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Abstract—The longitudinal and shear sound velocities of MgzSn in the [100], [110] and [111]
directions have been measured between 80 and 300°K by a resonance technique. The elastic
constants were computed from these velocities. Lattice vibration frequencies have been calculated
for two point ion models and a shell model. Best agreement with the experimental specific heat data
was obtained for the shell model, which reproduced quite accurately the sharp minimum in the

Debye temperature near 20°K,

INTRODUCTION

Mg,Sn 18 A II-IV compound semiconductor with
the fluorite structure and is a member of the
family of compounds Mg, X, where X can be Si,
Ge, Sn, or Pb. The elastic constants and calculated
lattice vibration frequencics have been reported
for Mg,Si by WuITTEN ef al.??) and for Mg,Ge by
Cuune et al.? The present investigation was
undertaken to extend our knowledge of the elastic
properties of the Mg, X family to include Mg,Sn.
The reststrahl frequency and high and low
frequency dielectric constants of Mg,Sn have been
measured by KanaN et al.® Just as in the cases of
Mg,SiV and Mg,Ge,® it seemed feasible to
calculate the lattice vibration frequencies from
these optical constants and the elastic constants
which we could measure. In addition to the two
point ion models described by CHUNG et al.,'? a
new model which takes into account the polariza-
bility of the Sn ions can be used. The calculated
specific heat of the three models can then be com-
pared to the experimental data of JELINEK et al.®
The phonon dispersion curves are important
for an interpretation of the semiconducting
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properties of these compounds.®®~7 Piezoresist-
ance measurements have shown that the energy
minima lie along the {100) axes in Mg,Si® and
in Mg,Sn.® Therefore, a knowledge of the phonon
frequencies in the (100 directions is particularly
important since such phonons are involved in
indirect transitions between the valence band and
the conduction band.

EXPERIMENTAL SOUND VELOCITIES
AND ELASTIC CONSTANTS

The velocity of sound in Mg,Sn was measured
by a resonance technique. Two 10 MHz quartz
transducers were bonded to opposite parallel faces
on each sample. One transducer was driven by the
output from an Arenberg ultrasonic oscillator,
Model PG-650C, operating in the continuous
wave mode. The output of the other transducer
was amplified and displayed on a scope. Frequen-
cies were measured with a Bolton Labs BC-221-AL
frequency meter. The sample holder is shown in
Fig. 1. Two different materials were used to bond
the transducers to the sample: below 250°K,
vacuum grease was used; and above 250°K, bees-
wax was used.

Single crystal ingots were grown by a Bridgman
method. Three samples were prepared with orien-
tations [100], [110], and [111]. The sample lengths
were 0-520, 0:375 and 0-943 cm, respectively.
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Parallel faces on opposite ends of each sample

were polished with diamond paste on a silk velvet
cloth. It was found that polished faces were
necessary in order to obtain clear resonances.

As the frequency of the oscillator was swept
from 5 to 15 MHz, 15-25 resonances could be
detected. The condition for a resonance has been
given by WiLL1ams and LamMB1? as:

2afyr— b, = nm,

where 7 = [fv, ] is the sample length and v is the
velocity of sound, f,, is the resonant frequency and
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F16. 1. Sample holder for sound velocity measurements,

¢, is the phase shift which occurs when a sound
wave is reflected at the sample boundary. WiLL1AMS
and LamB™? have derived an expression for ¢, as a
function of frequency, depending upon the acous-
tic impedances of the sample, bonding material, and
transducers, and upon the resonant frequency of
the transducers (10 MHz in this case). However, it
was found experimentally that for Mg,Sn, ¢, was
nearly frequency independent except near 10 MHz
where we expected a phase shift of 180° as the
frequency was passed through the fundamental of
the transducers.

In the region where ¢, is independent of fre-
quency, the velocity of sound is given by:

v =2l —
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As a check, measurements were made of the velo-
city of sound in Ge and compared to the values of
McSkMMIN. D) It was found that shear measure-
ments agreed to within 1 percent and longitudinal
measurements to within 2 percent over the
temperature range 77-300°K.

The velocity of sound in Mg,Sn is shown in
Figs. 2 and 3. The solid lines in Fig. 3 were com-
puted from the three velocities in Fig. 2, and
agreed satisfactorily with the measured values.
None of the velocities showed more than a 2-5 per-
cent change between 100° and 300°K. From the
sound velocities and the X-ray density of

3592 g/cm?®,42 .
the elastic constants at 300°K were calculated to
be: ; '
Cy; = (824 £0-33) x 10 dyn/cm?,
Cyg = (2+08 +0-33) x 10! dyn/cm?,

Cys = (3:66 +0:07) x 10 dyn/cm?.
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The isotropy  cocflicient, S = (Cy;—C,)/2C,,,
which has the value 1 for an isotropic crystal, was
found to be 0-84 for Mg,Sn. The temperature
dependence of the elastic constants is shown in
Fig. 4. Sample lengths and densities were corrected
for thermal expansion using the coefficient of
lincar expansion which was determined by
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Fi1c. 4. Elastic constants of Mg,Sn.

Snianks.3 He obtained a value of 0:99 x 10~5/°K
from the temperature dependence of the lattice
constant as measured from X-ray diffraction
patterns.

Listed in Table 1 are the elastic constants for a
number of common semiconductors. It should be
noted that Mg,5Sn is somewhat different from the
related compounds Mg,Si and Mg,Ge. The
elastic constants, especially C,,, are smaller, and
Mg,Sn is less isotropic than either MgySi or
Mg,Ge. A similar reduction in the values of the
elastic constants can be seen in a comparison of
GaAs and GaSb and of InAs and InSb. In fact, the
elastic constants of Mg,Sn resemble those of GaSb
except that Cy, is only about one-half of C,, in
Mg,Sn. The relative magnitudes of the elastic
constants, Cy; > Cy4 > Cjg, are the same as in
Si and Ge. The Mg,X compounds are more
isotropic than any of the other semiconductors
listed.

INTERATOMIC FORCE MODELS
KaHAN ef al.® have measured the high and low
frequency dielectric constants, €, and ¢,, and the
reststrahl (transverse optic) frequency w;, for
Mg,Sn. They found e, = 155, ¢ = 2375, and
wpp = 3:50x 1013 sec™. From the LyDDANE-

Table 1. Elastic constants of some common semi-
conductors
cll—clﬁ
Cu sz Cu S =—
(10 in. dyn/cm?) 2C.4
Mg,Si* 12-1 2:2 4-64 1-07
Mg,Get 11-79 2:30  4-65 1-02
Mg.Snt 824 2:08  3-66 0-84
Si§ 16-57 6-39 7-95 0-64
Ge§ 12-88 4-83 6-71 0-60
GaAs|| 11-92 5-97 5-38 0-55
GaSb|| 8:85 404 4-33 0-56
InAs|| 8-33 4-53 3-96 0-48
InSb|| 675 347  3-16 0-52
* Ref. 1.
T Ref. 2.
1 Present investigation.
§ Ref. 14.
|| Ref. 15.

Sacus-TELLER® relation,

o A/(eo)
e -
b ¢ 4 Sid

we found the Jongitudinal optic frequency, w;;,
to have the value 4-33 x 103 sec ™.

From our measurements of the elastic constants
and the above optical constants, it appeared feasible
to make a calculation of the phonon dispersion
curves for Mg,Sn. Three different force constant
models were employed in our calculation. The
first two, model I and model II, were point ion
models, previously proposed by WHITTEN ef al.)
and CHUNG et al.? for Mg,Si and Mg,Ge.
Models I and IT differed only in the assumptions
made concerning the short range forces between
next nearestneighbors. Thethird model was a slight
modification of the shell model as first proposed by
Dick and OverHAUSERY” and successfully used by
many authors.®® Although few tests of the validity
of our calculated phonon dispersion curves are
currently available, it is clear that the shell model
provided the best fit to the Debye curve as a
function of temperature (see Fig. 5).

To construct a physically plausible picture of
Mg,Sn, apparently one must account for both an
ionic character and a covalent character. The
infrared reflectivity spectrum of Mg,Sn is charac-
teristic of an ionic compound. The difference in
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442 L. C. DAVIS, W. B. WHITTEN and G. C. DANIELSON
the high and low frequency dielectric constants is  model was the polarizable Sn ion (that is, a shell which
also characteristic of an ionic compound. isotropically and harmonically bound to an Sn ion been «
The relative sizes of the elastic constants C,, core). The polarizability of the lighter Mg ions The
and (',, however, resemble those of covalent was neglected. CaF,
semiconductors. In fact, Mooser and PEArRsoN®®) We modified the wusual shell model®7:18 cubic
have suggested that covalent bonding is necessary slightly in that we did not include a force between ‘origin
for Mg,Sn to be a semiconductor. In addition, the positive ion (Mg) and the Sn shell, but we did (3a, }
j the small energy gap, 0-33 eV,2®) would indicate include a force between the Mg ion and the Sn occup
i that Mg,Sn is not strongly ionic. Experimentally, core. Attempts to include a Mg ion—Sn shell force, ions ¢
] = | I | T Th
EXPERIMENTAL RESULTS seculs
CALCULATED FOR MOOEL I
CALCULATED FOR MOOEL I
CALCULATED FOR SHELL MODEL
whert(
Eo e . shell,
- I - index
. ) coeffi
'S short
9%
- Slap
tabul
et al.
1
L 510 n!)o ::lso xlvo zLo 300 OE y
TEK) C arg.
F16. 5. The Debye temperature of Mg,Sn is shown as a W
function of temperature. Models I and II are point ion SRIN
models. Best agreement with the experimental curve coeffi
was obtained for the shell model which reproduced quite mode¢

accurately the sharp minimum near 20°K. The decrease
in the experimental curve above 140°K is probably due S[l 1
to anharmonic effects. e

Licuter®?) has concluded that the bonding in
Mg,Sn is predominantly covalent from an
investigation of the growth of Mg,Sn crystals
from non-stoichometric melts. Therefore, we have
taken Mg,Sn to be partially ionic and partially
covalent.

The three force constant models we have used
all contained long range Coulomb forces arising
from the ionic charges and short range forces
between nearest neighbors resulting from the
covalent bonds. The short range forces of model I
can be described by nearest neighbor Mg-Sn
forces, both central and non-central, and second
nearest neighbor Mg-Mg and Sn-Sn forces, only
central. Model II had central and non-central
Mg-Sn forces, central and non-central Sn-Sn
forces, and no Mg-Mg force at all. The shell
model had central and non-central forces between
Mg-Sn ions and Sn-Sn ions, with a small central
Mg-Mg force. The salient -feature of the shell

corresponding to the deformation dipole moment
of Karo and HarpY,?? gave poor agreement with
the specific heat data. There may be some theoreti-
cal justification for neglecting the deformation
dipole moment in Mg,Sn. In an alkali halide, it is
clear that the electronic distributions about the
positive and negative ions repel one another when
the ions are displaced from equilibrium and
brought closer together. The repulsion of the
electronic charge clouds gives rise to a deformation
dipole moment. But when a substantial amount of
covalent bonding is present (as in Mg,Sn), it is
not clear what the electronic distributions do,
and it may be that the deformation dipole moments
are small.

DYNAMICS OF THE SHELL MODEL

We shall discuss only the dynamics of the shell
model. The dynamics of the point ion models

"
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which are quite similar to the shell model have
been discussed in detail. 32

T'he crystal structure of Mg,Sn is the same as
Cal',. (Sce Fig. 6.) The lattice is face-centered
cubic and the basis consists of a Sn ion at the
origin and Mg ions at (a/4, af4, a/4) and at
(a, }a, 1a), a is the lattice constant. The Sn ions
occupy centers of inversion symmetry, but Mg
ions do not.

The lattice vibration frequencies are roots of the
secular equation

[ w?8p' 805 + [E51] = 0, (1

where £ = 1 for the Sn core, &k = 1’ for the Sn
shell, and & = 2 and 4 for the Mg ions. o and B
index the coordinates x, y, and z. The coupling
coefficients [¥%'] are written as the sum of the
short range and Coulomb coupling cocfficients,
S[¥%"] and C[¥]. The Coulomb terms have been
tabulated by f{ELLnRMAN(%) and by WHITTEN
et al.V for 47 points in the Brillouin zone. The
only difference between C[1%] and C[}'] is the
charge multiplying the coeﬁicwnt

We list below the expression of GANESAN and
SriNIvasaN®®)  for the short range coupling
coeflicients with appropriate changes for our shell

model.
a a
S[21] = —8uy — 4oy — 8By +40y cosiqﬂ cos-z-q,

a a a
+48, COSE% (cosiq,, + cosiq,) -8, (2)

a a

S35 =472 siné—q“ siniq,,

S[il] =38,

S[EL1=0,

S[22] = ay[exp[i(a/4)(qa+ g5+ 4y)]
+exp[i(a/4)(q.— 95— )]
+expli(a/4)(— e+ 95— )]
+expli(a/4)(—qa— g5+ 97)]]9

S[231 = Balexp[i(a/4)(ga+ 95+ )]

—exp[i(a/4)(9.— 95— )]
—exp[i(a/4)(— qa+ 25— 9))]
+exp[i(a/4)(— 92— a5+ 9]

[i;z] =0,

[1/2] =0, ',
SEA =0,
S[1'4 0,
S[22] = —day 205 =465,
S22 = 0,

a a a
S[24]= 284 (cosiq, + cosiq,) + 2a3cos£q¢,

S[2:1=0,
where « # B and a is the lattice constant. The

remaining coefficients can be obtained by the
relations

kk:] = [k:k]*
S[ipl = SLaT™ @)

The subscripts 1, 2, and 3 on the force constants
correspond to Mg-Sn, Sn-Sn, and Mg-Mg

® Sn ATOM
O Mg ATOM

Fi1c. 6. The crystal structure of MgzSn. The position
vectors of the basis in the unit cell are given by

e = al4(k—1)[1, 1, 1].

forces, respectively. & is the force constant associ-
ated with the Sn core-Sn shell interaction. (See
the appendix for exact definitions of force con-
stants.)

In the limit of long wavelengths (¢ = 0), we have
as roots of the secular equation:

w2 =0,

4
wp? = m—(% +ag+283),
2

w? = (i 4o .1_) (441—2C——6224—'), (4)
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where C has the value 47/3 for transverse modes,
—87/3 for the longitudinal mode, e, is the charge
on the Mg ions and in our shell model is equivalent
to the SziGETI?%26) charge, V is the volume of a
primitive cell, @3/4, and « = e,?/8 is the atomic
polarizability of the Sn ion (where e,’ is the charge
on the Sn shell). « is related to the high frequency
dielectric constant by

47 €n—1
Rl

W ent2

©)

For Mg,Sn, we found (47/3V)x = 0-829. In the
point ion models, the expressions for the fre-
quencies do not contain the (47/3V )« term because
the polarizability was neglected.

At the zone center, the acoustic modes, w4, and
the Raman modes, wp, are triply degenerate,
while the transverse infrared mode, w;y, is doubly
degenerate, and the longitudinal infrared mode,
w;, is non-degenerate. Since w;r and w;, are
known experimentally, the third expression in
equation (4) can be used to evaluate «, and e,.
(For numerical values of the shell model and the
point ion models, see Table 2.) The Raman
frequency is not known, so no information is
gained from the second expression in equation (4).

Table 2. Force constants (in units of 10* dyn/cm)
and Mg ion charge (in units of 10710 e.s.u.) for
various models

%y B oz B2 ag fs e

Model I~ 1:033 0-841 0 0-456 0-599 0 2-397
Model IT  1-033 1-310 0-412 0-755 0 0 2-397
Shell

model  1:290 1:365 0-356 0-567 0-250 0 1-630

The subscripts 1, 2 and 3 on the force constants
correspond to Mg-Sn, Sn-Sn, and Mg-Mg forces
respectively.

The polarization of the Sn ions will not affect the
elastic constants since the Sn ions are at points of
inversion symmetry. Therefore, we could take
over the expressions given by Cruxg ef al.® for

the point ion models:

2 e,?
Ch = —(al +2By+ o3+ 3-276-—),
a 14

2 .,
C12 = ;(231‘2)'2"“1 —oz—P—P3
5 395e22) ©6)
- =);

2 e,?
C44 = —(al +a2+ﬁ2+ﬁa_ 1'527?
a -

° 822 2

oy +og+2B;

Following CHUNG et al.?), we eliminated a
disposable parameter by imposing axial symmetry
about the line joining the two Sn ions, so that
%y = By+y,. But equations (4), (5) and (6) did not
uniquely define all the parameters in our shell
model. In particular, equation (5) only deter-
mined the ratio e,’%/8. Therefore, we picked a
value of +4|e| for the charge on the Sn core.
Since the Mg ion charge, e,, was determined by
equation (4), e; was determined by the condition
of charge neutrality in a cell

e;+e ' +2e, =0. (7)
The results of our calculation were rather insensi-
tive to the value that we picked for the core
charge. Finally, we chose B3 = 0 for simplicity
(it corresponds to a non-central Mg-Mg force)
and ag = 0-250 x 10* dyn/cm to give a reasonable
fit to the specific heat data. oz is the central
Mg-Mg force constant. The remaining parameters
were then evaluated from equations (4), (5) and (6).

RESULTS OF THE CALCULATIONS

The roots of the secular equation (1) were
solved numerically at the 47 points in - of the
Brillouin zone chosen by KELLERMAN'®®) with an
IBM 360-50 computer. The reduced specific
heat, Cv/9R, where R is the universal gas constant,
was calculated from the expression
3 5()et@
— |w
€, 4
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where the sum is over all calculated frequencies,
and

E( ) x2e7

Wx) = — 8 —

(= 1)?

is the reduced Einstein specific heat for a single
oscillator of frequency, w. The weight function
w(q) is the number of wave vectors in the entire
Brillouin zone equivalent to q, where q is one of the
47 points in -% of the Brillouin zone.

boundary. These low frequencies are responsible
for the sharp minimum in the Debye curve near
20°K. The point ion models predicted considerably
higher frequencies and did not reproduce the
minimum. Low frequency transverse acoustic
modes have been found from inelastic neutron
scattering measurements in other semiconduc-
tors.(18.27.28)

The optic modes were found to be quite flat,
and since these frequencies were fitted at ¢ = 0,

T T 1
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F1G. 7. Phonon dispersion curves for Mg,Sn calculated from a shell model.
The low frequency transverse acoustic modes are responsible for the sharp
minimum in the Debye temperature near 20°K.

It is customary to display results of specific heat
calculations or measurements in terms of the
Debye curve as a function of temperature. In
Fig. 5, we have shown the results of our calcula-
tions for the shell model and the two point ion
models along with the experimental results of
JELINEK et al.®) Tt can be seen that the shell model
calculations agreed with experiment better than
either point ion model calculations especially at
the low temperature minimum in the Debye curve.
None of the models agreed particularly well with
the experimental curve above 140°K, where the

- Debye temperature decreases steadily. A similar

high temperature decrease can be seen in some
alkali halides®® and III-IV compounds.*®
Generally, such a decrease in 6, has beén attributed
to anharmonic -effects, which are not included in a
harmonic approximation to lattice dynamics.

The lattice vibration frequencies calculated for
the shell model are shown in Fig. 7 for wave
vectors, ¢, along the principal symmetry directions.
Our results showed that the transverse acoustic
modes have very low frequencies, even at the zone

the calculated curves should be reasonably
accurate. The Raman modes, however, were not
fitted at ¢ = 0 since wp was not known; the
Raman frequency was sensitive to the Mg-Mg
force constant «g3. We picked a3 so that the Debye
curve agreed with experiment. Decreasing o,
for example, caused a vertical shift downward of
the Debye curve below the experimental value and
an over-all lowering of the Raman mode fre-
quencies.

SUMMARY

The elastic properties of Mg,Sn and the related
compounds Mg,Si and Mg,Ge are quite similar
to those of a number of common semiconductors.
An interesting feature of the Mg, X compounds,
however, is the small departure from the condition
of elastic isotropy, especially in Mg,Si and
Mg,Ge.

The SziGer1®®:28) charge, which was the
effective ionic charge of the Mg ions in our shell
model, was found to be approximately 0-3e for
Mg,Sn. (It was also found to be about 0-3e in
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Mg,Si and Mg,Ge.) Such a small charge is
consistent with the covalent nature of the bonding
in these compounds, yet it is large enough to
account for the infrared reflectivity spectrum
which is characteristic of an ionic compound.

Calculations of the lattice vibration frequencies
in Mg,Sn could be compared with experiment
only by comparing the calculated and experimen-
tal Debye curves. Good agreement was attained
when the polarizability of the Sn was taken into
account. The sharp minimum in the Debye
temperature near 20°K was found to be due to a
low-lying transverse acoustic mode. Inclastic
neutron scattering has revealed such a mode in
G821 and  GaAs.18:28) More experimenital
information, such as the Raman spectrum,
multiple phonon absorption frequencies, and
inclastic neutron scattering, is necessary to provide
a more accurate description of the phonons in
Mg,Sn, but, the results of the present investiga-
tion are thought to give a reasonable first approxi-
mation.
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APPENDIX

Following GANESAN and SRINIVASAN‘?*) we define the
matrix of force constants between one ion and another.
The matrix can be written most generally as

¢II ¢I!I ¢12
D={¢y: duy ¢y
¢22 ¢2ﬂ ¢22

where, for example, ¢,, = (8%¢/dxdy) is evaluated at
the equilibrium separation. ¢ is the two-body potential
associated with the short range forces between one ion
and another.

We list the matrix of force constants for the Sn
core-Sn shell, nearest neighbor Mg—-Sn, next nearest

neigh
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29) we define the
ion and n_nother.
lly as

) is evaluated at
o-body potential
between one ion
ants for the Sn
4Sn, next nearest
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neighbor Sn—-Sn and Mg-Mg interactions. The require-
ments of symmetry greatly reduce the number of

independent constants.
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