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De6nite Evidence for Population Inversion of Hot Electrons in Silver Halides
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Hot-electron kinetics and distribution in pure AgC1 and AgBr at crossed electric and

magnetic fields have been studied at 4.2 K up to E„=8.4 kV/cm and H, = 58 kOe by detect-
ing a response current Q 8 to a perturbing electric field E in the transient condition. The
results of measurements on Q,(E„,H, ) established the pictures of an ideal streaming mo-
tion of electrons in the range cE„/H, )VLo (where j22n+VLo =—K&u Lo) and of a population
inversion of hot electrons in the range cE„/H & V ~o.

An anomalous distribution of hot electrons as
predicted by Maeda and Kurosawa' has been ob-
served experimentally in silver halides at 4.2 K
in crossed electric and magnetic fields. ' Here
we report a definite evidence for the population-
inversion phenomena obtained by successfully de-
tecting an anomalous current flowing within a
limited area E in velocity space.

The experiment was performed on photoelec-
trons in zone-refined AgC1 and Agar crystals,
which have the values of low-field electron mo-
bility about 3.6x10' and 1.2x10' cm'/V sec, re-
spectively, at 4.2 K. High electric fields (E„,0,
0) up to 3.4 kV/cm and crossed magnetic fields
(0, 0, H, ) up to 58 kOe were applied to a specimen
of a typical size about 0.7x 5x5 mm'. A weak
electric field E, was also applied along the z di-
rection and the response current Q, was detected
by a fast-pulse technique with an improved ar-
rangement of blocking electrodes. Photoelectrons
of the order of 10'/cm' were excited in the speci-
men by using a xenon flash tube. No appreciable
space-charge effects were involved because of the
low concentration of photocarriers. The measure-
ments were made in the transient condition. '

The response current Q, was studied as a func-
tion of E„and H, . Dependence of Q, on H, at
various levels of E„ is shown in Fig. 1 for a crys-
tal of Agcl. In the measurement, E, is fixed to
15 V/cm, which is sufficiently low so that the ap-
plication of E, does not cause any appreciable
hot-electron effects by itself. Therefore we can
regard Q, as a probe current to the hot-electron
system in the presence of E„and H, . The cur-
rent Q, at E„=0 is almost independent of H, .
This is naturally expected for AgC1, which has
a spherical conduction bant at point F. With in-
creasing E„, the current Q, exhibits an overall

- decrease in a low-H, range, reflecting a reduc-
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FIG. 1. Photocurrent Q in the z direction at crossed
fields E=(E„,O, E ) and H= (O, O, H ). Here the perturb-
ing fields E (15 V/cm) is sufficiently low so that q
directly reflects the "electron mobility" along the z di-
rection in the condition of K = (E„,O, O) and H=(O, O, Hg).
An arrow on each Q;H, curve indicates the magnetic
field position at which cE„/'H, =V I 0 (where ~2*VI Q
= ku&Q) is fulfilled. All the curves at high E„rise
steeply just above the indicated field.

tion in the electron mobility with E„.' Every
Q, -H, curve at high E„ includes a flat portion in
a relatively low-H, range, while it rises steeply
with II, in a higher-H, range causing a kink at
an intermediate H, . The position of the kink
shifts toward higher magnetic field as E„ increas-
es. It was found that the following equation is
satisfied at the kink:

cE„
H

"=~r.o
g

where c is the light velocity and Vzo represents
the velocity of an electron whose kinetic energy
is equal to the LO-phonon (LO stands for a longi-
tudinal optical branch) energy lao„o (—,'m*V&o'
-=Su„o). The quantity Vto is evaluated for elec-
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trons in AgCl to be 1.4x 10' cm/sec by using the
value of the polaron effective mass' m* =0.43m,
(m, is the free-electron mass) and the value of
So~0 = 23 meV. ' The position of magnetic field at
which Eg. (1) is fulfilled is indicated on each
curve in Fig. 1 by an arrow. We can summarize
the behavior of Q, (E„,H, ) as follows: (A) In the
range of relatively low H, (with relatively high
E„)where cE„/H, & V„o, Q, is almost independent
of II, while it decreases with increasing E„.
(B) In the range of relatively high H, (with rela-
tively low E„)where eE„/H, & V«, Q, increases
abruptly with II,. Essentially similar results
were obtained also for AgBr.

Let us try to interpret these results in terms
of the streaming motion of electrons. " It has
been confirmed in the Hall-effect measurements'
and also in cyclotron-resonance experiments' "
that an electron in silver halides performs an
ideal streaming motion at high electric fields in
velocity space. A trajectory of an ideally stream-
ing electron is shown by a solid are in Fig. 2 for
two cases of (a) cE„/H, & V„o and (b) cE„/H, &Vio.
When E is applied on a streaming electron, the
time of free acceleration of the electron along the
z direction is limited by successive emissions of
Lo phonon. The time interval between the suc-
cessive emissions is equal to a traveling time of
the electron from the point iv i

= 0 to a point
i vi

= Vzoon the arc. Therefore, in order to explain
the observed increase of Q, in the range cE„/H,

& VLO in terms of the streaming motion only, we
must consider that the traveling time increases
abruptly in the range cE, /H & V„o. However,
this is not the case. It can be easily shown that
application of H, (at a fixed E,) does not seriously
affect the traveling time, which decreases mono-
tonically with increasing E„." Then the simple
picture of streaming motion well explains result
(A), whereas it is quite insufficient to explain
result (B). We are forced to consider an addition-
al mechanism which gives rise to the abrupt in-
crease in Q, . Here we should note that in the
range cE, /H, & Vio the center of the cyclotron
motion, C—= (0, —cE„/H„O), enters the surface
ivy = Vio and accordingly there appears a new
area K within the surface, in which electron tra-
jectories never cross the surface ivy= Vio. ' The
area K forms a spindle-shape region along the z
direction bounded by the surface i v i

= V„o with
the center at the point Cas described in Fig.
2(b). ' An electron in the area E, if any, may
contribute to Q, much more efficiently than a
streaming electron, since the mean free time of
an electron in the area E is believed much longer
than that of a streaming electron. " Therefore,
if we assume (as theoretically predicted by Maeda
and Kurosawa') that a certain amount of electrons
are accumulated in the area K, the response cur-
rent Q, may suddenly increase as H, increases
to cover the range cE, /H, & V„o introducing an
emergence of the area E. This is just the ob-
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FIG. 2. Anomalous distribution of hot electrons in velocity space for different two conditions of the relative
strength of crossed fields E = N„, 0, 0) and H= (0, 0,H,). The point C denotes the center of the cyclotron orbit, C
=(O, -cE,/H„O). (a) In the range cE„/H, &Vio, the Point C is located outside of the surface iv i =Vio. The trajec-
tory of a streaming electron is curved by the Lorentz force resulting in an arc around the point C. All the elec-
trons are believed to distribute on the trajectory of streaming. (b) In the range cE„/H &Vio, the point C is located
within the surface iv i =VLo. No serious change is involved in the kinetics of streaming electrons, but, in addition
to the trajectory of streaming, there emerges an area K in which a certain amount of electrons are accumulated.
An electron in the area K is able to produce a large response current Q when a perturbing E~ is applied, by drift-
ing along the z direction in a helical motion.
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served phenomenon. Thus these results definite-
ly support the interpretation that a population in-
version of hot electrons such as described in
Fig. 2(b) has been realized in silver halides at
4.2 K in the range cE„/H, (Vto. Naturally there
must exist a mechanism to supply electrons into
the area K which leads to the electron accumula-
tion. Kurosawa suggested the following process
for the accumulation, on the basis of a Monte
Carlo simulation. '4 A streaming electron may
happen to overrun the surface ivy = VLo to reach
a higher-energy state ~= A+Lo+ E~, and to jump
into the area E with an excess energy d~ after
the LO-phonon emission. Although the probability
of such a process may be low, we can believe
that the electron accumulation can be realized
via this process in the present experiment since
(1) the streaming electron very frequently re-
peats the LO-phonon emission and (2) the electron
once jumping into the area K stays in this area
for a long time. This type of electron accumula-
tion was first found experimentally in the Hall-ef-
fect measurements on silver halides. ' The pres-
ent report establishes the interpretation present-
ed in Ref. 2.

We conclude that a definite evidence for the ad-
vent of the population inversion of hot electrons
has been obtained by observing a large helical
current within the accumulation area E. More
detailed nature of the phenomena, such as the
microscopic mechanism of the advent of popula-
tion inversion, the ratio of population inversion,
and scattering mechanism for electrons in the
area K, will be discussed in a future paper"
based on a quantitative analysis of the experimen-
tal results.
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The primary interest here exists ia the range cE„/
H, )V io/2. Ia the range cE,/H, (V&o/2, the streaming
motion becomes impossible (see Befs. 2, 8, and 11).

i~Collision process of electrons in the area K is be-
lieved to be dominated by impurity scattering. The val-
ue of (L)cTjygp in AgC1 MlCB is estimated to reach as high
as 12 at 58 koe.
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