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The effect of a longitudinal magnetic field in electroacoustic absorption is studied in this paper in the
extreme quantum limit, when only the lowest Landau level of the electrons is occupied. The magnetic field
enters the theory through its effect on the electronic relaxation time. The case of relaxation times as given
by acoustic-phonon scattering has been fully solved analytically, while for ionized-impurity scattering,
numerical integrations are necessary. Numerical examples are shown and discussed.

I. INTRODUCTION

Experimental results'=3 show that the absorption co-
efficient a of an acoustic wave in semiconductors is
affected by the presence of a magnetic field applied to
the sample parallel to the direction of propagation of
the acoustic wave. In these semiconductors the fields
generated by the acoustic wave which contribute ap-
preciably to its absorption by charge carriers are the
piezoelectric field and the deformation-potential field.*
The latter is always -parallel to the acoustic wave
vector, and so is the piezoelectric field when it is not
negligible. Therefore, a simple theory which takes into
account the magnetic field only through its effect on
the orbits of the carriers gives no explanation of the
longitudinal magnetic-field dependence of the absorp-
tion coefficient.’ .

Good agreement with the experimental results of
Ref. 1 was obtained by the authors® by taking into
account the effect of the magnetic field on the elec-
tronic relaxation time . The change in r is caused in
this theory by the Landau quantization of the elec-
tronic orbits. This interpretation has been confirmed
by recent results of Bray’s group.? They observed reso-
nant acoustoelectric gain when the energy difference
between two Landau levels is equal to the energy of
optical phonons in the semiconductor. At these field
intensities there is a drastic decrease in 7; the absorp-
tion coefficient (or amplification coefficient, when a
high electric field is applied) varies inversely with 7 at
these frequencies, so that maxima in « occur.

In the letter mentioned above® the authors gave only
the results of the theory for the particular case when
the carrier relaxation time is essentially determined by
ionized impurity scattering, as was probably the case
in the experiments discussed.

In this paper we present the theory of this effect in
greater detail and extend it to the case where the elec-
tronic relaxation time is dominated by the scattering
from acoustic phonons. We again confine ourselves, as
in Ref. 6, to the extreme quantum limit, when the
magnetic field is so high that the spacing 7w, between
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the Landau levels is much larger than the thermal
energy kT'; all the conduction electrons are therefore
in the lowest quantum state.

In the present calculations the transport coefficients
are obtained by means of Chambers’ method, which is
equivalent to solving the Boltzmann transport equa-
tion. This classical equation may not be valid in the
region of high magnetic fields considered here. In our
case, however, the Boltzmann equation is used only
for the distribution of the components of the electron
velocities parallel to the magnetic field and to the wave
vector, where the acoustically induced forces act, and
the magnetic field is not effective. In the plane perpen-
dicular to the magnetic field no effective forces are
induced by the acoustic wave. All the electrons may
be assumed to occupy, in a stationary distribution,
the eigenstates of the Hamiltonian belonging to the
different Landau levels. (In particular, in our case all
the electrons lie in the lowest Landau level.) There-
fore, the use of the Boltzmann transport equation is
justifiable, as regards the Landau quantization, for the
case of longitudinal magnetic fields.”"

A different problem which arises in using the classical
transport equation is related to the quantum inter-
ference effects between the electron waves and the
acoustic wave. This fact makes our calculations invalid
at very high ultrasonic frequencies. In InSb, for exam-
ple, the quantum “‘electron recoil””* becomes significant
at frequencies around 10°-10" rad/sec, while for sub-
stances with higher electronic effective masses the clas-
sical theory validity limit is higher. However, we ex-
tend the range of frequencies considered in this paper
well above this limit and even above the limit of fre-
quencies existing in solids in order to give a complete,
consistent picture of the classical theory in both low-
and high-frequency limits.

The theory is given in Sec. II, while numerical exam-
ples are shown and discussed in Sec. III.

II. THEORY

Following the lines of the well-known paper by
Cohen, Harrison, and Harrison,® we assume that an
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acoustic wave with velocity field

u(r, ) =uo exp[i(qr—wt) ] (1)

propagates in a continuous elastic medium with back-
ground charge density noe and o carriers per unit
volume with charge —e and scalar effective mass m.
These carriers are assumed to obey classical statistics.
The elastic medium interacts with the carriers through
a deformation potential and a piezoelectric field. Pure
electromagnetic interaction of the carriers with the
background charge and currents can be neglected in
semiconductors, due to the low charge density. We
neglect also the collision drag effect,” since it is negli-
gible with respect to deformation potential and piezo-
“electric interactions.

A magnetic field H is applied parallel to the wave
vector q || z. It is assumed to be so high that only the
lowest Landau level is available to the electrons at the
temperature T of the sample. The carrier distribution
function in the equilibrium condition is then a function
of the z component v, of the velocity of the carriers
alone:

Jo (v:) =[no/ (/) 0] exp[— (vs/w)*],  (2)

where 7y is the thermal velocity (2kT/m)V2.

The theory of the electronic contribution to the
acoustic absorption proceeds now as for the case with-
out magnetic field"! because the effective force acting
on the carriers is parallel to the wave-propagation
direction and, therefore, to the longitudinal magnetic
field. The result is the familiar expression for the ab-
sorption coefficient in the linear approximation:

a= (w’4%/pvao) Re[ (¢'/00) —i(w/w) T, (3)

where
A?=e>+ (kgC/4me)?, (4)
p is the density of the crystal, v, is the velocity of the
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sound wave, oo is the dc conductivity of the sample,
w, is the dielectric relaxation frequency 4moo/x, « is the
dielectric constant, ¢ and C are the piezoelectric and
the deformation-potential constants, defined in such a
way that the piezoelectric polarization, parallel to q by
assumption, is given by

=—(M/v8)es (5)
and the deformation-potential tensor C gives

q-C-u=¢Cu. (6)

o’ represents the conductivity as modified by the diffu-
sion:

o’=c/(1—R). )

The transport coefficients ¢ and R are now evalu-
ated over the one-dimensional distribution function.
They have the form!!

7)22f0Hd7)z

162 /‘+eo
" kg ) vt/ (g =, ®

LAY S 7
1o J o wr[v5t+1/(qr) —0,]

Here the relaxation time 7 of the electrons is a function
of both the electronic energy (or v,) and the magnetic
field. The expressions for 7 used in Ref. 11 must now
be substituted by the equivalent expressions valid when
the magnetic field is applied.

In what follows we shall discuss two cases of practical
importance: First we give a complete analytical solu-
tion to the case of 7 as given by acoustic phonon scat-
tering; then we discuss the case of  as given by ionized
impurity scattering, but in this case, due to the com-
plexity of the formulas, numerical integrations are nec-
essary for the transport coefficients.

R

9)

Acoustic Phonon Scattering

When the relaxation time of the carriers is essentially due to the scattering from acoustic phonons, at the ex-

treme quantum limit Argyres and Adams’ give

r=14(2;) = (21T /fiws.) I Uz | /),

(10)

where 7, is a constant with the dimension of time such that the relaxation time of the electrons due to the same
type of scattering in absence of the magnetic field is given by 7,%/2. When this expression for 7 is substituted into
Eq. (8), the transport coefficient ¢ becomes, after simple calculations,

opt(w) 2 (/“" Eexp(—£)df /“’ g eXp(-SZ)d€->

g0 (Vg \Jy  EtEs+iP 0o E—&—iP ’

where P=Hw./(2kTql,), lo= o4, lo=170, $=1s/0, and 7o is defined in such a way that ao=1e?ro/m. We note that

7o and 7, are related by the equation 7,=2(1/7) 7. We may simplify the integrands in Eq. (11) by carrying out
the division. We then obtain

ot (w) 2s 24

o g (V) dh

(11)

© (s24iP)t+isP

< © (s2—iP)t+1isP
0 2—st—iP

£2+S£+ZP CXp( _sz)dg_ '/;

exp(—?)ds) . (1)
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We can again transform the ratios in the integrands into simpler ratios:

ogt(w) s is? [(__ 3IiM—1 ) » exp(—£)d¢ (_. M1 ) = exp(—£)d¢
= 0t a M Ggan) | e (1M s ), e
Lo 3iM+1 u"e)<p(——£2)¢i£__( . 3iM+1 ) <="exp(-—&z)df]
_<1+’M (1+4iM)1/2>/0 £tz * S (1+4iM)”2/0 g—iz* |’ (13)
where
2= bis[ (1—4iM)V2£1], (14)

M=P/s? and the asterisk indicates complex conjugation. Now the integrals can be expressed in terms of the
exponential integral function E; and the function w related to the error function, since®®

/w SM =1 exp(-—cz)El(-—Cz):F%iT'w(:tC))

o +C
where the upper (lower) signs hold if the imaginary part of C is larger (less) than zero. We then obtain
A(w 2is 152 . 3IiM—1 . .
UHUE ) =— -qz m {(1—-z + m) [exp(2-2) Ey(2-2) —imw(iz-) ]
. 3iM—1 ..
+ (1— iM— Z—I—:TH—W) [exp(zﬁ) E1(2+2) +z1rw(1z+)]
. 3iM+1 L
- (1+2M— W) [exp(z_2*)E1(z_2*) —zrw(ﬁz_*):]

IiM+1
- <1+iM+ (T:—Th_*—M—)l/?) [exp(z+2*)E1(z+2*)+i1rw(iz+*):|} . (15)

Now we note that w(2*) =w*(—2) and E;(2*) = E;*(z), and we obtain

Re (”’A(w)> - " Re {(M+i) [exp(a.?) Ex(52) +exp(2-%) Ea(2.9) ]

o 1 (Vm)glo
3M+i
t 21?4%‘7 Lexp(z?) Ea(24*) —exp(3-?) Ex(z_z)]} , (16)
Im (ayisw)) - % + (\/qvl:)s“’ Re {(M+i) [w(izy) —w(iz-) ]+ (—li—ﬂi%ﬁ [w(iz+)+w(iz_)]} .o

Substitution of r as given in Eq. (10) into Eq. (9) leads to the expression for Ry4(w). We follow the same
lines as for oz4(w), and the result is

Re[Ru#(w) ]=13(m) M's Re{[w(iz;) —w(iz_) 1+ (1— 4iM) [ (izy) +w(iz-) 1}, (18)
Im[ Ry (w) J= — (M's/2+/7) Re{[exp(z,?) Ea(2,%) +exp(z-) Ey(5-2) ]
+ (1= 4iM)~*[exp(2.%) Ex(2,%) —exp(s-2) Er(2-3) ]} (19)

Ionized Impurity Scattering where
© dx
When the relaxation time of the carriers is essen- I(y)= f xe” =1—vye'Eu(y), (21)
tially due to the scattering with ionized impurities, at 0 wty
the extreme quantum limit, the expression for 7 given v= (&s/Tiwsc) [14+4(./v)2 (kT /es) ], (22)
by Argyres and Adams’ has the form =52/ 2mr 2, (23)
vs | ® 142 (20/v:)*(e/kT) re=kkT /4men,, (24)

(20)

=157 (v,)=17;

I(vy) ’ and 7, 1is a constant with the dimension of time such that
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" transport coefficients in the case of impurity scatter-
\\'\\ \ ing. We simply note that ¢ and R may be given the
~LL following forms:
~ .
10" SN o 2 /“’ (Vzx)e[141/wr] p (21
= ”
oo (Vmorty, [14+i/orP—ux/s2
:’-\ ’ w (I —z( 1
R= — Wmerjer) o0 (28)
< (Vm)stJy [14i/wrP—x/s?
10°

-4 w -2 B -
10 10 10 10 1 10
2 2

(/%) (vz/vo)

F1c. 1. Relaxation times for GaAs at 77°K. The horizontal
dashed line gives the constant 9. The dashed line labelled by
74 gives the relaxation time due to acoustic phonon scattering
in absence of magnetic field. Solid lines give 754, as given by
Eq. (10), due to acoustic phonon scattering with applied mag-
netic field. The numbers on the solid lines indicate the values of
the magnetic field as specified in the text. The independent

variable in the x axis is (v/7,) 2 for the dashed lines and (v,/v,)2 for
the solid lines.

the relaxation time of the electrons due to the same
type of scattering in absence of magnetic field is given
by the Brooks-Herring formula

- 7i(v/0)*[In(14+8) — B8/ (14+8) 17, (25)
B=4(v/w)*(kT/e,). (26)

Comparing the expressions in Egs. (20)—(24) due to
ionized impurity scattering with the previous expres-
sion in Eq. (10) for the acoustic phonon case, and
taking into account the form of the final results of the
previous case, the reader may well imagine that we
~were not able to give an analytical solution for the

o (em™)
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Fic. 2. Absorption coefficient as function of frequency for
GaAs at 77°K. The dashed line refers to H=0. Solid lines refer
to the same values of the magnetic field as in Fig. 1. (See Ref. 14.)
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F1c. 3. Absorption coefficient as function of magnetic field
for GaAs at 77°K, for several values of the frequency. The
dashed lines indicate the values of « for H=0. The numbers on
the curves are the corresponding values of w. (See Ref. 14.)

These expressions have been used for the numerical
calculations in the following section for the case of
impurity scattering. They have also been used for the
acoustic phonon case to check the analytical solution
in Egs. (16)—-(19).

III. NUMERICAL RESULTS AND DISCUSSION

Two numerical examples will be developed and dis-
cussed in this section. In the first example we consider
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n-type GaAs at 77°K with an acoustic wave propagat-
ing along a [110] direction with polarization in the
[0017] direction as in the numerical example in Ref. 11.
The set of parameters used are

oo=2.0X 10" sec™},
2= 3.35X 10° cm/sec,

e14=06.8X10* esu/cm?,
p=35.35 g/cm3,

no=1.7X 106 cm™3,
k=12.5,
m=0.067m,,

myo being the mass of free electrons, and ey the piezo-
electric constant. No deformation potential is present
(C=0) since the acoustic wave has transverse polariza-
tion. For this particular geometry e is simply ey. In
this first numerical example we consider acoustic pho-
non scattering dominant in the determination of the
carrier relaxation time.

In Fig. 1 the relaxation time is shown as a function
of the energy. More precisely, the independent vari-
able on the x axis is (v/w)? for the dashed lines repre-
senting 7o=const and 74 as given by acoustic phonon
scattering in absence of the magnetic field. Both curves
for zero magnetic field are normalized to the same con-
ductivity oo; no other parameters are necessary for the
curves with H50. For-the solid lines, representing
754(v,), the independent variable on the x axis is
(v2/v)% The numbers on the solid lines refer to two
different values of the magnetic field: The number 5
labels the curve for H=1.91X10® G (fiw,/kT=35);
the number 20 labels the curve for H=7.64X10° G
(Aiwo/ kT =20). .

In Fig. 2 the absorption coefficient for this first
numerical example is shown as a function of frequency.
The dashed line refers to the case with no magnetic
field,"* while solid lines refer to the same values of the
magnetic field as in Fig. 1. At low frequencies, where
¢iKk1 and the local Hutson and White theory holds,
a is proportional to ¢~ Since the relaxation time of
the electrons in the presence of the magnetic field is
smaller than for H=0 for all effective values of the
energy (see Fig. 1), we have a decrease of ¢ and an
increase of & with the applied magnetic field. Further-
more, 7y4 and, therefore, ¢ are proportional to H! so
that « is proportional to H. Finally, the reduction of
7 due to the magnetic field has the consequence of ex-
panding the range of validity of the local theory toward
higher frequencies. .

In the intermediate frequency region of ¢/>1 the
local nature of the conductivity breaks down as the
carriers travel through many wavelengths. This smears
out the ability to bunch the carriers in phase with the
acoustic wave due to the difference in velocity between
carriers and wave. This has been called the ¢l effect in
a previous publication."* The magnetic field, by reduc-
ing 7, reduces the ¢/ effect, and we have larger « in the
intermediate frequency region as well.

At still higher frequencies the discussion of attenu-
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F16. 4. Relaxation times for InSb at 20°K. The horizontal
dashed line gives the constant 7. The dashed line labeled by
71 gives the relaxation time as due to ionized impurity scattering
in absence of magnetic field. Solid lines give 57, as given by Eq.
(20), due to ionized impurity scattering with applied magnetic
field. The numbers on the solid lines indicate the values of the
magnetic field as specified in the text. The independent variables
in the x axis are the same as in Fig. 1.

ation in terms of simple magnetoresistance effects in
o breaks down. For ¢/>>1 individual electrons which
become synchronized with the wave motion (i.e., reso-
nant interaction) dominate the attenuation. Only very
slow electrons can remain synchronous and so the domi-
nant electrons shift to lower energy as the frequency
increases. These electrons with lowest energy are those
which have their lifetime reduced most by the magnetic
field. This reduction in lifetime reduces the synchro-
nous time, the electron wave interaction is ultimately
reduced, and the attenuation decreases. This explains
the inversion of the curves in the right-hand part of
Fig. 2. It must be noted, however, that the right-hand
part of Fig. 2 refers to values of the frequency which
are outside the range of validity of our classical theory."

In Fig. 3 we show the absorption coefficient as a
function of the magnetic field for several values of the
frequency.* To understand the main features of this
figure we should remember that 7z4 decreases with
increasing magnetic fields as H! [see Eq. (10)]. Fur-
thermore, the absorption coefficient a depends upon =
essentially through the product wr (or ¢l) so that a
sort of displacement law holds according to which simi-
lar behavior of & can be obtained by increasing the
frequency or by increasingr (i.e.,decreasing the magnetic
field). Now, at low values of w, or high values of the
magnetic field, when (g/)<<1 and the local theory holds,
a increases with H as we have seen above. This can be
seen in the two upper curves (w=1X10" and 5X10%
rad/sec) and in the right-hand part of the curves for
w=5X10" and 1X10" rad/sec. At higher values of w,
or lower values of H, when g/ becomes comparable with
unity, the decrease in 7 due to the increase of H is
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Fi1c. 5. Absorption coefficient as function of frequency for
InSb at 20°K. The dashed line refers to H=0. The solid line refers
to H=38.5 kG (hw./kT=20). (See Ref. 14.)

more effective in reducing the ¢/ effect than in reducing
o, so that ¢ increases and o decreases with the magnetic
field. This explains the left-hand part of the 5X 104
and 1X10% curves and the right-hand part of the next
two curves. If wr is further increased, the diffusion
becomes dominant, lower 7 reduces the diffusion and
therefore increases o so that « increases with the mag-
netic field, as can be seen in the left-hand part of the
5X102 and 1X 10 curves, in the next two curves, and
in the right-hand part of the 5)X10* and 1) 10% curves.
For values of the frequency so high that the diffusion
already washes out any bunching, 7 controls the reso-
nance of the electrons travelling with the wave: Lower
7 corresponds to poorer resonance so that a decreases
with increasing H, as can be seen in the last curves of
Fig. 3. Finally, for still higher values of wr we reach
the high-frequency limit and no distinction exists for
H=0 or H#0 (this limit is independent of 7), as can
be seen in the left-hand part of the last two curves in
Fig. 3.

In the second numerical example we consider a longi-
tudinal wave propagating along a [1117] direction in
InSb at 20°K. The set of parameters used is

oo=1.0X108 sec!, mp=1.75X 10" cm3,
7,=23.94 X 10% cm/sec, k=18,
en=1.8X10* esu/cm?, m=0.013my,,
p=>5.78 g/cm3, C=1.32X10"" ergs.
For this particular geometry ¢ is given by (2/V3)ey,
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and we have deformation-potential coupling in addi-
tion to piezoelectric coupling. This second numerical
example will be considered as one in which ionized
impurity scattering is dominant in the determination
of the carrier relaxation time. This example corresponds
to the physical situation of Nill and McWhorter’s ex-
periments.! A comparison with the experimental results
is given in Ref. 6. The agreement between theoretical
and experimental results should improve by taking into
account quantum electron recoil in the interaction be-
tween electrons and the acoustic wave.!

In Fig. 4 the relaxation time is shown as a function
of the energy. The independent variables along the
axis are the same as in Fig. 1. The numbers on the solid
lines refer to H=9.63 kG and 38.5 kG corresponding
to the same values of the parameter fiw,/kT as in the
first example. Both curves for zero magnetic field are
again normalized to the same value of o9y, and no other
parameters are necessary for the curves for H#0. We
note that 7y’ is very slightly dependent on the particu-
lar value of the magnetic field. This determines a slight
dependence of « itself upon the particular value of H,
so that we do not give the equivalent of Fig. 3 for this
second example.

In Fig. 5 the absorption coefficient is shown as a
function of frequency for the case of no magnetic
field" ‘and of H=38.5 kG (fiw,/kT=20). Since the
electronic relaxation time 75’ in presence of the mag-
netic field is higher than for H=0 in the range of
energies which are important in dc conditions, we have
negative dc magnetoresistance. Therefore, at low fre-
quencies, where the local theory holds, ag? is smaller
than in the case of no magnetic field. For the same
reason, however, we reach the condition g/~1, where
the ¢l effect becomes effective, at lower frequencies
when H3#0 than when H=0. Since the ¢/ effect tends
to increase the absorption coefficient, we have the cross-
ing of the two curves shown in Fig. 5 at w>~2X10°
rad/sec. For higher values of the frequency the behav-
ior of the curves in Fig. 5 is the same as in Fig. 2
(except for the w? dependence of the deformation po-
tential coupling), due to the similar dependence of 74!
and 754 upon energy. This can be seen in Figs. 1 and 4.
As we mentioned above, however, in this second case
we have very little dependence of the absorption co-
efficient upon the magnetic field.

To conclude: In this paper we have studied the effect
of a strong longitudinal magnetic field on the electronic
contribution to the acoustic absorption in semiconduc-
tors. We considered only the extreme quantum limit,
when only the lowest Landau level is available to the
electrons. In our theory the effect of the magnetic field
on the absorption coefficient is entirely due to the
effect of the magnetic field on the electronic relaxation
time.

Two cases have been considered and discussed: (i)
For r as given by acoustic phonon scattering, a com-
plete analytical solution is given to the transport prob-
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lem. The absorption in the presence of the magnetic
field is in general higher than for H=0 and it is a
function of H. (ii) For 7 as given by ionized impurity
scattering, the integrals of the transport coefficients
are too complicated to be evaluated analytically. The
absorption coefficient in the presence of the magnetic
field, with respect to its value without magnetic field,

4877

is lower at low frequencies and higher at high fre-
quencies.

In both cases the absorption coefficient in the pres-
ence of the magnetic field becomes smaller than for
H=0 before reaching the high-frequency limit, but
these frequencies are beyond those of interest in ultra-
sonics.
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of the Department of Defense. .
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A concept of a field-dependent photoinjection process has been developed and applied to the low-energy
light data from photodischarge measurements reported by Pai and Ing, and by Tabak and Warter. The
model involves a field-dependent photogeneration of free carriers based on a Poole-Frenkel-type effect.
Comparison with data tends to support the idea that the intermediate states are excitons. It is shown that
the derived expression for the photoinjection efficiency fits the available experimental data on holes rather
well for the entire range of field at room temperature. Indications are that the expression is valid down to
about 250°K. The low-field data is shown to be highly dependent upon the mobility and the recombination
velocity. Based on the reported experimental data, the recombination velocity and the effective band gap

are found to be 200 cm/sec and 2.65 eV, respectively.

INTRODUCTION

In recent papers Pai and Ing! and Tabak and
Warter? have reported some measurements indicating
a field-dependent photogeneration of free carriers
in the photodecay process of amorphous Se. In both
cases they attempted to explain their results in terms of
the Poole-Frenkel® effect, but could not account for
their data quantitatively over the entire range of
field. In this paper it is shown that by a modified
interpretation which introduces the concept of a
photoinjection efficiency, their results for low light
energies can indeed be explained in terms of the
Poole-Frenkel effect.

In the second section, the concept of photoinjection
efficiency is developed, and in the third section the
Poole-Frenkel effect is introduced into the generation
efficiency for low-energy light. Comparison with the

reported experimental data is presented in the fourth
section.

FREE-CARRIER GENERATION RATE VERSUS
INJECTION RATE

The essential point of this paper is to make a distinc-
tion between the free-carrier photogeneration rate and
the free-carrier photoinjection rate. In view of this
distinction, the data reported by Pai and Ing! and
Tabak and Warter? directly represents the latter
rather than the former. It was pointed out by Many*
that even if the free-carrier generation efficiency is
unity, the injection current is dependent on the field,
recombination velocity, and the mobility. Here ‘the
concept of a field-dependent generation rate has been
added. It should be mentioned that Pai and Ing!
attributed the low-field behavior of their data to



