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"Abstract
The cyclotron resonance of the piezoelectric polaron in n-CdS has béen
investigated using far infrared spectroscopy at magnetic fields to 90 kOe.
Both lamellar grating and Michelson Fourier transform spectrometers were
used with a 0.3 K Ge bolometer to study the photon energy region from 10 cm
-1 ' . .
to 60 cm ', The theory of Miyake predicts that the frequency of the polaron's
cyclotron resonance is shifted from the bare band electron resonance frequency
according to the expression:
p -1 ,2/3
AUJC/QC « H T .
The magnetic field dependence of the present cyclotron resonance confirms
this expression; the cyclotron mass is decreased by piezoelectric polaron |
effects. The bare band mass ih-n-CdS has also been determined by taking into
account the Frdhlich polaron interaction in addition to the piezoelectric
polaron effects. For H parallel to the c-axis this cyclotron mass is 0.155 + .005 m.

-1
Finally the polaron pinning due to the 43 cm optically inactive phonon

has been observed.




1. INTRODUCTION
Microwave cyclotron resonance experiments in n-CdS at 1.2 K - 1.4 K yield
’ * 1
an effective mass m'= 0.177 m (B Hc) at 70 GHz =, while other experiments at

2’3. In order to resolve the dif-

77 K give the effective mass m* = 0.20 m
ference between these effective masses Mahan and Hopfield4 examined the
temperature dependence of the piezoelectric polaron effects. Their preliminary
theoretical paper stimulated several theoretical and experimental studies of
the piezoelectric polaron which we now review. A zero-temperature quantum
mechanical calculation of the cyclotro resonance shift due to the piezo-
electric polaron effects in a high magnetic field was undertaken by

Larsen? Miyake6 calculated this shift“ at a finite temperature

using both a higher order approximation in the Green's function

formalism and second order perturbation -theory. He discussed the inadequacy
of & second order pérturbation calculation for determining the cyclotron
resonance shift in high magnetic fields énd he predicted from the higher order
calculation that the piezoelectfic polaron effects made the effective mass
smaller than the bare band mass.

In far-infrared experiments Button7’8 gﬁ_gl observed a shift and a
splitting of the electron cyclotron resonance line in n-CdS as a function of
temperature by using a DCN laser (51.3 cm—l) and a CW Bitter-type magnet to
180 koe. They suggested that the splitting might be due to the piezoelectric
polaron effects, but finally Cronburg and Lax9 determined that the large shift

as well as the splitting were due to interference effects in the presence of

' 10,11
a magnetic plasma. Independently Narita et al™ "’

determined the temperature
dependence of the far infrared cyclotron resonance by using an Hz

and an intense pulsed magnet which gave magnetic field strengths up to 350 koe.

Cyclotron phonon resonance in n-CdS at 85 koe was observed by Nagasaka,

-1
et a112 using the 84.2 cm line of the H20 laser. The results of .the cyclotron

-1
0 laser (84.2 cm )




-3 - . : |
|

‘Pphonon resonanceé experiments suggest that the separation between the n=0 and

n=1 Landau levels at magnetic fields above 70 kOz is strongly modulated by
the 43 cm—1 and 306 cm'-1 phonons; this modulation is in additi;nvto that
caused by the piezoelectric polaron effects associéted with accoustic phonons.
In the present work, the author >has used far infrared spectroscopy to
determine the cyclotron resonancg frequency shift corresponding to piezoelectric
polaron effects. The measurements have largely been conducted at frequencies
below the 43 cmm1 phonon frequency to reduce the polaron effects associated
with these optical phonons. The magnetic field dependence was investigated
by using a lamellar grating interferometer and fields to 60 kOe. At fields
greater than 60 kQe the 48 cm_1 phonon is nearly in resonance with the pola?on's
cyclotron frequency. 1In this regime polaron pinning occurs. This pinning
was studied using a Miéhelson interferometer with a mylar beamsplitter.
Polaron pinning due to optical phonons has previously been investigated
in far infrared cyclofron'resonanCe ana interband magneto optical absprption
experiments in n—InSb13—16 and n—CdTe17. In these experiments, the Reststrahlen
band obscured the cyclotron resonance pinning. In the wu?tz;t? structure of
CdS, however the 43 cm'-l phonon is not infrared active and the polaron pinning

is remarkably clear.

2. EXPERIMENTAL

The measurements of the cyclotron resonance absorption were made on a

. . . . ' 15 -3 .
cadmium sulfide sample with donor concentration of 7.1 x 10 cm ., The size
of the spécimen was]1.7 x 6 x 6 mm3. The c-axis was perpendicular to the
surface of the plate.

The magnetic field was generated by a superconducting magnet, cooled to
1.2 K, which produced magnetic fields up to 90 kO=s. The magnetic field was

applied parallel to the c-axis of the CdS crystal in the Faraday configuration.

The specimen temperatures of 19 K and 38 K were obtained by using a heater.
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The temperatures were measured at the specimen chamber 350 mm- above the pumped
3 i 19 . . . -

He bolometer by using 1 k() carbon resistors placed in the middle of the
light pipe.

The transmission spectra were measured between 5 and 40 cm-1 using a
‘ | . . 1 .
lamellar grating interferometer, and between 15 and 65 cm using a Michelson

interferometer with .001 inch mylar beam splitter. A 1.5 mm thickness LiF

crystal and a sheet of black polyethylene were used as low temperature filters.

3. Piezoélectric Polaron Mass

The results of the cyclotron resonance experiments at 19 K on n-CdS with
an impurity concentration of 7.1 x 1015 cm—3 are shown in Fig. 1. 1In the
present work, we are mainly concerned with the shift of the main abéorption peak .in
the spectra which corresponds to the pieZoelectric polaron effects. However aftar
discussing the piezoelectric polaron effect we shall briefly consider
pinning of the polaron cyclotron resonance due to the 43 cm—1 phonon.

‘The . experiments were performed at 38K and 19K. The peak positions
of the spectfa versus the magnetic field aré shown in Fig. 2._ The figure showé
the dependence of the cyclotron resonance frequency over a wide range of the
magnetic fields. The triangles represent data obtained at 38 K, while the
open circle points were obtained at 19 K. The straight lines (a, b,‘and c)
correspond to'the cyclotron resonance frequency of electrons having effective
bare band masses mg =0.174 m, 0.182 m and 0.188-m respectively. The three
lines pass through the originfasaexpected for bare electrons. The experimental
data points are located above the straight lines with the host marked deviation
occurring for the low field region. This behavior is expected for the piezo-
eléctric polaron. According to Miyake's theory6 of the piezoelectric
polaron, the cyclotron resonance frequency shift is given by

. |
/0, = 018 0%
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. where N = /2 ap(ﬂ/aB)(kT/hQC), ag is the dimensionless piezoelectric coupling
constant, £ = (meC/h)J2L is the radius of the lowest Landau state, ag =
(mbez/hzes)“1 = 4.82 x 10--8(mb/m)—l is the effective Bohr radius for the static
dielectric constant es = 9.10, T is the temperaturg and C% = 1.76 x 10_7 X
[H-(mb/m)—l] is the angular cyclotron ?requency. AIn Miyake's theory mb was
defined as the bare band mass, but the conduction electrons should interact
with thg LO phonons as well aé the acoustic phonons. We therefore define a
pseudo-bare band mass to include the LO phonon effects; this definition is
legitimate inasmuch as the shift due to the LO phonon, Awéo/Qc, is almost
independent of the magnetic field for hQC << thO' In figure 3-A the experi-
mental shift at 19 K from the resonance frequency expected for g pseudo bare
mass of .174 m is plotted along with the theoretical curve using a piezo-

) 2
electric coupling constant of q_ = 0.035; 0 in figure 3-B the same approach

P
is taken using a pseudp bare mass of w182 me and a coupling constant of
2.8 x .035. While the data is not sufficiently precise to accurately determine
both parameters ip Miyake's theory, the theory clearly explains both the
absolute value and the functional form of the polaron's cyclétron resonance
shift using reasopable values for these parameters.

Miyake6 determined the cyclotron res;nance frequency shift for the quantum
limit (kT << hQC), whereas the present experiment is in the regime KT A'fﬁb-

g (@

The Landau state energy is expressed by Eé = (n,pZ,X) + A(n,pZ,X; E;),

where E(O) (n,pz,x) is the energy of the unperturbed Landau state, n is the
quantum number, P, is the z-component of the polaron momentum, X is the center
coordinate of the cyclotron orbit, and A is the shift of thé Landau state due only
to the electron—acoustic-phohon interaction through the piezoelectric

field. In the quantum limit all of electrons are in the n = 0

(ground) Landau state. Far infrared radiation excites electrons from the ground




state to the first excited state. 1In this case, theoﬁserved shift can be considered
'to~be the difference between A(n = 1, pz,X), the shift of the excited state,

and A(n = O, pZ,XL that of the ground state. The experimental cbnditions are

shown in Table 1. The distribution function for the electrons is given by f =
[exp(h(E/kT).+ 1]—1. When the cyclotron resonance frequency is observed

by using far infrared radiation of 14 and 23.2 cm—1 at 19 K, the distribution

} and 0.15 for 23.2 em T

factors.’for the n = 1 Landau staté-are 0.26 for 14 cm—
Thus for cyclotron resonance observations at these frequencies more than three
quarters of the electrons in the conduction band are in the n = 0 Landau state.
We therefore anticipate that we can apply the quantum limit theory to the
experimental results at a temperature of 19 K without substantial error.

The contribution of the optical phonons to the polaron cyclotron mass
has been included in tbe pseudo—bafe band mass introduced earlier. This
contribution may be detefmined from knowledge of the optical phonon frequencieé
and their Frdéhlich polaron coupling constants. Aruguello, Roussea: and Porto18
investigated the Raman scattering in n-CdS and determined the phonon frequencies
of the Raman active phonons. All of these Raman active phonons are associated
with longitudinal polarization waves in the crystal and they therefore contribute
to the electron phonon interaction. However the amplitude of the polarization
field due to the ~- 306 cm_1 LO phonons must be larger than the amplitudes of the
other Raman active optical phonons since the scattering cross-—-section
of the ~306 cm-'1 10 phonons is much bigger than cross-séction due to the others.
We therefore assume that the contribution to the polaron mass
from the optical phonon interactions is determined solely by the 306 cmf
phonon with the exception of the regions in which polaron pinning is observed.
This assumption implies that the value of thg coupling constant aLO = 0.6420 may

be attributed to the ~ 306 cm—1 10 phonons alone.

Under these conditions Larsenz1 determined the difference between the

shift of the first excited state and that of the ground state to be
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w0 = - /6 - (3/20)(0 0 - @)
We ¢ T ™o ¢’ Yo’ %10
. -1 1 -
where ¢o_ = 0.6420, w, . == 306 cm = 5.77 x 10 3 sec 1. Thus the shift of
LO Lo
the cyclotron resonance frequency in n-CdS is given by
1O . -15
= ~0. - (1.66 10 . '
ch /QC 11 ( X ) QC 2)
By using eqs. (1) and (2') we can obtain the cyclotron frequency (% =
P 10 . L . sy qs
QC + ch + ch under the piezoelectric interaction and the Frohlich
P ) :
interaction, where Aub is positive and Awgo is negative. The cyclotron mass is
increased by the electron-LO phonon interaction, while it is reduced by the
piezoelectric polaron effects. Comparing the calculated cyclotron resonance
frequency (% to the experimental data at 19 K shown in Fig. 2 the bare band
mass has been determined to be mb = 0.155 + .005m.
The experimental results lead us to the following conclusions:
1) The experimental results exhibit fairly good correspondence with the
R . ' . . P -1 2/3
prediction of Miyake's theory for the.piezoelectric polaron —AwC/QC < H T .
2) However in the theory of the piezoelectric polaron, the width of
the Lahdau states has a very important role. The piezoelectric polaron
shift strongly depends upon the .scattering term of the Landau states in the
denominators of the perturbation calculation. The scattering by the acoustic bhonon
through the piezoelectric field has been taken into account in the polaron
theory at finite temperatures, but the scattering by the LO phonons has not.
The phonon number of the LO phonons can be large even in the quantum limit.
Thus, in the higher temperature region of the quantum limit, kT/hQC <1,
the piézoelectric polaron shift of the cyclotron resonance frequency decreases
more rapidly with temperature due to the broadening of the polaron states by
the LO phonons than would be expected from the piezoelectric polaron theories

such as Miyake's.

3) 1In order to investigate the temperature dependence of the piezo-

electric polaron mass we must work under the constraint that the LO phonon
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occupation number Nq be much smaller than unity. 1In CdS this constraint implies
that we observe the cyclotron resonance by using radiation of energy bQC <

43 cm"1 (the lowest frequency of the optical phonons in n-CdS) and at tempera-

tures below 20K (Nq ~ .04 for the 43 cm._1 phonon).

4, Polaron Pinning

As the magnetic field was increased to bring the cyclotrbn resonance and
the 43 cm_1 10 phonon energy into proximity, the absorption spectra became
increasingiy more complex, as shown in Fig. 1. The absorption spectra of the
cyclotron resonance have one peak in the magnetic field region from 23.2 kOe
to 42.1 kOe, whereas satellite lines at high hy appeap above 54.9 kOQe. The
relative amplitudes and positions of these two absorption lines depend strongly
on the magnetic field. The strength of the satellite increases with the
magnetic fields from 54.9 koe to 80 koe. At sufficiently high fields ( z
90 kOe) the absorption beak at high hv'is no- longer a satellite, but has become
the main line of thé cyclotron resonance with a weak satellite at 43 cm—l.

Furthér data were taken at a teﬁperature of 38 K as shown in Fig. 2.
Over most of the region covered. the triangle points of 38 K lie below the
19 k open circle points. As the magnetic fiéld is increased to 75 kOe, the
separation of the two kinds of data points increases as shown in Fig. 2. Such
behavior is expected from the temperatufe dependence of the phonon number
density which appeafs in the matrix element calculated in second-order
perturbation theory for the electron-phonon interaction Hamiltonian. The
phopon population number of the 43 cm_1 phonon is given by

Nq = [exp(thO/kT) - 1]_1.
The value of Nq change from 0.04 fo 0.24 as the temperature changes from
19 to 38 K. Qualitatively, the theoretical results of the Frohlich inter-
action agree with the measured temperature dependence for the shif£ of the

cyclotron resonance frequency. The temperature dependence of the shift of the

o o N | . ) . P |
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- cyclotron resonance frequency will be discussed in a future publication.
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Figure 1

Figure 2

Figure 3

Figure Captions

Absorption spectra of the far infrared cyclotron resonance in n-GdS
(ND—NA =7.1 x 1015 cm"3) at 19K for magnetic fields from 23.2 e

to 90 KOe. The magnetic field direction is paréllei to the c—qxis.
Magnetic field dependence of the photon energies corresponding to

the observed absorption peaks at 19K and éBK. The straight lines
correspond to thé free.electron cyclotron resonance for the three
effective masses (a, 0.174m; b, 0.182m; c, 0.188 m).

The magnetic field dependence of the shift of the cyclotron resonance
frequencykat 19K. Open circles (o’ represent the shifts which were
calculated from experimental data{ and solid lines represent the

theoretical shifts. In (A) the parameters m_ = 0.174M and

b

: 20 '
ap = 0.035 were used; in (B) the parameters are}mb = 0,182 m

and ap = 2.8 x (0.035). Solid Circles are experimental points

. : * ' »
using the cyclotron mass mc = 0.188 m determined at 35 K.using the

84.2 cm_1 line of an H20 laser (ref. 12).
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The typical far infrared cyclotron resonance conditions

Table 1.
ho = 14 em ™t | h _ 23.2 emt
% = 0, = 23.
f k f
TX) kT/th T/h(%
- 19 0.94 0.26 0.57 0.15
38

1.89 ©0.37 . 1.14 0.29

e s v =
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