 15 K, and the

multichannel time resolution systern was utilized as before.

In Fig. 24, the time constants rD, rL, T2 and Ttot of ID, 11,

12 and total absorption intensity ltot are shorvn as a function

of lattice temperature at a med.ium excitation intensity. It is

noticed that the time constant rtot of the total absorption

intensity Itot shows a considerable large cirange against tem-

perature T1. It has been assumed that the total electron density

ntot (i.e. Itot) is constant and independent of any physical

parameter changes till the discussions in the last section.
1,."'

This assurnption no longer'holds true. The time constant of 11

now decreases r.'ith increasing temperature in the same manner

as ID and lgo1. Of particular interest is that the time constant

of 12 is almost independent of lattice temperature. The large

lattice temperature dependence of rtot means that the electron

disappearance from the conduction band is accelerated by electron-

phonon scatterings. In our experimental condi-tign, all tire holes

are populating the acceptor levels, ds evid.enced of the sm.aIl time

constant of free holes. So there are tvro possible channels for

electrons to Cisappear. One is the donor-acceptor recornbination

and the other is the conduction electron-acceptor hole recombina-

tion. In the donor-acceptor recosrlcination, the recombination

probability is governed by the extent of the overlapping between

donor and acceptor wavefunctions. No doubt this overlapping is

ind.ependent of lattice temperature. So the observed temperat-ure
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ciep'endence of rgo; seem"s due mainly to the conduction electron-

acceptor hole recornbination.

The acceptor 1evel in InSb has been studied extensively by

serrera.l authors90-63) the bincling energy of the lolest acceptor

level is said to be -B *"v63) at'zero rnagnetic field. There are,

however, two types of acceptor levels reflecting the complexity

of the valence bands. On is the light hole like acceptor level

and the other the hearryr hole like level. The heavy hole like

acceptor level has a sma1l y-va1ue e\ren at. a. ccnsiderably high

magnetic field, so that this level can be treated under the weak

magnetic field condition. The light hole like acceptor leve1,

on the other hands, easily attains the high magnetic field condi-

tion. It is, therefore, natural to consider that the lowest

accepto:r level has mainly heavy-hole l-ike character in the mag-

netic field. rn our experimental condition (n = 2 T) , the light

hole like acceptor level is located shallower than the heavy hole

like acceptor level. A free hole is first captured at a Iight.

hole like acceptor level and then falls to a heawy h.ole like

leveIs in a cascade like pro."==.64) so_we treat the condiction

electron-Iight hole like acceptor recombination.

The d.ecay channels of O- subband electrons are considered

to consist of the follcwing: the first clr.annel is the transition
to the O+ subband, the second the conduction electron-acceptor

hole transition and the third is the transfer to (000) - donor

Ievel. In our experiment, practically no magneto-optical

absorption associated with (000)- donor level is obvious, so

that its reverse process, or the third channel mentioned above,

would not be very important. The first channel is not expected
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to show a large change due to phonon scatterings from the cal-

culation of Boguslarvski using eq. (3.40), (3.45) and (3.48) below 20K.

Then the rnain decay channel of C2 will also be due to the

cond,uction electron-light hole like acceptor reconJ:ination.

If the time constants 11 and. T2, corresponding to the decays

of 11 and 12, respectively, are determined by the same origin,

why such a big difference is observed betrveen ther,. There are

two possibilities to explain the difference. One is the dif-

ference in.hoie cristribution function ancl the other is the

difference in transition probability. The selection rule for

conduction electron-acceptor hole recombination j-s similar to

that for interband transition in the theory of Lin-Chung and
4n)Fienvisr"', corresponding to An =0, whe:e n isl the l,andau quanturc.

number, spin being conserved. First, the t.ransition probability

of interband transitions 0r conduction subband to the acceptor

level associated. with 0+ light hole band O- subband to the

acceptor level attached. to 0- subband, after the manner of Lin-

Chung and Henvis.

The matrix element for electric dipole transition is given

by65)

M=く %J千 "=l ψF> (4.35)

where (;I and +F are the initial ancl final state v/avefunctions,

respectively, the form of which is given by eq.(3.7), f, is the

modified matrix, the element of vrhich .is given by eq. (3.10)

and i is the polarization vector of light. Using the wavefunc-

tion (3.7), the matrix element becomes
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where c‐  is the e■ ectron eigenva■ ue at the i th band and

寅=1,+ei/c.      The first term in eq.(4.36)is the a■ lowed

trans■ tion while the second the forbidden trans■ tiono  Since

the contr■ bution from the second term ■s much ■ess than that

from the first term′  attention w■ ■■ be pa■ d on■y to the first

termo  This part of the matr■ x e■ ement Ma■ ■ iS Ca■ cu■ ated′

emp■ oying the wavefunctions (3.7)and (3.24) for the conduction

band and the acceptor leve■ ′ respective■ yo   Here the cinve■ oFe

functions of both wavefunctions are denoted by the follow■ ng

vector formsF
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for the r.-th spin-up and -down conduction subbands, respectively40)

rvhi le

Fa(N,M,x)= t'irl pr(s)e

Fr (N,M,)) = {ri P1 (z)
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for. the spin-up and clown acceptor 1eve1s atlached t.o the Nth

light hole subbands, respectively. Assuming that the conduction

electrons only oopulate the lor.rest two subband.s, namely 0+ and

0-, the matrix elements are calculated. Four levels of the

acceptor are considered; namely, (N. FI. ),) = (fIO) , (O1O) with

tvro spin states. The matrix elements MalI is given, using the

orthonormality of the harmonic oscillator functions $lt, by

Morl f rrii.. E I < {;" I F',(N,M,o)>

(4。 40)

，
二
渉

=肇[町 /・EJ∫子1:イ|ち作りc「
ザIF&ちィθ″

'l ,.
rt should be noted that the factor /nr( z)e-=4\e'z'63t is a nearly

common va]ue as far as the transitions considered al>ove are concerned

(1,=O). If the factor [n;i. e] is not sensitive to the values

j and j' , the transiti"" nt"O"bitity is deternir,,ed cnly by

. ct? . Ih r..L_ _____- ! j r __ - c* th
t..C, f"li- . The quantity f; fst-ti' will be calculated for several

transiti.ons. The value of f is given in Tables 2 and 3 for

both cond.uction band and light. hole band. These sets of values

\,'/ere calculated by Pidgeon and Bror.rn (P B) , - and by Lin-Chung

and Henvis(LH). The latter set (Talj1e 3) was obtained'at 5 T.

=う [=方 /・ど」ffξF f《 り/hO J≠
た讐場シ・
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The result is given in Table 4. It is interesting that t"tg. t#
of the transition O- -' (010)- is exactly zero, while tJO. t#
has a small finite va'lue. If holes from the valence bands

populate not fflOl acceptor level but (010) 1evel, the cor:duction

electrons in 0- subband cannot recombi-ne r','i th holes. The proba-

bility of recombination is not zero for electrons in O+ subband,

horvever. If this situation is the case, our experimental data

can be explained. Because of the vioLation of the assumption

that the electron nurnber is conserveC, the simple rate equations

in Section 4-4 cannot be employed. A11 in all the lifetirne of

12, so that the spin relaxation time Tl, seems to be independent

of lattice temperature. This result agirees rvith the precl.iction

of Bogustawski4T) .

In this experiment of ter-r.perature d.ependence, some peak

shifts of C, and Cr' were observed. Figure 25 shor.;s the ternperature

variation of effective masses of O+ and 0-- electrans due to

their peak shifts. For the temperature range investigated, the

change in effective mass was about 2 eo - The effective mass

increases slightly with temperature. This agrees v.rith the

result of lr{atsuda and otsukal3) ancl is explained. in terns of

the change in band gap e6, due to thermal expansion.

4-B) Stead.y state photoexcitation

So far, the variation of the electron distribution after
photoexcitation has been discussed. The electron systern generated

by photopulse d.ecays through several channels. So the process

is very cornplicated. In order to make analysis easier, a wide

pulse xenon flash lamp rvas employed with the aim of achieving
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a steady state excitation conCition. Under the steady state

condition, the coupled rate equations (4.11) -(4.L4) , describi-ng

the electr:on trans fer, become easy to consid.er. Under the con-.

dition that total electron number does not conserve, a more

precise set of rate equations is required.. The follovring coupled

rate ecruations will be consid.ered.:
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Nノ =0 ,

(4。 4■ )

(4.42)

(4.43)ノN“ lllq = O

and

Nノ (4.44)

vrhere n,, and n4 are the electron densj-ties in 0+- and O-- sub-

bands of the conduction band, respectively; G and G' cl.encte the

generation rates of elections in unit time at the 0+ and 0--

subbands, respectively; Nu and lip are the densities of electrons

populating (0OO)+ and (000)- donor levels, respectively. The

time constants characterize the relevant transitions and their
roles are indicated in the schematic diagram of conduction

subbands and donor levels (Fig. 26) . If the intensity of

excitation light is too weak to neutralize all of the acceptors

by holes, photoexcited holes mainly populate the acceptor levels
and few free holes popula.te the valence band. The lifetimes rr
and t2 are determined by the conduction electron-acceptor hole

山4=~(義
“
J=° リ
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reconrbination. The time constant of donor-acceptor recombina-

I tion is so large that we may put 15, 't7

including 13 and r4, therefore, can be neglected and eqs. (4.4-?)

and (4.44) are rervri tten
I

歯“一寺+考 二ο    
““"

Nt = + -F + =o . (4.46)

Then r.re have

and

and

“

Ч   て

`

■14    7b

‐
(4.47)

(4。 49)

(4.50)

(4.51)

N“

N′    τ7  . (4.48)

Substituting eqs. (4.47) and (4.48) to eqs. (4.4L) and (4.42),

respectively, one obtains

and

From eq. (4.50) , n4 has the follov'ring expression,

4\4 = -C* Ct'

| ―  l 十 上

τ井  マЪ   τ
2

満Ч=G_:笙 十 ‐ _6

ムJ=脅 ―(t‐ 選

=,“

J=o.

with
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Substituting eq.

41Ч  =

From eqs.

(4.59) to eq.(4.49)′  we

(4+ギ〆〕τ′

get

and (4.53), tire population ratio can be

(4.53)

wr■ tten(4.5■ )

44′

,'1tLa

Assuming that the

in both subbands,

G/
7, ( e/v* + q'/vo )

electron number generated by light

i.e., G=Gr, eq.(4.54) becomes

(4.54)

is equal

(4.56)

(4。 55)

The ratio n*/nu does not depend on the excitatj-on'intensity.

From the result of the measurement of temperature dependence,,

the inequality rl, rg

one thus arrives at the relation

#=t-,(+*+)J-'

rnd   乙

一

 = 

―

“

L4   2z「 ′   .

The population ratio n6,/n, is derived from the ratio of the

absorption intensity T2/IL. In the steady state condition, the

measurement of the ratio t.>/It gives the ratio of the time con-

stant 't g/2r 1.

Before entering i" the discussion of the absorption intensity

at the steady state excitation, it should be confirmed that the

steacl' state for the photoexcited electron system is actualty

established by means of a r,vid.e wid.th xenon flash lamp r,iith 10 US

FWFIiq. Figure 27 shows the time variation of the absorption in-

tentisies ID, I1 and 12. The delay time is measured from the
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start of the photopulse. . By tal-'ing the FI'IIiI1 of a phot.opulse

over the range of delay time betvreen 2 Us and 11 Usr effectively

steady state is realized.. It is noted that 12 is nearly constant

over this tinre range. This behavior is quite different fror,t

the tine variation of 12 obtained out of the shorter excitation

pulse (see Fig. 9). The absorption intensities ID and 11 are

also considered constant approximatr:Iy. So the stead.y state

excitation seerns to be practically established during the photo-

pulse. From now on, the alcsorption in steady state will be meant

by the a-bsorption signal at B Us after the beginning of the wide

photopulse.

In Fig. 28, the excitation intensity dependence of the

absorption intensity is shown for ID' Il and IZ. UnCer weak

excitation, these three intensities are found to be iinear func-

tions of the excitation intensity. The linearity of these in-

tensities is deduced from eqs. (4.51) and (4.53). If one photon

a-bsorption is the nain genera.tion channel of electrons, the

generation rates G and G' are proportional to the excitation

intensity Iu*. The relation between G and I"* is written dorvn

^_66)ct5

(4.57)

rvhere R is the reflectivity of the material (0.36 for InSb)

and Klis the coeffic.ient for the one photon magneto-absorption

and irar is the photon energy of the xenon flash lamp. The xenon

lamp'has a continuous spectrum anC several line spectra. The

1.06 pm line is most effective to generate electrons in InSb,

so that rve may talce ho = 1.I7 eV. Littler et .t66) . obt,ained

e=#[kr(r-Rtf"xJ 2
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A=+,
Now using the relation (4.58)

obtained values of n4 and nrr,

be obtained.. One should keeP

sid.erable uncertaintv e><i-sts

rex'

Then we will treat the ratio (n4/no) and (n.,r,/N...)

linear dependence of .nU, flu and l{r, on 
., 
I"* yields

the value KI = 1.3

HalI measurenent.

(4.57 ) betrveen G

and

na :
rTlr.l

(l't
=

Nq

Iiere the nurnerals

in Fig. 28. Using

are obtained;

xl0-3 "*-1 from the two

Taking these Parameter

and. I"* becomes

I++ x Io' Jex .

photon resonant photo-

values, the relation

(4.58)

to eqs. (4.51) and (4.53) with

the relation of T*, rI and rg can

it in mind., however, tirat a ccn-

in the estirnate of n,r,4 and

The

(4.59)rt = a,2J
Ar

-r
-Ll 

= [3
rD

are constants deri-ved from the ratio

eqs. (4.47 ) and (4.55) , the follorving

(4.60)

of slopes

relations

(4。 6■ )Yd = /.8Ts-
and.

To = 6.-5+ Tl . (4。 62)

The time constant,tg is nothing but the spin relaxation time T1.

Substituting 3.5 ps (obtained in the preceding section) to r0,

rI is found to be.= 6.5 ps. It has been obtained by Littler et aI.
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that t5 - 14 US by means of thermal excitation. Applying those

values summarized in Table 5 to the rate equations (4.41)-(4.44),

rr/e trieC to predict the experimental decay curves. The result

is shorvn in Fig. 29. Here vre have put 19 = I0 US. This shorvs

fairly good agreement to the experimental result shor''rn :-n Fig. 8.

Iiere rve assumed that T5 = 17 and .6 J.B. Furthermore, it is

noticed tl-rat the first rising of ID can be reproduced.

4-9) Donor-acceptor recombination

!,.ie har:e mentioned the magnetooptical absorption of donor

electron(ICR). T'he absorption peak ICR can be observed for a

long perrod in samplesAand C once the sample is illuminated.

If the decay curve of the absorpti-on signal due to donor elec-

trons is assumed to be e:rponential, the time constant amounts

to several milliseconds. This slovr decay process can be inter-

preted in terns of the donor-acceptor recombination. The absorp-

tion signal of ICR does not alr.rays have such a long tirne constant.

The long tail in time of ICR was rna.inly observed in sample A.

A resonance signal having a long time constant was also

observed in sample C as shown in Fig. 30 by an arrow. tlere we

employed L72 Um laser line as the prove of cyclotron resonance.

The signal is shown til1 only 200 us after the photopulse. The

time variation of this peak is traced in Fig. 31 for longer

period by means of the gate scan technique (sl:own by solid circle)

The decay process initially is not exponential. After I milli:

second, hovrever, regarding it as exponential (shorvn by solid

line in Fig. 3I) is fairly good approximation. The time constant

there is found to be 7.0 milliseconds. This value is quite the
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sarne as that of the donor electron system observed in sample A

(see Fig. 6) .

It is true that this absorption peak is caused. by photo-

excitation but cannot be considered due to free carriers. Then,

to survey the magnetic field dependence of the peak positions,
we took the absorption signals employing eight laser lines having

their vravelengths between 84 and 220 Um. The obtained resonance

peaks are shown in Fig. 32. Here open triangles are the peaks

associated with free and bound electrons (that is ICR and C1)

while open circles are considered as the resonance of free holes.

The solid circles are nevr peaks that appear only in p-type sarn-

ples, having long lifetimes. These peaks are considered to
originate from holes bounC to acceptors. Several authors60-63)

have stud.ied the acceptor level-s and observed transitions having

energy betrveen 5 ano 9 meV. They are consiciereo the transitions
from the acceptc.,r Eround Ievel to higher exciteC levels.
xap1an60) obtained the optica.l excitation spectra of Zn,Cd and

Ag acceptors in p-InSb by means of the Fourier transform spectro-

scopic technique. This result is shorvn in Fig. 33 lvith schematic

ciiagra,ro of acceptor Ievels. Fiere observed resonance positions

are indicated by d.ots as a function of magnetic field. These

peaks are divided into three series. .They are called C, D and

G according to the Ge nomenclat.rr"5T), r,ihich correspcnd to the

transitions frorn the ground state Lsz/z to the excited states
2D Tr )D 

"fo and 2P a /., respectively (shown the diagram in-'5/2'7' --5/2'8 ---- --3/2
Fig. 33 as an inset) .l The open triangles or g and y ind.icate

the resonance points for L7r, 163 and 146 um laser lines, respec-

tively. It is strongly suggested that these points correspond
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to the transitions C or D series. So they are expected to yiet d

ti:e infornation of the acceptor ground state.
Observation of the bound. hole signals corresponCs to the

study of the donor-acceptor pair recombination from the acceptor

side. So it is not strange that the time constan€ of tl-ris signal

agrees with that of the donor eLectron. The absorption signal

of acceptors in p-type material is a convenient tool since the

donor signal in n-type is strongly overlapped by the conduction

electron signal just after the photopulse under strong photo-

excitation (mentioned in Section 4-1) . In Fig. 34, the ca1-

culated decay curves of the neutral impurity density are shown

for several values of !V*.*. These are derived from eqs. (3.58)

and (3.59), using the parameter values of Na-ND=1 xlOI4 .*-3
and ag = 500 n. The calculated curves are appropriate for samples

rvith large compensation rates r Say for samples C and A. The

solid circles show the experirnental values for sarnple C (shown

in Fig. 34). They shorv a fairly good agreement with a calcul-ated

curve if its w..* value is taken 7.5x104 s-1. For the decay.

curve of donor electron in sample A (shown in Fig. 6) , the theory

of Thomas ret u.t.49) cannot be applied to fit the lvhole'observed

time range because of the intervention of the conduction electron

contribution. Choosing the signal at 0.1 ms for the standard of
intensity, however, the decay curve of sample A agrees with that
of sar.rple C (soIid circles in Fig. 31). The donor concentration

of santple A is trvice as large as that of sample C. It thus

seems that the decay curve does not very strongly depend on the

impurity concentration.

The quantity W*.* is the sole adjustable parameter in the
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theory of Thomas et .t.49) It shows the strength of the re-

combination probability, and is a characteristic value for each

naterial. It is expected to d.epend on the impurity state but

is seemj-ng1y inCependent of the impurity concentration. For

GaP, Thomas et al. have chosen 5 x 105 s-I for VI*.* fron the

fitting of the time resolvecl luminescence data. or,.yu.o-68) obtained

5 x I07 s-1 as the W*-* for GaAs in the cyclotron absorption

measurement. Our value -B x l-04 s-I for InSb is snaller than

those for GaP and GaAs. From eq. (3.56), one can see that I{*.,.

means the recombination probability for unit ti-me at r = 0, i.e.,
the probability on the acceptor inpurity rvhich is thought to be

a point in the theory by Thomas et aI. The binding energy of

the donor electron for the three materials, GaP, GaAs and InSb,

are 40, 5 and I'rneV, respectivelyr so that the extent of the

donor electron in InSb is the largest of aII. Tal<ing a normalized

wave function in InSb at a given point r must be the smallest

in the three materials. The strength of the reconrJ:ination

probability on the acceptor, I'Imax, is proportional tc the squared

modulus of the donor h/ave function (see eq.(3.52)) at that point.

Tiris is the reason why trI*-x of InSb is smaller than other tvro

mater-i aIs.

The recombination probability if (r) depend-s on the binding

energy of the impurity (see eq. (3.56)). It seens that the

beha.vior of the time variation of donor or acceptor absorption

signal depends on the binding energy of impurity. In InSb, it
is vrell linorvn that the eff,ect of the nr.agnetic freeze-out occurs

at a relatively rveal< magnetic fie1d99)rn other word.s, a large

variation in donor bincling energy occurs as a magnetic fiel<l
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is applied. It is accordingly expected that a large variation

may.be observed. in the decay profile of the donor electron (or

acceptor hole) signal, if one changes the resonance magnetic

field in the cyclotron absorpticn rneasurement. In Fig. 35, the

cyclotron absorption traces of sample C are dernonstrated using

146, 163 and I7L pm laser lines. The three resonance peaks

d.enoted by cl, B and y cc'rrespond to the same transition peaks

between acceptor levels in Figs. 32 and 33. The resonance fielCs

of the peaks o, S and y are -0, 2.74 and 3.36 T, respectively.

The time variations of the intensities of o" I B and y. peaks are

shown in Fig. 36. The d.ifference in the initial intensities

between 0 and 3, y is not important.

The relative variation in each absorption intensity vs.

delay time curve should be noted. After an appropriate delay

time (-400 Us), each absorption intensity can be considered to

decrease exponentially. Fitting these three decay curves lvith

exponentials , - tire folloviing values are obtained as the time

constants; namely, r:-=2.09 ms (for 171 Um), rZ=I.52 ms (for

163 Um) , and 13 = I.41 ms (146 Um.). These tj-me constants are

plotted against the 6,ara.meter y in Fig. 37. Here y is the ratio

betrveen the zero point energy due to magnetic field (-nuc/2)

and the donor binding energy. This figure, therefore, shorvs

the clependence of the decay constant on the donor binding energy.

It is found that the time constant decreases linearly as y in-

creases. To explain the behavior of the time constantr w€ also

consider the form of the recontleination rate (given by eq. (3.56) )

more accurately for an individual donor-acceptor pair. AccorC-

ing to the Adams et u1.70), the reconJ:inaticn rate vil(r) is
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| ,ohere r denotes the separation betrveen a donor and an a.cceptor,

n the refractive index and I the overlap integral between C.onor

I -nd acceptor rvavefunctions that is calculated by I(amiya and

vl-gner.7l) The expression of r is given by

I =[7T(aИ D́夕
と
J~′ JcttPr一 言〕

―憂
弓牙11 り 

′〕χ

= (υ Llメρ l鍬P(―
∂ρり[′ (∂

2ヽ

1,f`各ぴ

+ ex? F f )L PdU2- t ) - *o' tJ
(4.64)

I with

"J -l /r /v,\-\qAtat) a-d f=(R/ae) 4'65)

I Here a4 and aD are the effective Bohr radii of the acceptor

. and the donor, respectively. Using this expression of W(P.) ,

' ,ne will estimate the effect of magnetic field on W(r). In ld(r),

the treatment of the optical matrix element factor l*ti2 in mag-

netic field is difficult. If the treatment of Thonas et aI.

still holds, however, PI is proportional to the donor wavefunction

V(r). As r!(r) is considered to shrink by application of magnetic

field., M(r) becomes smaller with increasing magnetic fieId.

The diminishing of l.i(r) due to the magnetic field makes the

r,;ritten with the follorving form:
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recombination rate I,'J(R) snialler. Then one is apt to think that

\ the time constant gets larger. Obviously the experimental result
f is i-n the reverse direction. We have to treat the case nore

carefully.

Let us consiCer the effect of magnetic field on the overlap

integral I. In InSb, it is accepted that the binding energy

of the acceptor ground state is B - 9 rneV from the top of the

valence band.. It is.reasonable to assume that thls bind.ing

energy is inCependent of rnagnetic fi-eld, since the hole rnass

is so heavy that the cond.ition y << 1 is realized. The overlap

integral I is considered as a function of R and aD. In Fj-g. 38,

I is plotted. against o= (ap/a') for several values of p. ilere

the acceptor bind.ing energy is fixed at B meV (aa = 55 il . out

of tire four curves of I, tirree with p < 5 increase f irst with

increa-sing o. The curve for g = 1 increases monotonically in

the shown range of a, lvhile the tr,vo curves viith P = 3 and 5 have

maxima, Tire last curve with g = 10 is a monotonically decreasing

function of o. The increase of the overlap integral I means

that tire recombination probability beconres largerr so that the

time constant is diminished. Increasing the magnetic dield

up to 5 T, the binding energy of the donor electron increases

and reacires -3 meV at 5 T. So, if p is equal or less than

about 3, I is regarded as a-n increasing function of magnetic

field and may e><p1ain our e>iperimental data. Assuming the

homogeneous spatial distribution ef in"purities, one obtains

a value of order ten for or by employing the relation

，

７

１

プ
R

イ
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\.,'here l{^ and Np are the densities of donors and acceptors,

\ respectively. Putting NA =NO - I x 1014 "*-3, one obtains
I

1.3-x10-5 cm as r and then p attains toabout 2.0. Ey tal<ing

this value of et I'I(r) becomes a decreasing function of magnetic

I tield. This is a contrad.iction to the experimental result.

There may exist such clustering as to make the average pairing
I'I distance between donor-acceptor pair is so small that p becornes

less than -5. If we are observing the contribution from such

a a region, the time constant would become smaller rvith increasing
)

magnetic fieId.

I
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5. Discussions

In Table 6, the spin relaxation times T, obtained from

previous experiments are shown. The data denoted by A r,vas

obtained by Nguyen et al J2)f1measuring the saturation of the

four-rvave mixing process. B is the results of pascher et u.t.73)

by measuring the spin ffip Raman intensity with two e-switched

CO laser pulse. The results denoted C were deduced. from a

time-resolved observation of electrical conductivity followi-ng

a stimulated spin-flip Raman pulse by Grisar et ut.74) The value

of D was obtained. bv Brueck and lrlooradianT5) with usinq a double

pulse spin-flip laser technique.

A11 the obtained values as T1 are smaller than

or tv.ro orders. f t should be noted in Table 6 Lhat

except ours were obtained from n-type materials and

concentrations of these sampl-es are larqer than 1015

These values are the excess donor concentrations, i.e., NO-Na

the absolute donor concentrations being larger than them. The

impurity concentration of our sample C (t x 1OI4 cm-3) is by one

or trvo orders smaller than the concentrations of samples empleygd

in previous experiments. This is the main reason why our result-
ant spin relaxation time is n'.uch larger than the previous ex-

perirnental values. Let us then compare the previous results
with ours for the same imourity concentratj-on. Remebering that
T1 is inversely proportionally to donor concentration No and

putting ND = 1 x 1014 "t-3 for all the previous works, we will
calculate T1 due to ionized impurity scatterings. For example;

T1 of Pascher et al. (clenoted. B) is 30 times as large as the

original value. The new value of -3 US agrees vrell .vrith our

ｈ

Ｆ

ours by one

ali the results

impurity
-?cm
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result. In previous works (A - D) it was stated that the spin

flip transition is caused by ionized impurity scatterings. ltro

authors, however, estimated- the absolute impurity concentration.

So there remained an arnbiguity in determining what the main

contribution is to the spin flip transition. In our experiments,

on the other hand, the absolute donor concentration could be

estimated from the absorption measurement with varying photo-

excitation intensity. The excitation dependence of T.l was also

deduced.

aarnm E-i^. 23, one can see that T1 has quite the same values

for samples C and D. The acceptor concentration of sample D is

twice as large as that of sample C. So the effect of acceptors

seems to be much less than that of donors. This result agrees

with the prediction of etatt.76)

The main contribution to the spin relaxation is consiclered

to be ionized impurity scatterings and our results show a fairty

good a.greement with the theory of BoguslawsLi.4T) we employ the

Debye Hiickel screening length for the ionized impurity scattering.

This may cause an cverestimate because of the shrinlcing of the

impurity wavefunction due to the presence of magnetic field.

But, employing the shrinl<ing donor wavefunction, the screening

length becomes smaller and T1 becomes longer than the value

sholvn in the previous calculation (6 us). This rnal<es a difference

betrveen the experimental and theoretical values Iarger, and

suggests some problem to be improved.

In the preceeding section, t',/e estimated -7 us as 11, that is,

the time constant of the transition betvaeen g+ subband and the
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acceptor leveI by the experiment of steady state e>lcitation.

The time constant of this transition was gi-ven by Dumk"77) i" the

absence of magnetic fietd; namely,

with

二
η
　
‐
二げ

=(+) rff)

= 64Enn
2

c2ち
2ω lK I″

car.{t (,nn E41/.

十 I K 12=⊇2e7。

NA ,

where f (T) is a temperature dependent numerical factor that is

of the order of unity at helium temperatures, K is a mornentum

m.atrix element and n is a refractive index. m4, EA and NO are

the hole effective maSS, binding energy and concentration of

acceptor impurities. To fit our experimental condition' these

parameters are chosen as follows:

MA =a. |86 M6, ) F“  = ′μeT
and

One obtains 0.3 Us in the temperature range between 4-20 K as

r r . This is about ten times smaller than our experimental

value. Such a big clifference is considered to be due to the

shrinking of wavefunctions caused by magnetic field-

For other time constants characterized in each transition

(see Fig. 27), no other experimental values to compa-re with

ours are available.
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6. Ccnclusions

tie have observed the tiro.e variation of the photoexcited.

cyclotron absorption in the wide range between several micro-

seconds and several milliseconds for InSb. The signals of elec-

trons in p-type have been observed. with emphasis. The decay of
photoexcited electrons is, roughly speaking, divided. into three

staEes. In first stage, a rapid decrease in absorption signal

due to the direct recomlcination of conduction electrons with
iree holes is observed after a strong excitation. In second

stage, transitions of electrons are affected strongly by their
spin states. Especially, d.epopulation of electrons in 0- subband

is strongly curbed, since their spin flippings are the bottle neck

of the relaxation process to lower energy levels. The spin flip
transition from 0- to g+ subband is mainly caused by ionized im-

purity scatterings. But tire contribution of electron-electron
scatterings and neutral impurity scatterings cannot be neglected.

In contrast with of t'he reasonably fast recombination from 0+

subband. to acceptor level, the recombina.ticn from 0- subband to

acceptor leve1 seems to be nearly forbidden.

For other transitions within the system consisting of O+

and 0- subbands with dttached doncr levels, the time constants

are determined by numerical calculation.

In the final stage, the donor-acceptor recombination plays

the main ro]e. This recombination could be observed eitirer
from the donor or from the acceptor side. The time variation

of this recombination is affected by a rnagnetic field. This

influence is p:-'obably causeC b1' tl:e effect of magnetic field

on the overlap integral part in the recombination probability.
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Figure Captions

Fig. l

Fig.2

Blcck Ciagram of the experimental set-up. Crudely,

the system is divided into four parts, i.e., an FIR-

Iaser, a cryostat containing a superconducting

rnagrnetr dn excitation light source and a detecting

system. Two kinds of detecting system are employed

alternatively. One consists of two conventional

boxcar integrators (a) and the other a novel multi-

channel system using a digital boxcar and transient

memory (b) .

Typical absorption signals for sample A in the cyclotron

resonance measurement. To illustrate the optical modu-

Iation technique, an absorption signal in the thermal

equilibrium, that in the photoe>:citation and the mod.u-

lation signal are shqvrn in (a), (b) and (c) ' respectively.

Fig. 3 Variational parameter e as a function of y =fws/ (2Rv* )

Fig.4

for the high field impurity states associated ivith

the light-holecf Landau subband series in InSb.

These were calculated in ref.40. For the impurity

states associated vrith the b-series, a quite similar

result has been obtained.

Landau fan for the light hole band vs magnetic field

obtai-ned by a calculation baseC on the manner of

Pidgeon and Brov,rn vzith our valence band parameters

in ref .33 . Tl:e numeral r+ith + or - sign on each

curve denotes the quantum state for each subband.
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Fig. 5

Fig. 6

Fig. 7

Fig。  8

Fig。  9

The numbers denote the Landau quantum numbers obtained

in the coupled band scireme and the symbols t indicate
the spin states. The vertical arrows indicate the

resonance fields for 119 um laser lj-ne.

Variation of the absorption signals of sample B at the

use of 84 Um laser line under a strong excitation.
The absorption peak of light hole appears just after
photoexcitation. The peak denoted by fCR corresponds

to the donor electron transition. C1 and C2 denote

the resonance peaks of the transitions from the two

lor.rest Landau subbands with opposite spin states.

Decrease of the absorption intensity at the resonance

field of ICR (1.66 T for 119 pm laser line) is plotted

against delay time after photoexcitation. The C.ecay

curve can crudely be divided into tvro exponential

curves having 1.5 US and 2.4 ms as time constants.

A series of time reso■ ution traces

weak exc■ tation.

A ser■ es of time reso■ution traces

weak exc■ tatione

for sample B under

for sample C under

Tine variation of each integrated absorption intensity

derivecl frcm the series of time variation traces for

sample C shown in Fig. 8. ID, II and 12 indicate the

intensities of ICR, Cl ancl C2 resonance peak-s, respec-

tively.
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Fige ■0

Fig. ■1

Fig. ■2

Fig。  ■3

Fig. ■4

eq.(4.3).

obta■ned.

Lattice temperature variation of absorption signals in
thermal equilibrium obtained by l{atsuda and Otsuka.

This set of traces rvas employed to estimate of effective
na!temperature Tu"" for the-photoexcited case.

The quantity n,r(tto - irr$lZnB derived from the

signals shown in Fig. 10 is plotted against

lattice temperature (shorvn as open cj-rcIe) .

Iine indicates the best fit of experimental

From the fitting, values of l{"*

absorption

the ■nverse

The broken

data to

and cd are

The ef fective e] ectron temperatures t*"" arrd TuDc in
sample C vs delay time after photoexcitation determj-ned

from eqs. (+.2) and (4.8).

Ratio of the right to the left half widths at the

half rnaximum for C, peak of illuminated sample C is
plotted as a function of delay time. The solid bar

in the upper. part at 0 Us denote,s the range of the

same ratio of Cr in the electric field excitation case.

A simple schematic diagram of the Landau subbands in
the conduction band rvith attached donor IeveIs under

the assumption that electrons are conserved above the

donor leveI. 11, T2 and T3 denote the time constants

of the transition from 0- to g+ subband.s, and those

from the Landau subbands g+ and O- to donor levels
(OOO)+ and (OO0)-, respectively.
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Fig. ■5

Fig。  ■6

Fig. ■7

Fige ■8

Spin relaxation time due to ionj-zed impurity scatterings
is plotted as a function of inverse intrasubband electron
temperature calculated by Boguslar,vski with appropriate

parameters.

Spin relaxation time due to neutral impurity scatterings

as calculated r^rith eq. (4.27).

A series of absorption curves in the cyclotron resonance

measurerTrent of sample C under a medium excitation by

means of a multichannel time resolution system. The

tirne interval between adjacent absorption curves is
1 us.

The time constant rzL of the absorption intensity ratio
(f2/fl is plotted as a function of excitation intensity
Ie* at delay time 2 Us (in upper half). This I"* is
the value just before light entering the sarnple. fn

the lovrer half , tire absorption intensity tO of fCR is
denoted by open triangles and the intensity of the sum

of 11 and IZ by open circles. The intensity Ip of
fCR saturates rvith the increase of T"x. The extrapolated

value corresponds to the absorption intensity contributed
by all the donor impurities and is clenoted by IDo .

The donor density in sample C is 1x1014 "*-3, so IDo

corresponds to the donor density 1 x 1014 cm-3. The

ionized donolinterrsity IO+ is deduced. from the relation
+rD' = ri - ro (shown as dotted line).
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Fig. 19

Fig. 20

Fig.21

Fig.22

Fig.23

Fig.24

Inverse effective density of scattering centers N is

plotted against excitation intensity. This quantity

is proportional to the spin relaxation time T1.

Choosing appropriate values for d.;:.b and c, we find

that there appears a maximum.

A series of absorption curves for sample D under the

same excitation condition as for sample C in Fig. 9.

A series of absorption curves for sanple E under the

same excitation condition for sample C in Fig. 9.

Even at just after photoexcitation, the intensity

12 for C2 is very small.

Time variations of the intensity ratio (r2/Il for

samples C, D and E. The behavj-or of the ratio for sampJ-e

d.if fers from that for other :oo 
samples.

The time constant r2l of the ratio (I2/rl is plotted

against inverse donor concentration. The solid line

is deduced from the calculation of spin relaxation

time due to ionized impurity scatterings based on the

theory of Boguslaivski.

The temperature dependence of the time constans .tot,

rD, rI and 12 of the absorption intensities Itot, ID,

It and 12, respectively. Itot is gi.r"r, Uy the relation

Itot=ID*II+12.

Temperature dependence of the effective masses of the

electrons belonging to the O+- and 0-- subbands.

Fig. 25

-r -)



Both effective masses increase slightly as temperature

increases.

Fig. 26 Schematic diagram of the conduction band and associateci

donor levels. In contrast vrith the Ciagram shovrn in
Fig. L4, all the possible transitions are described

in terms of thci:: characteristic time constants.

Fig. 27 Tirlre variation of each absorption intensity of sample C

under excitation by a wide width lightpulse. Tl-re shape

of the photopulse is shown in the upper side. In this
pulse, the absorption intensities f^, I, and 12 may be

regarded constant.

I Fig. 28 .AJcsorption intensities ID, It and IZ under quasi-steady

state excitation are plotted against excitation intensity.

I Under weak excitation, these intensities increase linearly
vrith increasinq excitation intensitv.

Fig. 29 Result of the numerical calculation for the decay of

intensities II, IZ and IO obtained by solving the

coupled rate equations (4.2I - 4.44) rvith the parameters

given in Table 5.

Fig. 30 The cyclotron absorpticn signals of sample C using

I72 Um laser line. A nerv absorption peak appears as

denoted by a vertical arro\.r, in addition to the usual

electron peaks. -The d.eca.y of this peak is very slovr.

Its Dresence can be confirrned even at several milli-

seconds after photopulse.
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Fig. 31

Fig.32

Fig. 33

Fig.34

Tinne variation of the nevr peak in Fig. 30. After

-100 Usr the decay curve can be fitted by exponential.

The time constant is as ]arge as 7 ms.

Transition energy plotted against resonant n.agnetic

fie1d.. Open triangles are related to the conduction

electron transitions, i'rhiIe open circles to the light

hole transitions. So1id circles ind.icate the transitions

corresponding to the unknornrn peak that appeared in p-

type material (sanple C).

The experirnerrtal results of Iiaplan are shorvn by dots.

The inset shows the energy diagram of acceptor levels.

The series of resonance peaks C, D and G correspond to

the transitions shown in the inset. The open triangles

or, $ and y are the resonance peaks obtained in our

experiment, corresponding to the transition energies of

7.2, 7.6 and 8.5 meV, respectively

Time variation of the intensity due to the transition

denoted by cx in Fig. 33 (so1id circles). The series

of solid lines are the result of the calculation by

Thomas et al. with various values of hl*r*. The line

with 7.5 x104 as oil*.* is in a fairly good agreement

r^rith the experimental data.

Absorption signals for L46, 163 and 17I um laser lines.

A nerv peak is denoted o7 g and. y with arrow for each

laser wavelenqth.

Fig. 35
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Fig.36

Fig. 37

Fig.3B

Time variation of tire intensities for o, B and y peaks

shorvn in Fig. 35. Assuming the decay curves after 250 Us

as exponential, the time constant for each curve is ob-.

ta-ined as to be shovrn in Fiq. 37 .

The resultant tirne constant for the acceptor associated.

transitions a., B and 'y is plotted against the parameter
*y =fi.u"/2Rv . This tirne constant decreasesr a-s y increases,

in other words, with increasing magnetic fie1C.

The overlap integral I between donor and acceptor \,rave-

functions is plotted against the ratio of tire Bohr radii

of acceptor to donor. The parameter p is defined to be

the ratio of the mean distance between donor-acceptor

pair to the Bohr radius of acceptor.
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Table Captions

I' Table 1 Sample characteristics employed in the experiment.

The donor concentrations h/ere derived from the

I cyclotron absorption measurernent.

Table 2 Wavefunction r:arameters of the free carri.er Landau

levels calculated by Pidgeon anC Bror'an at B:2 T.

Table 3 The sane pa-rameters as in Table 2 calculated. bv

Lin-Chunq and Henvis at B = 5 T.

l       Table 4   The va■ ues of fξ
Iヤ

fs習・ fOr the transition from conduc―

tion band to ■ight ho■e ■ike acceptor leve■ .  These

va■ues are regarded as measures of trans■ tion probar

i                 bi.ity・
  The superscripts c and ■h mean the conduction

band and ■ight ho■ e band.  The subscript S can be

l                 ta.en e.ther a or b and that means the spin state of

the conduction e■ ectrono  The subscripts n and N

I                 indiCate the Landau quantum number of the conduction

e■ ectron and the quantum state of the ■ight ho■e ■ike

l                 aCCeptOr hole′  respective■ y.

Table 5   The fitting parameters of the coup■ ed rate equations

i                (4-4■ )― (4.44)tO fit tlle cxperimental resu■ t of

samp■e C under weak excitation at 4。 2 K (Fig.29)).

l       Table 6   The time constants of the spin f■
ip transj_tion between

O~ and O+ Landau subbands in the conduction band.

I                 COmparisOn is made between previous experiments and

ours.

T― ■



SampIe CI'raracteristics

Sample Name Type No(cm-3) llo (cm-3) lue-Nplt.^-3)

A

B

c

D

E

n

n

p

p

p

t.B x 1914

I.7 x lgl4

IO14

1014

1014

lo14

10l4

r. o x 1914

to 14

1014

10■ 3

2.L * lo14

5. B x 1gl2

1.3 x 1614

1013

Table



Parameters at 2 T by Pidgeon & Brown

Conduction band

N   A■ A3 A5 A7 A2 A6 A4    A8

0   0.992      0     -Oe■ 20   0.036   0。 880      0     -0。 200     0

■   0.968   -0。 ■92   -0。 ■55   0。 049   0。 959   -0.■ 08   -0.262   0。 034

2   0。 949   -0.252   -0。 ■77   0.058   0.942   -0.143   -0.300   01047

Light hole band

Tab■e  2

N

―■

0

■

2

A■

O

Oe■ ■9

0.246

0.307

A3

0

0

0.719

0.762

A5

■.00

0。 993

0.650

0.569

A7

0

0.0058

0。 0■ 6

0.025

A2

0

0。 200

0.282

0.331

A6

0

0

0。 334

0.380

A4

■

0.980

0。 899

0。 863

A8

0

0

0.O■ 3

0。 0220



Parameters at 5 T by Lin-Chung and Henvis

Conduction band

Liqht hole band

N Al A3 A5 A7 A2 A6 A4 A8

Ｏ

　

■

　

２

0.983

0.939

0.9■ 4

0

0.26■

0.326

０

　

　

０

　

　

０

175

209

226

０

　

０

　

０

059

077

090

０

　

　

０

　

　

０

959

925

904

0

0.144

0.188

0.285

0。 347

0.380

0

0。 053

0。 072

N A. A3 A5 A7 A2 A6 A4 A8

―■

0

1

2

0 0 0 0        0         1          0

-0。 ■75     0     0.984   -0.0■ 3   -0.285    0     0。 959      0

-0.33■    0.679   0.655   -0。 037   -0.374  0。 328   0.867   -0。 031

-0.392   0.7■ 9   0.57■    -0。 056   -0.4■ 8  0。 373   0.826   -0.051

Table 3



f:1 .fき姜
s = a′ b

n = 0

N=一 ■′0′ 1

PB

Transition
n=0+N

s = a (up-spin) s = b (down-spin)

0  , 一■

0  ,  0

0  ,  ■

-0.■ 20

-9。 03 × ■0~4

0.■ 67

-0.200

0

0.0966

LH

Transition
n=0 -' N

s = a (up-spin) S b (down-spin)

0  ‐→  ―■

0   ,  0

0   →  ■

0.■ 75

9.42 X ■0~4

…0.2■ 3

0.285´

0

-0.1■ 2

Tab■e  4



The varues of the time constants for sample c at 4.2 K

r0 = 3.5 Us

rL = 5.5 us

Tq=T7=15US

T6=Tg=20US

19=10US

T2 = T3 = T4: co

Table  5



Tl(lls) T(K) B(T) type
. | -?IND-tlAl cm "

Ｂ

　

　

Ｂ

A

B

C

C

D

E

0.00■

0.■ ■0± 0.020

0。 ■00 ±0.020

0。 ■85± 0.020

0.250± 0。 050

0。 150

0。 060± 0。 020

3.5± 0。 2

2

■。8

■.8

1。 8

24.0

24。 0

20。 0

■。6-4.2

5

■。0

2。 0

■.3

5.0

■3.5

6.0

2.0

n

n

n

n

n

n

n

p

10■
5

■。35× ■0・
5

3.00 ×■0・
5

3。 00 ×■0・
5

■.60× ■0・
6

■。60× ■0・
6

■.20× 1016

5.8× ■0・
2

A)Nguyen et al.72)

B)Pascher et al.73)

C)Brueck and M00radian75)

D)Grisar et al.74)

E)Ours

T ab■ e 6


