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It is shown that a strong current flowing through indium antimonide located in a strong magnetic field
excites Cerenkov radiation of helicon waves. The magnitudes of the currents and fields necessary for
excitation to take place are found. The strength of the self-field of the current is found to be much less
than that of the external magnetic field. For a cylindrical sample, with a radius much smaller than its
length, the values of the frequency and critical current are close to those found experimentally.

1. CERENKOV EXCITATION OF HELICON WAVES
I a number of experiments (see the reviews ™),
microwave radiation (frequency range 10°—10''"Hz)

has been observed from samples of indium antimonide
placed in a strong electric and, generally speaking, a
magnetic field. It was found that this radiation occurs
for a magnetic field H=0or for Hil Eor for H1 E

(E is the electric field). However, if the magnetic field
is so strong that H > c/u_ (u5 is the mobility of elec-
trons or holes and c is the speed of light), then, first,

a lower constant current density j, is necessary for ex-
citation of transverse waves than at H = 0, and second,
the amplitude of the oscillations is much greater.
Therefore, a real situation is presented in which, for
different values and orientations of the magnetic field
relative to the direction of the current, different mech-
anisms of excitation of the instability of transverse
waves are important.

In this paper we limit ourselves to the case H Il j,
and to values of the magnetic field ¢/u, > H> ¢?/u_u,
(the case H > c¢/u, does not occur in experiment for
indium antimonide). We consider samples of cylindri-
cal shape with radium R much less than the length L.
In correspondence with the experimental situation, we
shall assume that the electric field is so strong that
shock ionization leads to the equality of concentrations
of electrons and holes: n_ = n,. We note that the theory
of this phenomenon was considered in *7!, However,
in these papers, no physical mechanism was given for
the appearance of growing transverse oscillations.
Furthermore, the boundary conditions on the lateral
surfaces of the sample were not taken into account.
Finally, the magnetic field of the current that is nec-
essary for excitation of the oscillations is greater than
the external field of the current and it is necessary to
take it into account.

We shall consider one of the possible reasons for
excitation of transverse waves. In the presence of a
magnetic field, of the ‘“magnetizing’’ electron and the
‘“‘nonmagnetizing’’ hole, weakly attenuated helicon
waves exist in the crystal with frequency w = ckk
+H/4me (here e is the charge on the electron and k is
the wave vector). If the drift velocity of the carriers
vdr becomes greater than the velocity of helicon waves
ck-H/4me, then ‘“Cerenkov’’ radiation of helicon waves
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takes place.” This radiation is analogous to the well-
known emission of sound when the drift velocity of the
carriers is greater than the sound velocity. The condi-
tion vy, > ck-H/4mme or j, > ckH/47 and the expres-
sion for the frequency differs from the condition ob-
tained below, first, by the fact that in place of a wave
vector k with all three components there is only the
single component of k along the cylindrical axis in the
obtained expression and, second, by a numerical factor
less than unity. These differences are connected with
the boundary conditions on the lateral surfaces of the
cylinder and with the relations between the kinetic co-
efficients. Here the magnetic field of the current (the
“‘self-field’’) Hg is less than the external field, by a
factor greater than R/L; therefore, its effect can be
neglected.

In spite of the fact that the resultant frequencies
and currents lie in the range of experimental values,
there is no complete assurance that the observed
‘“Cerenkov’’ mechanism of excitation of helicon waves
is responsible for microwave emission in indium anti-
monide. For an unambiguous determination of the rea-
son for microwave emission, it would be necessary,
on the one hand, to study the wave emission in the ex-
citation of ‘‘hole’’ sound, and on the other, to consider
the excitation of helicon waves for H; L j, and H=0,
and also to construct a nonlinear theory which one
could compare with experiment., However, this takes
us beyond the framework of the present paper.

2. SYSTEM OF EQUATIONS AND THE BOUNDARY
CONDITIONS

The set of equations describing the problem inside
the sample has the form

@
@)

0H /3t = —crotE,

4nj/c = rotH,

DWe note that in a number of cases (see, for example, [®]) the prob-
lem of “Cerenkov” radiation of hole sound has been considered. How-
ever, the excited oscillations are longitudinal. In the dispersion equation,
the equations for transverse and longitudinal waves are divided by a
small parameter (v/c)?. Therefore, it was not previously evident that
excitation of hole sound could lead to the radiation of electromagnetic
waves,
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E = nj + mu[§H] + noH(jH). (3)*

The kinetic coefficients 7, n,, 1, are given for example,

n ', For u+H/c <1< p_u, H%/c? they are equal to
77 ~ —n,H?~ u,H?/nec? n,H = H/nec As is seen, the
kinetic coefficients are determined only by the hole mo-
bility. The holes do not heat up at not too high a concen-
tration (n < 3 x 10" cm™). Therefore, we can disregard
the dependence of the kinetic coefficients on the field.
Also, we shall not take into account the inhomogeneity
of the concentration along the radius of the cylinder,
due to the pinch effect, since calculation shows that
this inhomogeneity is negligible. Finally, neglect of
the displacement current and of the temporal dispersion
is valid up to frequencies of 10'? Hz, which is much
higher than the frequencies obtained below. Outside the
sample, (2) changes to dE’/ot = ¢ curl H’. On the sur-
face of the cylinder it is necessary that all three com-
ponents of the magnetic field be continuous. Finally,
the fields should vanish as r — « (where r is the dis-
tance from the axis of the cylinder).

We linearize (1)—(3) and introduce a cylindrical set
of coordinates (r, ¢, z) and set E’, H’, j' ~ {(r)
x exp {ikz + img—iwt}. We shall see below that Hg
= 2mj,r/c < H,. Therefore, we shall neglect Hg in (3).
Furthermore, we shall neglect the constant current
Jog orlgmatmg in the sample, since jo¢ /ioz ~ Hg /Ho
<« 1. We note that for 11near1zat10n one must take into
account the dependence of  on H? Substituting (1) and
(3) in (2), we get

ic2

. ki H,_(LC kH
i(0 4 ckjn)H' = -

n+ nzch) rot H’

)

We take the curl of (4) and substitute in it the value
of curl, H’ found from (4). Projecting the resultant ex-
pression on the z axis, we find

(A + %) (A + =) HY =0,

2
— 2 [HV] (jH’)—chng [HV](H rotH')—H—"zc [iV] (HE).

(5)

where Kf » are the roots of the following expression:

c2\2 ct(kH)? ic%kj
(4n) ot ["” 1" Ty ™M g """‘]
c2k2 4ic’kj
"(‘32“‘” an T 4 k2"°"‘) 0. ()

here n, =1+ n,H% & =w + cn,k-j.
The solution of (4), which is finite as r — 0, has the
form

= CiIm (Va2 — B21) + Colm (V2 — K2T).

(M)
Taking the projections of (4) on the r and ¢ axes and
replacing curl, H’, we get a system for the determina-
tion of Hy and Hy, in terms of H;. Its solution has the
form (with account of div H' = 0 and (7)):

{ ﬁ;:} = (44 — k45) [Z—;nsz(qu + i)+ A2A3]

« [{ ik } a{{zf __”i{ iA‘/Az}H/],
Ay/Ay)  or r —k

c?-xzr] Ay— iccny
4n

ic
2'm L T °f

®)

Ay =io +

———kH + nocjH,

Ay=

*[jH] =j X H, GH)=j - H.
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Outside the sample, the solution of the system leads to

Tt T
H/ ~ Ca ( V- #r) + V- ir).
c? c?

As we shall see below, w < ck, and therefore
Jm (Vw?/cZ— K?r) — « as r — «, which leads to
C, = 0. Using div H' = 0, we find, finally,

, 9 @? L, m %
H, =035N,,,(V~cz_—k2r), H¢'=1037Nm(]/c—2—k2r),
9)

3. FREQUENCY AND CONDITION FOR EXCITATION
OF TRANSVERSE WAVES

The boundary conditions for r = R lead to a homo-
geneous system for the determination of C,, C,, and C,
with coefficients determined by (7)—(9). The condition
of the non-zero solution of this system gives the dis-
persion equation., It has the form of a sum of products
of three Bessel and Neumann functions of the arguments

(Yur* — (Voe? — (Vo? /2 — k°R),

and we shall not write it down, because of its complex-
ity. The exact solution is possible only numerically;
we shall solve it approximately. We write, as usual,

k = mp/L, where p =1,2,.... Then we find kR = 7Rp/L
< 1 for not too large p. (In practice, L/R =~ 10—30, so
that p < 3—10.) Further, we take it into account that
one of the roots of (6) is much larger than the other.
Let k% < k3, then k,R >> 1. Using the approximate ex-
pressions of the Bessel and Neumann functions for
small and large arguments, we obtain, for m # 0,

k2R), KR),

]m(]/xl (91)

here B is a number much less than unity. We shall be
interested in the smallest root of (9’), since it is easy
to see that even for vk3 — k?R ~ 3.8 (i.e., close to the
first non-zero root of J,), the critical current is such
that 27j,R/cH > 1 and our consideration is invalid. If
VK — k?R « 1, then, expanding the Bessel function in
a series and substituting k% from (6), we find the con-
dition at which the frequency is real:

¥ R) =/,B(kR);

ckH 3+2BT]0
jo = joer = ——— B
== (14750 ) Vit B (10)
and the frequency itself is
ck?H Y1+ B(3+ 2B
_ 11+ B( ) (11)

4nne 34 2B-+n/no

As is seen from (10), 27j ,R/cH < 1, i.e., our neglect of
Hg and j,, is justified. It is also seen that the expres-
sion for tﬁe frequency is close to the corresponding one
for helicon waves (in the unbounded specimen). It is
also seen from (10) that the carrier drift velocity at
which Im w > 0, should be greater than the velocity of
the helicon wave, in agreement with the qualitative
picture of Sec. 1.

We estimate the critical current and the frequency
in indium antimonide for the concentration n ~ 10 cm™,

~ 10® absolute units, u_/u, ~ 36, L =1 cm and
magnetlc field Hy ~ 3 x 10° Oe. Here jocr = 3 x 10°
A/em® w ~ 2 X 10° Hz, which is close to the experi-
mental data. Here w/ck < 1.



EXCITATION OF TRANSVERSE

4. ON THE POSSIBILITY OF EXCITATION OF
HELICON WAVES UNDER OTHER CONDITIONS

The calculation set forth makes it possible to draw
a number of conclusions. If p_p,H?¢? < 1< pu_H/c,
then the kinetic coefficients depend not only on the
hole mobility but also on the electron mobility. In this
case, it is necessary to take into account the heating
of the electrons. However, if 1 + 9 In /2 In E® and
1+ 31In17,/8 In E? are close to unity, which is the
case in indium antimonide, the result of the calculation
is almost unchanged; therefore, the expressions (10)
and (11) are true in the interval of values of the mag-
netic field ¢/u_ <H<e¢/u,, If the magnetic field is
so strong that H >c/pu,, i.e., the holes are ‘‘magne-
tized,’’ then at equal carrier concentrations there are
no helicon waves and Alfven waves are generated, the
velocity of which is much higher. Therefore, the cur-
rent necessary for their radiation is much greater.
Similarly, if the carrier concentrations are strongly
different, then, as calculation shows, the critical cur-
rent increases in the ratio (1/n,H®), which is greater
than unity. Therefore excitation should be expected
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in certain materials with high ratios of mobilities.
Thus, in addition to indium antimonide, there is bis-
muth, where for L =1 cm, H, = 10> Oe and T ~ 4°K,
joer = 10 A/em® and w ~ 3 x 10* Hz.
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