is determined by the imaginary part of the magnetic
susceptibility, cannot be described by a single pheno-
menological constant @, (see Ref. 6, § 31, and Ref.
18). Second, the perturbations of the magnetization
field that are due to the nonlinear wave are not small
and are not determined solely by the linear suscepti-
bility. Our approach, of course, takes account of both
these facts and may prove useful for analysis of the
nature of the dissipation of nonlinear waves in any non-
linear media with dispersion.

The authors are deeply grateful to V. G. Bar’yakhtar
and to A, A. Slutskin for a number of valuable sugges-
tions and discussions. One of the authors (B.I.) sin-
cerely thanks I. E. Dzyaloshinskii, A. M. Kosevich,
and V. M. Tsukernik for very fruitful discussions.

DIn contrast, for example, to the problem of the damping of a
dislocation in a metal! or ferromagnet,® in which the elastic
strain field due to the dislocation may be regarded simply as

an external force acting on the electron or magnon subsystem.

2)Such “minimal” inclusion of dipole energy is necessary,
since without allowance for magnetic dipole energy a DW in
a uniaxial FM cannot move at all (see Ref. 12).

%) This formula takes no account of the attenuation v of spin
waves. Analysis shows that it is important only at very small
DW velocities (V<xgy< (1-10) cm/sec).

) The value of (in our notation) B/B, at room temperature was
measured in Ref. 16. The value obtained was B/B;~ 6. Al-
lowance for dipole scattering increases B/B,, but this is un-
important for analysis of the results of Ref. 17, since in that
work ferrite films with g/4r~ 30 were used.

1A, Hubert, Theorie der Domiinenwinde in geordneten Medien,
Springer-Verlag, 1974 (Russian transl., Mir, 1977).

V. G. Bar’yakhtar, V. V. Gann, Yu. I. Gorobets, G. A. Smo-
lenskii, and B. N. Filippov, Usp. Fiz. Nauk 121, 593 (1977)
[Sov. Phys. Usp. 20, 298 (1977)].

3A. S. Abyzov and B. A. Ivanov, Data of the All-Union Confer-
ence on the Physics of Magnetic Phenomena, Donetsk, 1977,
p. 205,

4M. I. Kaganov, V. Ya. Kravchenko, and V. D. Natsik, Usp.
Fiz. Nauk 111, 655 (1973) [Sov. Phys. Usp. 16, 878 (1973)].

5V. G. Baryakhtar and E. I. Druinskii, Zh. Eksp. Teor. Fiz.
72, 218 (1977) [Sov. Phys. JETP 45, 114 (1977)].

%A. I. Akhiezer, V. G. Bar’yakhtar, and S. V. Peletminskii,
Spinovye volny (Spin Waves), Nauka, 1967 (transl., North-
Holland, 1968).

™. I. Kurkin and A. P. Tankeev, Fiz. Met. Metalloved. 36,
1149 (1973) [Phys. Met. Metallogr. 36, No. 6, 21 (1973)].

8A. A. Abrikosov, L. P. Gor’kov, and I. E. Dzygloshinski‘i',
Metody kvantovoi teorii polya v statisticheskoi fizike (Meth-
ods of Quantum Field Theory in Statistical Physics), Fizmat-
giz, 1962 (translation, Prentice-Hall, 1963).

%A. I. Akhiezer and S. V. Peletminskii, Metody statisticheskoi
fiziki (Methods of Statistical Physics), Nauka, 1977.

R, L. Walker, quoted by J. F. Dillon, in: Magnetism (ed.

G. T. Rado and H. Suhl), Vol. 3, Academic Press, N.Y.,
1963, p. 450.

11, A. Akhiezer and A. E. Borovik, Zh. Eksp. Teor. Fiz. 52,
1332 (1967) [Sov. Phys. JETP 25, 885 (1967)].

12, A, Ivanov, Fiz. Nizk. Temp. 4, 352 (1978) [Sov. J. Low
Temp. Phys. 4, 171 (1978)].

134, B. Migdal, Kachestvennye metody v kvantovoi teorii Qual-
itative Methods in Quantum Theory), Nauka, 1975, pp. 94-102
(transl., W. A. Benjamin, Inc., Reading, Mass., 1977)

143, M. Winter, Phys. Rev. 124, 452 (1961).

158, A. Ivanov and A. M. Kosevich, Zh. Eksp. Teor. Fiz. 72,
2000 (1977) [Sov. Phys. JETP 45, 1050 (1977)]; A. M. Kose-
vich, B. A. Ivanov, and A. S. Kovalev, Pis’'ma Zh. Eksp.
Teor. Fiz. 25, 516 (1977) [JETP Lett. 25, 486 (1977)]; Fiz.
Nizk. Temp. 3, 906 (1977) [Sov. J. Low Temp. Fiz. 3, 440
(1977)].

168, A, Calhoun, E. A. Giess, and L. L. Rosier, Appl. Phys.
Lett. 18, 287 (1971).

17F, H. de Leeuw, J. Appl. Phys. 45, 3106 (1974).

185, v. Peletminskii and V. G. Bar'yakhtar, Fiz. Tverd. Tela
6, 219 (1964) [Sov. Phys. Solid State 6, 174 (1964)].

Translated by W. F. Brown, Jr.
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A nonlinear theory is developed for the electron temperature superlattice (Bénard phenomenon) in
semiconductors with hot electrons. The stability conditions of the superlattice and the amplitude of the
spatial oscillations of the electron temperature are determined as functions of the voltage applied to the
sample. The asymptotic distribution of the electron temperature T, which is established upon
superheating, (T — T))T;™' (T, is the lattice temperature), is also obtained when the superheating is
suffficiently large but not so great that scattering of the energy by optical phonons is appreciable. The
interchange of the energy and momentum scattering mechanisms which occurs at a sufficiently high
electron temperature is also taken into account. The asymptotic distribution is found to be one-

dimensional and stable, at any rate, on a small scale.

PACS numbers: 72.20.Ht

1. INTRODUCTION AND SETUP OF THE PROBLEM

The electron analog of the hydrodynamic problem of
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Bénard—the appearance of a spatially inhomogeneous
distribution of the electron temperature in a nonuni-
formly heated electron gas—has been investigated in
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previous researches.? It has been proposed that the
heating is due to electromagnetic radiation absorbed in
the intraband transitions (the situation in the case of
interband absorption has been studied elsewhere®).

- It was shown that free convection arises in the electron
gas under certain conditions, and that the one-dimen-
sional static distribution of the electron temperature :
and of the electric field intensity in the sample become
unstable. It becomes three dimensional, while in the
xy plane perpendicular to the flux of the heating light
(see the drawing) this distribution turns out to be spa-
tially periodic (super-lattice). The period of the
superlattice is controlled by the parameters of the ma-
terial, and also by the intensity of the heating light and
(or) the voltage V applied to the sample (according to
the field effect scheme).

The results of Refs. 1-3 were obtained, however,
under conditions of weak heating and, in addition, in an
approximation that is linear in the quantity

E=8.(2) +6L (2, y, 2) = (T—T4)/Ts. (1)

Here T and T, denote respectively the electron and lattice
temperatures; £,(z) is the relative heating under static
conditions, while the component 6£ arises in the pres-
ence of convection. Later,"5 the condition of the
smallness of £ was removed to a known extent, and it
was shown that it is not always justified. However, an
explicit solution of the problem, which is valid over the
entire range of values of £, has not been obtained and,
what is especially important, the theory has remained
linear in 6£. This did not permit calculation of the
amplitude of the spatial oscillations of the electron
temperature and of the intensity of the electric field in
the superlattice, but it is necessary to know them for a
complete description of the effects which must be ex-
pected here.® The investigation of the second-order
(as a minimum!) approximation in 6¢ is also necessary
for the solution of the question as to the stability of the
superlattice. In the present work, a corresponding
nonlinear theory for a nondegenerate gas is proposed;
as a preliminary step, the static solution is found in
explicit form. This solution is valid without any limi-
tations on the value of the relative superheating.

We shall use the same assumptions on the parame-
ters of the system as previously,l'z""s assuming in
particular that the inequalitites

re€het €y-t<l (2)

are satisfied. Here 7| is the screening length, ¥ is the
absorption coefficient of the heating light, assumed,
for simplicity, to be independent of the electron tem-
perature, X;'=[(2/3)%,7,]*’? is the cooling length. By
ng and T, are denoted the electronic thermal diffusivity
and the energy relaxation time, respectively; the index
0 here and in what follows means that the correspond-
ing quantity is taken at T=T,. The inequalities (2)
make it possible to use the condition of quasineutrality
(outside of narrow regions of space charge at the boun-
daries of the sample), and also to consider the absorp-
tion of light as a volume effect. The sample in this
case can be regarded as semi-infinite in the direction
of the z axis; the plane z =0 coincides with the irradia-
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ted surface.

We shall consider a nondegenerate gas of positive
carriers (yet calling them electrons). As before,’ we
introduce the following units of measurement: length—
2!, time—T7,, drift velocity (x)—X;'7;!, electron k ther-
mal diffusivity—»,, differential thermal emf (a) - (3/
2)e, where e is the absolute value of the electron
charge, temperature—T,, potential (¢) and electric
field intensity—37T,/2e and 3T ),/2e, respectively, mo-
bility (1)—2e/3T 723, light energy flux (I)—(3/2)n,T uq.
Here 7, is the constant concentration of the carriers in
the unilluminated material outside the space charge re-
gions. The carrier concentration » will be measured in
units of nyp; under conditions of quasineutrality, it is
equal to unity. We note that, by virtue of (2), the di-
mensionless absorption coefficient turns out to be small
in comparison with unity. This inequality will play the
fundamental role in what follows.

It is convenient to specify the dependence of the kine-
tic coefficients on the electron temperature in the fol-
lowing frequently used form (we preserve the same no-
tation for the dimensionless and dimensional quantities,
since the latter are not encountered further in the fun-
damental part of the paper):

p=po(1+8)",

and in this system of units py=(9/2)(2»+5). The val-
ues of 7 and p for the various scattering mechanisms
are given in Ref. 1 and in a number of books (see, for
example, Ref. 7).

x=(1+E)™, v=(1+8)?, (3)

The equations of continuity and energy transfer, and
also the expression for the drift velocity outside the
space charge regions have the form

%EZ —div(xVE)+ 5-;2" div[u(1+8) ] +uVo+Ert (&) =ylne-", (4)
divu=0, (5)
u=—p(Vo+aVE). (6)

Here I,, is the light energy flux (the light intensity) on
the irradiated boundary of the sample (at x =+0—see
the drawing).

For the thermal emf, we have

5+2r 2 F
= 7
T3 T3 @
where F(T) is the absolute value of the difference be-
tween the Fermi level and the edge of the correspond-
ing band, expressed in units of T,. It is convenient to

set (as before, outside of the space charge region)
Vo+aVE=V0, (8)

where & is a new unknown function. It is easy to esta-

z=1 T y=0
Z: P v
1,7
————F————z
7
// |
|
z=0 . 5,:-1/
TIight
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blish the fact that Eq. (8) is always solvable; in parti-
cular, under the conditions (7) and n=n,,

O=q+"/s(5+2r)§+*/.F &

+(1+8&) In (1+§) —E+const, (8’)
where Fy=F(T;). Then
u=—pVao, (6%)

and Eq. (5) takes the form

dlnp, (5,)

Vo + VO -VE=0.

The boundary conditions at z =0 and in the absence of
bending of the bands (V =0) have the form

a0

"a_z' =0, (9a)
ua—-v-lil‘é- (9b)
Z

Here V[ £] is the phenomenological coefficient introduced
perviously‘ describing the energy losses of the carriers
on the boundary (here it is dimensionless—expressed in
units of ug). It is clear beforehand that intensive ex-
change of energy with the surrounding medium prevents
the development of effects connected with the heating

of the electron gas. Therefore, there is sense in con-
sidering only the conditions under which ¥ <<'1, to which
we shall limit ourselves in what follows (actually, the
indicated inequality is by far not rigorous, since the
unit of velocity u, is of the order of 10°~10" cm/sec).
We also note that the smallness of the function v itself
still does not mean the smallness of its derivatives:
according to Ref. 1, a rapid increase of v with in-
crease in temperature of the electron gas is entirely
possible.

At V#0, it is more convenient to apply2 the boundary
condition on the function & (see also the Appendix) not
on the irradiated surface itself but on the boundary of
the space charge layer, considering this layer as a
plane (this procedure is justified by the left hand in-
equality of (2)); then the condition (9a) changes to the
following:

00 _ ¢ [E(0)-E.(0)]

T IR0 (92")

Here ¢, = @.(V) is the field intensity on the irradiated
surface of the sample in the static regime, before the
free convection has yet set in.

Under certain conditions, the relation (9b) is subject
to a similar modification. As is shown in the Appen-
dix, we have here, instead of (9b),

ua—§+{0+
dz

However, such a modification is justified only if all the
electrons incident on the near-surface space charge
layer take part in the exchange of energy with the sur-
rounding medium (or recombine on the surface). This
means, in particular, that the mean free path length in
the momentum, /,, should exceed the screening radius.
Then the quantity v becomes, strictly speaking, not a
function of the relative heating, taken at z=0, but a
function of £(x,y,z). For this reason, we shall in what

5+2r (9b7)

- [-32—F.,+ 1+ | E}_u%— vE.
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follows consider the case I, < 7(, using the boundary
condition (9b).

Finally, as z—~n, all the quantities of interest to us
should be bounded, and standard periodicity conditions
should be imposed on the lateral faces of the sample,
as in Refs. 1-5,

Taking into account the first of the formulas (3), we
can conveniently introduce the variable

t=(1+g)™** (10)

in place of £&. Then Egs. (4) and (5), with account of (7)
and (8), take the form

go(re/(r42) %% — (r+2) p g2 (VO)*

2, —1/(r+2, E_ lnc
—Vtuge (L Fot =) VO-VL -
+(r+2) (L-P/ 4D - 0+ = (r+2) Y me T, (11)
*Q=0. ' (12)

The term with In¢ in Eq. (11) appeared because of ac-
count of the relation between Fj and », in a nondegen-
erate semiconductor. The boundary conditions also
transform in obvious fashion at z=0.

We note two identities which the solutions of the
stated problem should satisfy. Integrating Eqs. (4) and
(11) over the volume of the sample with account of the
boundary conditions given above, and using the rela-
tions (5) and (12), we obtain, in the case (9b),

fon 9./ (5—E.)
22 a1 faza] T
(13)
A,=S"‘j'd¢dy A2t (2,9,2), A,=S—ij'dzdydz B[],
1 9B, _ 1/(r 42,
55 T BrwBitS J.dzd!l{"[l](c/‘ '—1)
o (= cu(rn);mu/(m)) 12 _ Ing =
+ C‘”r-ﬂ’ \ 3 F, 1+m‘)} Iom. (14)

Here S is the area of the surface z =0,

B,=S-* Idzdy dz cl/(r-ﬂ) (.t, v, z) ,
B,=S-! j. drdy dz (LYo —1)t*[E],

B,=5-' [ dzdydz 7/ (VO)*.

The functions £ and ¢ in the double integrals on the left
sides of (13) and (14) are taken at z=0.

2. STATIC SOLUTION
Setting V® =0 and ¢ =¢,(z), we get from (11)
L AT g Y = (e 2) e (15)

The solution of Eq. (15) is easily found by using the
smallness of Y. We denote by ¢, the solution of the
equation obtained from (15) by discarding the second

derivative and we set {;= E, +x, where x < E, Linear-
izing Eq. (15) in x, we find
~x""+U (2)%=0, (16)
where
U= (1_p)c—-(»+r+n/( +1)+ E-(P+Y+Z)/(I+2) (17)
V. L. Bonch-Bruevich and A. N. Temchin 873



The values p =+7 are in fact of interest. Here U >0,
and for ¢; we obtain
E,=z-(rt0)/, (18)
z=—v/2+ (V}/4+1)", p="s,
e=[v/2+ (v*d—"x1) "+ [0]2— (v*]4—"}:)) 1" (19a)
Atv>2.3"'2 and p=-1/2;
z=3"cos [*/sarc cos (*/:3%v)] (19b)

atv<2.3%% p=-1 where v=17I¢"".

Since E, depends on z only through the argument v, the
derivatives dU/dz and dU/dz? are small in comparison
with U in view of the smallness of the parameter 7, and
the solution of Eq. (16) is easily determined by the WKB
method. Taking into account the boundary conditions at
z=0, we find

_(rE2) [8Y* (0)-1]%.-L.(0) [P
= 50 [Thoa= (0] exp[—! 6(z')dz ] . (20)
Here 6(2) = ﬁl/z (Z), Es = V[Es];
V= {vEaHE e -1 2 ‘Mg ) e fee ), (21)

AtZ, -1<1 (i.e., {! <« 1) we naturally obtain the result
of the linear theory.

We see that the function x is actually small in com-
parison with t_,; at small ¥ and ;. However, we note
that (as also in the theory that is linear in &) the der-
ivative x’ at 2 —~0 is comparable with £;; along with_
this, both £” and x7 are small in comparison with L,

3. DEVIATION FROM THE STATIC SOLUTION

We shall seek the standard solution describing the -
free convection regime (¥ #0). It should be expected
that it occurs at a light intensity exceeding some criti-
cal value I;. In accord with the method of Sorokin®
(see also the book of Gershuni and Zhukhovitskii®) we
set”

([mi—](:r)/lcr=i'3z
and
t=t.tebitetat..., O=e® +e®+... (23)

Here we must use for ¢, the formulas of the previous
section, replacing I,, in them by I,.

(22)

In addition, setting
Ci=fi(z) coskr, ®,=y,(z) coskr,

fl(z) =fl(0)‘pl(z)l k={k,, kv}v l'={:‘:l y}y
te=F:(2) cos 2kr+1(z), ®.=x:(z) cos 2kr+y.(z), (25)
we find, in first-order approximation (omitting terms
that are small because of the smallness of 7):
’_ £1(0)g.” _az
CTELe (26)
=4/ +U(z)p=ay(z), (27)
where the function U(z) is obtained from U (17) by the
replacement of {; by {; and by the addition of the com-
ponent %,

(24)

_ 2pFep)
T 3(r+2)5.(0)

y=—t @8 @) [1+ SR ] o

2(+2)F. 1° (28)
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At £,- 1< 1, Eq. (27) transforms into the correspon-
ding equation of linear theory. 12 However, it is seen
that the parameter of expansion here is not v/, but the
quantity (2p + 7+ 1)7I,. In the absence of a distortion
band (¢! =0) this quantity is equal to unity, i.e., at
I, =1, this expansion is not valid. ?’ Actually, however,
it is not necessary because, as is also the case of (16),
Eq. (27) is easily solved by the WKB method (see the
next section).

The boundary conditions to Eq. (27) follow from the
relations (9) and (24):

\Pg'(o) =Vy, ¢L(O)=1. (29)
where v, is given by Eq. (21) with the replacementa) of
{s by {s. Inthe second approximation, we obtain

V0, + ————V0,-V§,=0, 30

g Vo (30)
— Vit (r+2) patd " (VO,)?
—caniean A= Fo—(r+2) "' Ing, 90,
+Ho;. c- ) b 9z
g (225 vo, v,
—uran) [ 2 Ing, a0,
gt (20,4125 002
+{U (2) =k 16+ Ui (2) b =1ler (r+2)e~", (31)
— 1 _ —=(P42r43)/(r+2) = (P+2r+4)/(r+2)
U= 2652 {(1—p) (p+r+1)t. +p(ptr+2)¢. }
(32)

We note that U - k* = T with accuracy to within small
quantities.

The boundary conditions at z =0 take the form

00, L s
oz T 2t 2(r+2)’§.'}.' (33)
2o v, (34)
0z
where
1 { g —2(r+1)/(r42)
- ) 6
—(r+1) (dg) c'—(zw:)/(rw]
—2(r41)/(r42) dv r+1 —(2r43)/(r+2)
+ (%) .+5© v} (35)

the subscripts of v and of the derivatives of ¥ mean
that the corresponding quantity is taken at { =¢,.

4, FIRSTAPPROXIMATION CRITICAL LIGHT
INTENSITY

Solving the inhomogeneous equation (27) and taking
intoaccount the boundary conditions (29), we obtain the
following equation for the determination of EE:

(0)_1’;0) U’ (0)—ac*(0) j ”‘,((‘ ,)) (36)

~H dg’ |, g=vy,

here

0@)=U"z), 1G)= [o(z")ds".

We first consider the case of low light intensity, when
(2p+7+1)vl; <1. The integrals in Eq. (36) are then
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easily calculated, and at e <1 we get

k=lo(In—Ter )L or, (37)
where

ko=2(1—9.) /11ec (3Y—9.), (38)

'YIcr-3(1+VA+VA)/('Y—Va)Fn‘Pn’Bo- (39)

We retain here the terms of order v,, keeping in mind
the possible role of the boundary condition (9b’). They
can be neglected upon use of the condition (9b).

Equations (38) and (39) have meaning at ¥ > 7, and

149, 2p+r+i
> —_— .

—v, rt+2 (40)

In essence they represent nothing else than Eqs. (39)
and (40) of Ref. 2 (in different notation). The only dif-
ference is that here we do not use the effective value of
v} that enters in these equations, expressing the result
in terms of the initial function v(£). As is seen, it is
this which manifests itself as the limitation on the rate
of energy loss at the surface.

In accord with the estimates in Ref. 2, the inequality
(40) imposes a rather stringent limitation on the quan-
tity ¢,. For this reason, it is natural to consider also
the case of higher light intensity, v/, = 1. We can make
use here of the fact that E, is a slowly changing function
of z and calculate approximately the integral in (36),
setting £,~£,(0) and ¢! =-1%I,c, where c=d{,/d(yI,).
Then, with accuracy to within small quantities, Eq.

(36) reduces to the form (41)
=k, (1—ber/b); '
__ 3he/ [, 3mt
Rt K | (42)
26*(1+9,)
ber = ATES =) —(r+2)v.'{"I;: (g‘./('“) DR (43)

Zd'abcr (6+‘V,)

chertG (6+Vi) ’ (44)

The quantities £, and & in Eqs. (42)-(44) are taken at
x=0 and (as is also vy) at I,,=1.

Equation (43) has meaning only if the right side of it
is positive. It is easy to demonstrate that at ¥/« ~1 (as
also at ¥/, < 1) this condition is satisfied so long as
y > 7, (the case 7I, > 1 under conditions of small su-
percriticality is apparently of little interest).

At vI, <1, Egs. (41)-(44) transform into (37)-(39).
In the general case, however, the quantity 7I.. enters
into the right side of (43) in rather complicated fashion.
Therefore, the equality b =b. is more simply regarded
as the definition of the critical field intensity ¢; . as a
function of VI :

3y, (P-I cr

_ 2(2r+5) (r+2)8* (Fot*/s(r+2)~*1n E,) g,/

(14290 —(F2) vy T, 7 —1) (45)

As also in the case of low light intensity, what is
found uniquely are the individual quantities /; and
?4 . but rather their ratio. In order words, either of
these two quantities can be varied, selecting the other
in accord with (45). However, the freedom of variation
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is not unlimited. Thus, at 7, >0, the presence of bend-
ing of the bands turns out to be mandatory: as ¢;—0,
Eq. (45) is either not satisfied or requires that I, be-
come infinite.

5. SECOND APPROXIMATION. STABILITY OF A
TEMPERATURE SUPERLATTICE

Solving the second-approximation equation with the
boundary conditions (33) and (34), we verify that the
functions f; and %; are determined here with accuracy
to within a multiplicative constant. The role of the
latter, as in the first approximation, can be played by
the quantity f,(0); it can be found only by considering
the next approximation.

On the other hand, the function f; is determined com-
pletely: the boundary conditions (33) and (34) yield
£:(0) = - ( +2) £, (0)£2(0) =pf* (0) (46)
(the quantity p is defined by this equation), and
C12(0)=(r+2)yI R (47

Here, with accuracy to within small quantities,

=5 [ (6+9,) p+vs/2]—a,+a, (5—8Y) — U;(SO) (1+2a’ —:—6") s
(48)
. 9, £y
2(5r+2) (r+2)
4= 3(pccr (Fo+3/z(r+2)"lﬂ;u) (49)

2(5r+2) (rH2) LoD

By ¢!. we mean the critical value of (45), and &,
=t4(0). The quantities v, and 8y in the first and third
terms are left because, as we shall see, at vl = 1
the quantity o turns out to be much less than unity.

The quantity R can have any sign. Obviously, the
stationary formulation of the problem that we have
chosen, under the conditions of small supercriticality,
is valid only at R > 0; the state described by the func-
tions &;, &, is stable here in the small. At R<0, the
considered stationary state is not realized and the su-
perlattice turns out to be unstable—the superheating
increases with time (we can establish this by using,
for example, the identity (14)). The problem is, to
what does this instability lead? This will be considered
below in Sec. 6.

We first consider the case of low light intensity,
¥l < 1. Then, in accord with Eqs. (17)-(19), (47) and
(49), we have

oml, —U,~ r+1+2p 1<t

2( +2)’
and the condition R > 0 reduces to
-l':<q3:,cr <zy;
5r+2 52p+r+1) A—r "
Ty = 24 [( ) (———27 - 3 +‘Vz)] . (50)

In the nondegenerate system expF,>1, but, since the
electron concentration under conditions of interest to
us must still be not too small, F, cannot exceed sev-
eral units. On the other hand, according to (39), ¢
>1, Thus, R>0 and the system is stable only if v(£)

V. L. Bonch-Bruevich and A. N. Temchin 875



increases improbably rapidly with the heating of the
electron gas: at v, << 1, the inequality 3’2 >1 should be
satisfied. Apparently this possibility is not realized.

At yI_.>1, the cases of acoustic (p =—3) and piezoel-
ectric (p=3) scattering of the energy should be con-
sidered separately. According to (19b), at p =—% and
Y1, =2, with accuracy to within ~10-15%, we have
x= (yI,)*”and, consequently, Z,(0)=(yI,)"/® at r=3/2
(impurity scattering of the momentum) and £,(0) = I,
at r=-3 (acoustic scattering of the momentum. Under
the given conditions, (45) yields

a) at »r=3/2
4(YIe) T[4/ (11r) ]

Pece ¥ Y(Fu+ ln'YIcr)[i"'iyﬁvl('Y[cr)*] ’ (513)
b) at r=—3
Hhiq__t -2

Y (FoHln ¥lee) [1=3v, ((11er) *—1) /29 ] ~

The third and fourth terms on the right side of (48) turn
out to be small in comparison with the second, and the
condition R >0 reduces to the form

a) at »r=3/2

(Yler) =" [4=s (1) ] ®

V3 e F I 1l T 169, (1) ™ (52a)
b) at r=—3
(o)
A T (52b)

The condition (52b) is unrealistic. However, it must
be remarked that in the materials of interest to us
(carrier concentration of the order of 10'*~10'"%cm"
and at not too high temperatures, see the estimates in
Refs. 1 and 2) the impurity scattering of the momentum
changes to acoustic only at very intense heating of the
electron gas. The corresponding asymptotic form is
investigated in the next section.

3

On the other hand, the inequality (52a) is not impos-
sible. Thus, at y= 10'_2, v, =107 and Fy=4.5, itis
satisfied at v/, 10. According to (51a), the corres-
ponding value of ¢;=17 or, in ordinary units,

T, Ao

=880 =R 0 ey

At Ty="75 K and }=10*¢m™, this corresponds to a
value of V=0, 022 volts.

The value of VI given above is still rather large: in
dimensional units, at a photon absorption cross section
equal to 10 ¥cm? and 7,=10"!? sec, we obtain I., =800
W/cm?. By decreasing ¥Ic at the same voltage on the
sample we cannot satisfy the critical condition (51a)
(i.e., the free convection does not arise); but if we
increase the voltage correspondingly, then not only
the one-dimensional distribution of the electron tem-
perature becomes unstable, but also the three-dimen-
sional one (with the superlattice).

We now turn to the case p =% and »=3/2 (piezoelec-
tric scattering of the energy and impurity scattering of
the momentum). It can be realized at not too intense
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TABLE I. Dimensionless values of the critical light intensi
of the critical stress on the irradiated surface, alfd of the E;zuti::—
ber m in the case p=%, r=3

er, V9 cr (Fet3 1n x~1) m Ver | 99, o (FetS In x1) m
21.8 90 114 0.46 0.0012

02 16 40 12 0,35 5.1-10—%
03 86 7.7 13 027 22104
04 5.4 18 14 022 1.0-40-¢
0.5 33 0,53 1.5 017 4.7-10—%
06 22 047 1.6 0.44 2.3-10-%
0.7 1.5 0.057 1.7 0,41 1.0-10-3
0.8 14 0.022 18 0,094 5.9-10-¢
09 0.805 0.0075 19 0,078 3.3-10-¢
1.0 0.60 0.0030 2.0 0.065 1.5-10~¢

heating of the electron gas; the solution can be investi-
gated numerically. The condition R >0 here reduces to
the form

2 > W-E%—rv . (52c)
The quantity m is shown in the table. We see that at

¥ - 10? acceptable values of v, and ¢! are obtained
beginning with ¥ =1.5 and at ¥ = 10" —beginning with
Ve =0.7.

6. CHANGE IN THE SCATTERING MECHANISM.
ASYMPTOTIC CASE OF INTENSE SUPER HEATING

At R <0 there are two possibilities. First, there
could exist, in principle, a strange attractor in the
phase space of the considered dynamical system. u
Then turbulent motion of the electron liquid would de-
velop. Second, the superheating (with the framework of
the formulation of the problem given above) could in-
crease “without limit.” Clarification of the question as
to which of these possibilities is actually realized is
connected with a number of mathematical difficulties.
However, we note that overcoming them can be less
necessary than it would seem, because upon increase of
the superheating a new factor comes into play—the in-
terchange of the mechanisms of energy and momentum
scattering. The conditions of this interchange are easy
to find by using the expressions for the energy and
momentum relaxation times. ?* 12'1

V.

As before, we limit ourselves to a simple parabolic
model of the bands. Here the impurity scattering of the
momentum changes to deformation acoustical scatter-
ing so long as

2nZe* [ Ms*WiN.a;’ In (12mTor2h-%) 1™

ET a0 (53)

1+ =

Here Z is the absolute value of the charge of the im-
purity center in units of ¢; M and V, are the mass and
volume of the elementary cell, s is the sound velocity,
N, is the impurity concentration, Wz and ap are the
Bohr energy and the Bohr radius in the crystal, m is
the effective mass of the carrier, E; is strain-potential
constant, and ¢ is the permittivity of the material. In
addition, the piezoelectric (acoustical) mechanism of
energy scattering changes to deformation acoustics at

1+E=Tp%e*h me’E, T, (54)
where B is the piezoelectric modulus (for simplicity,

the case is considered in which only one component of
the corresponding tensor is significant). -
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For an estimate, we set Wy =6.4X10" eV, a3’ =4
X10% cm™®, Ms®=1eV, Ty=3.5%10" eV, £=16.8,
Vi/3-6.5%10" cm, E;=20 eV, B=10"° cal/cm® and
m= 10'2mo (m, is the mass of a free electron), and we
obtain the following result from Eqs. (53) and (54): 1
+£>0.8 (10°N, [em™])*?and 1+ £>1.25. It is seen
that as applied to the energy scattering mechanism, the
expression “sufficiently great superheating” actually
means ¢ 2 0.25. The theory developed above still has
meaning here. On the other hand, for the interchange
of the momentum scattering mechanism under condi-
tions of interest ot us (N, =10"-10" ¢m™), values of
£=10-20 are required. Here the study of asymptoti-
cally great superheating, when £>>1, has significance.
Neglecting unity in the expressions (3) in comparison
with £ and setting p =»=-3, we get, in place of (11),

— VA= Ime T (55)

At yI, <1, we can write on the right side of (55), in
place of ¥I,, the difference v(I,,= I, ).

With accuracy to a factor of 3/2 in the second term,
and on the right side, Eq. (55) is the same as the equa-
tion (15) linearized in £. It has a solution that depends
only on 2 and is completely analogous with the solution
for £, at small superheating (Eqs. (17) of Ref. 1):

3m
t=t= 3—-2y*

{e-=+Ce—5"), (56)
Here C is a constant determined from the boundary
condition at z=0. The latter obviously follows directly
from the relation (9b) and, generally speaking, is a
transcendental equation. It is simplified in two limit-
ing cases of almost impenetrable and completely pene-
trable surfaces. The first of these corresponds to a
very small (at any superheating) value of ¥(<<7), while
the second corresponds to a practically constant value
of v£Y2, In both cases, the quantity I, drops out of
the boundary condition and, consequently, C does not
depend on ¥I,. Here &(z)~(I,-I)*"2.

It is easy to establish the fact that the solution (56) is
stable in the small, so long as v,(£,)>0. The investi-
gation by methods of ordinary branching theory also
shows that the solutions which depend not only on z but
also on x and y, and correspond to nonvanishing velo-
city # do not exist in the present case.?’

The distribution (56) completes to a certain degree
the process of heating up of the electrons in the con-
sidered case, arising either as a result of development
of an instability or at a sufficiently great supercriti-
cality. It remains in force until scattering processes
with participation of optical phonons become signifi-
cant. It can be shown that the corresponding critical
value is £~Fwy/2T,, where w, is the frequency of the
optical phonon. However, we note that, thanks to the
inhomogeneity of heating, the interchange of the scat-
tering mechanisms will not take place simultaneously
over the entire sample, but initially only near the ir-
radiated surface. Thus the problem arises of the dis-
tribution of the electron temperature in two- and three-
dimensional systems (the number of layers obviously
depends on which scattering mechanisms had predom-
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inated at low superheating). It is easy to show that
such a system is unstable under the considered condi-
tions. Actually, according to (52a)-(52b), the condi-
tions of stability of the newly formed states turn out—at
the given value of /,,—to be more and more rigorous.
Thus the regions corresponding to the lower-tempera-
ture scattering mechanisms will gradually be displaced
by the higher temperature ones, as long as the distri-
bution of ¢ does not take the asymptotic form (56).

APPENDIX

EFFECTIVE BOUNDARY CONDITIONS TO THE
EQUATION OF CONTINUITY AND ENERGY
TRANSPORT

The condition (9a’) was obtained and used (at £,< 1)
in Ref. 2. Here we shall give a somewhat more gen-
eral derivation.

The general expression for the drift velocity, which

is valid also in the space-charge region, has the form
=—u(Vq>+aVT +2 9y n), (A.1)
N

where D is the diffusion coefficient. Here the potential
@ can be represented in the form of the sum of two
components, ¢ =¢; + ¢,, the first of which is connected
with the change in carrier concentration in the space-
charge layer, while the second is due to inhomogeneity
of the temperature of the electrons. It is obvious that
@1 changes considerably over the distance 7, (the fast
component), while ¢, changes over the length X' (the
slow component). In the body of the paper, the quantity
@, has been designated simply as ¢; it is the only one
that enters in the definition (8). Thus,

u=-—p.Vd>—p(ch‘+2V1nn). (A.2)
m
At z2=0, we have u,=0, i.e.,

0 A, Ealnn

0z (?_‘—u 0z ) (A’3)

because of (2), the quantity 3¢/9z remains practically
the same at z =7) as at z =0 while the right side of
(A.3) goes to zero. Then

0
ﬂl z—(_(p‘ +B_alnn)'

0z 0z p 0z (a.9)

Under static conditions, this is the identity 0=0.
With the appearance of convection, both sides of Eq.
(A.4) become different from zero (the right side, basi-
cally because of the dependence of the ratio D/u on the
electron temperature); here

dlnny " , AL
('_aT),_(D) b ""_( 0z) wims
Thus, Eq. (A.4) can conveniently be written in the form

1 el [ N - NN VA 0 NS

In the absence of Fermi degeneracy the condition
(9a’) then follows.

In general expression for the energy flux density is
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q+uepn=—nxVT+nuT (*/,+r) +eune.

Transforming here to the nondimensional variable
given in the body of the paper, and using the equality
n=n;, we obtain the condition (9b’).

DThis method has been used in a number of researches
(see, for example, Ref.10).

DThus, although the ideological content of Ref. 1 and the
statement of the problem given there are not subject to doubt,
the result expressed by Eqs. (43) and (44) of this paper appar-
ently does not have aregion of applicability.

$\We note that the quantity v, could in principle turn out to be
negative. As is easily shown, under certain conditions this
circumstance can itself cause the instability of the static
distribution of the electron temperature in the heated electron
gas. In what follows, we shall nevertheless assume v, > 0.

“This result should not produce surprise, because (55) is
normally nothing other than the equation of transport of ener-
gy under conditions in which an external voltage is lacking and
the kinetic coefficients do not depend on the temperature of
the electrons.
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The spectral distribution and the polarization of recombination radiation of free excitons and of
multiparticle exciton-impurity complexes were investigated in silicon subjected to uniaxial compression
and tension in the directions [111] and [001]. The agreement of the experimental and calculated degrees
of polarization of all the exciton-emission bands was attained by choosing the values of two parameters
that characterize the contributions of the different intermediate states in radiative recombination with
participation of phonons. The degree of polarization of different emission lines of multiparticle
exciton-impurity complexes is calculated on the basis of the choice of the symmetry of the initial and
final electronic states in accordance with the shell model of the complexes and in accordance with the
data on the polarization of the exciton radiation. A quantitative comparison of the results of this
calculation with the experimental values of the degree of polarization of the phonon and no-phonon
radiation components of complexes bound on phosphorus and boron atoms in silicon show that the shell
model describes correctly the main properties of multiparticle exciton complexes.

PACS numbers: 78.60. — b, 71.35. + z, 62.20.Fe,

1. INTRODUCTION

The substantial progress made recently in the investi-
gation of multiparticle exciton—-impurity complexes
(MEIC)! are due to a considerable degree to the use of
the “shell” model.?** According to this model, the elec-
trons and holes fill in succession the shells of the com-
plexes in accordance with the Pauli principle. The cells
are made up in this case of single-particle states and
have the degeneracy multiplicity and the symmetry of a
simple donor for electrons and of a simple acceptor for
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holes. The validity of this assumption has already been
confirmed by the observation of new relatively weak
lines in the emission spectra of complexes bound on
donors of group V in silicon (the B series and some
other lines*®), as well as by the character of the split-
ting of the emission lines of the complexes in uniaxially
deformed silicon®” and in strong magnetic fields.

The polarization of the recombination radiation makes
it possible to assess directly the symmetry of the initial
and final electronic states in radiative decay of the
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