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The time evolution of the angular phonon distribution in off-axis acoustoelectric domains has been
investigated. In the weak-flux regime a single peak is observed, whereas complicated two-peak structures
show up at certain frequencies in the strong-flux regime. The field dependence of the off-axis angle of
maximum intensity, 6., agrees with theory in the linear region. In the nonlinear region oscillations
superimposed on a “track-down” occur in the time development of .. Anisotropy effects in
acoustoelectric domains have been studied by measuring the domain tilt angle and the time evolution of
the spatial acoustic energy density. It is shown that the branches of a V-formed domain contain
different wave-vector distributions and that an incomplete regeneration effect causes a spatial splitting of
the flux. In the 45° configuration phonon focusing is observed. We also present a calculation of the
angular phonon bandwidth at f = f, based on the linear theory of anisotropic acoustic amplification.
Using a simplified nonlinear model, the time development of the angle of maximum gain has been
evaluated. The theory of acoustic-wave dispersion is outlined, and it is shown that the angular phonon
focusing is appreciably enhanced for frequencies around f,, if we account for the acoustoelectric

angular dispersion.

I. INTRODUCTION

It is well known that the interaction of acoustic
phonons with free charge carriers is responsible
for the amplification of lattice vibrations from the
thermal-equilibrium spectrum when the carrier
drift velocity exceeds the sound velocity by the ap-
plication of a sufficiently high electric field.!=® In
strong piezoelectric semiconductors like ZnO and
CdS the transfer of energy and momentum from the
conduction electrons to elastic waves in the micro-
wave region is caused by the piezoelectric cou-
pling.* The acoustoelectrically amplified flux is
usually found to be concentrated in domains formed
at one electrode and propagating with a velocity
close to the transverse velocity of sound in the di-
rection of carrier drift. *~!° The intense acoustic
flux in the domains is restricted to contain phonons
in a narrow cone along a favorable piezoelectrically
active direction!’~'® and to a band of frequencies
determined by the parameters of the materi-
al. 1»18-19 Acoustoelectric domains have been
studied by various methods: electrical probing, %2
microwave emission, ! transmission of microwave
radiation, ” recombination radiation, ?2 high-elec-
tric-field?® or strain-2* induced birefringence,
Brillouin scattering, !®25 transmission and absorp-
tion of light near the intrinsic absorption edge, 2
and x-ray scattering.®”?® Brillouin scattering and
x-ray diffraction are the most powerful of these
methods because they allow us to resolve the
plane-wave components of the acoustic disturbance.
So far, only a few x-ray-scattering experiments
have been performed.?”2?® Many Brillouin-scat-
tering investigations in ZnO and CdS concerning
the time development of the frequency spectrum
and the angular distribution in the so-called

weak-318 and strong -flux*?14:16:2%2% regimes have
been reported. However, most of these studies
have been limited to the transverse configuration
where the propagation vectors are confined to a
cone around the direction of electron drift, which
is perpendicular to the ¢ axis. For small cone
angles the flux evolution can be described by a
one-dimensional model. If an appreciable amount
of off-axis flux is present the lack of rotational
symmetry about the current direction makes the
analysis extremely complicated.

In the present work we have studied the domain
propagation in the longitudinal configuration where
the electric field is applied along the ¢ axis of the
crystal. In this case formation of acoustoelectric
domains is due to buildup of polarized off -axis
quasishear waves rather than longitudinal waves,
because the phase velocity of longitudinal waves is
around a factor of 2 higher than that of shear waves,
and since the piezoelectric coupling vanishes for
shear waves propagating parallel to c.'#?* Al-
though the acoustic flux, if surface effects are ne-
glected, should exhibit complete rotational sym-
metry around the ¢ axis in the longitudinal config-
uration, the investigations become involved because
of the existence of pronounced anisotropy effects.
On the other hand, measurements of the field and
time dependence of the angular distribution of off-
axis phonons with various frequencies and of do-
main tilt angles we believe will contribute essen-
tially to the attainment of new aspects of traveling
acoustoelectric domains.

In Sec. II we review the macroscopic linear the-
ory of acoustic amplification! generalized to apply
to waves propagating in an arbitrary crystallo-
graphic direction in a hexagonal crystal. 30 The
directional dependence of the amplification coef-
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ficient is discussed in the high-conductivity limit
applicable to semiconducting materials, and the
field dependence of the off-axis angle of maximum
gain for the phase propagation, 6,,, is calculated
for ZnO and CdS. Using the theory of Klein®® we
have evaluated the angular phonon bandwidth at
f:f,,, for various dc electric fields and by general-
izing a simple nonlinear model by Gay and Hart-
nagel® the time evolution of 6, is calculated. The
analysis of propagating acoustoelectric domains
formed by off-axis quasishear waves involves a
study of acoustic-wave dispersion arising from the
presence of pure elastic, *%* piezoelectric, and
dielectric anisotropy.*® The influence of velocity
dispersion on the domain propagation is normally
negligible, ** whereas the angular dispersion com-
posed of a frequency-independent contribution from
elastic anisotropy'*2* and a frequency-dependent
contribution from screened piezoelectric anisot-
ropy*?*3® can produce a significant angular devia-
tion between group and phase velocity. The treat-
ment in Sec. @I is valid in the weak-flux region.
Although the complete process of domain growth
and formation involves highly nonlinear interac-
tions, it is found experimentally® that linear theory
leaves its imprint on the final domain shape.

Section III contains a treatment of the theory of
Brillouin scattering in optically anisotropic crys-
tals. The polarization rotation of light scattered
from the acoustic T, T,, and L. modes and the cut-
off in the diffraction at high and low acoustic fre-
quencies are examined. The anisotropic Bragg
formulas are used to calculate the scattering geom-
etry for acoustic waves having different frequencies
and propagating in an arbitrary crystallographic
direction. An expression for the intensity of the
Brillouin-scattered light inside the crystal has
been derived. Taking into account multiple inter-
nal reflections of the scattered light and the relation
between the collection cone inside and outside the
crystal enables us to determine the acoustic energy
density per unit bandwidth in the domain in terms
of the diffracted-light intensity.

Section IV covers the experimental results. The
time and space development of the angular phonon
distribution of different frequencies in the domain
is examined. In the early stages of domain growth,
a single peak is observed, whereas complicated
two-peak structures show up at certain frequencies
in the fully formed domain. The field dependence
of the off-axis angle of maximum gain agrees quali-
tatively with the theory in the linear regime. In
the nonlinear region oscillations superimposed on
a “track-down” of the off-axis angle of maximum
intensity occur. The influence of anisotropy effects
on the acoustoelectric domain propagation has been
investigated through measurements of domain tilt
angles. In the strong-flux region the main contri-
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bution to the angular dispersion comes from the
frequency-independent elastic anisotropy since the
acoustic flux is dominated by frequencies below the
frequency of maximum linear net gain. An experi-
mental study of the frequency-dependent acousto-
electric angular dispersion supposed to exist in the
weak-flux region has not been carried out.

In the longitudinal configuration the domain is V'
formed, whereas it has a straight shape in the so-
called 45° configuration because of the existence of
a pronounced energy focusing caused by the wave-
dispersion effects. The twobranchesofa V-formed
domain contain different wave-vector distributions.
During the propagation of a V-formed domain an
incomplete regeneration effect in the center of the
domain often splits up the flux into two separate
wave packets traveling near opposite crystal sur-
faces. The above observations indicate the exis-
tence of annular domains, an interesting possibility
which should be investigated.

II. THEORY

A. Anisotropic acoustic amplification

The macroscopic linear theory of acoustoelectric
coupling as derived by Hutson and White! and by
Gurevich® is valid only when the applied electric
field and the acoustic wave vector are parallel to
a crystal axis of high symmetry. A modified
small-signal theory which applies to the analysis
of the off-axis acoustic flux generated when a suf-
ficiently high electric field is applied along an
arbitrary crystallographic direction has been ob-
tained by Klein, 3° who takes into account the aniso-
tropic dielectric, piezoelectric, and elastic prop-
erties of the semiconductor. The generalized ex-
pression for the amplitude amplification coefficient
takes the usual form,

5 i)

=, \Fle/wwanr) © P
where K2=K%#, k,) =8 /(¢¢€) is the square of the
electromechanical coupling constant, & =/(gngKy,;

X 145Ky, )/ € and @p = V3/(K,, ;D;;K,, ;) are generaliza-
tions to the anisotropic case of the corresponding
conductivity relaxation frequency and free-carrier
diffusion frequency in the Hutson-White theory, ¥
=(Ke, i Vi, 1)/ Vo= 1 = (K, i 1b45Eq, 1)/ V, — 1 is the drift
parameter, and 7 and g, =K/ are unit vectors in
the direction of polarization of the acoustic mode
and along the acoustic wave vector (K). ¢;jp1, €ise
and €;; are the elastic, piezoelectric, and dielec-
tric tensors, €=m;Kg, jCi;piTrKe, 1, €= Kp,i€;;Kp,j, and
€ =Ky, ;€4 iKp p. Wi; and D;; are tensors describing
the anisotropic carrier mobility and diffusion. V,
is the carrier drift velocity and V,(#, k) the ap-
propriate acoustic phase velocity. The above no-
tation implies summation over repeated subscripts.
In the longitudinal configuration the dc field is ap-
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plied along the ¢ axis so that the drift parameter
reduces to

) (2

where 6, is the angle between the acoustic wave
vector and the optic axis. Note that when calcu-
lating the angular dependence of the acoustoelec-
tric gain one must account for the anisotropy of

the acoustic phase velocity. If we neglect nonelec-
tronic losses the condition of obtaining amplifica-
tion in a given direction is that V;cos6,/V,(6,)>1,
which means that the component of the carrier
(electron) drift velocity along the direction of
acoustic-wave propagation must exceed the acous-
tic phase velocity in this direction. In the general-
ized theory the frequency of maximum linear gain
@m=(G.@p)’? is an anisotropic quantity which va-
ries as Gu(6,)/Gm(0) = [V,(6,)/ V,(0)] [€(0)/€(6,)]*/2.
In ZnO and CdS the relat1ve directional variation
in @, is 10-20%. Introducing the approximation
Y2<4@,/DpS(Be/w+w/dp)?, which is usually cor-
rect in the high-conductivity limit applicable to
semiconducting materials, the expression for the
amplification coefficient reduces to a,= K%(6,) @p7/
8V,(6,) at w=3&,,. Considering only the angular-
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FIG. 1. Dependence of small-signal amplitude-ampli-

fication coefficient ¢, (in arbitrary units) on propagation
direction (6,) of acoustic mode relative to the ¢ axis with
the normalized drift velocity as a parameter.

45°

egm(“’:mmfo) )
L

20°)
15°
10°

50

[0 A T WS NS N Y Y Y A S S R S

10 15 20 25
Vg / Vpl0) ———

FIG. 2. Off-axis angle of maximum gain for the phase
propagation (6, ), and for the group propagation (6gy) at
different frequencies (0, @p, ) vs the normalized drift
velocity.

dependent factors in &, we obtain (assuming D;; to
be isotropic is a fair approximation in ZnO and
CdS)

V(6,) L V»(0)
a,(6,) e 7.0) Kz(ep) <Vp(0) Vp(ep)coséi 1>
(3)

In Fig. 1 is plotted the amplitude amplification
coefficient (in arbitrary units) of the quasitrans-
verse T, mode in ZnO as a function of the off-axis
angle of phase propagation, with the normalized
drift velocity V;/V,(0) as a parameter.3®3" As the
electric field (and thus the electron drift velocity
in the linear theory) increases more modes at
larger angles from the ¢ axis are amplilied. At
6,=0°, 68° one has &, =0, independent of V,/V,(0)
because the electromechanical coupling constant
vanishes in these directions. The angular depen-
dence of the gain factor in CdS has been calculated
by Klein®® and by Moore ef al.?* The off-axis angle
of maximum gain for the phase propagation (6,,) is
a monotonic increasing function of the field strength
(or the drift velocity) as shown in Fig. 2. For V,/
V,(0)=0, 6,,—~0, and in the high-field limit 6,,
saturates at the value where the function K?(6,)
X cosf, has its maximum.

When the electric field coincides in direction with
the ¢ axis, the angular distribution of the emitted
phonons is symmetric with respect to the field
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direction and a cross section of the gain cone con-
taining the ¢ axis consists of two (symmetric)
lobes. Therefore, the angular selectivity of the
amplification process can be examined by calcu-
lating the angular bandwidth 66, (i.e., the angle
between the half-intensity directions in one of the
lobes). The growth in time and space of the acous-
tic energy density per unit volume in § space Wy

is given by

- - Wy
Ve(6,+4). V W“Tf = WylBe(6,) = aL(6,)] Ve(6,+ A)

X cosA+ W [B.o(6,) + @ (6,)] Vi(6,+A)cosa
(4)

where W' =F;T/(21)° is the thermal energy density
corresponding to a single polarization, B,=2q, is
the acoustoelectric power-gain coefficient, and o
is the nonelectronic lattice attenuation coefficient.
B.o is introduced through the equation B, =B,47. v,
is the group velocity of the acoustic modes (4| q
+dq) under consideration, and A=A(6,) is the angu-
lar deviation of the group velocity from the phase
velocity.® A careful treatment of the acoustic
dispersion (see Sec. II B) is important since it is
the group velocity '\73( 6,+ A) which provides the
propagation direction of the energy, whereas it is
the phase velocity V,(6,) which determines the
amplification rate. The second term on the right-
hand side of Eq. (4) is necessary to guarantee that
the net energy exchange between the electron gas
and the acoustic flux vanishes in thermal equilibri-
um. Integration of Eq. (4) yields

Wy= W' [(1+ng;; ag) olBemag) cosaV gt

n

,M} , (5)
By

where B,=8, — oy is the net acoustic power-gain
coefficient. The factor in front of the exponential
is of the order of unity for the frequencies of in-
terest if B,=8, - @, is not too close to zero.*’
Assuming that the flux has beenamplifiedto a level
well above the thermalbackground, i.e., Wz>» W'
the angular bandwidth 66,(¢) = 6,,1/2 = 6,,.1/2 Can be
calculated from

[Be(enm) - OlL(Epm)] Vx(gm"’ A(Gm)) cosA (6;,)

~[Bo(8,) = az(6,)] V(6,+ A(6,)) cosA(8,) =1n2/¢ ,
(6)
]

I v/ V,(0)] - 1}
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FIG. 3. Time dependence of the angular bandwidth
(69,) at w =&y, calculated on basis of linear theory for
different normalized drift velocities. The incubation
time is indicated in the figure. The insert shows the
asymmetry in the bandwidth shrinkage.

which has the solutions 6,=6,,1,2, 0p,.1/2-

The results of a numerical calculation of the
time dependence of the angular bandwidth in ZnO
are shown in Fig. 3. 06,(f) depends on the acoustic
frequency and is drawn only for w =d,(0,,). As an
approximation, which can be justified experimen-
tally, 3%3° the directional dependence of a; has been
neglected. For small #, 66, is constant, indicating
that all modes having net gainare withinthe angular
bandwidth. After a certain time, which depends
strongly on the normalized drift velocity V,/V,(0),
the bandwidth decreases. Note that most of the
collapse in 66, occurs during the first 10 nsec of
the decay. From the inset of Fig. 3 it appears
that in the first stages of the bandwidth shrinkage
the off -axis angle of maximum gain does not coin-
cide with the mean value 3(8,,1/5+ 05,.1/2)- Above
the angular bandwidth has been calculated assuming
a constant drift velocity. This holds only during
the incubation time /;. Modifying the approximate
expression for #; from the one-dimensional model*
to the general case we obtain, by using the con-
tinuity equation and the Weinreich relation and by
taking anisotropy effects into account,

ti=In (e[Be(Gm) +Boo(Bpm)] 1L Wy cOS[ pm + A(6)] cosA(B,m))

where Jg=gnyV,(0) is the saturated current density
and e is the base of the In function. The thermal-
equilibrium acoustic energy density is approxi-

Ba(8om) Vel Opm + A(6)) cOSA(6y) (7

f
mated by the formula W, = (27 ( V,))3@% Adks TR,
A® = @, being the frequency range and § the solid
angle in which the acoustic amplification takes
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place. (V,) is the average value of V, within Q.
Note that at w =@ p(0pm) Ve(6,+ A) cOSA= V(6,)
(1+K2(6,)/2).%

It is seen from Fig. 3 that most of the shrinkage
in 66, takes place during the incubation time and
thus within the limits of the linear theory.

As the acoustic flux becomes very intense the
free carrier drift velocity decreases to a level
close to the shear-wave phase velocity.? According
to Fig. 2 this drop in the drift velocity is accom-

1

panied by a “track-down” in the off-axis angle of
maximum gain for the phase (6,,). A simple sin-
gle-mode analysis by Gay and Hartnagel® based on
the power and momentum transier from the elec-
trons to the acoustic wave gives the time dependence
of the drift parameter ¥, = ¥(f) in the one-dimen-
sional case. Generalizing their treatment to apply
to off-axis acoustic waves the time dependence of
the drift parameter 7; can be obtained by solving

the equation

Z(epm) % [yt - yL(epm)] + <1 + Z( Bpm) [yo(epm) - YL(enm)] V:( epm + Apm) ﬁe()( 6pm) COSApm +M> [‘yt - YL(gym)]

dt

= Z( epm) Vg(epm + Apm) ﬁeo( epm) COSApm [7t - yL(epm)]z + % {Z(epm) [yo(epm) - YL(epm)]} ) (8)

where

l o
Z=——% V(6 —k
ngo 1L o Oom)

cos(8pn + Apm) ~
* B (6w

c0S6py

and 7, =7,(£=0). [ is the length of the crystal. Neglecting the time dependence of 6, in the slowly varying
functions Z, ¥z, Ve, Beo, and A, =A(6,,) the solution of Eq. (8) is

(70 -77) [1 + Z('YQ - 'VL)]

TVt (e = 7o) + exp L + Z (Yo - 71)/ Z) VeBool COSBpm)

Using Vy(8) = (1 + 7;) Va(6,m(8))/ cos6,n(2) and the re-
sults shown in Fig. 2, 6,,=0,,(?) is obtained by an
iteration procedure. Replacing 6,,(0) by 6,,(¢) in
Eq. (9) the time dependence of 7; is practically un-
changed, so that the obtained solution 6, = 6,,(?)

is justified. For a ZnO crystal of length /=10 mm
and mobility u =150 cm?/V sec the “track-down”

in 6, is shown in Fig. 4. As expected, the mag-
nitude of the drop depends on the initial field
strength. Close to the threshold field, i.e., for
Vy(t=0)/Vy(6,=0)=1.2, Oyp(t—=) — 6;n(2=0)
=6°~7°, whereas V,(¢=0)/V,(6,=0)=2.0 yields
Opm(t =) = 6,,(t=0)=16°-17°. The decay time of
om 1S about 10-30 nsec and decreases slightly with
increasing initial drift velocity. The saturation
level 6,,(f— =) is determined by the condition that
the nonelectronic losses just balance the electronic
amplification. Consequently, 6,,({~~) becomes

a function of the acoustic frequency and of the re-
sistivity.

Also, the off-axis angle of maximum intensity
for the phase 6,,; decreases as a function of time.
However, the time constant involved in the decay
of 6,, must be less than that of 6, since 6y is
determined by the amount of acoustic flux accumu-
lated in different crystallographic direction,
whereas 6,, is determined by the instantaneous
drift velocity.

(9)

B. Dispersion effects

Considering a disturbance, made up of the col-
lection of plane acoustic waves of the same polari-
zation type which have their propagation vectors in
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FIG. 4. Off-axis angle of maximum gain for the phase
propagation (6, ) at w=3, as a function of time with the
normalized drift velocity as a parameter.
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a small volume element dk around an arbitrary
wave vector E, the group velocity \7’, is determined
by

V,=%[eVv,&)] (10)

where V,(k) is the magnitude of the phase velocity
corresponding to the selected k. According to Eq.
(10), acoustic waves propagating in a general crys-
tallographic direction are normally subjected to
velocity dispersion and angular dispersion. 32

In the macroscopic small-signal theory of acous-
tic amplification the wave dispersion originates in
elastic!*'?* and acoustoelectric anisotropy. 33
Writing the phase velocity in the form

Vo=Vye(1+X) , (11)

where

(Gy/w) [(@/w) + (/& >
A (- pia 12

the dispersion effects arising from the simultaneous
presence of piezoelectricity and conductivity are
contained in the quantity x.

Confirming the treatment to hexagonal crystals
we obtain for the group velocity, using Egs. (10)-
(12)’

~ 9
+K9(1+x) +K*9V,(,-—X—

86, ’

(13)
where K, and X, are unit vectors parallel and perpen-
dicular to K in the plane defined by the ¢ axis and
the acoustic wave vector.

The frequency-dependent acoustoelectric velocity
dispersion K%V, (9x/9%) can only be of the order
of K% and has been discussed in detail in Ref. 32.
For acoustic waves with frequencies below or in
the microwave region the purely elastic velocity
dispersion is negligible. *!

In connection with off-axis domain propagation
the pronounced angular dispersion plays an im-
portant role. Expressing it in terms of the angu-
lar deviation A of the ray from the wave normal

one finds®*
51Inv, ax)]
220700 2L
X) 59, )/(1+X+w8w .

(14)

In the high-conductivity limit applicable to semi-
conducting materials, ¥%<4@&,/&p, so that the
angular dispersion depends only on the normalized
phonon frequency w/d,. For w-0, the acousto-
electric angular dispersion vanishes since the free
carriers can redistribute themselves quickly
enough to cancel the piezoelectric field. Thus, we
are left with the frequency-dependent elastic angu-
lar dispersion, Ag=arctan(81nV,,/36,). For w-=,
the angular dispersion approaches the piezoelec-
trically stiffened angular dispersion, A,=arctan

V Vp Ky + Ky R V,,o ok

_ B
A =arctan [(86, +(1+

OLE KELLER 10

{81nV,,/86,+[K/(1+3 K?)] 8K/86,}. In directions
where K=0 or K has a maximum A= A,.

In Fig. 5 the deviation A is plotted as a function
of 6, for the acoustoelectrically active quasitrans-
verse mode (73) in ZnO for three different acous-
tic frequencies. Note the pronounced frequency
dependence of the acoustoelectric angular disper-
sion and its considerable magnitude. For 6,=0°,
68°(K=0), and for 6,=90° (K=K,,,, direction of
high symmetry) the dispersion is independent of
w. In ZnO (and CdS) the dispersion curves for
intermediate frequencies lie for almost every 6,
somewhere in between the high- and low-frequency
limit which explains that A= A;= A, for 6,~ 33°
(K= Kn,y). For increasing w, the off-axis angles
of maximum dispersion are shifted towards lower
values together with the angle for which A=0.

Angular focusing of energy, which is important
for off-axis domain propagation, appears because
of the decrease in A with increasing 6,. 1432-3%42
The strength of the angular focusing is obtained
by calculating the angular distribution of group-
velocity vectors associated with a uniform distri-
bution of wave vectors in the interval 0° =< 6, =90°,*
In Fig. 6 the number of group-velocity vectors ly-
ing within intervals of 0.5° in 6, associated with
wave vectors taken at 0.05° interval in 6, is plotted
for different frequencies, given relative to @,, (6,
=0°). Only part of the spectrum showing energy
enhancement above the average value is drawn.
Drastic changes in the spectrum are observed with

24°)

16°r Zn0
< \ T, mode
B 300 K

8o

A\

W\

\‘\\
05 j"

\ \ \

\
ws= wm(O)y\/
Fw—0 \\
-16° ]
‘2‘0 1 1 1 . 1 1
0° 30° 60° 90°

FIG. 5. Total angular dispersion (A) of the quasitrans-
verse mode (Tj) plotted for different frequencies as a
function of 6,.
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FIG. 6. Number of group-velocity vectors, associ-
ated with a uniform wave-vector distribution of density
20 modes/deg, lying within intervals of 0.5° in 6, plot-
ted for different phonon frequencies.

increasing w. For low frequencies a single broad
peak is found. At w/@,(0)=0.5 the focusing is so
pronounced that 14.4% of the modes are focused in
the region 40.0° < 6,<40.5°. As w exceeds &,(0)
the spectrum depresses at the center and steep
jumps occur at the boundaries. Note also the down-
shift in peak position with increasing w, and the
antifocusing in the directions 6,=0, 3.

A quantitative calculation of the angular disper-
sion effects of the T; mode in CdS is given in Refs.
32 and 42. Here we only emphasize that, although
the elastic anisotropy dominates the angular dis-
persion, the energy focusing is still very sensitive
to variations in the acoustic frequency. The in-
tensity within a 0.5° interval in 6, has an absolute
maximum for w/@,(0)=0.68; thus 24. 3% of the
modes is focused in the interval 43.5° = 6,<44.0°.

To obtain the time-dependent angular energy
distribution associated with an acoustoelectrically
amplified portion of the thermal background flux
one must weight the uniform distribution in ac-
cordance with the wave-vector distribution gener-
ated by the anisotropic amplification coefficient
[Eq. (1)], add the frequency spectra scaled with
the Debye factor w?, and introduce a cutoff fre-
quency because of the nonelectronic lattice atten-
uation, 3%3°

III. ANISOTROPIC BRILLOUIN SCATTERING
A. Scattering geometry

Brillouin scattering can be considered in a par-
ticle picture as a phonon-photon interaction. 3743
Let k;, K;, and K be the wave vectors in the medium
of the incident photon, diffracted photon, and the
acoustic phonon. If we ignore higher-order dif-
fraction processes which correspond to a coherent
sum of more than one three-particle scattering
process, the conservation of pseudomomentum in
the interaction can be expressed in the form

ReR-E . (15)

The condition that energy must be conserved in
the scattering process may be written

w‘iﬂzwd N (16)

where w;, wg, and N are the angular frequencies
of the incident and scattered photon and the acous-
tic phonon. If a phonon is created in the collision
event (minus sign), the frequency of the scattered
light will be less than that of the incident beam,
producing the so-called Stokes component, where-
as, if a phonon is annihilated in the process (plus
sign) the scattered light has a higher frequency,
the anti-Stokes component.

Brillouin scattering provides a direct way of re-
solving the frequency and wave-vector components
of the amplified acoustic flux. In the present work
we shall limit our discussion to the scattering
geometry shown in Fig. 7. It is assumed that the
acoustic phonon propagates at a certain angle 6,
with respect to the optic axis (c¢) of the hexagonal
crystal, and that the light wave vectors (k;, k,) are
confined to the plane defined by the ¢ axis and the
acoustic wave vector (K).

€/
;

FIG. 7. Brillouin-scattering configuration used for
diffraction from an off-axis inactive mode (Ty).
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For microwave acoustic phonons one has Q< w;,
so that w;® w;. Thus the energy-conservation con-
dition becomes k;/n; = k;/n;, where n; and n, are
the refractive indices of the incident and scattered
light. Using this relation, the quasi-momentum-
conservation, Eq. (15), and the phonon dispersion
relation, K(6,)=2mf/V,(6,), we obtain the anisotrop-
ic Bragg equations corresponding to the anti-Stokes
process,

. V(8,)
sin(a + 6,) =m <f+ _fzge_ () -4 (ﬁ)])
am
and

2
L8 () - @)

Sin(B - 6,) = s— (f— b

" 2n,(B) Vp(gp)
(18)

where a and B are the angles of incidence and
scattering inside the crystal and A, is the wave-
length of the incoming light in vacuum. For the
Stokes process similar expressions can be derived.
When the acoustic mode (f, 6,) and ) are given the
above equations determine the scattering geom-
etries for an absorption process.

The refractive indices »; and », are in general
different in optically anisotropic solids if the dif-
fracted light has a polarization different from that
of the incident light.** In this case the acoustic
wave vector connects the endpoints of two wave
vectors of light (k;, k,) which belong to different
shells of the refractive index surface. Also, if
K; and K, belong to the same shell of the index sur-
face, i.e., if the polarization of light is not
changed by the diffraction, deviations from the
isotropic Bragg geometry can occur.3"*% In the
geometry sketched in Fig. 7 a 90° rotation of the
polarization of light is found upon scattering from
the T, mode, whereas the T, and L. modes do not
change the plane of polarization. 3" %6

When the incident light is polarized in the scat-
tering plane and the scattered beam is polarized
perpendicular to this plane, due to scattering from
the T, mode, we have »; =n,n, (1% cos?a + #% sin®a)"!/2
and n; =n,, n, and #n, being the extraordinary and
ordinary refractive indices. Substituting these
expressions into Eqs. (17) and (18) the internal an-
gles (a, B) can be worked out. The corresponding
external angles (a’, B’) are obtained by using
Snell’s laws sine’ =n;(@) sine and sinB’ =n,(8) sinf.
Inthe present case the anisotropic Bragg equations
can be solved analytically only if the acoustic mode
propagates either perpendicular (6, = 3m)or parallel
(6,=0) to the ¢ axis.*’ A numerical calculation of
a’ and B’ as a function of the phonon frequency f
with the off-axis angle 6, as a parameter is shown
for CdS in Fig. 8. Note that the angular depen-
dence of the acoustic phase velocity is taken into
account. A detailed analysis of Brillouin scatter-
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FIG. 8. Angle of incident light (@’) and angle of dif-
fracted light (8’) outside the crystal as a function of the
acoustic frequency for the scattering geometry shown in
Fig. 7. The off-axis angle of phase propagation (6,) is
a parameter.

ing from the T,, T,, and L modes as a function of
fand 6 in the scattering geometry shown in Fig.
7 will be published in a forthcoming paper. *®

In accordance with the anisotropic Bragg equa-
tions the acoustic phase velocity must be known in
order to determine the frequency and propagation
direction of the acoustic wave. If different acoustic
polarizations are present (as is the case in a re-
flected domain)®*'3® a direct measurement of the
frequency shift with a Fabry-Perot interferometer
yields a substantial contribution to the mode iden-
tification.

The first term on the right-hand side of the an-
isotropic Bragg equations is the usual isotropic
term occurring when the momentum triangle is
isosceles (n; =n;). The second term is present
only in the anisotropic case. The two terms are
equal in magnitude at the frequency f’ = V(I 2
—#21)2/x,. For acoustic frequencies larger than
f' the first term tends to dominate, while for fre-
quencies less than f’ the second term is more im-
portant. This shows that the optical anisotropy
influences the scattering geometry especially at
low frequencies. If the Brillouin scattering in-
volves a polarization rotation there exists a lower
critical acoustic frequency, fuin=1n; —n, 1 V,/,
below which no diffraction can occur. Note that
the interaction is collinear at f=f;,. Furthermore,
there always exists a frequency f,., above which no
diffraction can take place. This frequency corre-
sponds to a diffraction angle of 180°, and is given
bY frmax = (7 + 1) V,/Xo. If total internal reflection
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TABLE I. Comparison of the critical acoustic fre-
quenc1es which occur in an anisotropic Bragg diffraction
(6,= im, k,l ¢). The frequencies are calculated for an
optxcal wavelength of 6328 A

Zno cds
Fmtn = (g =) Vp/Xq 74 MHz 44 MHz
=02 =nd)V,/n, 1.1 GHz 0.8 GHz
Fmax=27V,/A 17.4 GHz 13.8 GHz

is taken into account f,,, is reduced to ~2V,/x,.
fmin and f’ vary considerably with the off-axis angle
6,, *® whereas f,.x is almost independent of 6,. As
an example Table I shows the characteristic fre-
quencies for the T, mode in ZnO and CdS in the
case 6,=3m, E‘ 18, For ZnO the following data
were used: V,2=2.74%x10° cm/sec, n,=2.011,

n,=1.994, 8 and for CdS: V2=1.77x10° cm/sec,

=2, 468, n,=2.452,%°

The significant number of acoustic modes with
frequencies below f’ which ordinarily are present
in an acoustoelectric domain'®!*'® makes the above

J
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considerations essential for the interpretation of
the Brillouin-scattering data.

B. Intensity of scattered light

The intensity of light scattered from an equilibri-
um thermal distribution of acoustic phonons into
the solid angle df is given by*®®

dIsc'IO'—rQ i—ﬁﬂ-—m (K)

X[ )+ D) +(m))0d2 , (19)

where I, is the incident intensity, p is the density
of the crystal, and b is the light pathlength through
the medium. The index u denotes the three acous-
tic branches (T, Tz, L) in the dispersion relation,
and (n, ) ={exp [#2,(K)/ks T] - 1} is the mean oc-
cupation number of the phonons having a wave vec-
tor K and a polarization index . The two terms
in the square brackets on the right-hand side of
Eq. (19) correspond to the Stokes and anti-Stokes
component. In a hexagonal crystal the direction

of polarization of the light scattered from the mode
u is given by the vector?®

g“:IE“X{EuX[—? (€ ) (By- €+ D) +(F- &) (By- T+ )] ‘quziii"i K; Eq, 11i+E<EPm1_@m‘"1 >E0.m.Im

€11 i

. (2u:_1>n _ p“) (% Ky + 7% k) (Eo,z 1y + Egy ia)]]} , (20)

whose magnitude is 0= | | <1. 7 is a unit vec-
tor in the direction of the polarization of the sound
wave, k=K/K is a unit vector in the direction of
the acoustic wave vector, kg is a unit vector in the
direction of the scattered light, £, is a unit vector
in the direction of polarization of the incident light,
and 1;(i =1, 2, 3) are unit vectors along the cube axes.
The components of #*, X, and E, along the cube
axes are mi, k;, and Eg ;. € (i=1,2,3) denotes
the nonvanishing components of the relative dielec-
tric constant tensor (€) of the lattice in the absence
of the elastic wave, and the p’s are the appropriate
photoelastic coefficients in contracted matrix no-
tation.

For microwave acoustic phonons at room tem-
perature one has 7, /ks T=10"3-10 <« 1 or, equiv-
alently (n, )= ks T/ Q,> 1, showing that the Stokes
and anti-Stokes components are equal to intensity.
Amplification of thermal lattice vibrations produces
an increase in the occupation number (Nk) above
the equilibrium value (%, ). Thus, the correspond-
ing anti-Stokes or Stokes scattering intensity for a
certain acoustic mode can be written*®*

°n - | B2
dzn_zo—;;;’ﬂNxmu(K)mbdn ) (21)

If the directional dependence of the factor | £ 12/
VZ,' . is known the scattering intensity yields in-
formation about the relative acoustic energy den-
sity in the modes (u, ., 0=6,=3mn).

The derivation of Eq. (21) is based on the as-
sumption that the attenuation of the incident light
is negligible. In the present experiments the weak-
scattering assumption is justified since it was ob-
served that the depletion of the incident beam was
always less than 1%. Thus, in contrast to the case
of GaAs '3 the effect of multiple scattering, being
important for intense scattering signals, is insig-
nificant here.

In the scattering theory outlined above the scat-
tering intensity has been calculated inside the me-
dium. In a Brillouin-scattering experiment the
intensity is measured outside the sample. A fixed
aperture placed in front of the detector or the Fa-
bray-Perot interferometer defines an external col-
lection cone d¥’. For small-cone angles the rela-
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tion between the collection cone inside and outside
the crystal is

cos’p’ 1

e e L (22)
d

cos n,

which varies as the sample and detector angles are
changed.

The refraction and reflection corrections to the
scattering intensity depend on both the polarization
and propagation direction of the incident and scat-
tered beam. The reflectivity of light polarized
perpendicular (R,) and parallel (R,) to the scat-
tering plane is given by the Fresnel formula R,
=sin®(u - «')/sin*(u+ ') and R, =tan®(u — «')/tan®(u
+u'), where (u, #')=(a, @’) or (8,8’). Taking into
account multiple internal reflections of the scat-
tered light the amount of scattered light transmitted
through the backsurface becomes®” dI,, =dI (1 - R')/
(1+R%, where R' and R? are the reflectivities of
the incident and scattered light, respectively. In
a more detailed treatment one must consider also
multiple internal reflections of the unscattered
beam. In Fig. 9 is shown the reflectivity correc-
tion (1 - R*)/(1+ R? in ZnO and CdS for the scatter-
ing geometry of Fig. 7. The incident light is po-
larized parallel to the plane of incidence and it is
assumed that the light undergoes a 90° rotation of
polarization. It appears that the Fresnel correc-
tions increase drastically with increasing “off-
axis” angles of the phonons. The rapid drop at low
acoustic frequencies is due to the birefringence,
since the losses increase as we approach the col-
linear diffraction process.® At high frequencies

OLE KELLER 10

the increase of the Bragg angle causes an increase
in the Fresnel losses. Notice that the acoustic
frequency range in which Brillouin scattering can
occur decreases as the off-axis angle increases.
An important implication of the above considera-
tions is that the Stokes and anti-Stokes intensities
in general are different outside the crystal. If the
incident light were polarized perpendicular to the
scattering plane the variations in the reflectivity
correction would be qualitatively the same as
sketched above. A comparison of the advantages
and drawbacks of using a given polarization of the
incident beam is considered elsewhere. ¢

As pointed out by Spears, 13 the angular depen-
dence of the scattering intensity does not reflect
the spectral distribution of the acoustic energy.
From Eq. (21) we obtain the total scattering inten-
sity from a number of acoustic modes in a small
fixed volume of K space. According to the Debye
theory, the number of acoustic modes per unit
bandwidth is proportional to the square of the
acoustic frequency f. The f? correction is only
valid if the volume of K space probed by the light
beam falls well within the cone of the amplified
phonon beam. '® I this is not the case, the fre-
quency resolution and the angular resolution, es-
pecially for anisotropic crystal, can give rise to
a more complicated conversion factor.

1V. EXPERIMENTAL RESULTS
A. Angular phonon distribution

Direct evidence for the idea that acoustoelectric
domains in the longitudinal configuration consist

1.0 T T T T T T T
. CdS Zn0 -10°
00
—— -4
x| x
[} + IS\
10°]

FIG. 9. Fresnel reflec-
tivity correction as a func-
tion of acoustic frequency

04k 27 with 6, as a parameter for
: the scattering geometry
shown in Fig. 7.
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of off-axis quasishear waves has been obtained by
Brillouin scattering**® and by studying the local

change in birefringence induced by the strain ac-

companying the domains, %

In the following we shall discuss a Brillouin-
scattering investigation of the angular phonon dis-
tribution in the strong-flux regime, i.e., ata
stage where the phonon flux is sufficiently intense
to give rise to significant nonlinear effects—among
other things, current saturation.

As an example, we consider a semiconducting
ZnO crystal with a length of 6.0 mm parallel to ¢
and a hexagonal cross sectional area of 0.87 mm?,
The resistivity is p=7 Qcm and the mobility at
300 K is p =150 cm?/V sec. Applying high-voltage
pulses, stable current saturation was observed
above the threshold field E,,=1.8 kV/cm. Super-
imposed on a spatial uniform flux, which caused
the current saturation, a propagating domain was
detected. After being destroyed in the anode con-
tact, the domain was not replaced by a new one
near the cathode. Continuous domain generation
and current oscillations have been observed in only
a few of the examined ZnO samples. From the
measured domain velocity and from the polarization
shift of the scattered light, which depends on the
scattering geometry, 3 it is verified that the do-
mains are composed of quasitransverse modes.

In Fig. 10 is shown the angular phonon distribu-
tion for various acoustic frequencies at a distance
of 2.0 mm from the anode. The intensity of the
scattered light is given in arbitrary units and has
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been corrected for reflection losses at the sur-
faces. The noise level is indicated in the lower
part of the figure. It appears that the angular dis-
tribution has two maxima, and that the position of
these (6°-8° from c¢) is independent of w in the
considered frequency range. This is plausible
from linear theory. Since we have &, @p> w(0
= 6,=90°) for frequencies in the range 0.6=7<2.4
GHz the power amplification coefficient becomes
B, = (K%Y%)/(V,&.)w?, showing that the angular de-
pendence of the gain is independent of w. Extend-
ing linear theory to the nonlinear region by simply
making the drift parameter time dependent, >%! the
above argument still holds. The maximum scatter-
ing intensity is obtained for a frequency f,;=1.2
GHz. If we include the w? correction factor, * the
frequency of maximum acoustic energy density
equals 1.4 GHz, which is around a factor of 4 be-
low the frequency of maximum linear net gain.
The half-widths of the angular spectra are 66,~ 8°
for f=0.6 or 2.2 GHz, 66,~11° for f=1.2 GHz,
and 66,~6° for f=2.4 GHz. Linear theory predicts
66, = 2°-4° in the considered frequency range.
Thus nonlinear effects give rise to an appreciable
broadening of the peaks, especially around f;.
As the domain propagates 56, increases slightly
and fy; shifts continuously downward in accordance
with other light-scattering experiments, !!*121%18
The angular phonon distribution (0= 6,=90°)
normally exhibits a single maximum, as shown
in Fig. 10. However, in some of the investigated
ZnO and CdS crystals two peaks were observed,

Phonon frequency

12 GHz =

0.6 GHz

2.2 GHz

Isc larb.units]

FIG. 10. Angular phonon
distribution for different
frequencies in the latest
stage of flux growth.
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but only in a certain frequency range and in the
strong-flux regime. An angular distribution having
two peaks is shown in Fig. 11. The normalized
applied electric field was E/E;;=1.1, and the
sample resistivity p=5 Qcm. Two peak distribu-
tions were detected in the range ~0.6-2.0 GHz, at
a distance of 2.0 mm from the anode (sample length
parallel to ¢ is 6.0 mm). At this stage of the flux
growth a stationary spectrum with a maximum
around fi,; 1.4 GHz was attained. The two-peak
structure is most pronounced for the highest fre-
quency. One peak is localized at 6,~6°-7° and
the other one at 6,12°-14°, In the linear regime
only the peak at 6,~12°-14° is found. We suppose
that the double peak should be ascribed to para-
metric down-conversion effects, °* which are
known to be significant in on-axis domains. **
Acoustic-wave dispersion does in general not
allow phase-matched collinear three-phonon pro-
cesses. To describe parametric effects in off-axis
domains angular-dispersion effects must be taken
into account. A theory doing this has not been
published.

B. Off-axis angle of maximum intensity

Linear theory predicts that the off-axis angle
of maximum gain for the phase propagation 6.,
increases monotonically with increasing electric
field and tends to a constant value of about 30° for
both ZnO and CdS (Fig. 2). However, waves prop-
agating off the axis of the sample may suffer con-
siderable loss because of diffuse scattering from
the surfaces.!® Such boundary scattering, in-
troducing an additional nonelectronic loss, is thus
expected to influence the angular distribution and
the frequency distribution of the acoustic flux as-
sociated with off -axis domains, so that the off-
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axis angle of maximum intensity, 6,,, observed
in the weak-flux region, not necessarily equals
Opm:

Indirect experiments measuring the breakover
point of non-Ohmic /-V characteristics seem to
indicate that 6,,, decreases as the sample cross
section is reduced, ** and that the sample aperture
angle limits 6,,,.%

Brillouin-scattering techniques make it possi-
ble to measure 6, directly since we are able to
analyze the individual plane~wave components of the
domain. The influence of the cross section on 6,4,
has been studied in CdS crystals cut to rods having
a length of 10 mm. The cross section varied from
0.5%0.5 mm® to 3.0x 3.0 mm® and the samples had
all a resistivity of p=16 Qcm. The selected fre-
quency was equal to the frequency of maximum lin-
ear gain f,, 3.2 GHz. For a cross section of 1.7
%X 1.7 mm the saturation occurred at 6,,,~15°,
whereas the area 2.8x2.8 mm resulted in satura-
tion at 6,y =19°. ' The measurements were car-
ried out at a fixed acoustic flux level. On a plot of
current versus time, this corresponds to a fixed
position with respect to the incubation time. Keep-
ing a fixed flux level we obtain, so to speak, the
same amount of nonlinearity in the domains. No
simple relationship was found between the aperture
angle and 6,;.%

In order to reduce geometric effects the mea-
surements of 6,,; were thus performed in a very
broad CdS crystal. In Fig. 12 is shown 6,,; as a
function of the normalized drift velocity for an
acoustic frequency of f=f,/4=800 MHz. The mea-
surements were carried out at a time just before
the current starts to decay from its Ohmic value
in order to keep the system linear, and the drift
velocities were obtained from the Ohmic current.

Isc larb.units]
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FIG. 11. Angular pho-
non distribution showing
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FIG. 12. Experimental results showing the off-axis
angle of maximum intensity (6,,;) as a function of the
normalized drift velocity at v=0.8 GHz. The measure-
ments were carried out at a time just before the current
decay. The solid line represents the linear theory.

Under these conditions the over-all agreement with
linear theory appears to be quite reasonable. For
normalized drift velocities in the range 1.25=< V,/
V,(0)=1.5 some discrepancy exists because of a
saturation tendency at 6,,~18.5°. At the moment,
no explanation has been found for this intermediate
saturation; only it should be noted that the data of
Moore ef al.? also show a saturation for 1.25= V,/
V,(0)=1.5. So far, we have not considered the
influence of nonelectronic attenuation on 6yp;. If
the directional dependence of this loss mechanism
is negligible, which it turns out to be in CdS, % the
only effect of these losses is to cause a cutoff in

O,m at electric fields close to the synchronous
field.*

According to our discussion in Sec. IL A, the
free-carrier drift velocity falls towards a value
close to the shear-wave phase velocity in the non-
linear region. This drop in V,(f) should be ac-
companied by a “track-down” in 6,,. Inorder to
examine this prediction we have followed the time
development of 6,,; before and after current sat-
uration in a CdS sample (10.0%3.0x1.0 mm) ex-
hibiting undamped current oscillations. The re-
sult for two acoustic frequencies is shown in Fig.
13. The normalized drift velocity calculated from
the Ohmic current was V;/V,(0)=1.3-1.4. Ac-
cording to Fig. 2, the corresponding off-axis angle
of maximum linear gain should be 6,,~20°-22°,
The current starts to decay when the domain peak
is 2.0 mm from the cathode. At this position we
measure 6,,,;*21°, so that 0,,;~ 6,,, as expected.
During the current decay (£~ 0.3-0.4 u sec) the
domain moves ~0.5-0.7 mm, and 0,,; decreases
linearly for both frequencies, the decay rate being
somewhat larger for the high-frequency component,
which is close to the frequency of maximum linear
net gain f,,. After complete current saturation,
which is obtained when the domain is 2.7 mm from
the cathode, the time dependence of 6,,; becomes
rather complicated. In a simplified description
we could say that 6,,; tends to decay towards 6,,;
~14°-16°, and that an oscillation of 6,,;, especial-
ly for the low-frequency mode, is superimposed on
this decay. The amplitude of the oscillation for
the 1.6-GHz component is ~1.5°, and the distance
between succeeding peaks of 6,,(¢) is 1-2 mm.
This distance corresponds to an oscillation time
7=0.6-1.1 usec. Asdente ef al.®® have observed
that the intensity of part of the frequency spectrum
of the domain shows an oscillating character as a
function of time. The period of these oscillations

24°
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B ! 5 30106% $ 16 GHz
20°: o | 3 pm p= cm % 30GHz FIG. 13. Experimental
[ results showing the off-
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ina 2.2-Qcm CdS crystal is 7~0.7 p sec, i.e.,
close to the period of our angular oscillations. It
is plausible that parametric up and down conversion
is responsible for these oscillations. Assuming a
drift parameter, ¥f)= V,(¢)cos6,/V,(6,) =1, the
saturation 6, =15° yields V;/V,(0)~ 1.1 at satura-
tion.

C. Domain tilt angle

The previous part of Sec. IV has been concerned
with the determination of the various aspects of
off-axis acoustoelectric domains in an essentially
one-dimensional model. In this section we shall
deal with a two-dimensional picture of the off-axis
domain as it is obtained by Brillouin scattering.

Using a strain-birefringent technique, Moore
et al.? have been able to observe off-axis domains
directly in CdS. The method which enables them
to see the local concentration of the strain in some
mean-square sense shows a straight domain in-
clined to the ¢ axis. Measuring the domain tilt
angle 6, as a function of the initial electronic drift
velocity they observe that 6, <68 <6g, for all drift
velocities, where 60g,, is the off-axis angle of maxi-
mum gain for the energy propagating calculated on
the basis of the acoustic-wave-dispersion theory
outlined in Sec. IIB. In their calculation only
elastic angular dispersion was considered. This
can be justified for two reasons. First, the acous-
toelectric angular dispersion is quite small in
Cds, *® and second, most of the acoustic energy in
the domain is concentrated in frequencies well
below &,,. 11=1%1"18 Moore et al. claim that the
discrepancy between theory and experiment is due
to their inability to observe the acoustic flux in the
linear region, and they suggest that the deviation
of 6p from 6z, comes from a “track-down” of g
as V; falls towards V,. Moore ef al. assume a
priori that 6, equals 6g,. This is not obvious if
boundary conditions are imposed on the domain
propagation, 155

Furukawa ef al.’" have investigated off-axis
domains by electrical probing on the sample sur-
face and found a V-formed domain shape. Mea-
suring the field dependence of 6, for one of the
branches they find 6,,<6,. No comparison with
0gm was made. Possible errors in their experi-
ment arise again from the comparison of 6, in the
strong-flux regime with a linear model, and from
the fact that potential probing, being confined to the
crystal surface, may not give an accurate indica-
tion of the conditions within the bulk. Moreover,
it is not obvious that one should directly compare
the electrical and acoustical aspects of the do-
main. 58, 59

In the present section we shall examine the do-
main tilt angle in CdS, since this material is domi-
nated by the simple frequency-independent elastic

angular dispersion.

The spatial acoustic energy density associated
with a plane-wave component is conveniently stud-
ied by Brillouin scattering. The scattering formula
for optically anisotropic crystals enables one to
select a given plane-wave component (v, k), and
the intensity of the scattered signal will be propor-
tional to the acoustic energy density of the com-
ponent in a broad frequency range.3"5! By using
Brillouin scattering as a two-dimensional optical
probe we are in the position to study the domain
tilt angle in detail.

The CdS crystals were cut to flat rods all having
a length of 6-7 mm in the direction of the ¢ axis.
The cross section had the following values: 1.2
%x3.5, 1.2X6.0, and 1.2%X8.0 mm. The resistivity
was p=~16 Qcm.

In Sec. I it was shown that 6,,; varies as we
change the applied voltage. Choosing the field to
give 6,p;~20° corresponding to g, ~ 37° we ob-
tain the maximum angular dispersion which is con-
venient for studying anisotropy effects. %

In Fig. 14 are shown the results obtained by two-
dimensional optical probing of the off-axis domain.
Two symmetric components (f, 6,)~(1 GHz, 6,
~+20°) were examined. It is seen that the spatial
energy distribution of these modes has a charac-
teristic V shape. Close to the cathode the acoustic
mode 6,=+20° contributes to the energy density in
the entire cross section. As the domain propagates
the energy of the mode concentrates in the one of
the branches, which tilt angle has the same sign
as the considered off-axis angle for phase propa-
gation. The energy distribution of the mode 6,
=-20° is almost symmetric with that of 6,=+20°
about a line parallel to the ¢ axis in the middle of
the sample. An investigation of different acoustic
frequencies results in the same spatial distribution
as discussed above. Thus the results indicate that
the acoustoelectric domain in the present case is
shaped as a V as long as we are not too near the
cathode (see below). Each of the two straight do-
main branches mainly consists of plane-wave com-
ponents with different frequencies having the same
sign of the off-axis angle 6, as the domain tilt an-
gle 6p. The width of the two branches is 200-300
1. In some of our crystals having small cross
sections, straight-shaped domains were observed.

It is evident from Fig. 14 that 6, changes as
the domain propagates along the sample. In Fig.
15 is shown the tilt angle as a function of time.

The circles represent the longitudinal configuration.
In the first stages of propagation 6, increases lin-
early with time. After a period of ~1.8 usec 6,
saturates at an angle close to 37°. Extrapolating
the curve backwards in time the domain front
should be perpendicular to the ¢ axis near the cath-
ode. A possible qualitative explanation of the shift
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Z wave components (fg, 6,)
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tgy, ..., £g=0.4, 0.7, ...,
1.9 usec. Crystal config-
uration: longitudinal.
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in 6, as a function of time is as follows. Near the
cathode the domain front is perpendicular to the

¢ axis, indicating that the intensity of the K-vector
distribution must be symmetric around the rod axis
over the entire cross section. This is plausible
because the amplification coefficient is symmetric
around ¢, and the “path lengths,” along which the
flux has been amplified, are equal for symmetric
K vectors. This holds as long as we are in a region
where the distance from the cathode is small com-
pared to the sample dimension perpendicular to c.
The extension of this region depends on the direc-
tion of the group velocity of the domain. Outside
this region the acoustic flux coming from the lower
part of the crystal, and moving in a direction given
by 'Vg, dominates in the upper part of the crystal,
because of the difference in “path lengths” for
acoustic flux moving in the direction + 6z and — 6.
This gives rise to the tilt of the domain branches.
This model is supported by the fact that we have
observed an overlap region in the middle of the
sample where both symmetric K-vector distribu-
tions are present. Consequently, the domain ob-
tains a boomeranglike shape. In the saturated
region 6, is determined by the total strain occur-
ring from a K-vector cone around the direction of
maximum intensity. This agrees well with the ob-
served saturation of the tilt angle at 6,~37° corre-
sponding to the direction of energy propagation,
Ormi, for the off-axis modes of maximum intensity
Opmi = 20°.

D. Domain splitting

In Sec. IVC we have treated the time and space
development of the domain form without discussing
how the acoustic energy is distributed in the two
branches of the domain as it moves towards the
anode.

In order to solve this problem Brillouin-scatter-
ing experiments were carried out along straight
lines parallel to the ¢ axis at different distances

to 6,=+20°; open signa-
tures correspond to 6,
==20°.

6 anode

D ——

from the crystal boundary. The results for one of
the branches are shown in Fig. 16. We have not
on this plot tried to follow the acoustic flux back
into the linear regime, but have only been inter-
ested in the well-established domain. The mea-
surements were performed at fixed points ina coor-
dinate system moving with the inclined V-formed
domain. Since we investigate only one acoustic
frequency, the intensity of the scattered light (in
arbitrary units) gives directly the relative acoustic
energy density of the mode in the considered space
region.

It is evident that the energy distribution in the
branch changes as a function of time. For a par-
ticular parameter value the acoustic peak intensity
as afunctionof time has a maximum. Probing closer
to the boundary this maximum is shifted towards the
right, indicating that the acoustic wave packet
moves outwards towards the surface. As time goes

60°
50°

T

&~

o

°
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30°
201

10

of ,

1

0 04 08 12 16 20 24 2.8
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FIG. 15. Domain tilt angle (6p) in CdS at 300 K as a
function of time measured from the onset of the electric
field. Selected acoustic mode: (f;, 6,)=(1 GHz, 20°) for
longitudinal configuration, and (f,, 6,)=(0.6 GHz, 33°) for
45° configuration.
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FIG. 16. Acoustic peak intensity as a function of time
for the off-axis mode: (f;, 8,)=(1 GHz, 20°) in acousto-
electric domain in CdS at 300 K. Configuration: longi-
tudinal. Probing was performed along the c¢ axis, and
the parameter x gives the distance from the surface.
Time is measured relative to the onset of the electric
field.

on, the absolute value of the energy increases

and shifts towards the crystal surface. After a
certain time the acoustic energy density remains
constant in two thin layers near the crystal surface

for a relatively long time.

As the energy density increases near the sur-
faces, we observe an appreciable drop in the flux
level in the center of the crystal, and finally the
flux disappears completely, indicating that the V-
formed domain has split up into two single domains
propagating near the surfaces of the crystal. Thus,
if the crystal has a circular cross section we would
expect the domain to be annular. The net energy
transport off the middle of the sample and the split-
ting of the flux indicate that the regeneration ef-
fect® 3480 in the central part of the crystal is rather
incomplete.

E. Phonon focusing

A pronounced angular focusing of the acoustic
flux with frequencies w <«< @,, occurs around a di-
rection 45° from the ¢ axis in CdS. %% Thus,
wave vectors in the interval 30“-60° from c are
focused in the energy cone 65+ Af;=45.3°+0.9°,
and the relative spread in the group velocity com-
ponent along the 45° direction AV, 450/ V,, 450 is
less than 1%. The K-vector distribution in the 45°
configuration (angle between applied electric field
and c¢ axis equals 45°) is in general not symmetric
around the current direction. Linear theory pre-
dicts a shift with increasing electric field in the
angle of maximum gain from = 67°, corresponding
to a direction where the electron-phonon coupling
vanishes, to a saturation near 30°, where the
electromechanical coupling constant has a maximum.
Increasing the field the wave-vector cone changes
its shape and the half-width grows. When the cone
has a maximum at 45° it is very unsymmetric. In
ZnO, on the other hand, the K vectors can be near-
ly symmetrically distributed around the field di-
rection. This is due to the fact that K has its
maximum closer to the 45° direction and has a
larger half-width in ZnO than in CdS. The half-
width of the symmetric phase-velocity cone in

surface -
i xy E_
A a 1.2 mm FIG. 17. Spatial distri-
3k g % A .. a Z bution of peak acoustic en-
° a A ° - dmm ergy in acoustoelectric do-
—_ o) a A ° e 6.5 mm main as a function of time
£ o a A ° ™ Yy > in 45° configuration. In-
€ 2+ le) o ay ° e vestigated plane-wave com-
=< o o A ° ™ 0°(C -axis) ponent in CdS at 300 K:
- o s] A ) a (fy, 6,)=1(0.6 GHz, 33°).
o o] A ° [ ] é ep=33° The energy distribution is
1+ o a] Jay ° ] o plotted at the following
o 8] A ° a ep =45 times after onset of the
= o o] Jay ° a electric field: ¢, ¢y, ...,
surfacel . 1, 2 3 4 ts oL (=04, 0.5, ..., 2.0
cathodel 2 3 4 6 anode
Z (mm) —_—
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FIG. 18. Distribution of acoustic energy perpendicu-

lar to the current direction at different times (¢y=0.4,
t,=0.6, and t3=0.8 usec after onset of high-voltage
pulse) in CdS at 300 K. Configuration: 45°. Investi-
gated wave component: (f;, 6,) = (0.6 GHz, 33°).

ZnO is ~16° and the corresponding normalized
field E/Ey~1.21. A K-vector distribution which
is symmetric about the direction of the group ve-
locity possesses a number of simple properties.

Experiments have been carried out on CdS crys-
tals with dimensions 6.0%4.0x1.2 mm. The optic
axis, which was placed in the 6.0X%4.0 mm plane,
formed an angle of 45° with the rod axis along
which the electric field was applied.

The spatial distribution for a 600-MHz component
of the acoustic flux at different times is shown in
Fig. 17. The chosen off-axis angle of phase propa-
gation equals 33°. It appears that the domain front
is perpendicular to the rod axis, 6,~45°, as ex-
pected because of the focusing effect.

The intensity distribution perpendicular to the
current in the strong-flux regime at different times
is shown in Fig. 18. In one part of the cross sec-
tion, the flux level across the sample increases
exponentially towards the middle of the sample but

1601

is time independent. In the other part a slight in-
crease in intensity as a function of time is ob-
served, and apparently some of the flux propagate
outwards. In the 45° configuration acoustic modes
with phase propagation at angles less than 6, = 30°
are present. These modes are not focused along
the rod axis, and can give rise to the observed out-
ward-propagating flux.

The difference between the domain form in the
longitudinal and the 45° configuration is also re-
flected in the current. At the end of the domain
transit the current returns to the Ohmic value. In
the 45° configuration the domain collapses at the
same time over the entire cross section, resulting
in a rise time which is often a factor of 10 smaller
than that associated with the tilted-domain destruc-
tion.* For the tilted domain the rise time is larg-
est for broad samples, as expected.3*

In a number of samples we have observed that
the incubation time is about a factor of 2 smaller
in the 45° configuration than in the longitudinal
configuration.3 This may be due to the smaller
acoustic losses at the surface in the 45" configura-
tion where energy is focused along the rod axis.

V. SOME REMARKS

A number of domain properties have been ob-
tained by studying the frequency spectrum of on-
axis domains. In the present work several new
acoustical aspects of the propagating domain have
been uncovered by investigating the angular phonon
distribution and the two-dimensional properties of
off -axis domains.

It is obvious that off -axis domains are especially
suitable for studying anisotropy effects, and we be-
lieve that our knowledge of nonlinear effects can be
improved considerably since these manifest them-
selves in both the frequency spectrum and the angu-
lar spectrum of the off -axis domains.

Although the complete process of domain growth
and formation surely involves highly nonlinear
interactions, our investigation has shown that lin-
ear theory leaves its imprint on the final domain
structure.
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