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Results are presented of an experimental investigation of the propagation of helicons in n -lnSb and 
n -lnAs under quantum-limit conditions (magnetic field up to 250 kOe) and at temperatures between 
1.5 and 78 oK and frequencies of 24 and 39 GHz. Alternation of regions of strong and weak helicon 
damping (the magnetic field is varied) is observed in degenerate n -lnSb and n -lnAs samples at 
helium temperatures. This phenomenon is ascribed to changes in the dependence of the transverse 
component (T x x of the conductivity tensor (determined in these conditions on the basis of scattering 
by ionized impurities) on the magnetic field strength. The change is due to the lifting of the electron 
degeneracy by the strong magnetic field in the quantum limit. The positions of the boundaries of the 
regions of weak and strong helicon damping depend on the electron concentration, temperature, wave 
frequency, and sample size. The proposed physical model of the phenomenon and the calculations 
performed on its basis are in agreement with the experimental data. 

INTRODUCTION 

The study of galvanomagnetic properties is a power
ful method of investigating the structure of the energy 
spectrum and of carrier scattering in metals and semi
conductors l1]. Particular interest attaches to a study of 
these phenomena in a quantizing magnetic field, which 
changes both the energy spectrum and the carrier
scattering mechanism. The greatest amount of informa
tion was obtained to date from measurements of the 
magnetoresistance (transverse and longitudinal) in a 
quantizing magnetic field. The value of this method is 
greatest when moderate (but quantizing) magnetic fields 
are used, which lead to the appearance of well-resolved 
oscillatory phenomena. In the quantum limit, which is 
of particular interest for a number of reasons, no such 
oscillations occur and the interpretation of the results 
of the galvanomagnetic measurements is frequently 
quite difficult, since the corresponding relations (for 
example, the dependence of the magnetoresistance on 
the magnetic field) are smooth and have no strongly 
pronounced singularities. It is difficult then to deter
mine with sufficient accuracy the changes of the scatter
ing mechanism or of the carrier statistics. Since, in 
addition, the magnetoresistance is determined also by 
the carrier density, additional difficulties arise when 
the density is a function of the magnetic field, (for ex
ample in semimetals and semiconductors). A major 
(although not principal) shortcoming of the traditional 
methods is the difficulty of obtaining exact results in 
pulsed magnetic fields, which frequently are the only 
ones available to the experimenters. 

A method free of many of the foregoing shortcomings 
is the study of the propagation of weakly-damped elec
tronmagnetic waves (helicons) in a solid-state plasma[2]. 
In this case one measures simultaneously (by determin
ing the dispersion and the damping of the helicon) the 
Hall component (oyx) and the transverse component 
(oxx) of the conductivity tensor. This makes it possible 
to determine the density and scattering mechanism of 
the carriers. It is important that the damping of the 
helicon is an exponential function of the components of 
the conductivity tensor, and this makes it possible to 
determine more accurately (than in the magnetoresist
ance method) the change produced in Oxx by the change 
in the character of the carrier scattering in the mag
netic field. In addition, helicon damping is in essence 
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a size-dependent effect, since its magnitude depends 
(exponentially) on the dimension of the system along the 
helicon propagation direction. Thus, we have an addi
tional parameter, namely the sample dimension, and 
variation of this parameter enables us in principle to 
measure the function oxx(H) more accurately. 

The helicon method was used successfully for metals 
and semiconductors to measure the carrier density, to 
study quantum oscillations, cyclotron absorption, as 
well as other phenomena in an electron plasma of a 
solid[31. It should be noted at the same time that sys
tematic investigations of helicon propagation in the 
quantum limit were in fact not carried out, although the 
attainment of this regime (at least for semiconductors) 
does not entail great experimental difficulties. One of 
the many studies in this direction was carried out by 
Furdina[41, who observed a strong increase of helicon 
damping in the degenerate electron gas of n-InSb in the 
quantum limit at helium temperature, We have previ
ously investigated [5] the dispersion of a helicon in n
InSb at nitrogen temperature in the presence of a change 
of the carrier denSity in the quantum limit. In[6], singu
larities were predicted in helicon propagation in the 
quantum limit, due to the influence of the magnetic field 
on the statistics and on the carrier scattering mecha
nism. In our recent paper[71, we described preliminary 
results of a study of these singularities in n-InSb at 
helium temperature in a magnetic field up to 250 kOe. 

The present paper is devoted to a detailed exposition 
of the experimental data and to an analysis of the physi
cal phenomena discussed in[6]. 

FEATURES OF HELICON PROPAGATION IN THE 
QUANTUM LIMIT 

1. Let us examine briefly the ideas underlying the 
helicon method of investigating the conductivity tensor 
of a semiconductor in a quantizing magnetic field. The 
dispersion relation for a helicon propagating in a pure 
electronic along an external magnetic field is[3] 

k'c' 4n. 4n 
7= x +~ayx-t-i-;-crxx. 

Here wand k are the frequency and wave vector of 
the wave, while K is the static dielectric constant of 
the crystal. 
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In the customarily considered case axx « ayx, the 
spatial damping of the helicon, determined by the imag
inary part of the wave vector, is small. The expres
sions for kr = Re k and ki = 1m k take in this case the 
form 

k = (4nwo,.') 'I, 
, , 

c 

1 Ou 
k'=-2 k,--, 4:k" 

ayx 

where a.vx = ayx + Kw/471". In the general case (at an 
arbitrary ratio of (J'xx and (J'yx), the corresponding 
expressions become more complicated: 

. _ (4nwo •• ')", (~) 
kr - <p-T I' 

C O'v~ 

1 0.. (0 .. ) k i =-k,--, <Pi --, .• 
2 ar~ O'.,x 

Here 

(2 ) 

(3) 

<p,(u)= ~I(t+u')'''+lP', "'i(u)=~[(t+u')'I'-11. (4) 
l'2 u' 

Direct calculations show that at u s 1 the values of 
the functions <pd u) and <Pi( u) differ from unity by not 
more than 10 and 20%, respectively. This means that in 
the case axx s (J'yx (and it is precisely this case which 
will be of interest to us in the future) it is pOSSible, 
subject to the indicated error, to use the simple rela
tions (2), according to which the dispersion of the heli
con is determined by the Hall conductivity ayx and its 
damping is determined by the diSSipative (transverse) 
conductivity axx, 

We define the transparency coefficient i3 of a helicon 
passing through a sample of thickness L as the ratio of 
the amplitude of the field incident on the sample to the 
waves passing through it. Then, under the conditions 
krL» kiL » 1, we have[3] 

( 1 0..) ~=~,exp(-k,L)",,~,exp --k,--, L , 
2 cr.,x 

(5) 
4ck,lw 

~,= (ck,lw-tl),exP(ik,L). 

According to (5), the transparency coefficient is a com
plicated function of the magnetic field, defined by the 
dependences of the conductivity tensor components 
axx( H) and aYx( H) on the magnetic field. To determine 
the approximate form of this function, we note that in a 
strong (including quantizing) magnetic field we have 
ayx = nec/H [8J, and axx( H) has a complicated form 
determined by the statistics and the mechanism of the 
electron scattering. 

2. We continue the analysis by USing as an example 
a degenerate (at H = 0) n-type semiconductor, in which 
the electrons are scattered by ionized impurities at suf
ficiently low temperatures. In this case there are at 
least four regions of values of the strong magnetic field, 
which differ Significantly in the form of the axx (H) 
dependence l ) • 

1) Classical magnetic field (nT» 1, fin « €F); 
in this case 

(6) 

2) Quantizing magnetic field (nT » 1, fin:: EF); 
region of quantum oscillations; (J'xx oscillates when the 
magnetic field is varied. 

3) Quantum limit, degenerate electrons (0 < E F 
Yzfin < fin); in this case[8] 

(J,pSl. (7) 

4) Quantum limit, electron degeneracy lifted by the 
magnetic field (EF - Yzfin < 0); in this case[7] 

1 
(JxxO:>~. (8 ) 
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We shall be interested mainly in the last two regions of 
the magnetic field-the quantum limit, 

Figure 1 shows plots of (J'xx( H), (J'Yx (H), and j3( H) 
for an n-In&b sample at T = 4.2"K with electron density 
(at H = 0) no = 1016 cm-3• The function (J'xx( H) for this 
case was calculated with the aid of Neuringer's experi
mental data[9J on the magnetoresistance and the Hall 
effect. The frequency w = 2 X lOll sec- l corresponds 
to the 8-mm wavelength band, and L = 4,2 mm. This 
figure reveals the existence of a region where the mag
netic field is not transparent to the helicon; this region 
lies in the field interval HI < H < Hz; the lower limit of 
this region is connected with the growing function 
(J'xx( H) in the quantum limit for degenerate electrons 
(relation (7 )), while the upper limit is connected with 
the decreaSing function (J'xx(H) in the quantum limit 
after the electron degeneracy is lifted by the magnetic 
field (relation (8)). Like any other characteristic quan
tity connected with an exponential dependence (for ex
ample, the dimension of the skin layer, the relaxation 
times, etc.), the limiting values HI and Hz are defined 
quite arbitrarily. We define them as those values of the 
magnetic field at which the transparency coefficient be
comes smaller by a factor eZ than its maximum value 
(for fields H < HI), meaning j3( H1,z) = e-z f3max. This 
definition was used to estimate the values of HI and Hz 
in Fig. 1. All the experimental and calculated values of 
HI and Hz cited below are based on this definition. 

It is clear from physical considerations that the 
limits of the non-transparency region should lie re
spectively inside the field regions Hqu.lim. < HI < Hcteg 
and Hz> Hcteg (Hqu.lim is the field at which the quan
tum limit sets in, and Hcteg is the field at which the 
degeneracy is lifted). We estimate Hqu.lim and Hdeg 
with the aid of the expression 

N, hQ . r EF-'I,hQ+GhQ ] 
n(Jf)=---=--F_'I, , 

Un koT koT 

TV = (2rrm'koT)/, G =-'- m' l '1 
• c 4n31lJ' 4 mo g , 

(9) 

which connects the concentration and the Fermi energy 
of the electrons in the quantum limit; 

~ t-'hdt 
L'I,(x) = J . 

o 1+exp(t-x) . 

g* is the effective Lande factor for electrons. We put 
EF = fin/2, which corresponds to placing the Fermi 
level halfway between the two lower (spin-split) Landau 
sublevels. It follows then from (9) (with allowance for 
the asymptotic relation F -liz (x) ~ 2 rx at x » 1 and 
under the condition n - no) that 

hQ qu.lim.=EFo(4/31'G),/,. (10) 

Here no and EFO are the concentration and the Fermi 

FIG. I. Dependence of the con
ductivity-tensor components axx 
and a~x and of the transparency 
coefficient (3 on the magnetic field 
for n-JnSb with electron density no 
= 1016 cm-3 at T = 4.20 K; axx is 
plotted from the data of [9) , and 
(3 is calculated for L = 4.2 mm. The 
plot of (J~x was constructed without 
allowance for the magnetic quench
ing, which is significantly cancelled 
out by the contribution of K. 
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energy of the electron at H = O. The value of the mag
netic field Hdeg is obtained by assuming (arbitrarily) 
that (EF -liO/2 + GfiO)/koT = 1.1 (this corresponds to 
the inflection point of the function F_1!2). We then obtain 
from (9) the relation 

(11) 

in which we took into account the dependence of the 
electron density on the magnetic field as a result of the 
"magnetic quenching" effect, which is connected with 
the lifting of the electron degenerac y. We note that in 
accordance with (10) and (11) we have 

EXPERIMENTAL PROCEDURE 

To study helicon propagation in n-InSb and n-InAs at 
the frequency 39 GHz, we used the two-beam inter
ferometer system shown in Fig. 2. Microwave radiation 
from a klystrom generator K entered both channels of 
the waveguide system; part of the microwave power 
propagated through a waveguide placed in a Dewar ves
sel and passed through the sample, which was placed in 
this waveguide. To prevent "leakage" of the signal past 
the sample, the transverse dimensions of the sample 
were made to match exactly the dimensions of the wave
guide, and the sample was glued into a plastic plate 
(with adhesive that absorbed microwave radiation) 
clamped between the flanges of the waveguide (see Fig. 
2). The second arm of the waveguide system included 
an attenuator (A) and a phase shifter (Ph). The signal, 
the result of the interference of the reference and in
vestigated signals, was measured with a detector (D). 
Thus, the experimental setup is in fact a Rayleigh in
terferometer2), and the extrema of the interference 
pattern produced by the variation of the wave vector of 
the wave in the sample (kr = kr(H)) are given by the 
relation krL = M7T, where M = 1, 2, 3, .•. , L is the 
sample thickness. By measuring the phase of the refer
ence signal (it is necessary in this case to monitor the 
constancy of the amplitude of the reference signal), one 
can obtain a series of interference patterns, the envelope 
of which determines the dependence of the power passing 
through the sample on the value of the magnetic field. 
From these dependences it is possible to determine the 
limiting fields Hl and H2 by the method described 
above (the accuracy with which Hl and H2 are deter
mined is ~10%). 

The measurements were performed in pulsed mag
netic fields up to 250 kOe in the temperature range 
1.5-100oK. The samples were prepared by the standard 
procedure and their parameters are listed in Table I. 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

Typical experimental results are shown, in the form 
of interference patterns, in Fig. 3 for sample 815 So 
The interference pattern 2, which corresponds to heli
con propagation at T = 12.2°K, differs strongly from 
interference pattern 1, which is obtained at T = 78°K 
The helicon attenuates strongly in the region Hl < H 
< H2• 

Table II shows the experimental values of the limiting 
fields H1e and H2e for different samples. The table 
shows also that the values of H<!.u.lim and Rcle calcu
lated with the aid of (10) and (11). It lists also tte calcu-
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FIG. 2. Experimental setup: 
K-klystron microwave genera
tor, W-wavemeter, A, A'-at
tenuators, D, D' -detectors for 
the transmitted and reflected 
waves, C-circulator, Ph-phase 
shifter. The mounting of the 
sample is shown in the insert. 

TABLE I 

Sample No.1 Material nO. em-' I ~ •. cm'/V-sec I L, mm 

315S 

1 n-InSb 

3.5.1015 213000 6 
815S 7.7.101' 148000 4.2 ** 
116S 1.101• 165000 4.3 
316S 2.6.1016 88000 5 
416S 4.101• 120000 5.5 
216,1 n-InAs 1.7.101' 24100 2.4 

'!I-mobility at 77°K. 
"The thickness of this sample was varied between 2 and 7.2 mm. 

TABLE II 

I 
H, kOe 

Sample No. -Hq- u-. li-'m-. "-I-H,-l---C,-H-
I 
c-~I-Hd-e-g ~I -H-,-l--'--H-,c-

315S I 11 19 22 :10 :18 41 
815S 22 52 - 77 122 -
116S 25 5\ 46 1'00 1:.'6 1'l0 
316S 40 75 - 180 \115 -
416S 55 115 - 330 >250 -
216A 51 95 - 120 110 -

lated values of H1c and H2c obtained by the method de
scribed above. 

As seen from Table II, the values of H1e increase 
with increasing electron density. The reason is that the 
strong helicon damping, which begins in a field HI, is 
due to the relation axx cc H, which holds true only in the 
quantum limit. On the other hand, the field Hqu.lim at 
which the quantum limit sets in increases with increas
ing concentration (see (10) and Table II)o 

One should expect also an increase of the field H2 
with increasing no, since the field Rcleg at which the 
degeneracy is lifted increases with increasing density 
(see (11) and Table II). The tendency of this growth is 
seen from the values of H2e listed in Table II, although 
the ratio of the values of H2e for the samples 116 S 
and 316 S does not agree with the expected valueS). 

For sample 416 S we have Hdeg = 330 kOe, which 
exceeds the field attained in the present experiments. 
We were therefore unable to observe in this sample the 
appearance of a second transparency region; it can only 
be stated that H2 > 250 kOe in this case. 

It is seen from Table II that the calculated values 
H 1c and H2c are in satisfactory agreement with the 
experimental values H1e and H2e for those samples 
for which this calculation could be performed from data 
on the magnetoresistance and on the Hall effect (see the 
curves of Fig. 1, which were plotted in accordance with 
the experimental data[91). 

Figure 4 shows a series of interference patterns for 
n-InSb samples with identical density no = 7.7 X 1015 

cm-3 and with different thicknesses (2, 3, 3.5, 4.2, and 
7.2 mm). It is seen from this figure that when the sam-
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H,kOe 

10 20 100 200 
H,kO. 

FIG. 3 FIG. 4 

FIG. 3. Interference patterns for sample 815 S (Rayleigh inter
ferometer): 1_78° K, 2-4.2° K. 

FIG. 4. Interference patterns for n-InSb samples with electron 
density no = 7.7 X lOiS cm-3 and with different thicknesses L at T 
= 4.2°K (Rayleigh interferometer): 1-2,2-3,3-3.5,4-4.2,5-7.2 mm. 

pIe thickness is decreased the non-transparency region 
decreases gradually and vanishes completely at L = 2 
mm. The narrowing of the non-transparency region with 
decreasing sample thickness is due to the fact that the 
transparency coefficient {3 depends on the sample thick
ness (see (5 )). Let ki max be the value of ki at the 
maximum transmission point; then the values of the 
magnetic field HI and H2 are determined by the equa
tion ki (H1,2) = ki max + 2/L, where the function ki (H) 
has a maximum at H == Hdeg. It is therefore clear that 
a decrease of L should bring the values of HI and H2 
closer together, i.e., it should cause the non-transpar
ency region to become narrower, as is indeed observed 
in the experiment. 

It is clear from (2) and (5) that a change in the fre
quency of the incident wave should generally speaking 
influence the values of the fields HI and H2 in analogy 
with a change in the sample thickness L, i.e., a de
crease of the frequency should make the non-transpar
ency region narrower. This was confirmed by an experi
ment on the sample 815 S with thickness L = 3 mm, for 
which the measured values of the fields HI and H2 
amount to 69 and 100 kOe at 24 GHz, as against 59 and 
110 kOe at 39 GHz. 

Under the conditions 

the relation krL = M (M is the number of the extremum 
of the interference pattern), which determines the posi
tions of the extrema of the interference pattern, takes 
the form 

_ ( 4newL') 'I, 1 
111- --- --. 

nc 'IH 
(12 ) 

It follows therefore that a plot of M( H- I/2) should be a 
straight line (assuming that n is constant), the slope of 
which depends on the electron density. Figure 5 shows 
the corresponding plots for a sample with electron 
density no = 7.7 X 1015 (L = 2 mm) at temperatures 4.2 
and 78°K. It is seen that in strong magnetic fields the ex
perimental points deviate from a straight line, and this 
deviation has different signs for helium and nitrogen 
temperatures. 

At T = 78°K, the noted deviation is connected with 
two factors that "work" in the same direction-the con
tribution of K to the dispersion relation (1) and the in-
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FIG. 5. Plots of M(H-Y2) for the sample n-InSb with electron density 
no = 7.7 X lOIS cm-3 (L = 2 mm): .-T = 77°K, Fabry-Perot interfer
ometer; 0-T = 4.2°K, Rayleigh interferometer. The straight line corre
sponds to the relation M = 4(noewL2 /7rc) Y2WY2, and the dotted line is 
a plot of formula (I) with K taken into account, while the dashed line 
is calculated with allowance for K and for the change of the electron 
density in the magnetic field (in accordance with [ 101 ). 

FIG. 6. Interference patterns for sample 315 S at different tempera
ture (Rayleigh interferometer): I-time scan of magnetic field ( maxi
mum of value 200 kOe); 2-4.2°; 3-10°, 4-17°; 5- 35° K. The sensi
tivity of the measurement circuit in the case of oscillogram 2 is half as 
large as in the case of oscillograms 3-5. 

crease of the electron density in a strong magnetic 
field[IOl. The latter factor is particularly clearly mani
fest in samples with lower electron density (samples 
315 Sand 815 S), inasmuch as at high density the over
lap of the conduction and impurity bands prevent the 
electron density from increasing with increasing mag
netic field. Figure 5 shows also theoretical plots of 
M(H-I/2 ) with this effect taken into account. A qualitative 
agreement between experiment and theory is seen. 

At T = 4.2°K, the experimental plot of M( H- I/2) 

deviates from a straight line in a direction correspond
ing to a decrease of the electron density, this being con
nected with the "magnetic quenching" of the electrons. 

It was indicated above that the value of the field HI 
should not depend (in degenerate samples) on the tem
perature, and that the field H2 should increase with de
creasing T, inasmuch as H2 > Hdeg -x T- I/2 (without al
lowance for the effect of "magnetic quenching," see 
(11)). Measurements carried out at T = lSK have 
shown that within the limits of the measurement ac-
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curacy the value of Hl remains unchanged (in compari
son with the data obtained at T = 4.2°K), while Hl in
creases by 11, 12, and 10 kOe respectively for the sam
ples 315 S, 815 S, and 316 S. The increase is less than 
expected, this being attributed to an enhancement of the 
effect of "magnetic quenching" with decreasing tem
perature. It appears that the same effect is the cause 
of the vanishing of the non-transparency region (as de
fined by us) for the sample 216 A at T = lo5°K. 

A rise in temperature (above 4.2°K) leads to an ap
preciable decrease of H2• Above a certain temperature, 
the degeneracy-lifting field becomes smaller than 
Hli T=4.2°K, and this leads to a vanishing of the non
transparency region for the helicon. 

Figure 6 shows a series of interference patterns for 
sample 815 S at different temperatures. The gradual 
vanishing of the region of non-transparency with in
creasing temperature is clearly seen. An estimate of 
the temperature Tcr corresponding to the vanishing of 
this region can be obtained with the aid of the relation 
Hdeg(Tcr ) = H I IT=4.2°K, from which we obtain, with 
the aid of (11), Tcr = 16°K, in accord with the experi
mental data. 

The authors are grateful to I. K. Kikoin for constant 
interest in the work and for a discussion of the results. 

I)In relations (6)-(8), n is the electron cyclotron frequency, T is the 
electron-momentum relaxation time, and EF is the Fermi energy. 
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2)In a number of cases, the measurements were performed also with the 
apparatus operating as a Fabry-Perot interferometer (this was done by 
eliminating the "reference" arm from the circuit of Fig. 2). 

3)This may be due to the low mobility of the electrons in sample 316 S 
(see Table 1). 
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