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Galvanomagnetic measurements on photocarriers in pure AgCl and AgBr have been extended to an
intense electric field (E, ~ 5 kV/cm) and high magnetic field (H, ~ 58 kOe) at 4.2 K by using a fast-pulse
technique. Improved arrangements of blocking electrodes were adopted in order to detect simultaneously the
three components of the transient photocurrent, Q., Q,, and Q,. Substantial roles of the LO-phonon
emission in hot-electron kinetics have been revealed and clear pictures of the hot-electron phenomena in
silver halides were obtained, for the first time, by a quantitative analysis of the results: (1) At H, =0, the
momentum distribution of electrons (or holes) forms a line connecting the two points ¥=0 and
V= (— V.0,0,0), where (1/2)m*V },=#w,,, and the electrons are ideally streaming on the trajectory
repeatingly emitting LO phonons. Hence, the electron drift velocity at high E, at H, =0 is saturated to
(1/2)V10. (2) An anomalous distribution of hot electrons involving population inversion predicted by Maeda
and Kurosawa, is realized by applying a moderately high H, such that 1< { <2, where
L{E (2fiw o/m*)*(cE,/H,)~". The distribution consists of two groups of electrons; the first group of
electrons are streaming and the second group are accumulated within a high-energy area K in momentum
space. Depending on the electron accumulation in the area K, the tangent of the Hall angle, tan6 =0, /Q,
and also Q, increase abruptly with H,. (3) It was found that the electron trapping lifetime varies with E,
and H,. The streaming motion is responsible for the variation in lifetime. The experimental results here
afford, for the first time, a set of conclusive evidence for the streaming motion, the anomalous distribution,

and the advent of population inversion of the polarons in momentum space.

1. INTRODUCTION

Since Shockley and Ryder found a deviation
from Ohm’s law in the current-voltage character-
istics in n-type Ge,! there have been a large num-
ber of investigations of hot-electron phenomena in
semiconductors such as Ge, Si, InSb, and GaAs.?
In the majority of these studies, the analysis is
based on the assumption of a nearly isotropic dis-
tribution function for the hot-electron distribution.
Further, in many of the articles, the simple term
“hot-electron temperature” is utilized to charac-
terize the hot-electron distribution which includes
an implicit assumption of a displaced Maxwellian
distribution. The assumption of a nearly isotropic
distribution may be applicable to a hot-electron
system in which the dominant scattering mechan-
ism is of a nearly isotropic and quasielastic
character (acoustical-phonon scattering being the
case). The concept of hot-electron temperature
may be well defined if electron-electron scattering
is sufficient enough to randomize the momentum
and the energy distributions among carriers. Al-
though there often remains room for doubt con-
cerning the actual applicability of these assump-
tions to a real hot-electron system, such pictures
of hot-electron phenomena are now very familiar
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to us.

On the other hand, we can imagine a quite differ-
ent type of hot electron phenomena, in which the
LO-phonon emission by electrons plays an essen-
tial role both in the momentum relaxation and in
the energy dissipation of hot electrons giving a
highly anisotropic distribution function of hot elec- .
trons.*>* In this paper, we describe this type of
hot electron phenomenon, in which the LO-phonon
emission predominates all the other scattering
mechanisms. Let us imagine an electron free
from any scattering mechanisms except the LO-
phonon emission. If one applies an electric field
to the electron, the electron is accelerated by the
field and readily acquires an energy enough to
emit an LO-phonon. If the electron interacts
strongly with LO-phonons, it will almost immed-
iately emit an LO-phonon when it reaches the en-
ergy state € =7w;, (where 7w, is the LO-phonon
energy). The electron is thereby scattered to a
state near the ground state € =0. Then the elec-
tron is accelerated again, and thereafter the same
process repeats. This repeating motionisreferred
to as the “streaming motion.” If the concentration
of electrons is so low that the electron-electron
scattering does not disturb the above repeating
motion of each electron, the streaming motion is
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possible for each electron and a needlelike distri-
bution of the electrons results in the momentum
space. Naturally the concept of hot-electron
temperature loses its meaning. The streaming
motion of electrons was first suggested by Shock-
ley,! and subsequently investigated by several
workers theoretically.®* When one also applies a
transverse magnetic field on the streaming elec-
tron, the kinetics of the streaming motion changes
with the magnetic field. Vosilius and Levinson
theoretically investigated the galvanomagnetic ef-
fects in the system of streaming electrons.®
Further, a type of population inversion of hot elec-
trons has been predicted by Maeda and Kurosawa®
for an electron system interacting strongly with
LO-phonons at crossed electric and magnetic
fields. So far, few experimental works have been
reported on these phenomena.” In this paper, we
report the first experimental investigation on
these phenomena.

There have been a considerable number of ele-
mentary investigations of the hot-electron effects
in I-VII ionic materials such as silver, thallous,
and alkali halides at helium temperatures.®™* In
all the studies, a deviation from Ohm’s law of
photocurrents was observed in a high-electric-
field range above 100-1000 V/cm. In spite of
these investigations, we have not yet obtained a
clear picture of the hot-electron kinetics in ionic
materials. In particular, we have not yet known
whether the LO-phonon emission occurs or not at
high electric fields. Such an unsatisfactory situa-
tion of our knowledge about the hot electron phe-
nomena in ionic materials comes from the lack of
galvanomagnetic measurements at high electric
fields in these materials. Recently, we have ex-
tended a cyclotron resonance experiment on photo-
electrons in pure AgBr at helium temperatures to
intense microwave fields (up to 3 kV/cm) at
35 GHz.'5""" It was found that the width of the res-
onance line increases linearly with applied micro-
wave field above ~100 V/cm giving a clear indica-
tion of the streaming motion of electrons. De-
tailed studies of galvanomagnetic effects of hot
electrons (in static high electric field with trans-
verse magnetic field) are required in order to ob-
tain further information about the scattering
mechanism and the momentum distribution of hot
electrons. For this purpose, we have extended, in
the present work, the galvanomagnetic measure-
ments on photoelectrons in pure AgCl and AgBr
crystals at helium temperatures to high electric
fields (up to 5 kV/cm) and obtained definite evi-
dences for the streaming motion of electrons in
silver halides. Besides, for the first time we
found the population inversion of hot electrons
predicted by Maeda and Kurosawa.® It is the pur-

pose of this paper to report thorough results of

the galvanomagnetic experiments on photoelectrons
(and photoholes) in zone refined crystals of AgCl
and AgBr at 4.2 K in the range of electric fields

up to 5 kV/em and of magnetic fields up to 58 kOe.
Based on a quantitative analysis of the experi-
mental results, we give definite pictures of the hot
electron kinetics in silver halides at helium temp-
erature in the absence and in the presence of a
transverse magnetic field.

Previously, we briefly reported on the stream-
ing motion and also on the population inversion
phenomena of hot electrons in silver halides.!8"20
In this paper, we include further results such as
the electric and magnetic field dependence of the
transient photocurrent vector. We will discuss
the phenomena in detail on the basis of the tho-
rough investigation. Section II begins with a brief
survey of fundamental properties of AgCl and
AgBr. Then the principle of the galvanomagnetic
measurements and the experimental arrange-
ments are described. In Sec. III, we present the
experimental results on the vector components of
the photocurrent @,, Q,, and @,. Dependence of
Q, (the primary current) and of @, (the Hall cur-
rent) on the magnetic field in the Ohmic region is
presented in Sec. IIIA. The Hall mobility u, and
the drift velocity v; of electrons in the limit of
low magnetic field are derived from the data of
@, and @, as a function of electric field in Sec.
IIIB. In Sec. IIIC, results of @, and @, at high
electric fields and intense magnetic fields are
presented. Subsequently, the currents @, and Q,
are transformed into two physically independent
quantities; the tangent of the Hall angle, tané
=@,/Q,, and the magnitude of the current, (Q2
+@2)2, Dependence of @, (the probe current
along the magnetic field) on electric field and on
magnetic field is presented in Sec. IIID. All the
results presented in Sec. III are discussed and in-
terpreted in Sec. IV. In Sec. IVA, various scatter-
ing mechanisms are numerically estimated. In
Secs. IV B to IVD, the streaming motion of elec-
trons is quantitatively analyzed for both cases in
the absence and in the presence of magnetic field,
and the experimental results of ug, v,, tané, Q,,
and (QZ+Q?2)!/2 are compared with the calculation.

II. EXPERIMENTAL METHODS

We begin with a brief review of fundamental
properties of silver halides. AgCl and AgBr are
I-VII ionic materials with an indirect band gap of
3.3 eV for AgCl,?! and 2.7 eV for AgBr,? both at
4.2 K. The band structures of the two crystals
are similar.?»2?* The lowest conduction band is of
a simple standard form; namely, s-type with a
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TABLE I. Properties of photocarriers in AgCl and AgBr crystals at 4.2 K. p, is the Hall mobility at low electric
field, 101,@ is the impurity scattering time for thermal carriers, p the energy exponent of the impurity scattering, Ts
the trapping lifetime,? and #, , is the carrier concentration for a typical intensity of the excitation light. Values of Kq»
'r"l,m,J and p were deduced from the data of @ and @, at low E,. (See Sec. IIIA.) n, , was roughly estimated from the

magnitude of photosignals.

Electron Hole
Fo T(i)mn Tt Ne Ko Tgmla Tt Np
Specimen (cm?/V sec) (psec) P (psec) (cm3) (cm?/V sec) (psec) p (psec) (cm3)
AgCl Mo0-1 2.8x10% - 6.9 0 e oo veo e
— 0x104 5. cee e cee .o ces
MG3-2 2.0 X 10 0 0 1050 105107
M1CB 3.8 x10% 9.5 -1 e vee ces ces oo
M1CD 1.5x104 3.7 0 oo cee cee
AgBr ZR3-1 1.4x10° 23 0 3.5x104 20 0
ZR3-2 1.0 x10° 16 0 20-100 108107 2.4x10% 13,5 .0 10-50  ~10°
C-157 4.1 x10% 6.8 0

2Reference 38.

nondegenerate minimum at the point I'" in the
Brillouin zone. The top of the valence band is lo-
cated at the point L. The Hall mobility of conduc-
tion electrons u, rises monotonically on coolirg
the crystal from room temperatures to 4.2 K.% %
The value of i, at 4.2 K reaches a value of 10*-
10° cm?/V sec in the zone refined crystals present-
ly used (see Table I). The electron scattering at
4.2 K is dominated by impurities (in most of the
crystals, ruled by neutral impurities as will be
menticned later). Holes are self-trapped in
AgC12%2" put mobile in AgBr.® The value of the
Hall mobility of holes in AgBr is as high as

10% cm?/V sec (see Table I). Still the contribution
of holes to the conduction is smaller than that of
electrons by a factor 4-6. An electron in either

crystal interacts strongly with LO-phonons and
forms a polaron of an intermediate strength of
coupling. The value of the effective ionic charge
e*/e (the Szigeti factor) and the coupling constant
between the electron and the LO phonon a are lis-
ted in Table II. Values of the effective mass of an
electron (electron polaron) and of a hole (hole
polaron), both at the ground state, are also tabula-
ted. The hole in AgBr has anisotropic mass para-
meters of a spheroidal symmetry.?® There have
been many theoretical calculations on the polaron
energy spectrum (in the absence of external
fields).2?"3! According to a Larsen’s variational
calculation,® the nonparabolicity of the polaron en-
ergy spectrum for @ =1.6 (AgBr) is such that3?
m(e= 0.27w,0)/m +(0)~1.05 and m}(e= 0.5%w, )/

TABLE II. Summary of fundamental properties of AgCl and AgBr. E, denotes the indirect band gap at 4.2 K, e*/e is
the effective ionic charge, @ is the coupling constant between electrons and LO phonons, and Awg is the LO-phonon

energy at 4.2 K.

Band edge ? E, Fwo m} m my
Cond. Valence (eV) e*/e e (meV) (electrons)® (holes) ©
AgCl r L 3.3¢ 0.78 1.9° 23.0f 0.43m, ® _
AgBr r L 2,70 0.73 1.6° 17.11 0.29m,! 1.73m,} 0.79m,?

2Reference 23.

bm;" is the “cold” electron-polaron mass determined by cyclotron resonance experiments, where m, is the free-elec-
tron mass. '

¢ m,,"j ; are, respectively, the transverse and longitudinal mass of “cold” hole polaron.

dReference 21.

¢ Reference 34.

fR. P. Lowndes, Phys. Lett. 21, 26 (1966).

€Reference 34 and H, Tamura and T, Masumi [J. Phys. Soc. Jpn. 30, 897 (1971)].

" Reference 22. -

1 References 34,15, G. Ascarelli and F. C. Brown [Phys. Rev. Lett. 9, 209 (1962)], and H. Tamura and T. Masumi [J.
Phys. Soc. Jpn. 30, 1763 (1971)]. -

I Reference 28.
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mt(0)~ 1.2. This result is in substantial agree-
ment with two independent results of the cyclotron
resonance peak shift induced by raising resonance
frequency®® and by raising microwave power. %7
For further detailed description of the property
of AgCl and AgBr, the reader is referred to sev-
eral review articles.®*

We now describe the method of the photoconduc-
tivity measurements for AgCl and AgBr crystals.
The dark conductivity of these crystals is less -
than 1072°(Q em)™ at helium temperatures. The
crystals exhibit photoconductivity of the magnitude
of 107 -10"° (2 cm)™ for typical illumination inten-
sities. Because of the low conductivity of the
crystals, the principle and the method of photo-
conductivity measurements in these materials
are largely different from those applied to normal
semiconducting materials. A fast pulse technique
with blocking electrodes was used in this work.
Some improvements were introduced in the ar-
rangement of blocking electrodes to extend gal-
vanomagnetic measurements to higher electric
fields up to 5 kV/cm. Here we confine ourselves
to a brief description of the principle and the
method of experimental procedures for the modi-
fied blocking electrodes. For a detailed descrip-
tion of the fundamental principle of the photocon-
ductivity measurement in insulating materials,
the reader is referred to other papers.®*3¢ Two
types of blocking electrodes were adopted. Fig-
ure 1 shows the first type in which current com-
Ronents, @, and @,, of the photocurrént vector
_Q= (Qy, @y, 0)in the presence of external fields
E=(E,, 0, 0) and H=(0, 0, H,) are simultaneously
detected. Figure 2 describes the seco_rld type in
which €, and @, of the cugent vector Q= (Qx_,. Qy,
@,) in the external fields E=(E,, 0, E,) and H
=(0,0,H,) are simultaneously detected. The first
type of blocking electrodes (Fig. 1) is the type as
first introduced by Iye and Kajita for the Hall ef-
fect measurements in CdS.3” A specimen of a
typical size 0.8 X 5X 5 mm is sandwiched between
a lower metal electrode and a pair of upper metal
electrodes. A quartz spacer of thickness about
0.9 mm is inserted between the specimen and the
upper electrodes to improve uniformity of the
electric field in the specimen. The specimen is
insulated from the lower electrode by using a thin
Mylar sheet. We can regard the specimen as the
dielectric in a condenser and the electrodes as
plates of the condenser. The upper electrodes
are grounded through adequately high resistances.
A voltage pulse with duration of 7 msec is applied
to the lower electrode and the electric field E_ is
produced in the specimen. Free carriers are ex-
cited in the specimen by an interband transition
with a light pulse from a xenon flash tube (with

Light

Quartz spacer éﬁ Electrodes
Specimen .5mm’ Electrode
7 .
z
/ .
0.9mm. [ E
ﬁlsmm f(/:Hz Y
Voltage ;E
Pulser
1
[
Adding Differential
Pulse Amp. Pulse Amp.
Boxcar Boxcar
Integrator Integrator
Ox Qy

FIG. 1. Arrangement of blocking electrodes and the
experimental apparatus t:gr the measurement of @, and
Q, with E=(E,,0,0) and H=(0,0,H,).

duration about 1 usec) or a N, laser (with dura-
tion about 10 nsec) or from a dye laser (with dura-
tion about 10 nsec). The light pulse is synchro-
nized to the electric field pulse. Intensity of the
illumination is-kept to a minimum by using fine
mesh filters and glass filters. The photocarriers
drift under the influence of applied field until they
are captured by shallow traps. The trapping life-
time 7, is as short as 10-100 psec at 4.2 K (Table
1)’ and is much shorter than the duration of the
light pulse. The average distance of the drift mo-

Light Light shade
Specimen (non-conducting)
Quartz —] Electrode (NESA)
spacer Electrodes
X
/%
Y
3 £y
=/ Te,
—_—
Hz
Voltage
Pulser 2
4 Voltage 4
Pulser 1
i,__.

Adding Differential
pulse amp. pulse amp.
Qx QZ

FIG. 2. Arrangement of blocking electrodes for the
measurement of @, and @, with E= (£,,0,E,) and H
=(0,0,H g)-
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tion v,7, (where v, is the drift velocity) was esti-
mated to be shorter than 20 um in each crystal
used, even at the highest electric field applied in
the present experiment. Multitrapping effects are
not involved in the electronic transport at 4.2 K.
It is of great importance for the following analysis
of experimental results that (i) the distance of the
carrier drift is negligibly short as compared with
the size of the specimen and (ii) the total number
of photocarriers created by the light pulse N is
sufficiently low so that the buildup of a space
charge or an internal polarization field in the
specimen can be ignored. The specimen is illu-
minated by infrared light after each pulse of ex-
citation to sweep captured carriers out of trapped
states. The measurement is repeated with a

time interval ~600 msec. The sequence in time of
pulse operation is shown in Fig. 3. A certain
amount of charge is induced on the two upper elec-
trodes by the drift of carriers through the image
charge effect. The sum and the difference of the
charges, Q" and ", are simultaneously detected
by an additive and a differential preamplifiers.
Output signals are fed to Boxcar Integrators to
improve the signal to noise ratio and recorded as
a function of H, or E,. Here, the sum and the dif-
ference signals are proportional to the integrated
currents along the x and y directions, Q, and @,%;

Q+=A*Qx’ Qx=—NTte'Ux, (1)

and

Q=A7Q,, Q,=-Nrev,, (2)
where e is the unit charge, A* and A™ are the sen-
sitivity of the electrodes, N is the total number of
carriers released by a pulse of light, 7, the trap-
ping lifetime, and v, and v, are the drift velocity
along the x and y directions. (The carriers are
assumed to be electrons.) Some modifications of
the firsttype of electrodesare introducedinthe sec-
ond type of electrode arrangement (Fig. 2). Electric
field E, is setup by applying a voltage pulse between
aresistance film electrode (NESA coated quartz
plate) and apair of lower metal electrodes. Atthe
sametime, a weak potential gradient is produced on
the resistancefilm electrode. The potential gradient

i
Voltage(s)

o, °”ﬂ“'—LI—
} Tmse -V

Excitation %msec or 10nsec A

Light
on

Infra-red ‘\—/_—' J

Iradiation off TR

B Y
‘ ~600 msec ]

FIG. 3. Sequence in time of the pulse operation. The
voltage pulses are alternately inverted to keep the build-
up of space charge in the specimen to a minimum level.

provides a uniform electric field in the z direction
E, near the surface of the specimen. A strongly
absorbed light penetrating a slit illuminates a thin
area of the surface of the specimen so that the
uniformity of both E, and E, is assured in the range
where free carriers are excited. Experimental
procedures for the second type of electrodes are
the same as those described for the first type,
while in this case,

Q+=A+Qxa Qx=—NT,eUx, (3)
and

Q-=A-Qz’ Qz“_"_NTtevz) (4)

‘where v, denotes the drift velocity along the z di-

rection (in the direction of magnetic field).

In both types of electrodes, the strength of elec-
tric field attained in the specimen along the x di-
rection, E,_, was estimated in two independent
ways. The first one is to calculate the electric
field from the amplitude of applied voltage by tak-
ing into account the dielectric constants and the
thicknesses of the specimen, the quartz spacer
and the thin Mylar sheet. In the second way, the
primary current @, was studied as a function of
H, by utilizing a standard arrangement of blocking
electrodes,'® and the @ -H, curve at various
levels of the strength of E, was compared with that
measured in the present arrangements. The re-
sults obtained in the two ways agreed well with
each other.

In the transient condition, v, and v, which appear
in Egs. (1) and (2) have the following expressions
for electrons in the limit of low electric field®® %¢:

v, = —(e/m*)1/(1+w T2)E, (5)
and

vy=—(e/m*)(e/m*c){T?/(1+ w T?)H,E,,  (6)
where w, denotes the cyclotron angular frequency,
w,=eH,/m*c, m* is the effective mass of an elec-
tron, 7 is the scattering time of the electron, e is
the unit charge, and c¢ is the light velocity. The
drift velocity v, which appears in Eq. (3) is also
given by Eq. (5). The drift velocity v, in Eq. (4)
is given in the form®®

v,=—(e/m*)(T)E, . (M

The bracket {( g) means the statistical average over
the distribution function; i.e.,

1 fq, -
=== %3/ 20" *dx

where x = €/kT with the energy of the electrons €,
the Boltzmann constant 2, and the lattice tempera-

- ture T. When the dependence of the scattering

time on the electron energy is expressed in the
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form
T=Tyx?, (8)

Egs. (5) and (6) can be calculated as a function of
H, with 7, and p as a parameter. As is well known,
p =0 for neutral impurity scattering, p =% for
piezoelectric scattering, p = —% for acoustical-
phonon scattering, and p =% for ionized impurity
scattering. Let us define the Hall*‘mobility g for
the transient condition as

pg=(c/H))|Q,/Q,] . (9)

From Eqgs. (1), (2), (5), and (6), the tangent of the
Hall angle tanf= Q,/Qx is expressed in the form

tanf=w{T2) A7) . (10)
Putting Eq. (10) into Eq. (9), we obtain

by =(e/m*K 72y A7), (11)
and hence

v=|v,(H,=0)| = (/T pyE, . - (12)

In a later analysis, the absolute values of tan8
at various values of E, and H, are discussed. As
seen in relations (1) and (2), we directly measure
the quantities @* and @ (in the first type elec-
trodes) which are proportional to @, and @,. It is
necessary to know the ratio of the proportionality
constants A*/A~ in order to uniquely determine the
value of tan6 from the measurements of @* and @".
First, as will be seen in Sec. IITA, the energy ex-
ponent of the scattering, p, and the scattering
time, 7,, are determined by fitting the magnetic
field dependence of @* and @~ signals at a low elec-
tric field to those calculated according to Egs. (5)
and (6). Then the absolute value of Q,/Q, (at the
low electric field) is known from Egs. (5) and (6)
with the determined values of p and 7,. By com-
paring the value of Q,,/Q,, with a directly measured
value of @*/Q", we obtain the value of A*/A" to an
accuracy of +7%. Since the quantity A*/A" is be-
lieved to remain unchanged even when high electric
fields or high magnetic fields are applied,* we can
deduce the value of tané at arbitrary strength of
E_ and H, from the data of @* and @". In Secs.
III-V, we will present the corrected results @,
and @, instead of the raw data of @* and Q".

III. EXPERIMENTAL RESULTS

The origin of photocurrent was determined in
two independent techniques: the Dember-effect
and the Hall-effect measurements. Dominant
carriers were confirmed to be electrons in all the
AgCl1 and AgBr crystals. No indication of hole
conduction was noted .in AgCl crystals, whereas a
small contribution from holes was recognized for

AgBr crystals over the whole range of applied
electric fields.

A. Dependence of O, and Q, on magnetic field at the limit of
low electric field

The acoustical-phonon scattering is believed to
be relatively less important as compared with the
impurity scattering at low electric fields.** The
impurity scattering time ranges from 3 to 20 psec
in the samples used, whereas the acoustical-pho-
non scattering time is estimated to be of several
hundreds of psec at 4.2 K as shown in Fig. 4.
In order to know the nature of impurity scat-
tering, magnetic field dependences of @, and @,
in the limit of low electric field were studied in
some detail. Variation of the photocurrents @,
and @, with H, in AgC1 M0-1 is plotted in Fig. 5.
Both curves of @,—H, and @, H, are best fitted to
Egs. (5) and (6) with the same parameters p=0 and
T,= 6.9 psec. [Tabulated results of Dingle et al.*
were used for the evaluation of the integrations in
Eqgs. (5) and (6).] In AgBr crystals, the curves of
@, and @, can be well analyzed when a small con-
tribution from holes (u"/u°~0.3 and 7%/7¢~0.5) is
also taken into account. In order to analyze the
two-carrier conduction, we adopted the expres-
sions @, =Ne(- 7w+ Th!) and Q,=Ne(-Tév¢
+7hP), and tried a curve fitting by taking 7¢, T},
7¢, T, and p°, p* as parameters. (The super-

AgBr
1
ZR3-2 T
®r T=4.2K 1
\NX%
°
&
S0
) ©
L 1
= z:imp R
5.._
1
2R D ——
- \ 1 L .
0; 10 s 20
kT (Te]
€ (mev)

FIG. 4. Schematic description of the dependence of
scattering rates of an electron on its energy €. The
broken line represents the impurity scattering rate in
AgBr ZR3-2 crystal (p=0); the dotted line represents
the acoustical-phonon scattering rate ‘r;}:(e, T) at T=4.2K
and the solid line represents the scattering rate due to
LO-phonon emission T"I}o (,T) at T=4.2 K.
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f T T T T
AgCl  MO-1 42K  Eyx=49Vicm
1 —-— Eq.(5) with
—'—-Gx i ~ {’C,,:G.Spsec“
— P=0
u
= —— Eq.(6) with
3 ic, =6.9psec
F
5 P=0
,01 4
c;‘ 1
. 1 PR . L,
107 10° 10' 10
H, (kOe)

FIG. 5. Typical dependence of @, and Q, on magnetic
field in AgCl M0-1 crystal at 4.2 K at the limit of low
E,. The best fit to Eqs. (5) and (6) is obtained with the
same parameters p=0 and 7,=6.9 x10712 gec.

scripts e and & denote electrons and holes.) We
can obtain reasonable knowledge about the value

of ™#/7¢, 7%, p°, and 7°, although a large arbitra-
riness remains for the value of p*. As seen in
Fig. 6, the @, and @, curves in AgBr ZR3-2 can be
well interpreted when an appropriate contribution
from holes is taken into account. The values of p
and 7, were determined for all the crystals by the
curve-fitting procedures*® and the result is tabula-
ted in Table I. In all the samples except AgCl
M1CB, the value of p is 0 and accordingly the neu-
tral impurity is believed to be the origin of the
scattering. The scattering in AgCl M1CB (p=—3)
may be due to lattice defects of a large scale (such
as dislocations).

I L T '
AgBr ZR3-2  4.2K oy
Ex=25Vem Y }
= one~-carrier analysis
g with Z,=15psec |
> x \ and p=0
g s !
s —— E
=3 % ;
- two-carrier analy-
S o1 sis with 25 =16psec, |
KOT p&0, 2h=14psec,
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FIG. 6. Typical dependence of @, and @, on magnetic
field in AgBr ZR3-2 crystal at 4.2 K at the limit of low
E,. Both curves are well analyzed when a small contri-
bution from holes is taken into account.

B. Dependence of the drift velocity of electrons on electric field. .
at the limit of low magnetic field

Photocurrents @, and @, were studied on all the
AgCl and AgBr crystals as a function of E
=(E,, 0, 0) at a fixed low magnetic field H
=(0, 0, H,). The value of magnetic field H,
was typically 1kOe for AgCl crystals and 0.3 kOe
for AgBr crystals. (The relation w,7,< 1 is ful-
filled in each sample.) The Hall mobility u,
E(c/Hz) le/Qxl was calculated as a function of E
from the data of @, and @,. Figure 7 illustrates
the results obtained for AgCl crystals with those
for AgBr crystals in the inset. In a relatively low
electric field, u, decreases gradually with in-
creasing electric field, while it decreases steeply
with E_ at high electric fields. It should be noted
that in the higher field range the sample depen-
dence vanishes and all the data points converge to
a single line with the slope of E,S*° If we
simplify the equation (11), u,=(e/m*)T, we must
consider that the scattering time of electrons 7
decreases with E, as T<E_*°, Electric field de-
pendence of the Hall mobility of electrons was
studied for AgBr by neglecting a small contribu-
tion from holes. Features of uy - E, curves for
AgBr crystals are essentially the same as those
for AgCl crystals. The abrupt decrease in the
Hall mobility suggests that the onset of LO-phonon
emission takes place at high electric fields.

The drift velocity of electrons v; was calculated

T i
AgCl  4.2K
o MICB
] o © Mo-1
-~ 4 -
Sidk A MG3-2
0
<
5 3 Eq.(17)
o
=| z
5
1103 S -
-
10' 102 10
E (Viem)
2
10 s L L 1 .
10 102 108 10
Ex (V/cm)

FIG. 7. Variation of the Hall mobility of electrons
with E, in different crystals of AgCl at 4.2 K. Sample
dependence is reduced as E, increases and is inversely
proportional to E, at high E,. The inset shows the sim-
ilar data for AgBr. Solid lines are drawn according to
Eq. (17). The electric field at which 7,,,=T1 is satis-
fied is indicated by an arrow for each crystal, where
Ty is defined by Eq. (16).
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as a function of E, from the observed value of u,
by setting {(7)2/A72)=0.85 for AgCl M1CB and {7)?/
(7%)= 1{or the other crystals in Eq. (12).** The
electric field dependence of v, is compared with
that of the primary photocurrent @, at H,=0 on
different samples of AgCl in Figs. 8 and 9, where
the position of the @,-E, curve on the coordi-
nates is chosen so that the data points of Q, at the
limit of low E, agrees with v;. In each sample,
the electric field dependences of v,(E,) and Q,(E,)
are characterized as follows: (a) In a relatively
low electric field (E, < 300 V/cm for AgCl M0-1
and E, <700 V/cm for AgCl MICB), both v, and
@, increase together with E,. The v,-E, and
@Q,-E, curves agree very well with each other
in this range; (b) in a range of higher electric
fields (E, = 300 V/cm for AgCl M0O-1 and E,
21700 V/cm for AgCl MICB), the increase in v,
is saturated whereas @, continues to increase,
giving a large discrepancy between the @,-E, and
vy—E, curves. It was found in all the samples
that the discrepancy between the @ ,—E, and v,~- E,
curves emerges in the range of high electric
fields where v, is saturated. Similar data of @,
and v, for a crystal of AgBr are shown in Fig. 10.
The saturation in v, suggests again that the onset
of the LO-phonon emission takes place at high
electric fields. The departure of the @ —E,
curve from the v,— E, curve implies that the
quantity N7, increases with E, at high electric
fields [see Eq. (1)]. In order to specify whether
N increases or 7, increases, we studied the

T I T I
AgCl MO-1  4.2K G
107_ z:imp=TL0 |
S| Mo, Yt T
;8; L .
g
&6 /‘0 _]
10 &
3 I 1 3 L 13 1 A
10 0 10

0
Ey(V/icm)

FIG. 8. Plot of photocurrent @, (open circles) and the
drift velocity of electrons v, (closed circles) in AgCl
MO-1 at 4.2 K as a function of E,. The drift velocity is
calculated from the relation v;=uy E,. Data points of
Q, represent the quantity [T (E,, 0)/7‘(0, 0)lv, in the fig-
ure. The arrow indicates electric field at which 7p,
=Tpo is satisfied.

schubweg of the electron v,7, as a function of E,
for the AgBr ZR3-2 crystal as follows. A strong-
ly absorbed light from a N, laser (A= 3371 A) was
used to create conduction electrons near the sur-
face of the specimen, and the photocurrent mag-
nitude ratio Q1/Q] was studied, where @’ denotes
the primary photocurrent when E, is applied in the
direction that the electron drifts into the speci-
men and Q] for E, in the opposite direction. (The
absorption coefficient & for x=3371 A is 700 cm™

T T I

Uy (cmysec) , . Qx

-
cl’m

AgCl MI1-CB 42K

Qx

1 1 1 |

10' 102

10
Ex (V/cm)

3 104

FIG. 9. Plot of photocurrent @, (open circles) and the drift velocity of electrons v, (closed circles) as a function of
E, for AgCl M1C-B at 4.2 K. The arrow indicates the electric field at which Timp= T Lo 18 satisfied.
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FIG. 10. Plot of photocurrent @, and the drift velocity of electrons v, as a function of E, for AgBr ZR3-2 at 4.2 K.
Also, data points denoted by triangles show the variation in the trapping life-time 7, with E,, which was measured by
using a forward and reverse technique of blocking electrons described in Sec. IIIB. The absolute value of 7, is given

on the scale at the right end of the figure.

for AgBr at 4.2 K.*°) When the thickness of the
specimen d, the absorption coefficient a, and the
schubweg v,7, satisfy the relations, d> a™ and
a>>y,T, [as are fulfilled in the present experiment
with d=800 um, a@™=14 um, and v,7,<(5-10)um],
the schubweg v,T, is obtained from the relation*®
v,7,=(|Q1/Q%|-1)/a. 1t is believed that a is in-
dependent of E,.. The drift velocity v; is almost
constant in the high-electric-field range of inter-
est; v;~3Vyo. Thus we can deduce 7, from the
above measurement. Variation in 7, with E_ is
plotted with triangles in Fig. 10. The trapping
lifetime 7, increases with E, just explaining the
increase in @,. Thus the increase in @, at high
electric fields is believed to be caused by the in-
crease in 7, with E,.*" On this basis, @, in Figs.
8-10 can be taken as the quantity [7,(E,,0)/
7,(0,0)]v,, where 7,(E,,0) is the trapping life-
time at E, and H,=0 and 7,(0, 0) represents the
lifetime at low electric fields. (At low electric
fields, 7, is believed to be constant on application
of H,,*® whereas it varies with H, at high electric
fields as will be discussed later.)

C. Dependnece of 0, and @, on magnetic field at high electric
fields

Photocurrents @, ang @, were studied as a func-
tion of magnetic field H=(_Q, 0, H,) at various lev-
els of fixed electric field E=(E,, 0, 0). The mea-

surement was performed on all the samples. The
data of @, and @, for AgC1 M0-1 are plotted in
Figs. 11 and 12 as a function of H, with E, as a
parameter. Similar data for AgBr ZR3-2 are
plotted in Figs. 13 and 14, where the vertical
scales are chosen so that the data points repre-
sent the quantities [7,(E,, H,)/7,(0,0)]v, and
[1,(E,, H,)/7,(0,0)]v,."® As mentioned in Sec. IIIA,
both curves of @, and @, at the limit of low E, are
well expressed by Eqs. (5) and (6). As E_ increas-
es, the @, curve exhibits a shift toward higher
magnetic field and the fall of the curve at high H,
region becomes steep. At the same time, the
peak in the @, curve shifts toward higher magnetic
field and becomes sharp. The line shapes of @,
and @, at high electric fields can not be expressed
by any means in the form of Eqs. (5) and (6). A
thick arrow on each curve in Figs. 11-14 indi-
cates the magnetic field H, at which the relation
V,= Vi, is satisfied, where V, and V,, are de-
fined by

Vy=cE,/H, (13)
and
ImM*V 2= hw,, , . (14)

with the light velocity ¢, the effective mass of the
polaron m*=m?%, and the LO-phonon energy %w;q
listed in Table II. For convenience, the values of
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FIG. 11. Dependence of @, on magnetic field H, at dif-
ferent values of E, in AgCl M0-1. Data points of @, rep-
resent the quantity [7,(E,, H,)/7,0,0)]v, (E,,H,). Black
arrows indicate the magnetic fields at which Vy=Vyo(¢
=1) is satisfied. White arrows indicate the magnetic
fields at which Vy=%Vm (¢ =2) is satisfied.

V1o for AgCl and AgBr are listed in Table IIIL
The quantity V, represents the velocity of an elec-
tron drifting along the y direction in crossed elec-
tric and magnetic fields in the absence of scatter-
ing. The quantity Vo represents the velocity of
an electron whose kinetic energy is equal to the
LO-phonon energy. It should be noted that, for
both the AgC1 and AgBr crystals, the steep fall in
the @, curves and the sharp peaks in the @, curves
are observed just above the magnetic fields indi-
cated by the thick arrows. These characteristics
in the @, and @, curves were observed in all the
other crystals of AgCl and AgBr. This suggests
to us that a drastic change in the phenomena takes
place in the higher magnetic field range where
V,<Vyo. Further, analogous behavior of the cur-
rent due to positive holes is also suggested from
the data on AgBr ZR3-2, namely, each @, curve
at high electric field (Fig. 13) has a shoulder just
above the magnetic field V,=V?%,, which is indica-
ted on each curve by an arrow with a superscript
h. Here V%, is defined by Eq. (14), where the
averaged value of the effective mass for holes in
AgBr, (m¥*m*)/3=1.03m,, is used for m*. The
value of V¥, is also listed in Table III. Second,
each @, curve has a slight hollow in the same
range of H,. Thus, we can believe that also the

A B ' o LA
Qy -Hz AgCl MO-1  4.2K
7
107+ o,
— _ _ \>
§ b w=vote=n
E I V=2 (622) | oo 2
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10° '2 ! |3
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10’ 10
Hz (kOe)

FIG. 12. Dependence of @, on magnetic field H, at dif-
ferent values of E, in AgCl M0-1. Data points represent

|
10°

. the quantity [T,(Ex,Hz)/Tt(O,0)]vy(Ex,H,). The inset

specifies the E, dependence of @, at fixed high magnetic
fields. Solid lines are drawn to indicate v, =V, for the
fixed high electric fields in the figure and for the fixed
high magnetic fields in the inset.

current components Q" and Q: due to holes have a
steep fall and a sharp peak respectively where
V,<V%,. (Note that the sign of the Hall current
due to holes Qﬁ is inverse to that due to electrons.
Accordingly, a sharp peak of Q;‘ curve may give
rise to a hollow in the overall @, curve as just
observed.)

Now, we transform the currents ¢, and @, into
two quantities; the tangent of the Hall angle tand
=Q,/Q, and the magnitude of the current (@2
+ Qs)l/ 2.

1. Behavior of the Hall angle

The quantity tan® was calculated from the @,
and @, data. It should be noted that tan6 is a
quantity that is not affected by the variation of the
trapping lifetime of electrons. Figure 15 illus-
trates H, dependence of tanf at various levels of
E,_ in AgC1 M0-1. At low electric field (E,
=49 V/cm), tan6 increases linearly with H, in a
range of relatively low H,. This means that the
scattering time of electrons at low E, stands con-
stant on application of , [recall Eq. (10)]. The
increase in tan® with H, becomes dull having a
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FIG. 13. Dependence of @, on magnetic field H, at dif-
ferent values of E, in AgBr ZR3-2. Black arrows indi-
cate the magnetic fields at which V,=V 4 (£=1) is satis-
fied. Black arrows with superscript # indicate the mag-
netic fields at which V.=V, (¢#=1) is satisfied. Every

~H, curve at high E, has a shoulder just above the
field Vy" =V10, reflecting a finite small contribution
from holes.

tendency of saturation at high magnetic fields.

By noting that the deviation tanf from the linear
dependence on H, becomes appreciable when tané
exceeds 1, we suggest that the deviation may be
related to a quantization effect of the cyclotron or-
bit. {Note that the linear relation between tané and
H, [Eq. (10)] was deduced classically on the as-
sumption that tan6<< 1.} Even at high electric
fields, tané linearly increases with H, in a range

ferent values of E, in AgBr ZR3-2. A small contribution
from holes makes a slight hollow in a higher magnetic
field range above V=V, in each curve at high E,.

of relatively low magnetic fields, whereas it in-
creases superlinearly with H, above the magnetic
field satisfying the relation V,=V,. The data of
tané obtained on various crystals of AgCl at high
electric fields are collected together in Fig. 16.
Here, the electric fields are intense enough that
v, is saturated in each sample in the absence of
magnetic field. In the figure, the data points are
plotted as a function of a normalized field §.

§=Vo/V,=(2hwy o /m*VV ¥cE, /H,)™". (15)

First, in the region {<1, all the data points fall on
a single line with a slope of £*°. If we assume a
simplifying relation of Eq. (10), tanf=w,T, the
behavior of tan@ in this range means that the

TABLE TI. Characteristic quantities for streaming carriers. Vo [defined by Eq. (14)] is
the velocity of carriers whose kinetic energy is %wyo. T o [defined by Eq. (16)] is the time
for a carrier to be accelerated from the ground state to reach a state of the LO-phonon ener-
gy. The evaluation of the quantities was made by using the values of m* and 7w, in Table II.
The geometrically averaged value (myim#)1/3=1.03m, was used for holes in AgBr.

Electron Hole
Vio Tpo at 1 kV/cm vE, T!, at 1 kV/em
(cm/sec). (psec) (cm/sec) (psec)
AgcCl 1.37 x 107 3.2 cee e
AgBr 1.45 % 107 2.2 7.73 x 10° 4.2
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FIG. 15. Tangent of the Hall angle tanoEQ/Qx vs magnetic field at different values of E, in AgCl M0-1. Black and

white arrows indicate £=1 and =2, respectively.

scattering time of an electron 7 is inversely pro-
portional to E, and is independent of H, in this
range of {. Second, in the range {>1, every
curve of tané begins to depart from each other and
to increase abruptly with increasing §. Similar
data of tanf on the AgBr ZR3-2 crystal are shown
in the inset of Fig. 16. One can find the same fea-
ture in the tanf-¢ curves for AgBr as for AgCl
but also note that the curves for AgBr have a kink
at a higher { range which is absent in the curves
for AgCl. The relation £*=1 is satisfied at the
kink, where ¢" is defined by ¢"=V,,/V: The

kink can be attributed to a contribution from the
current due to holes, namely, it is believed that
the tangent of the Hall angle of the hole current
tan#*=Q"/Q" increases abruptly above &"=1.

(Note that tané” is opposite in sign to that for elec-
trons.)

2. Behavior of the magnitude of current

The magnitude of current in the x -y plane, Q,,
=(Q2+ Q22 were calculated from the @, and @,
data. It should be noted that ., is a quantity
which explicitly reflects the variation in the trap-
ping lifetime of electrons. Figure 17 illustrates
the H, dependence of @,, in AgCl M0-1 crystal at
various values of E,. The quantity @,, decreases
rather smoothly with increasing H, at a low elec-

tric field (E,=49 V/cm). The Q,,—H, curve
agrees well with the theoretical curve @,,

« (14 w?r2)"!/ 2 obtained from Eqs. (5) and (6),
indicating that the trapping lifetime 7, is kept con-
stant on application of H, at low electric field. On
the other hand, at high electric fields, @,, stands
almost constant until it decreases abruptly above
the magnetic field V,=V o, ((=1). The data of

@,, obtained on different crystals of AgCl at high
electric fields are plotted together as a function
of the normalized field £ in Fig. 18. Let us note
here that the data points of ,, in the figure rep-
resent the quantity [7,(&,,H,)/7,(0,0)]v,,, where
v,y denotes (v2+v2)1/2, Differences between the po-
sitions of the data points of @, and the indicated
velocity 3V, at the left end of the figure reflect
the increase in the lifetime of electrons (in re-
spective samples) at given electric fields at H,=0.
{Note that lim,,,Q,,= [7,(E,,0)/7,(0,0)]v,,, where
v,(E,,0)=|v,|. Here, |v,| is saturated to Vo as
mentioned in Sec. IIIB.} All the data points of

Q,, begin to decrease with increasing ¢ above 1,
converging to a single line with the slope of §™+°
in the range £> 2.

D. Dependence of Q, on electric and magnetic fields

Photocurrents @, and _9‘ were studied as func-
tions of magnetic field H=(0,0,H,) in the presence
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_ FIG. 16. Tangent of the Hall angle for AgCl as a function of ¢, where ¢ is defined by Eq. (15). The inset shows the
similar data for AgBr. In both AgCl and AgBr, all the data points for various crystals at several levels of high E, add
up to form a single line in the range {<1, while they rise steeply departing each other in the range ¢ >1. The solid
line is drawn according to Eq. (19) to be derived later.

of electric fields E = (E,,0,E,), where perturbing
field E, was fixed to E,=15 V/cm and E, was var-
ied as a parameter. The measurements were per-
formed on AgC1 M1CB and AgBr ZR3-2. Equa-
tion (7) shows that v, is a quantity which is not
explicitly affected by H, nor by £,. Further, E,
~15 V/cm is sufficiently low so that no hot elec-
tron effects are involved by E, itself. (This is
experimentally confirmed from the Ohmic rela-
tion @, < E, observed in the vicinity of E,

~15 V/cm in Figs. 9 and 10.) On this basis,
Q(E,,H,) can be viewed as a “probe current”
which reflects the mobility of the system at E,

and H,. Variation of @, with H, at various values
of E, are shown for AgCl1 M1CB in Fig. 19 and for
AgBr ZR3-2 in Fig. 20. The current @, is pro-
portional to the product of v, and 7,. (The quanti-
ty N is believed to be independent of external
fields.””) We can obtain the value of [7,(E,,H,)/
74(0,0)]v,(E,, H,) from the data of Q,(E,, H,) by
normalizing them with the low-field (E, = 0) data
of @,. (The value of v, at E,=0 is known from the
value of E, and the value of low-field mobility of
electrons in the crystal.) The coordinates of the
figures represents the quantity [-re(Ex, H,)/
7,(0,0)]v,. Characteristic features of the @ ,—H,
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FIG. 17. Plot of the magnitude of current Q,, ) C,

= (({),CZ~$-Q3,2)1/2 against H, at different values of E, in
AgCl M0-1. Data points of Q,, represent the quantity
[7,(EpH)/74(0,0)] (vi+0d)!/2,

curves for both crystals are summarized as fol-
lows:

(a) At E,=0, @, stands almost constant up to the
highest magnetic field. This means the absence of
the longitudinal magnetoresistance effect in AgCl1
and AgBr, which is naturally expected for conduc-
tion electrons in these materials with a spherical
energy surface.®

(b) At high E_, the current @, stands constant to

FIG. 18. Plot of @, against £. The solid line in the
range ¢£<2 is drawn according to Eq. (21) and the line in
the range ¢ >2 represents the velocity V, as a function of
g.

a low level up to the magnetic field satisfying &
=1, whereas it begins to abruptly increase with
further increasing H, (in the range £>1). At each
high E,, the current @, approaches to the zero E,
level, Q,(0,H,), at an adequately high H, (such
that £>2).

(c) At a fixed weak magnetic field, @, decreases
monotonically with E,.

’g T T 71T ll T T T T U rrr ' T T T T T lI T T T T T
(]
£ [ Q-H, at E;=15Viem 7
106_ AgCl MICB 4.2K _
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FIG. 19. Plot of the probe current @, in E = (E,, 0, E,) and H= (0, 0,H,) in AgCl M1C-Bat 4.2 K. E, is fixed to 15 V/cm
and E, is varied as a parameter. Solid curves (a)—(c) are drawn according to Eq. (23) where E, are, respectively, set
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IV. DISCUSSION AND INTERPRETATION
A. Preliminary remarks

In the usual analysis of hot electron problems,
a Maxwellian type of hot-electron distribution is
often assumed. Such an assumption is not appli-
cable to the present experiment since (i) the elec-
tron concentration of photocarriers is so low and
(ii) the LO-phonon emission of electrons predom-
inates all the other scattering mechanisms and it
distorts severely the electron distribution func-
tion. With respect to assumption (i), the electron
concentration was estimated from the magnitude of
photosignals to be of the order of 10°-~107/cm?.
The momentum relaxation time due to electron-
electron scattering 7,_, is estimated to be as long
as 107 sec for the carrier concentration of 107/
cm?® at 4.2 K, according to the Conwell -Weiskopf?®
or the Brooks-Herring®® formulas. We should
note that this value of 7,., is much longer than the
trapping lifetime of electrons (see Table I). Thus
we can neglect the intercarrier scattering; the
phenomena in the present experiment are essen-
tially those of a single electron. With respect to
(ii), we have numerically estimated the relative
importance of various scattering mechanisms.

0
10
HZ (kOe)

FIG. 20. Plot of the probe current @, in E= (£, 0,E,) and fi= (0,0,H,) in AgBr ZR3-2 at 4.2 K. E, is fixed to 16
V/cm.

The scattering rate of an electron in AgBr is
shown as a function of the electron energy € in
Fig. 4. The impurity scattering, the acoustical
phonon scattering and the LO-phonon scattering
were considered. The impurity scattering rate
Timp is shown for the AgBr ZR3-2 crystal as a
typical example. The rate of acoustical-phonon
scattering 7;}(€) was calculated according to the
well-known form®! 7,.,(€, 7)™ =A[2r (¢,T)+ 1],
where T'=4.2 K and the constant 4 is set to be
4.8x 102 (ergsec)™ for AgBr®? on the basis of
Tamura’s data® on the temperature dependence of
the cyclotron resonance line. The phonon num-
ber n(e, T) is given by [explic (2m*e)/2/kT)-1]",
where & is the Boltzman constant, and ¢ =2.96

x 10° cm/sec is the sound velocity.’® The rate of
LO-phonon scattering 775(T,€) at 4.2 K was calcu-
lated according to the perturbation treatment®;

TLo(€, T)
€ -1/2
=20Wrgo %“’_L—c;

o € )Vz
X[Nno sinh <h,ww

+(Nyo+1)sinh™ (—1+

€ )1/ 2]
Fwie ’



20 STREAMING MOTION AND POPULATION INVERSION OF HOT... 5207

where @=1.6 and the phonon number Ny,
=[exp(w,o/kT) - 1] is practically zero at T
=4.2 K. It follows from N, =0 that 774(€,4.2 K)
=0 for €<Zw,,. As seen from Fig. 4, the feature
of the scattering rate is quite different depending
on whether € is below or above Zw;,. Inthe ener-
gy range € <7iw;,, the scattering rate is low. The
process of LO-phonon absorption is frozen out at
low lattice temperatures. The acoustical -phonon
scattering is not significant at 4.2 K. The domi-
nant scattering mechanism is the impurity scat-
tering. On the other hand, the scattering rate in
the range € >7w; is enormously high due to the
spontaneous emission of the LO phonon. With
these situations, photoexcited electrons are con-
fined in the energy states below Zw,, (or within
the surface, [V|=Vy,, in the velocity space) and a
peculiar distribution of electrons results under
the influence of external fields, as detailed in the
following.

Problems of an anisotropic mass or the inter-
valley scattering are not involved in the following
treatments, since the lowest conduction band in
silver halides is of a standard form as noted at
the begining of Sec. II. This enables us a simple
analysis of the phenomena (except for the case of
positive holes in AgBr). In the following analysis,
we neglect, for simplicity, the effect of the non-
parabolicity in the polaron energy spectrum.

B. Streaming motion of electrons at H,=0

Let us imagine that a free electron with an ef-
fective mass m* is at rest at time #=0 [¥(0)=0].
At an electric field E, applied with zero magnetic
field, the electron will be accelerated along the x
direction with the acceleration rate 9, = —¢E,/m*,
and the velocity of the electron increases with
time as v,(¢)= - (eE,/m*)t. The velocity reaches
the value V, at the time t=7,,, where T, is
given by

T1o= (2m*iwy o)/ eE )™ . - (16)

Then, if the electron strongly interacts with the
LO-phonon, it will almost immediately emit an
LO-phonon, dissipating all of its kinetic energy
thereby scattered to a state near the ground state
v=0.5 The scattered electron is again accelera-
ted by the field and the above process repeats with
the time interval of T ,. The trajectory of such a
streaming electron in the velocity space is ex-
pressed by a line v,=v,=0 between the two points
v,=0 and v, = -V, as illustrated in Fig. 21(a).

Here, let us consider the streaming motion of an
electron taking into account the actual experiment-
al situation. First, let us consider the life history
of electrons. In the experiment, the electron is

Vy

I¥]= Vo

Vx

FIG. 21. Electron trajectories in the velocity space at
E=(E,,0,0) and fi=(0,0,H,). (a) At £=0, the trajectory
forms a straight line between the points v=0and v
=(=V10,0,0). (b) When ¢<1, the trajectory is curved
forming a part of an arc around C(0,-V,, 0), where the
point C is located outside of the circle |V |=V 5. (c)
When 1< ¢<2, the center of the arc C enters the circle.
(d) When 2< ¢, the trajectory does not cross the circle
v |=V 10 and it forms a cyclotron full orbit within the
circle.

typically created at higher-energy states in the
conduction band (usually in the range 0.2-0.4 eV
above the ground state) by the light with a broad
spectral range of energies. The electron falls
down the conduction band very rapidly via cas-
cadinglike emissions of the LO phonon, and finally
drops into the energy region € <Zw;,. The proc-
ess of the cascading fall (with the emissions of
10-30 LO phonons).is believed to be accomplished
within 1 psec.’® The electron once dropping into
the region €<7w;,, will be rapidly accelerated by
E, to reach the state € =7%w;,, and thereaiter it
performs the streaming motion as described
above. The streaming motion will continue until
the electron is finally captured by shallow traps,
where 7, is several tens of psec as shown in
Table I. The time T, was evaluated for AgCl
and AgBr by using the values of m} and Zwy,
tabulated in Table II. The value of Ty, at E,
=1kV/cm is shown in Table III. T, at high
electric fields is much shorter than 7,. Second,
we consider the effect of impurity scattering. In
order that the streaming motion be realized in the
experiment, the electron must be rapidly acceler-
ated to € =7iw 4 before being scattered by impuri-
ties; in other words, E, must be intense enough
such that Ty, <7, is satisfied. In the present
experiment, the minimum field E,, at which T’
=T, holds, ranges from 100 to 1000 V/cm ac-
cording to the purity of crystals used. The value
of E,, evaluated for each crystal is indicated by an
arrow on each curve in Figs. 7-10.5" The stream-
ing motion is considered possible for higher elec-
tric fields E,>E .

We now examine the data of uy and v, on the
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scheme of streaming motion. The mean free time
of an electron is given by 3T, when the electron
is streaming. (Note that the time interval of suc-
cessive emissions of the LO phonon is given by
T.o.) Therefore, we can get, most simply, the
Hall mobility of a streaming electron in the form®®

K= (e/m*)3T o), amn

by replacing 7 in Eq. (11) by 3T;,. The quantity
ug was evaluated as a function of E,. The result is
shown by a solid line in Fig. 7 and in the inset.

We can note®® that every curve of w, vs E, begins
to fall steeply just above the indicated field E,, and
that all the data points at the higher E, fall close to
the solid line uj. These results definitely sup-
port the picture of streaming motion at high elec-
tric fields. The drift velocity of a streaming elec-
tron is given by a constant value %VLO independent -
ly of E;

v3=32V1o - (18)

In every crystal, the drift velocity of electrons

v, is saturated to a value close to 3V, at high E,
above E,, as seen in Figs. 8—-10. One can notice
that the saturated value of v, in Figs. 8-10 is
slightly lower than the value $V,,. In considering
the discrepancy we should recall that v, was esti-
mated from the value of u, by assuming the rela-
tion v, = uy E (for AgCl M0-1 and AgBr ZR 3-2 with
p=0) and v,=0.85u, E, (for AgC1 M1CB with p =
—%). These relations are not generally correct
when the electrons depart from the thermal equil -
ibrium state. We will show in the Appendix that
v, =% by E, holds when the electron is streaming
[see (A12)]. When we adopt the relation v,

=3 u, E, to estimate v,, the agreement of the sat-
urated drift velocity with 4V, becomes more
satisfactory, but the saturated value of v, slightly
exceeds the value 3V, by a factor (5-10%).° The
fact that v, exceeds $V, may reflect that the elec-
tron slightly intrudes into the higher energy range
€>hwy .5t

C. Variation in the electron kinetics with £, and H,

Suppose that an electron is streaming at an in-
tense electric field E, in the absence of magnetic
field [as described in Fig. 21(a)]. The theme in
this section is to elucidate how the mode of the
electron motion varies on application of a trans-
verse magnetic field H,. When H, is applied, the
trajectory of streaming electrons will be curved
due to the Lorentz force as described by Figs.
21(b) and 21(c). It is shown in the Appendix that
the curved trajectory at a given E, and H, is ex-
pressed by an arc on the v,=0 plane whose center
is located at the point C(0,-V,,0), where V, has

been defined by Eq. (13). The electron will re-
peatedly move on the arc from the point v=0 to a
point of the intersection of the trajectory with the
surface |[V|=V,. In this case, the trajectory of
streaming motion in the velocity space is deter-
mined by the relative position of the point C
against the surface |V|=Vy,. This means that the
trajectory is specified by using the normalized
tield £=V,(cE,/H,)™. When £{=0 (H,=0), the
point C is located at (0, -, 0) and the trajectory
is given by a straight line [Fig. 21(a)]. The point
C is located outside the surface |V|=V,, when
0<¢<1 [Fig. 21(b)] and the point C enters the sur-
face when £>1 [Fig. 21(c)]. At £=2, the trajec-
tory skims the surface |[V|=V, and the stream-
ing motion of electrons becomes impossible for
£>2 [Fig. 21(d)]. Several characteristic quantities
of the streaming motion were calculated as a func-
tion of ¢ for the range §<2. The results are sum-
marized as follows.*? The process of calculation
is briefly shown in the Appendix.

First, the tangent of the Hall angle of the cir-
cular motion, tané*=v$/v$ (where v$ and v$ are
the drift velocity of the streaming electron along
the x and y direction, respectively), is expressed
in the form, (A8);

tan65=2¢"2cos™(1-34£2)~ (4672-1)/2, (19)

Second, the time required for the electron to pass
from the point V=0 to the surface |V|=Vy, on the
trajectory of streaming motion, T ,(E,, H,), has
the expression, (A5),

T1o(E,, H)=T1o&™ cos™(1-3¢7), (20)

where T, in the right-hand side of the equation
is defined by Eq. (16). Third, the magnitude of
the drift velocity in the x -y plane, v%,,=[(v3)?

+ (v5)?]'/2, is obtained in the form, (A9),

0%y = VL(; [ cos™(1-4¢2)]*
x {3&%+ [cos™(1-582)- (£2-5&) /272, (21)

We evaluated these quantities by using the values
of the cold polaron mass m } and %wy,, for AgCl and
AgBr (Table II). Let us compare these results’

with the present data of tan6, @,, and (Q2+QZ2)*/2,

1. In the range §{ < I (circular streaming)

Equation (19) is shown by a solid line as a func-
tion of £ for AgCl in Fig. 16 and for AgBr in the
inset. It should be emphasized that no fitting pa-
rameters are involved in the comparison of Eq.
(19) with the data of tané. In the range ¢{<1,
agreement of the data points with the calculated
value is satisfactory. This assures us that the
picture of circular streaming [Fig. 21(b)] gives a
proper description of the phenomena in this
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range. Still, the measured value of tand is slight-
1y higher than the calculated one [by a factor
(5-15%) for AgCl] in this range. This may indi-
cate that the electron slightly intrudes into the
higher energy range €>%w,,. Let us further con-
sider the case when a weak electric field E, is al-
so applied on the electron to interprete the result
of @,. The field E, accelerates the electron
towards the z direction with the acceleration rate
—eE,/m* and the time of acceleration is limited to
T.o(E,, H,) by successive emissions of the LO
phonon. Therefore, the electron will acquire the
drift velocity along the z direction of the magni-
tude of

‘U: = -(e/m*)(éTLo)E, ’ (22)

where T, is given by Eq. (20). Inthe @, mea-
surements (in Figs. 19 and 20), overall decreases
in the current @, are observed with increasing E..
These phenomena indicate that T, (E,, H,) de-
creases with increasing E_.. In other words, the
successive emissions of the LO phonon become
more and more frequent as E_ increases and this
gives rise to an overall decrease of @, with E_.
Inorder to quantitatively compare Eq. (20) with the
dataof @,, let usrecall that the datapointsof @, in
Fig. 19 represent the quantity [%(E,, H,)/7,(0, 0)]v,.
The quantity 7,(E,,H,)/7,(0,0) itself is so far an
unknown function of E, and H, but the value
74(E,,0)/7,(0,0) is known as a function of E, from
the data of @ (E,) and v,(E,) shown in Fig. 9.
Here let us introduce the following quantity on the
assumption that 7,(E,,H,) is independent of H,,

QH(E, H,)=[r/(E,,0/r,0,0]0s, (23)

where ¢S is given by Eq. (22). Solid lines (a), (b),
and (c¢) in Fig. 19 are drawn according to Eq. (23)
for E,=1200, 2400, and 3400 V/cm respectively,
where the quantity 7,(E,,0)/7,(0,0) was deduced
from the data of @, and v, shown in Fig. 9. As
seen from Fig. 19, agreements between the lines

(a)=(c) and the corresponding data points are al-
most perfect in the range {<1. (Also in this case,
no arbitrary parameters are involved in the com-
parison.) This indicates that (i) Eq. (22) is valid
and the streaming electron successively emit the
LO-phonon with the time interval T\, (E,,H,) giv-
en by Eq. (20) in the range £<1 and (ii) the trap-
ping lifetime 7,(E,,H,) does not vary with H, in
the range {<1; 7,(E,,H,)=T,(E,,0) for {(<1. Thus
the experimental result of @, assures again the
validity of the picture of streaming motion. We
will discuss the behavior of the trapping lifetime
further in detail in Sec. IVD.

2. In the range 1< ¢ <2 (circular streaming and
population inversion)

All the curves of tanf vs ¢ begin to rise steeply -
and largely deviate from the calculated curve in
the range ¢>1 (in Fig. 16 and in the inset). All
the curves of @, vs H, also begin to rise steeply
giving a large deviation from the calculated curve
in the range ¢>1 (in Fig. 19). Thus the simple
picture of the streaming motion failsto explain
the data of tanf and @, in the range {>1. Hence,
we derive the following scheme of the electron
distribution, with a help of Maeda and Kurosawa’s
prediction.® In the range £>1, the point C enters
the surface |V|=V,, and consequently there emer-
ges a spindle shape region K in which the trajec-
tory of electrons does not cross the surface |7|
=V, [see Fig. 22(c)]. If an electron jumps into
the area via some scattering mechanism, it will
stay within this area for a long time without being
removed from this area. (The electron in K never
reaches the state |V|=V,, and is able to continue
its cyclotron oscillation until it is scattered by
impurities:) This situation should be compared
with that for electrons at the rest of the area: An
electron at any state outside of the area K will be
rapidly accelerated to the state |[v|=V,, and
scattered to the ground state v=0. With this sit-

(@) £=0

(b) &<1

FIG. 22. Variation in the hot electron distribution with ¢. (a) All the electrons distribute on the trajectory of stream-
ing. (b) Trajectory is curved around the point C(0,~V,,0). (c) Some of electrons accumulate into a spindle shape area
K, while the other electrons still distribute on the trajectory of streaming. (d) Trajectory for streaming disappears

and all the electrons are on cyclotron orbits within the area K.



5210 SUSUMU KOMIYAMA, TAIZO MASUMI, AND KOJI KAJITA 20

uation it is possible that a certain amount of elec-
trons accumulate within the area K, provided a
suitable mechanism of electron scattering is able
to supply electrons to the area K. (Vosilius and
Levinson® first noted the existence of the area K,
and subsequently, Maeda and Kurosawa® pointed
out the possibility of electron accumulation into
the area K on the basis of a Monte Carlo calcula-
tion on p-type Ge.) The mechanism for the ac-
cumulation will be discussed later. If a certain -
amount of electrons accumulate in the area K, the
electrons in K make a large contribution to the
Hall current but little to the current Q,. There-
fore, the Hall angle of a superposed current must
yield higher value than that of the calculated one
deduced only for the group of streaming electrons.
This explains the observed behavior of tand very
well.’820 The scatter of the data points of tand

in the range £>1 then indicates that the amount of
those electrons accumulated in the area K depends
on the purity of specimens and the strength of ap-
plied electric field E,, as will be numerically
analyzed later. In the case that E, is applied, the
electrons in K will yield a larger current @, [than
Q¢! given in Eq. (23)] since they have a long scat-
tering time as compared with the streaming elec-
trons.’»?° Thus, both behavior of tan6 and of @,
in the range £>1 provide definite evidence for the
electron accumulation in the area K. The electron
distribution in the range 1< ¢< 2 is believed to
consist of two groups of electrons: A certain
amount of electrons are accumulated in the area
K, whereas the rest of the electrons are stream-
ing, as described in Fig. 22(c).

One can note in the inset of Fig. 16 that the
curves of tanf vs ¢ for AgBr bend over in the
range ¢">1. This indicates that in AgBr positive
holes also accumulate into the area K in the range
¢">1. The impurity scattering time of holes in
AgBr ZR3-2 is as long as 13 psec (Table I), which
should be compared with the value T2, =4.2 psec
atE =1 kV/em (Table III). Thus it is not sur-
prising that the holes are streaming at high E, in
the range ¢"<1 and accumulate into the area K in
the range ¢*>1. The feature of tand-¢ curve is
simple for AgCl, giving no indication for the con-
duction of positive holes.

Let us consider the mechanism of accumulation.
The electrons in K have a finite lifetime; the elec-
trons will be scattered out of the area K via the
impurity scattering. Therefore, there must exist
a suitable mechanism to supply electrons into the
area K, in order that a certain amount of electrons
accumulate within the area K. First, impurities
may scatter electrons from the trajectory of
streaming into the area K. Nevertheless this can-
not be the mechanism since the same process also

removes electrons out of the area K. Second, it
may happen that an electron, which is initially
photoexited at a high energy state in the conduction
band, drops into the area K after a cascadinglike
emission of LO phonons. This process is not
likely to produce a sufficient amount of accumula-
tion to explain the observed behavior of tané and
@,. (The “volume of the area K”, V,, is a small
fraction of the “total volume” of the sphere V|
Vi, Vi For example, V,/V, ,~0.05at {=1.4,
whereas the ratio of the number of accumulated
electrons in K to that of the streaming electrons
reaches about 0.15 as will be seen in Fig. 23.)
This mechanism neither explains the scatter of
the data points of tan#é in the range {>1. Finally,
the most likely mechanism, suggested by Kurosa-
wa, is described as follows. A streaming electron
may happen to reach a higher-energy state, €
=lwy o + A€, and to jump. into the area K with an
excess energy € = A€ after the LO-phonon emis-
sion. Although the probability of such a process
may be low, the electron accumulation may be
realized via this mechanism since (i) the stream-
ing electron very frequently repeats the LO-phonon
emission and (ii) the electron once jumping into
the area K stays in this area for a long time. Let
us treat this mechanism quantitatively by assum-
ing that n, electrons are streaming, »n, electrons
are in K and the probability of a streaming elec-
tron jumping into the area K after the LO phonon
emission is Y. Then, the number of those elec-
trons jumping into and going out of the area K per
unit time is given, respectively, by n.y/T;, and
ng /Ty, Where Ty is defined by Eq. (20) and

7 mp denotes the impurity scattering time of elec-
trons in the area K. From the balance equation,

&=1.4
ol © AdCl Mo Eq.(24) with
‘I m Agal micd Y=°~§3"
o AgCl MICB /
L e _
5‘01— 099 -
e
- 09’. -
(o]
®
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FIG. 23. Ratio in number of the electrons in the area
K to the electrons in streaming at ¢=1.4. The ratio
nyg/ng is plotted as a function of Tﬁp/TLo .
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we obtain the ratio®® of n, to ng;
g /=Y (T¥ 1y /T10) - (24)

One can note the following points in the feature of
tanf-¢ curves in the range ¢>1 (Fig. 16). (a) For
each crystal, the rise of the curve with ¢ is steep-
er for higher E,. (b) The rise is steeper for the
crystal of longer 7° . [For example, compare
the curve for AgCl M0-1 crystal (°, =6.9 psec
and p=0) at 3700 V/cm with that for the M1CD
crystal (7%, =3.7 psec and p =0) at 4070 V/cm.]
(c) The rise is steeper for a crystal of p=0 than
for a crystal of p=—%. [For example, compare the
curve for the M0-1 crystal (7%, =6.9 psec and
p=0) at 1800.V/cm with that for the M1CB crystal
(T%mp=9.5 psec and p = —3) at 3300 V/cm.] These
observations are interpreted in terms of Eq. (24),
which insists that the accumulation should be en-
hanced with longer 7%, and the higher value of
E,. (T7, is proportional to E, at a fixed value of
¢. Note also that 7%, =7° _ for a crystal of p=0
but 7%, ~<7° _for a crystal of p= —3 since the
area K is located at a high-energy region within
the surface |V|=V,,.) We have estimated the
value of ny/ng from the data of tan6 and checked
the validity of Eq. (24). The superposed current
of the two groups of electrons will have the Hall
angle of the form

tanf= (nws+ngvX)/(nws+ngok),

where v, , represents the drift velocity of a
streaming electron in the x and y direction, and
v"x,y is the averaged drift velocity of electrons in
K in the x and y direction. v; and v§ are given by
Egs. (A6) and (A7). By setting v¥=0and vf=-v,,
we obtain the form

tanf=tan6*- (ny/n,)(V,/v5) , (25)

where tan6*=v3/v¢ is given by Eq. (19). Using Eq.
(25), we can estimate the value of n,/n, from the
observed magnitude of tand at a given £.%¢ -The
quantity n,/n, at £=1.4 in three different AgCl
crystals is plotted together as a function of 7% lm‘,/
Ty, in Fig. 23. [t%, = for MICB at {=1.4 was cal-
culated by the relation 7%, =7°  (e/kT)™/?, where
€ is set to be (m*/2)(V,o/1.4)% the energy value of
the point C(0, - V,,0) for {=1.4.] Data points of
the estimated value of (ng/n,),.,., fall close to a
solid line drawn according to Eq. (24) with the con-
stant ¥=0.034.

3. In the range ¢ > 2 (stable cyclotron motion in the region K)

In the range {>2, the trajectory for streaming
disappears as shown in Fig. 21(d) and all the
electrons will therefore distribute on the cyclo-

tron orbits within the area K [see Fig. 22(d)]. The
averaged drift velocity of electrons will then be
~(0, -V,,0). The data of @,, @,, and tanf are con-
sistent with this picture. The current @, falls
down to a small level at {=2 as seen in Fig. 11,
The small current @, remaining in the range £>2
comes from the residual impurity scattering. The
tangent of the Hall angle goes up to have a high
value at £=2 (Figs. 15 and 16). Solid lines in

Fig. 12 indicate the velocity V, as a function of H,
for E, =920, 1850 and 3700 V/cm. The velocity

V, is also shown as a function of E, for H, =32

and 57.6 kOe in the inset of Fig. 12. One can
notice that the data points of @, fall close to the
solid lines indicating V, in the range £>2. This
indicates that the speed of electrons in the y di-
rection is V, in the range {>2. From the fact that
@, fall close to the solid lines V,, we should also
notice that the trapping lifetime of electrons is
reduced to the low-field value in the high-magne-
tic-field range; 7,(E,, H,)~7,(0,0) in the range
£>2.

Thus, we have succeeded in explaining the
phenomena on a basis of the classical picture. It
is well known in quantum mechanics that the mo-
tion of a free electron at crossed fields is quan-
tized into the Landau state.®® The Landau quanti-
zation is insignificant for streaming electrons
since the frequent phonon emission breaks the
scheme of quantization. On the other hand, the
quantization effect may be significant for electrons
in the area K since those electrons have long
scattering time. Then we should expect a set of
“Landau cylinders” within the area K. Such a
quantized structure within the area K, however,
was not noted in the present experiment, in which
the Landau splitting Zw, is believed not large
enough compared to %wy,. (The value of 7w, in
AgCl is only about one sixteenth of Zw; , even at
60 kOe.)

D. Variation in the trapping lifetime of electrons with E, and H,

Photoelectrons in AgCl and AgBr crystals at
helium temperatures are captured by shallow trap
centers. Heyningen and Brown®® and Brandt and
Brown®’ investigated the nature of shallow traps
which dominate the electron capture at helium
temperatures in pure AgBr and AgCl crystals.
The ground state of the trap centers has been
estimated to lie 36.2 (AgCl) and 23.8 meV (AgBr)
below the bottom of the conduction band. Sakuragi
et al.®® supposed the trap centers to be interstitial
Ag* ion for both AgCl and AgBr crystals. The
electron once captured by the trap centers can
never be thermally excited to the conduction band
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in the time of photocurrent measurements at

4.2 K.*® The trapping lifetime 7, in the crystals
presently used has a value ranging from 10 to 100
psec at low electric fields (Table I).

We have pointed out in Sec. III B that the trap-
ping lifetime 7,(E ,H,) at H,=0 increases with E,.
We have also mentioned about the behavior of 7,
against H, (in Secs. IVC1 and IVC3). One can
clearly see from Fig. 18 how 7,(E,, H,) varies
with H,. The magnitude of the drift velocity,

v, (E,, H,), is expected to be v5, [given by Eq. (21)]
in the range £<1 and to be V, (=V 1, ¢™) in the
range {>2. A solid line in Fig. 18 represents

v;, as a function of ¢ in the range ¢ <2 and repre-
sents V, in the range {>2. We should note that
each @, — ¢ curve at high E, is almost parallel
with the solid line in the range ¢ <1. This means
that the increased trapping lifetime stands almost
constant against H, in the range ¢<1; 7,(E_, H)
=71,(E,,0). This behavior of 7, has also been
suggested from the independent data of @, in

Sec. IVC1. Next, we should note that all the data
points of €., begin to fall at {=1 and converge to
the solid line in the range {>2. This indicates
that 7, begins to decrease with H, above {=1 and
is reduced to the low-field lifetime in the range
¢>2; 7,(E,,H,)=1,0,0) for £>2. This has been
suggested from the @, data in Sec. IVC3.

We can summarize the behavior of 7,(E,, H,) at
high electric fields as follows:

(i) At H,=0(£=0), 7, increases with E,;

7,(E,, 0)>7,(0,0). The strength of electric field
at which 7, begins to increase depends on the
sample. In each sample, the increase in 7,
coincides with the saturation in v,.

(ii) In the range £ <1, 7, increases with E,
whereas it is almost independent of H,; 7,(E,, H,)
= Tt<Ex’ O)‘

(iii) In the range 1<¢{< 2, T, decreases with H,.

(iv) In the range £ >2, 7, is almost identical to
the low-field value; 7,(E,, H,)=1,(0,0).

Thus, the behavior of 7, is characterized again
by the quantity ¢{. Let us consider the physicai
mechanism for the variation in 7,. First, the
capture rate of electron by traps may depend on
the electron energy. This is not likely the mech-
anism for the present case, since the variation in
T, is observed in the range of E_ and H, where the
average energy of electrons is believed to be
almost constant. Second, the electric field ap-
plied may distort the wave function of trapped
states of electrons giving rise to a variation in
the capture rate. One cannot explain (i) the
sample dependence in the increase in 7, with E,
in terms of this effect. It is also hard to explain
(ii) the magnetic field dependence of 7, in terms
of this effect. We should note the following

points. (a) The increase in 7, coincides with the
occurrence of the streaming motion. (b) The in-
creased lifetime 7, is kept unchanged where all
the electrons are streaming. (c) The increased
lifetime begins to decrease where the accumula-
tion sets in and the number of streaming elec-
trons decreases. (d) The lifetime is reduced to
the low-field lifetime where the st'reaming motion
disappears. All these points strongly suggest that
the streaming motion is responsible for the in-
crease in T,. Itis hard, however, to explain the
variation in the capture rate of electrons by the
simple classical picture of the streaming motion.
The behavior described above of 7, appears to
give us an open problem for the polaron capture
process. It appears that a possible correlation be-
tween successive emissions of the LO phonon by a
polaron reduces the capture rate of the polaron
by traps. It should also be considered that the
streaming motion may affect the “polaron self-
energy.”

V. CONCLUSION

Galvanomagnetic effects of hot electrons in
zone-refined AgCl and AgBr crystals have been
investigated at 4.2 K in crossed electric field E,
up to 5 kV/cm and magnetic field up to 58 kQOe. It
was found that the LO-phonon emission by elec-
trons dominates all the other scattering mecha-
nisms at high E.. The drift velocity of electrons
is saturated to the value 3 V. at high electric
fields, where 3 m*V? o= liw . All the electrons
are believed to distribute on the streaming tra-
jectory which forms, in the velocity space, a line
between the two points V=0 and ¥=(-V,,,0, 0).
The effect of applying transverse magnetic fields
H, on streaming electrons is described in terms
of a normalized field £=V1,o/V,= @hwo/m*)/?
(cE,/H,)', where Vi =(7wy,o/m*)* 2 and V,
=cE,/H,. First, in a relatively low H, range
(; relatively high E, range), £ <1, the only effect
of H, is to bend the trajectory of streaming to-
wards the y direction. Accordingly, the Hall
current @, emerges and the tangent of the Hall
angle, tan6=@,/Q,, increases with {. The
magnitude of the current @, = (Q%+Q2)'/2 remains
almost unchanged in this range. The observed
value of tanf in this range is quantitatively inter-
preted in terms of the picture of streaming mo-
tion. All the electrons are believed to distribute
on an arc trajectory passing the point ¥ =0 with
the center at the point C =(0, -V, 0). The probe
current €, which is the response to a weak elec-
tric field E,, gives an evidence that the mean free
time of the streaming electron is limited by suc-
cessive emissions of the LO phonon. Secondly, in
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an intermediate range 1<¢{<2, the pbint C enters
the surface |¥|=V,, and there appears a new
group of electrons (n;) accumulated in a high
energy area K, while the other electrons (ns) are
still distributed on the arc trajectory of stream-
ing. According to this population inversion,
drastic changes take place in Q,, @, and also in
@, namely, tan® and @, abruptly increase and
Q,, decreases with increasing ¢ in the range 1<¢
<2. These observations provide a first experi-
mental evidence for the population inversion of
the type as has been predicted by Maeda and
Kurosawa.® The ratio of the population inversion
ng/ng is noted to be an increasing function of E,
and of the impurity scattering time. Finally, in a
relatively high-magnetic-field range (relatively
low-electric-field range), ¢£>2, the streaming
trajectory disappears and accordingly all the
electrons are obliged to distribute on the cyclotron
full orbits around the point C. It is directly con-
firmed from the data of @, that the drift velocity
of electrons in the y direction is -V, in the range
£>2. Some experimental evidence for the analo-
gous behavior of positive holes in AgBr crystals
is also presented.

The trapping lifetime of electrons 7,(E,, 0) in-
creases with E_ in the high electric field range
where the streaming motion is realized; 7,(E_,0)
>7,(0,0); where 7,(0,0) is the lifetime at low
electric and magnetic fields. It is found that the
application of high magnetic field H, reduces the
(increased) lifetime 7,(E,, 0) to a low-electric-
field value 7,(0, 0); namely, 7,(E,,H,)=T,(0,0) for
£>2. It is suggested that the streaming motion of
an electron (or successive emissions of the LO
phonon) plays an essential role in giving rise to
a variation in 7,.

Thus, conclusive evidence was experimentally
obtained, for the first time, for the streaming
motion, the anomalous distribution, and the popu-
lation inversion of electrons and holes in AgCl
and AgBr crystals at 4.2 K in crossed electric
and magnetic fields.
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APPENDIX: STREAMING MOTION OF ELECTRONS
INE, AND H,

The equation of motion of a free electron in an
electric field E and a magnetic field H is given in
the form

d -~ > e (> '
* 2. - = X
m*— V({)=-eE p (V@) xH). (a1)
For E = (E,,0,0) and H=(0, 0,H,), this equation

has the next solution under the initial condition
v(0)=0,

v, (t) ==V, sinwt, (a2)

v,(#)=V,(cosw,t-1), (A3)
and

v, (#)=0, - (A4)

with V,=cE_/H, and w =eH,/m*c. Equations
(A2)-(A4) represent the cyclotron motion of an
electron in the velocity space. The center of the
cyclotron orbit is the point C =(0, -V, 0); namely,
the electron drifts along the y direction with the
velocity -V,. Here, we suppose that an electron
which reaches the surface |¥|=Vy, is immedi-
ately scattered back to the ground state ¥=0.
Then the trajectory of streaming motion forms a
part of the cyclotron orbit as illustrated in Fig.
21. When ¢{=V,,/V,>2, the full orbit of the
cyclotron motion is closed within the surface IV [
=V o as illustrated in Fig. 21(d). In the following,
we only consider the case £<2. Let us denote by
T1o(E,, H,) the time required for an electron to
pass from the point ¥=0 to the surface |¥|=V,,
at E, and H,. The time T, ,(E,, H,) is obtained
from the equation, [v2(t)+v2()]*/?=Vy,. Using
Egs. (A2) and (A3), we obtain

T o=[@m*hw, o) /?/eE,] & cos™ (1 - 5¢3),
(A5)

The drift velocities of the streaming electron
along the x and y directions are obtained by
averaging v,(t) and v, (f) over the time; namely,

T
Ve = (Tyo)™ f "oy at

0

and
TLo
V5= (Tyo)? fo v, ) dt.
Elementary calculations of the integrals give

vi==V,[(1 = cosw T1o)/w,Tyo] (A6)
and

vy ==V, [(@.Ty0- sinw, T o)/ w,T 1] . (A7)
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We obtain the tangent of the Hall angle of the
streaming motion tan 6°=v5/v§ from Egs. (A5)-
(A7) in the form

tan8° =2¢ 2 cos (1 - $¢%) - (4272 -1)1/2,  (A8)

We define v3,, the magnitude of the drift velocity
on the x-y plane, by the equation v$, =[(vg)?+ (v5)?]*/?
with v$ and v$ given by (A6) and (AT). Using (A5), we

obtain vj, directly from (A6) and (A7) in the form
v3y=Vyo[Ecos™ (1 - 3¢ At
x{f¢4+[cos (1 - 3¢£%) - (£2-§ £HY 22,
(a9)

To meet the previous definition of the Hall mobil-
ity [Eq. (9)], we define the Hall mobility of the
streaming electron by

S

s
x

s ~1im [ S
My =lim < I,
By developing the trigonometrical function in
Egs. (A6) and (A7) into series, we obtain u$ in the
form

By =(e/m*)(5 Tyo).

The drift velocity of a streaming electron at H,
=0 is

(A10)

vi=limvi=3Vio=(e/m*) (3T .0)E,. (A11)
wc-O
Thus the relation between v§ and u3 is
v5=3 uyE, . (A12)

So far, we have adopted the condition v(0) =0 for
the initial velocity. Under an arbitrary initial
velocity ¥(0) = 2, v5,v3), Eq. (A1) has the follow-
ing solution:

v, (t) = -V sinw, t+6), (A13)

v, () =V cos(w,t+0)-V,, (A14)
and

v, () =0}, (A15)
where V and © are determined by the initial
velocity

-V sin®@ =2 (A16)
and

Veos® -V, =03, (A17)

The kinetic energy of an electron oscillates with
time. The maximum energy exceeds 7w, ir-
respective of the choice of initial velocity when
£<1. For 1<{<2, on the other hand, it is pos-
sible that the energy of electron never reaches
7w, when the initial velocity satisfies the rela-
tion

(V+ V) + @Y% <Vis. (A18)

Electrons with the initial velocities satisfying
(A18) have long scattering time against the phonon
emission. The group of the trajectories of such
electrons forms the spindle-shaped region K as
shown in Fig. 22(c).
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