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Theoretical explanation of observed tluantum-limit cyclotron resonance linewidth in InSb
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A theoretical explanation of the minimum observed in the cyclotron resonance (CR) linewidth as a function of
magnetic field is presented by including electron scattering via acoustic phonons and ionized impurities. Quantum-
limit CR linewidth broadens for phonon scattering while it narrows for ionized-impurity scattering with the
increasing magnetic field. The minimum arises due to the competition between the two scattering mechanisms.

The last decade has seen a large number of in-
vestigations, both theoretical and experimental,
to study cyclotron resonance (CR) linewidth in
semiconductors as a potential source of unscram-
bling various scattering interactions. Unfortun-
ately, such studies have produced a bewildering
variety of sometimes contradictory results.
McCombe et al. ,"have systematically studied,
from an experimental point of view, the quantum-
limit CR linewidth in InSb as a function of total
ionized-impurity concentration, free-carrier con-
centration, temperature, and magnetic field. A
minimum in the linewidth as a function of mag-
netic field is observed in all samples. The mag-
nitude of the linewidth and the magnetic field po-
sition of the minimum linewidth are independent
of free-carrier concentration, indicating that
free-carrier screening of the ionized impurities
does not play a role. At high fields, the linewidths
are proportional to un;, with n; the total number
of ionized impurities. The experimental results
so obtained were analyzed and interpreted in the
light of existing theories.

In spite of a large number of theoretical works
(see Refs. 1-5 for other useful references) di-
rected specifically toward ionized-impurity scat-
tering, no satisfactory, explicit or implicit, ex-
planation of the linewidth minimum has been given.
It is believed"' that the linewidth minimum is in-
deed related to matching the cyclotron orbit size
with the effective range of potential a (X/a= 1).
According to the interpretation given, the mini-
mum results from a subtle interplay between in-
ter- and intra-Landau-level scattering. But in
the quantum limit when most electrons populate
the lowest Landau level, interlevel scattering is
quite small, indicating the importance of intra-
level scattering in the lowes't Landau level."

Heuser and Hajdu, ' by using the self-consistent
perturbation theory, have attempted to explain the
experimentally observed CR linewidth. They

r=r. + r, ,

r.= 0.9Sr.'a~, /k, T, -

I', =23.2r,.'C '(T)k T/g(u, ,

with

(1)

(2)

(3)

v '= 3(2m*k T)+ E /Sw~ pu g

7 .& = /~28 n(C(T)/S(2m+)~q (AT)~2 .
(4)

(5)

Here &u, = eB/m*c is the angular cyclotron fre-
quency for an electron of effective mass no~ in a
magnetic field B. E, is the deformation potential
constant, p is the crystal density, u is the sound
velocity, X is the dielectric constant, and n,. is
the number of ionized impurities per unit volume.
v', defined here differs from that given in Ref. 5

by a factor of 2 to make it consistent with the
zero-field ionized-impurity relaxation time. '
C(T) is a slowly varying function of temperature T
given by'0

claim to have obtained a good agreement with re-
sults of other experiments"' on InSb for realistic
values of the strength and the range of the impuri-
ty potential taken to be of Gaussian form. The
minimum of the linewidth found by McCombe eI;
al. ,

"' could not be explained by their theory as
long as realistic values of the parameters were
inserted into the conductivity formula.

Arora' developed a quantum theory of ac mag-
netoconductivity for isotopic scattering interac-
tions by using an iterative solution of the Liouville
equation for the density matrix, a technique which
is equivalent to the Mori formalism used by
Kawabata. ' This theory was further elaborated by
Arora and Spector' by including the anisotropic
nature of the ionized-impurity scattering. When
applied tp combined acoustic-phonon and ionized-
impurity scattering in the quantum limit, this
theory yields a simple expression for the line-
width I' as a function of magnetic field 8:
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C (T) = in[1+ (Vyk T/2e'n~')'j

whose value at T = 4.5 K for InSb is 3..9.
The simple relationship of Eq. (1) arises from

the ScRtterlQg px'obRblllty pel unit tlnle by Rn

electron fx'om two independent scattering mech-
anisms, namely, the acoustic-phonon and impuri-
ty scattering centers. In stx ongly degenerate
samples, the quasiparticle effect described by
Lodder and Fujita" may become important. Then,
the collision broadening of the Landau level needs
to be taken into account in the density of states.
In the strong-damping llmlt, this quaslpartlcle
effect leads to CR linewidth proportional to Mn;.
But, for nondegenerate samples, this quasipax'ti-
ele effect can be neglected leading to "collision
dephasing" which yields the simple relation given
by Eq. (1).

The magnetic field position B~ of the linewidth
mlnlmum Rs obtRllled by setting dT/dB = 0, ls
glveQ by

and the minimum linewidth 1"~ eoxresponding to
this magnetic field is given by

At sufficiently high magnetic fieMs, mell above
the minimum, the CH linewidth should be inde-
pendent of pg;. This tends to be consistent with
actual observations. It may be noted that at lorn

temperatures and high magnetic fields, the above
behavior may be masked, to some extent, by the
freeze-out effect, but this freeze-out was taken
into account in the experimental mork in the deter-
nllllR'tloll of II;. Tile derivation of Eq. (3) Rlso lll-
dicates that the screening tends to be ineffective at
high magnetic fields, consistent with actual obser-
vations. '

For IQSb at 4.5 K, because of lom effective
mass, the quantum limit (fin, h keT) sets in at
magnetic fields of the order of 0.5 kG. The quan-
tum-limit expression for I' thus holds extremely
well for measurements made between 3 and 23 kG
by MCCombe et a/. ' For Ge at VV K, the quantum
limit sets ln Rt Inuch higher fields Rnd heQce the
scattering at lorn magnetic fields is still in the
classical limit, where it ean be assumed to be
Rppx'oxlIQRtely lndepeDdent of IQagnetie fleMS
while at sufficiently high magnetic fields above

Transmission linemidths at sevexal frequencies
studied by MeCombe et al. ,

' as a function of
temperature between 4.2 and 15 K mere found to
be independent of temperature. This led them to
conclude that phonon scattering is unimportant in
this temperature range, and the linewidth is de-
termined exclusively by ionized-impurity seatter-
lng. As, 18 cleRl fx'om the QuIQex'lcRl results px'68-
ented below, the zero-field ionized-impurity scat-
tering as compared to zero-field phonon scatter-
1Qg 18 px'edoIQlnRQt Rt low temperatures. But lt 18
suppressed by the magnetic field, in the quantum
limit, by a factor h&, /k~T-30 at the CR linemidth
minimum, while the phonon scattering is enhanced
by the same factor. At the minimum, these tmo
competing processes produce a temperature-inde-
pendent linewidth, as 1*of Eq. (8) is independent
of temperature, in agreement mith the experi-
mental observations which mere done near the
minimum. On the other hand, B*depends on
temperature (B*-T +') which has not been indica-
ted in any of the published works. A similar min-
imum is expected in CH, linewidth as a function of
temperature; the temperature at mhieh minimum
occurs is proportional to 8 '.

Both B Rnd I Rx'6 px'opox'tloDRl to Vs) gq be
havior is, therefore, expected to hold mell for
measurements made near the minimum. At low
magnetic fields, well belom the minimum, linear-
in-jg,. behavior of CH linewidth should be expected.
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FIG. I. CR linetvidth I =1~+ p; as a function of mag-
netic field for lnsb at 4.5 K (solid curve). Dashed curve
marked I' is for acoustic-phonon scattering, and that
marked p~ ls for lonlzed-lmpurltg scattermg»



the quantum limit, the acoustic-phonon scattering
dominates and a linear behavior is observed,
consistent with the experimental observation of
Ito et a/. " At low magnetic fields and low temp-
eratures, in the quantum limit, when ionized-im-
purity scattering dominates, a line narrowing is
normally observed' (see Fig. 1). The line narrow
ing in n-GBAs observed by Chamberlain et aE. ,"
is an example where lines narrowed drastically
at the lowest temperatures available. The pres-
ent theory simply incorporates the above obser-
vation into the effect of attributing the total line-
width arising due to the ionized-impurity scatter-
ing alone. No specific numerical estimates seem
available, but it is conjectured that, due to the
difference in sample and texnperature, phonon
scattering is too i@efficient to compete with the
impurity one. Perhaps by changing the fieM, the
minimum could be detected at higher fields when
phonon scattering becomes important. This may
provide a further check on the present theory. It
is interesting to note from the work of Chamber-
lain et aE. ," that, with CdTe, a slight broadening
was apparent at a wavelength of 119 pm which
was attributed to strong polaron nonparabolicity.
Thus the observation of narrowing, broadening,
or minimum depends very much on the material
and the experimental conditions under which the
measurements are made. But at sufficiently high
magnetic fields, the CB linewidth shouM be an ap-
proximately linear function of magnetic field, at
least for parabolic semiconductors with isotropic

mass, neglecting the spin splitting (see Fig. 1).
In Fig. 1, we present some numerical results to

study CR linewidth as a function of magnetic field.
v, and 7, were chosen to fit the values of experi-
mentally observed' B~ and I'~ and were found to be

4 2 & j O-io s, T —6 9 x go-j~ s The value of
agrees with that obtained from mobility at 77 K
and extrapolated to 4.2 K by following the T +'
law. As said earlier, v',.'» v', ', which indicates
that zero-field ionized-impurity scattering is
predominant, consistent with zero-field experi-
ments. But the value of 7', is an order of magni-
tude different from that obtained from mobility
data or Eg. (5). This may be due to the neglect of
either or all of nonparabolicity, carrier freeze-out,
or heavy-hole scattering. '~ The present theory
of ionized-impurity scattering has been described
by Bode" as the weakest part of the present-day
theory of electron transport due to failure of the
Born approximation and the occurrence of multi-
ple scattering. It is also stated by Bode'4 that the
nonparabobcity and the electron freezeout may
affect the mobility and hence the relaxation time.
'The model proposed by Rode'4 could not be inclu-
ded in the above theoretical framework because
of its complexity. But in spite of these shortcom-
ings, our theory presented above explains very
well the minimum in the observed CR linewidth.
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