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The reflectivity of pure samples of magnesium stannide has been measured in the infrared region from 50
to 370 cm™ at temperatures from 100 to 600°K. The reflection spectra have been analyzed by means of a fit
with a classical dispersion formula including Drude terms for the free-carrier effects. At low temperatures
the influence of the lattice dispersion on the reflectivity dominates, while at high temperatures the free-
carrier effects dominate. The electrical properties of Mg;Sn in the intrinsic conduction range as determined
from the reflectivity are in good agreement with the data obtained by Busch and Winkler from electrical

measurements.

INTRODUCTION

MONG the II-IV semiconducting compounds
with the antifluorite structure, MgsSn has the
smallest width of the forbidden gap, 0.33-0.36 eV.1-5
Recent investigations of the electrical properties®:’
by means of electrical measurements and optical
absorption measurements in the near infrared region
have shown that below 200°K impurity conduction is
important, while at room temperature and above the
intrinsic conduction dominates. The electrical meas-
urements cover the temperature range from 60 to
1000°K. At high temperatures in the intrinsic conduc-
tion range Busch and Winkler!:2 found a temperature
dependence of the mobility as 725, for which explana-
tions have been given in terms of optical-mode scat-
tering®® and multiphonon processes.!® However, for
the mixed conduction range Lichter’” reported a
T-1% law for the mobility in agreement with the
theory about interaction of electrons with long-
wavelength acoustical phonons.!! Similar results have
been obtained for Mg.Ge® and Mg,Si.® All previous
workers found for Mg,Sn a temperature-independent
ratio of the mobilities of electrons and holes.
With respect to lattice vibrations Mg,Sn has, for
q near 0, an infrared-active and a Raman-active
optical lattice mode. The frequency of the infrared-
active mode at room temperature has been determined
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from the far-infrared reflectivity of Mg,Sn.'2:1% The
purpose of this work was to extend the study of the
lattice vibrational properties to other temperatures
and to investigate the electrical properties at infrared
frequencies by measuring the far-infrared reflectivity
of Mg,Sn.
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Fic. 1. Reﬂect_ivit.y of Mg:Sn at various temperatures, experi-
mental data (solid line) and calculated by means of classical dis-
persion formula (X).
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EXPERIMENTAL

The reflectivity of Mg,Sn has been studied in the
infrared region from 50 to 370 cm™! at various tem-
peratures in the range from 100 to 600°K. The instru-
ment used was a Michelson-type Fourier-spectro-
photometer with a reflection attachment having an
angle of incidence of about 15°. For the measurements
above room temperature the sample holder was mounted
to a heater for which the power was regulated by a
temperature-control unit. Two samples of different
origin yielded the same reflectivity within experi-
mental error. Both were pure material, and their
reflectivities at 100°K exhibited no indication of free-
carrier effects. The mobility and some other properties
of one of the samples were known from previous electrical
measurements.!* The results of the reflection measure-
ments are given in Fig. 1. With increasing tempera-
ture the influence of the free carriers becomes more and
more important, and above 400°K this is dominant.
Because of the relatively low mobility in Mg,Sn, the
free-carrier effects produce no sharp plasma edge in the
reflectivity which will be discussed in more detail later.
The reflection spectrum of our samples at room tem-
perature is in good agreement with the data reported
by Kahan, Lipson, and Loewenstein,!? except that the
subsidiary band in the reststrahlen band has not been
found with our samples.

ANALYSIS OF THE EXPERIMENTAL DATA

The reflection spectra were analyzed by means of an
optimum fit with a classical dispersion formula for the
reststrahlen band and with Drude terms for the free
carriers. For a semiconductor in which both electrons
and holes contribute to the conductivity, the complex
dielectric constant in the infrared spectral region may
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F16. 2. Temperature dependence of the infrared eigenfrequency »o
and the oscillator strength (e—e_) of MgsSn.
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F16. 3. Temperature dependence of the damping constant y in
the lattice dispersion term for Mg,Sn.

be written as a function of frequency » (in cm™) in
the following form:

e(v)=eL(v)Fo.(v)/ivton(v)/iv, (1)

where €.(v) is the complex dielectric constant due
to lattice vibrations, o.(v) and oi(v) are the
complex conductivities due to electrons and holes
respectively. Equation (1) is based on the assumption
that the lattice vibrational part and the free-carrier
parts can be superimposed linearly and that there are
no interaction terms.

Quantum-mechanical treatment!® of the lattice dis-
persion and absorption leads to a frequency-dependent
damping function, apart from frequency-dependent
terms in the oscillator strength and normalization
terms in the fundamental lattice frequency. Finer
details in the absorption spectrum are caused by the
damping function, and generally these are not observed
in the reflectivity curve. The measured reflectivity of
Mg.Sn shows a typical reststrahlen band only, and
therefore, er(v) was approximated by a classical dis-
persion formula with a constant damping term

€2(v) = ot (e0— €x)v0?/ (vo2—v2+iyw) , (2)

where €, and ¢ are the optical and static dielectric
constants, respectively. »o is the frequency (in cm™?)
of the infrared-active transverse optical mode and v
is the damping constant.

The free-carrier terms in Eq. (1) were approximated
by Drude terms with constant relaxation time r
although a more rigorous treatment would also lead
to a more complicated dispersion formula with fre-
quency-dependent 7. However, since no essential
deviations were found between the frequency depend-
ence of the reflectivity computed by means of the
Drude terms and the frequency dependence of the

1sR. A. Cowley, Adv. An. Phys. 12, 421 (1963); Phil. Mag. 11,
673 (1965).
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Fic. 4. Intrinsic carrier concentration N; versus 1/7 as deter-
mined from reflection spectra (0), calculated values of N; (solid
line with circles) and total static conductivity ¢o (solid line
with dots).

experimental data, this approximation seems justified.
In detail the Drude terms are

oe(v) Ne2/4n2cim *
. == N ’
iv v2—ive/2meme* e
and 3)
0'},(1)) .\'iez/41r2c2mh*
= )
v v2—ive/2mwemp*un

where .V, is the intrinsic carrier concentration and u.
ur, me*, and my* are the mobilities and conductivity
effective masses of electrons and holes, respectively, ¢
is the velocity of light, and e the electronic charge.
Based on these assumptions a calculated reflectivity
curve was obtained from the dielectric-constant data
which had in turn been computed by inserting values
for the various constants in Eq. (1) together with
Egs. (2) and (3). On a trial and error approach a best
fit to the experimental data was obtained and the
results are shown in Fig. 1. The most reliable values
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from the results of previous measurements!=%7:4 were
used for the free-carrier terms. For the lattice-vibra-
tional part, e,=16.4 (assumed to be temperature-
independent) was used according to the refractive-
index measurements of Mg;Sn in the near infrared.®
€, v0, and y were determined from the reflectivity and
are shown as a function of temperature in Figs. 2 and 3.
vo decreases with temperature while ¢, and v increase.
At high temperatures v is nearly proportional to 72
This indicates that predominantly three-phonon proc-
esses via quartic lattice potential terms determine the
width of the fundamental lattice band.'” The accuracy
of these values decreases with increasing temperature
as the reflectivity becomes more and more insensitive
to the lattice-vibrational properties.

At 100°K the free-carrier part of Eq. (1) was neg-
lected completely. For room temperature and above
the temperature-independent ratio of the mobilities
we/un=1.24 was used,®”* according to the electrical
data of one of our own samples and of many samples
of different origin. The values of the conductivity
effective masses m.*=0.15m, and m,*=0.10m, were
taken as the most reliable values from the results of
electrical and optical measurements in the infrared by
Lipson and Kahan.? The effective masses were assumed
to be temperature-independent. The intrinsic carrier
concentration N; and one of the mobilities (ux) were
determined from the reflectivity. The results are shown
as a function of temperature in Figs. 4 and 5. For
comparison, the carrier concentration was calculated
using the value FE,=(0.36—2.8.10¢7) eV3 for
the band-gap energy and m.*=1.20m3 and m*
=1.30m, %!* for the density-of-states effective masses
(of Fig. 4). In Fig. 5 the hole mobility deduced from
electrical measurements on one of our samples!t is
also shown and here the agreement between these
values and those obtained from the reflectivity is
reasonable in the overlapping temperature range. In
the mixed conduction range (200-300°K) u; is nearly
proportional to 7-!5 in accordance with the results
of Lichter.” However from 300 to 600°K in the intrinsic
range, u; follows almost a 725 law in agreement with
the results of Busch and Winkler.!-2

The reflectivity above 400°K proved to be rather
insensitive to variations of V; and u, as long as the
product NV, was kept constant. The total static
conducitivity oo=.Vie(ur+u.) is also shown in Fig. 4
and this is the most reliable quantity determined from
the reflectivity as it is independent of the accuracy of
the values for .V; and us. In Fig. 4 the plot logs, versus
1/T also indicates a T—25 law for the mobility as
log(Zay) versus 1/T approaches a straight line and the
same result was found by Busch and Winkler!2 from
conductivity measurements in the same temperature
region. Furthermore, if us is taken to be very different

( “6\13)) McWilliams and D. W. Lynch, J. Opt. Soc. Am. 53, 298
1963).
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TasLE L. Roots of the equation e=0.

T Longitudinal lattice Plasma frequency
(°K) frequency (cm™) (cm™?)

100 232+ 2.5¢ 0

295 232+ 8.7¢ ~0

331 234+17.5 49.84-118:
359 232434.5: 121 1360
417 190£37.3: 299 +221:
518 183422.3: 589 44361
613 179420.8: 872 +676¢

from the values in Fig. 5, the fit to the experimental
data for high temperatures leads to a temperature
dependence of N; such that the band gap energy E,
deduced from N; disagrees appreciably with the value
found for all samples by previous workers.

DISCUSSION

Apart from the temperature dependence of the
fundamental lattice vibration, the analysis of the
reflection spectra of Mg,Sn with respect to free carriers
is in reasonable agreement with the data of Busch
and Winkler!:2 obtained from electrical measurements.
For reasons of the low mobility, we were unable to
deduce more information from the reflectivity which
would have been contained in a sharp plasma edge.
Such a minimum and a steep rise of the reflectivity
always occur when the real part of the dielectric
constant changes from positive to negative values with
increasing wavelength and the imaginary part is suf-
ficiently small. For a lattice dispersion term the cor-
responding condition is

[(e0) /2= (€x) 2 o/ (€)2y>>1, )
and for a Drude term
Nm*p?/ etasica>1 . ()

In the case of Mg,Sn, Eq. (4) is valid but Vm*u?/
€latice<< 1 for electrons as well as for holes and con-
sequently no plasma edge was observed in the reflection
spectra.

In order to get some insight into the longitudinal
frequencies (longitudinal lattice mode and plasma
frequency) of this highly damped system, the complex
v roots of the equation e=0 [cf. Eq. (1)] were evaluated
using the set of data with u~7-25 ¢=0 is the condi-
tion for a longitudinal mode in the limits of the phe-
nomenological treatment of infrared absorption and
dispersion.!® Apart from two roots with zero real part
which are omitted here, there are two pairs of conjugate
complex roots, one of which is the plasma frequency
with large imaginary part and the other the longitudinal
lattice frequency with small imaginary part(cf. Table I).
Here the imaginary part is a measure of the reciprocal

18 M. Born and K. Huang, Dynamical Theory of Crystal Lattices,
(Oxford University Press, London, 1962).
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F16. 5. Hole mobility ux as determined from the reflectivity
(X) and from electrical measurements on one of our samples
Ref. (14) (solid line).

of the lifetime of the vibration and consequently the
longitudinal lattice frequency is of more interest in this
discussion. In the range 100 to 360°K the calculated
value of this frequency corresponds closely to the high-
frequency edge of the reststrahlen band. At tempera-
tures above 500°K it corresponds to the reflectivity
minimum at frequencies somewhat lower than the
eigenfrequency and so the high conductivity of the
material at these temperatures seems to cause a
longitudinal lattice frequency lower than the transverse
lattice frequency.
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