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Mossbauer absorption spectra of the group-III antimonides AlSb, GaSb, and InSb, and terna-
ry alloys of the latter two compounds have been taken at 78 °K, using the 37.2-keV, -F—» %‘
transition in Sb'?!, An absorber of KSbF; was used to help determine the nuclear factor 6R/R
=(—6.7+3)x10"%, Chemical bonding in these compounds has both ionic and covalent character
raising the question of relative ionicity. Molecular-orbital (MO) and linear-combination-of-
atomic-orbital calculations, together with an assessment of electronegativity differences, pre-
dict that ionicity increases for the series GaSb, InSb, and AlSb, whereas measurements of the
Mossbauer isomer shift along with some bulk and atomic properties show that ionicity in-
creases in the series InSb, GaSb, and AlSb. Interpretation of the isomer-shift data is some-
what complicated by shielding of the p electrons at the Sb nucleus, but electron populations de-
termined by MO calculations indicate that the 5s-electron population is nearly the same on the
Sb nuclei in the three compounds, in accord with the results of Hafemeister et al. on alkali
jodides and those of Lees and Flinn on tin compounds. Thus, the 5s-electron population tends
to be constant in compounds of these three elements from the same row of the periodic chart.
Though the single-line Mdssbauer absorption spectra were broad for some absorbers, there
was no evidence of quadrupole hyperfine structure which would have been apparent from asym-
metry of the absorption lines.

I. INTRODUCTION

of the nuclear factor for this transition.
Since the isomer-shift 6 may be writ-

1 OCTOBER

%H. D. Hagstrum, Rev. Mod. Phys. 23, 185 (1951).

35L. Pauling and E. B. Wilson, Jr., Introduction to
Quantum Mechanics with Application to Chemistry

%M. Born and J. E. Mayer, Z. Physik 75, 1 (1932).
S"H. D. Hagstrum, Phys. Rev. 96, 336 (1954).
%F, M. Propstand T. C. Piper, J. Vacuum Sci.

$¥F. M. Propst and E. Liischer, Phys. Rev. 132,

1970

experiments using y rays from the 37. 2-keV, 1}‘
~ £ transition in® Sb'?! which, together with cal-
culations of electron densities arising from vari-
ous configurations, have permitted determination

We have

used the nuclear-factor and isomer-shift measure-
ments on the group-III antimonides, AlSb, GaSb,

nuclear factor, the electron densities may be mea-
sured only after the nuclear factor for a particular
v-ray transition has been determined. In this pa-
per we discuss results obtained from M&ssbauer

and InSb, to measure the degree of ionicity in these
compounds, in a manner similar to that of Hafe-
meister et al. for compounds of iodine.? The ter-
nary alloys Ga,In,_.Sb were studied as well to see
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if the average electron densities change monotoni-
cally (revealed through isomer-shift measure-
ments) and if any significant lattice distortion oc-
curs (seen through hyperfine splitting) as x goes
from O to 1.

1I. BACKGROUND

The compounds studied in this investigation all
have the zinc-blende (or sphalerite) structure,?
which is like the diamond structure except that the
group-III atoms, Al, Ga, In, and the group-V at-
oms, Sb, each lie on a fcc sublattice, the two sub-
lattices displaced relative to each other by one-
quarter of the length of the body diagonal of the
cube.

Each of the group-III atoms, when free, has
three valence electrons in an s2p configuration,
while each antimony possesses five valence elec-
trons nominally in an s%?2 configuration. In chem-
ical combination, there exist several possible
charge distributions for the ions. Each of the
group-III atoms may lose its three valence elec-
trons to the antimony resulting in a net charge of
+3 on the group-III ions and a —3 on the antimony,
forming an ionic bond. In general, this distribu-
tion is written as A**B™3.* Another possibility is
for Sb to donate electrons to the group-III atoms
with the result that electron-pair bonds are formed
between the two ion types. In an idealized case,
the bond would be characterized by an sp® config-
uration and the group-III ions would have, on the
average, a net charge of —1. This type of bond
is described? as a covalent bond and the compound
could be denoted by A™'B*!,

Referring to previous definitions of covalency
and ionicity, compounds are neither completely
ionic nor completely covalent, falling somewhere
between these two extreme cases. Many investi-
gators, therefore, have worked on schemes and
methods of determination of the fractional ionicity
of the bonds in these compounds. Some 35 years
ago Pauling® developed a definition of the fractional
ionic character F(A4, B) of the bond between ele-
ments A and B. According to his definition

F(A,B)=1-exp[-i(X,-Xp)?%, (1)

where X, and Xy are the electronegativities for
elements A and B determined from heats of for-
mation of diatomic compounds. Although it has
proved difficult to formulate a quantitative rela-
tion between the partial ionic character of a bond
and the electronegativity differences AX = |X,-Xg|,
ionic character generally increases as AX be-
tween the two members of the bond increases. &

In the case that each of the group-III antimo-
nides has basically the same type of bond and that

|

all have a common Sb anion, electronegativity
differences may indicate the fractional ionic char-
acter of the bonds. In Table I we see that the
electronegativity differences between gallium and
antimony are less than the electronegativity differ-
ences between indium and antimony, so that, on
this basis, it would be expected that GaSb would
be less ionic than InSb and that AlSb would be the
most ionic of the three compounds. Pauling has
also stated a principal of electroneutrality for

the intermetallic compounds which states that “in
general the electronic structure of substances is
such as to cause each atom to have essentially
zero resultant charge, 7 that is, in the range —1
to +1. As will be shown, all results, both ex-
perimental and calculational, presented herein
are in agreement with this principle of electro-
neutrality.

Coulson et al.® have calculated the net charges
on the ions in III-V compounds by means of a
linear-combination-of-atomic-orbital-molecular-
orbital (LCAO-MO) method. They view the ionic-
covalent bonding of the two nearest-neighbors
group-III atoms and group-V atoms, as a com-
bination of sp®-hybrid wave functions:

=P+ Dy, (2)

where X is a variational parameter used to deter-
mine the net charge of the two atoms. Coulson’s
results for the group-III antimonides (see Table I)
indicate that these compounds do not form neutral
bonds and are somewhat ionic. Furthermore, Coul-
son concludes that GaSb is the least ionic (consis-
tent with the definitions of ionic and covalent, above)
of the three compounds, in agreement with the pre-
dictions of electronegativity differences. But Coul-
son’s LCAO calculations and electronegativity dif-
ferences disagree concerning the ionicity of InSb

and AlSb.
Phillips and Van Vechten® have recently defined

an absolute scale of fractional ionicity f; based on
the ionic and covalent energy gaps C and E,, re-

TABLE 1. Charge considerations in some group-III
antimonides.
AlSb GasSb InSb

Electronegativity differences 0.44 0.24 0.27

(Ref. 5)
Net charge on Sb (Coulson) —-0.44 —0.43 -—0.46
(Ref. 8)
Fractional ionic character 0.44 0.26 0.32
(Ref. 9)
Net charge on Sb? 0.38 0.59 0.43
s-electron population® 1.68 1.67 1.71
p-electron population® 2.94 2.75 2.86
Overlap? 0.51 0.52 0.49

2This paper.
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spectively, defined in terms of the electronic di~
electric constant. Values for f; for the group-III
antimonides are presented in Table I where f; is

0. 00 for a covalent compound and 1. 00 for an ionic
compound. These values are seen to give the same
ordering of the compounds as that given by the elec-
tronegativity differences, namely, ionicity increases
from GaSb to InSb to AlSb.

In addition to MGssbauer effect measurements,
the techniques and results of which will be dis-
cussed in the following sections, we have made ex-
tended Hiickel MO computations!? for these anti-
monides. Here MO are formed from a linear com-
bination of Slater-type atomic orbitals (STO’s). The
functional form of the STO is

*
" =N’V("*'1)e("'°)'/" YKL, m ' 8, ¢), (3)

where N is the normalization factor, 7 is the dis-
tance from the center of the atom, »n* is the effec-
tive principal quantum number, Z is the atomic
number, 0 is the Slater shielding coefficient, a, is
the Bohr radius, and Y(I,m 16, ¢) is the spherical
harmonic which controls the symmetry of the or-
bital. In the region of chemical binding, a single
STO can be made to give reasonable agreement with
a self-consistent-field Hartree- Fock wave function
by carefully choosing the orbital exponent (Z - 0)/n*,
commonly referred to as “Zed.” In our work we
used the single Zed values determined by Clementi
et al. " for each ion type and the actual principal
quantum number for each ion type in the compounds
considered. The Coulomb integrals H;; for the
program are taken from the nonrelativistic Hartree-
Fock-Slater energy levels E,; given by Herman and
Skillman, 12

In the MO calculation we chose a molecule of 17
ions consisting of a central Sb surrounded by its
four nearest-neighbor group-III ions, each of which
is also surrounded by its four nearest-neighbor Sb
ions (one of which is the central Sb). Values for
both the electronic populations and the overlaps
given in Table I are those obtained for the central
Sb ion. Coordinates for each of the 17 atoms in-
volved in each of the computations were determined
from the lattice constants obtained by Giesecke and
Pfister. '

Both Léwdin** and Mulliken'® population analyses
were made to obtain measures of the net charge on
the Sb ions. But L&wdin'* has pointed out that be-
cause of the properties of the basis functions used,
these values do not necessarily give the actual phys-
ical charges on the ions. Although the results of
the two methods do not agree numerically, there is
general agreement in the order of the charge varia-
tion from compound to compound. The Mulliken val-
ues along with their corresponding antimony 5s and
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5p electron populations appear in Table I because
the overlap values also given in the same table are
based upon the Mulliken analysis. From the popula-
tion analyses for AlSb and GaSb we see a much
larger fluctuation in the p-electron population in
these two compounds than in the s-electron popula-
tion. Since computations were carried out on all
three compounds in the same way, the results for
InSb which are contrary to those for AlSb and GaSb
must be suspect. It should be pointed out that inclu-
sion of further parametrization, such as correction
for neighboring atom potentials, would not effect
this ordering.

III. EXPERIMENTAL TECHNIQUES

The 100-u Ci source of 37. 2-keV Mossbauer y
rays was obtained commercially in the chemical
form of BaSnO;.!® Absorber materials were ob-
tained from numerous sources. !” The material in
each of the absorbers was powdered and contained
approximately 6 mg/cm? of natural antimony mixed
with powdered Lucite. The mixtures were in turn
compressed in a heated press and formed into disks
0.3 cm thick by 2. 54 cm diam.

A standard transmission geometry was used with
the source and absorber mounted in the exchange-
gas chamber of a cryostat.'® All measurements
were made with both the source and absorber at 78
°K. The source was moved by a thin-walled stain-
less-steel tube driven by an electromechanical
transducer built from plans furnished by the National
Bureau of Standards.'® The driving voltage was
derived from the analog signal of a 400-channel
analyzer operating in a crystal-controlled multi-
scaling mode to impart to the source a constant ac-
celeration. The spectrometer was velocity cali-
brated by using a source of Co®" in palladium and an
iron foil absorber. Details of the velocity calibra-
tion appear elsewhere. 2

The y rays passing through the absorber were
allowed to exit the Dewar through two 10-mil Be
windows. The y-ray spectrum was then detected
with a proportional counter filled with a mixture of
xenon and methane gas at 2 atm. A 10-mil exit win-
dow in the counter helped prevent scattering of ra-
diation from the internal walls of the detector. Be-
cause the 37. 2-keV y rays exceeded the energy
necessary to eject a K electron from a xenon atom,
there appeared an escape peak (see Fig.1) whose
energy of 7.5 keV was determined by

Ee.p.in‘Ef, (4)

where E ;=317. 2 keV is the incident energy of the y
rays and E; is (in this case) the K-emission edge
energy for xenon which is 29.7 keV.%' The high
probability of ejecting a K electron combined with
the detector’s higher counting efficiency for the low-
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energy process resulted in an escape peak some-
what larger than the 37. 2-keV photopeak. By set-
ting the analyzer’s single-channel window on the
escape peak, the counting rate was enhanced.

Since the counting rate in the single-channel win-
dow was approximately 30 counts/sec, a period of
over four days was required for each absorber to
accumulate a single 200-channel spectrum. Dur-
ing this period, data were collected and the velocity
was checked every 12 h. All 12-h accumulations
were individually analyzed, and those that showed
no inconsistencies were added together.

1IV. THEORETICAL CONSIDERATIONS

There are several ways in which electrons in a
solid interact with the nuclei to perturb the nuclear
energy levels. Of these interactions only the nucle-
ar electric monopole and nuclear electric quadrupole
interactions were considered in this investigation.
Electric monopole effects displace the nuclear en-
ergy levels through electrostatic interactions of the
nucleus with its surrounding electron- charge cloud. 2
A degeneracy may be partially removed through
the interaction between the nuclear electric quadru-
pole moment and the electric field gradient (EFG)
at the site of the nucleus produced by all charges
exterior to the nucleus. %

If the source and absorber nuclei are in differ-
ent chemical environments, there will, in general,
be a difference between their electric monopoie
interactions giving rise to an energy shift in the
centroid of the M3ssbauer spectrum. This isomer
shift as given by Shirley?® is

5=F(2)S"(Z)[ |,(0) |2~ |05 (0) |26 R/R, (5)

where R is the average of the ground- and the ex-
cited-state nuclear radii, [y,(0)I% and I4(0)|% are
the nonrelativistic electronic charge densities at
the absorber nuclei and source nuclei, respectively,
OR is the difference in the excited- and the ground-
state nuclear radii, and S'(Z) is a dimensionless
factor to account for distortion of the electron wave
functions by the nucleus and for their nonrelativistic
value. Using R=1.20%x107'3 A3 Shirley has cal-
culated and tabulated S'(Z); for antimony (Z =51),
5'(Z)=2.38. The factor F(Z) is

F(Z)=4ncZe?R?/5E,, (6)

and is equal to (3. 670x10° mm/sec) a3 for antimony,
in terms of the Bohr radius a,.

The-values of [9(0) |2 used herein are given in
Table II and were obtained by Wilson of the Argonne
National Laboratory using a Hartree-Fock self-con-
sistent-field computation.? For an isolated anti-
mony atom, the electronic configuration is Kr 4d° -
5s%5p,  and the contribution of the core electrons
(Kr 44'%is given in Table II by K=93291. Com-
pared to the isomer-shift difference obtained from
configurations in Table II, second-order effects are
small.

Since the isomer shift actually measures the s-
electron density at the nucleus, a WWJ plot?® of the
total s-electrons density|# (0)2/a as a function of
5s-electron character for various configurations of
5p-electrons clearly shows how the total s-electron
density at the nucleus varies with the addition of s
and p electrons.?® The results show that addition
of s-electrons increases (0)I2/a3, while the ad-
dition of p electrons decreases because of shield-
ing.
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TABLE II. Values of the electron density at the nu-
cleus for different electronic configurations of antimony
(from Ref. 25),

[¥%(0)/afl - K

Electron configuration

55%5p° 27.72
5s%5p2 36.22
5s%5p! 40.55
5s525p" 44.45
5st5p° 18.28
5s'5p 19.97
5s'5p? 22.10
5s15p° 24.59
55%p° 00.00
55%5p? -0.57%
55%p? -0.91%
55%5p° —-1.04*

3Determined by extrapolation.

V. ANALYSIS AND RESULTS

From the electronically measured half-life?” of
the first excited level of Sb'?!, the narrowest pos-
sible experimental linewidth is 2I'=2.1+0. 12 mm/
sec. Using the method of Margulies and Ehrman®®
to account for spectral line broadening due to finite
absorber thickness, we determined an effective
thickness T, yielding an apparent width, 2T, =2.4
+0.1 mm/sec.2T, was observed in the Gag,;7Ing, g3Sb
absorber having a measured linewidth of 2. 39+0. 12
mm/sec (see Fig.2). Most of the linewidths for
the absorbers in this investigation were consider-
ably larger, so that these spectra were analyzed
for possible unresolved quadrupolar splitting.

The computer program?®® which was used to make
least-squares fits of the Mdssbauer spectra was
modified to incorporate the line positions for the
eight lines permitted by the dipole selection rules
governing the '~ $* transition of Sb'?!,3° Relative
intensities for the eight lines resulting from 3" to
%" dipole transitions in the absorber were determined
from the squares of the appropriate Clebsch-Gordan
coefficients and were expressed as constraints in
the program. In searching for optimal values of
the five least-squares parameters of baseline (the
off-resonance counting rate), linewidth, quadrupole
splitting (e?qQc/4E,), isomer shift, and fractional
absorption (uncorrected for background), the pro-
gram depends on the investigator’s ability to give
reasonable estimates of these parameters, which
are then refined by successive interations. With
the program dependent upon the bias of the investi-
gator the initial parameters have to be chosen with
some care. Therefore, if the absorption line is
broad, the investigator might assume an unresolved
splitting when in reality none exists. For example,
an initial estimate of a positive quadrupole splitting
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parameter was made for a GaSb spectrum and the
computer calculation yielded a value of 0. 60+ 0. 30
mm/sec. The computer result for the same data
using a negative starting value for the quadrupole
splitting was -0.60+0.26 mm/sec. Since the
quadrupole interaction in Sb'?! results in spectral
lines that are asymmetric about the isomer shift,
the combination of these two calculations indicate
that, within the uncertainty of the measurement,
the broad Mdssbauer line of this particular absorber
is symmetric and is not due to unresolved hyper-
fine structure. As a result of the same test on
other spectra, single-line computer fits of the
spectra appeared satisfactory, so that the param-
eters were reduced to simply baseline, linewidth,
isomer shift, and fractional absorption. From re-
sults of different runs on the same absorber taken
several months apart we deduced that linewidths in
excess of 2.4 mm/sec are traceable to slight
changes in the electronics of the spectrometer be-
cause of fluctuations in the ambient temperature in
the laboratory over a four-day counting period.

As can be seen in Table III the ordering according
to increasing negative value of the isomer shift for
the pure compounds is: AlSb, GaSb, InSb. The same
general trend is seen in the isomer shifts of the
alloy samples when proceeding from the alloys con-
taining the greatest percentage of gallium to pure
InSb. In order to determine the variation of charge
density with isomer shift, the nuclear factor 6R/R
must be known. Accordingly, we measured the iso-
mer shift of KSbFg (potassium hexafluoroantimonate)
given in Table III. By making extended Huckel MO
calculations® on KSbFg we find the antimony in this
compound has a configuration which is nearly 5s%2.

Evidence from the physical properties of the group-
III antimonides (see Table IV) suggests an ionicity
ordering in the series AlSb, GaSb, InSb. Assuming
that the bond strength decreases with decreasing
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FIG. 2. Mbssbauer spectrum of Ga,_ j7Ing g3Sb at 78 °K.
The single-line fit has a width 2.39+0.12 mm/sec.
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TABLE III. Results of Méssbauer isomer-shift
measurements on III antimonides, and ternary alloys
of the composition Ga,In;_Sb. Uncertainties given
represent one standard deviation.

Compound Isomer shift (mm/sec)
InSh —-8.70+0.07
x=0,17 —8.70+0.04
x=0.34 —-8.53+£0.07
x=0.56 —-8.42+0.07
x=0.60 —~8.48+0.18
x=0.80 —-8.49+0.05
GaSb —-8.35+0.05
AlSb -7.79+0.06
KSbF, +2.520.20

ionicity for the group-III antimonides, then the low
melting point and the low Debye temperature of InSb
would indicate that it is the most covalent of these
compounds. The heats of formation also imply that
InSb is again the least ionic of the compounds in Ta-
ble IV. As a final argument we consider the mobil-
ities of the charge carriers. The mobilities are
affected by the ionicity of the bonds in two ways. 3!
First, an increase in ionicity causes an increase
in ion scattering, resulting in a decrease in the
mobility of the carriers. Second, an increase in
ionicity causes an increase in the effective masses
of the charge carriers, which also results in a de-
crease in the carrier mobility. Applied to electron
mobilities, this argument is consistent with the fact
that InSb is the most covalent whereas AlSb is the
most ionic of the group-III antimonides; the hole
mobilities, however, do not show such a trend.
Having established from the above physical prop-
erties that InSb is the most covalent and hence has
the most representative sp® configuration of the
three group-III antimonides, we can now proceed
to calculate 8R/R. Selecting charge densities from
Table II for the 5s%? and 5s'p® configurations and
the respective isomer shifts for KSbFg and InSb
from Table IV, we obtain with the aid of Eq. (5) a
value of (-6. 7+ 3)X10™ for the fractional change
in the nuclear radius. This value may be compared
to the values of 6R/R reported (and listed here chron-
ologically), (-8.5+3)x10™ 25(~9. 5+ 3)x10™, 32
and (-7.3+0. 8) x10™.% It is importantto note, how-
ever, that only the sign of 6R /R is vital to the ion-
icity order, not its absolute value.

VL. CONCLUSIONS

With the exception of the nuclear factor 6R/R and
the measured isomer shift for the III-V compounds
investigated herein, all other terms in Eq. (5) are
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positive. It can be seen from the isomer-shift re-
sults in Table III that the charge density, (0)?la3,
for Sb decreases in InSb, GaSb, and AlSb, in that
order. As noted earlier, this could be due to either
a decrease in the population of s electrons or an
increase in p electrons or to both effects occurring
simultaneously, proceeding through the above series
of compounds. The MO calculations (see Table I)
for AlSb and GaSb show that the predominant varia-
tion in electron population is in the number of p elec-
trons, with the s-electrons population vemaining
relatively constant. This result of s-electron con-
stancy has also been found by MGssbauer spectros-
copy in alkali iodides? and tin compounds, ** both
Mossbauer isotopes coming from the same row of
the periodic chart as does Sb. Assuming both the
same type of behavior for InSb and that the number
of p electrons increases for the group-III antimo-
nides in order InSb to GaSb to AlSb, then the smooth
decrease in 1(0)|%/a3 observed experimentally is
due to shielding by p electrons. It is important to
stress here the extreme sensitivity of the M&ssbauer
isomer shift to small changes in charge density.
Moreover, the fact that the electron density at the
Sb nuclei must be greater in InSb than in GaSb may
be taken as evidence that the ability of MGssbauer
isomer shifts to discern charge density differences
surpasses that of existing theoretical approaches.
The result that Sb ions in AlSb have more elec-
trons (but a lower electron density at the Sb nuclei
because of shielding) than those in InSb shows the
former is more ionic and the latter more covalent.
This same smooth variation was observed in all the
physical properties of the group-III antimonides re-

TABLE IV. Physical properties of the group-III

antimonides.
InSb GaSh AlSb feef; .

Melting point (°C) 525 712 1054 a
Debye temp. at 80 °K 228 270 350 b
Heat of formation
(kcal/gatom) 3.5£0.1 5.0+0,2 c
Energy gap at 300 °K,eV 0.17 0.67 1.60 a
Electron mobility at
300 °K (cm?/V sec) 78000 4000 200 a
Hole mobility at 300 °K
(cm?/V sec) 750 1400 420 a
Dielectric constant 16.8 13.7 10.1 a
Lattice parameter (A) 6.48 6. 20 6.14 a
Density (gm/cm?) 5.78 5.62 4.22 a
Méssbauer isomer shift,
relative to InSb at
78°K (mm/sec) 0 +0.35+.09 +0.91£.09 d

%C. S. Roberts, in Intermetallic Compounds, edited by
J. H. Westbrook (Wiley, New York, 1967), p. 571.

Yp, V. Gul’yaev and A, V. Petrov, Fiz. Tverd. Tela
1, 368 (1959) [Soviet Phys. Solid State 1, 330 (1965)].

‘W. F. Schotty and M. B. Berver, Acta Met. 6, 320
(1958).

dThis paper.



I

T T T T T 1 T T T T Ll
-8.8 JIG.G
-8.7 { § 8.4

Fi
$ a6 Ji8.2
x
€ & { { 180 ]
iy K
;-3.4 } {78 g
o
& -8.3 e S
é -8.2 7.4
T -8l 7.2

S N TR SN N WO Ll

O 10 20 30 40 50 60 70 80 90 100

InSb GaSb
MOLE % GoSb

FIG. 3. Variation of isomer shift and antimony charge
density (see Table IV for dimensions) with composition
for the ternary alloys. The bars represent one standard
deviation of uncertainty in the measurement of the isomer
shift.

ported in Table IV (with the exception of hole mobil-
ities). Furthermore, this ordering is in agreement
with the results of electronegativity differences, and
with Phillips’s work which predicts that AlSb is the
most ionic of these compounds. On the other hand,
Coulson’s calculated values of net charge not only
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fail to show a smooth variation as we proceed down
the periodic chart, but also predict that InSb rather
than AlSb is the more ionic.

Finally, we note that the variation with composi-
tion of the antimony charge density in the ternary
alloys is monotonic (see Fig. 3), similar to the
linear variation of lattice parameter with composi-
tion (Vegard’s Law) experimentally observed by
Woolley and Smith. * Since the ionic contributions
to the chemical bonds in GaSb and InSb are differ-
ent, a regular variation of charge density in the
alloys requires that the ionicity of the chemical
bonds vary in a similar fashion. The unbroadened
spectral line obtained using Gag,;7Ing g3Sb absorber
(Fig. 2) indicates that quadrupolar distortion is
effectively nil, even though the antimony atoms in
the crystal are coordinated, on the average, with
two different type ions from group III. This strong-
ly suggests that, on the average, all bonds in these
alloy systems are equivalent.
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A calculation of the °E energy levels of Fe? in CdTe has been performed taking into account
coupling between the electron system of the impurity ion and the vibrations of the host lattice.
The coupling is approximated to a single pair of E modes corresponding to the TA(L) phonons.
We find that even a small electron-phonon coupling not only displaces the energy levels from
those of crystal-field theory, but also introduces additional transitions. We get qualitative
agreement with the experimental observations for an effective spin-orbit splitting of 20.8 cm™
and a Jahn-Teller energy of 4.2 cm™l. We also find that we get better agreement between
theory and experiment if we take spin-spin interactions into account.

I. INTRODUCTION

Low-energy electronic levels of the Fe?* (3d%)
ion in sites of tetrahedral symmetry have been de-
tected directly by far-infrared optical absorption
in crystals of cubic ZnS! and CdTe, 2 in the range
below 100 cm™. For ZnS the number, position,
and intensities of the absorption peaks at 4 °K can
be accounted for by simple crystal-field theory in
terms of the spin-orbit splitting of the °E ground
state.’”? In CdTe, however, the Fe?* spectrum does
not fit this theory and in particular exhibits addi-
tional lines.? The purpose of this paper is to con-
sider a model which can account for this spectrum
by augmenting crystal-field theory to include dy-
namic Jahn-Teller coupling between the °E state of
the Fe?* ion and a low-frequency vibrational mode
of the CdTe lattice.

The crystal lattices of cubic ZnS® and CdTe, * in
common with other II-VI compounds, have the trans-
verse acoustic (TA) branch of the phonon spectrum
at a quite low frequency. For cubic ZnS, however,
the critical points in this branch are above the en-
ergies of the excited levels of the Fe?* ion to which
the far-infrared transitions take place. The Jahn-

Teller coupling of the °E state of the Fe?* ion to
these and other vibrational modes is apparently
weak, ! and no definite evidence of a Jahn-Teller ef-
fect in the °E state of ZnS: Fe?* has been found. For
CdTe, on the other hand, the critical points in the
TA branch are so low as to lie among these Fe**
levels. Some of these phonons moreover have the
correct symmetry to participate in Jahn-Teller
coupling with the °E state of the substitutional Fe?*
ion. As we will show, such a coupling, thoughweak,
nevertheless can appreciably distort the electronic
absorption spectrum and can introduce extra lines
as found experimentally,

In addition to those phonons which contribute to
the Jahn-Teller coupling, other lattice phononsfrom
the TA branch may be optically excited as a result
of the electron-phonon coupling with the Fe? ion,
and these may contribute additional structure as
side 'bands to the lines of the electronic absorption
spectrum. We will see that there is also evidence
for extra absorption of this sort in the experimen-
tal spectrum.

In this paper we first review briefly in Sec. II
the relevant predictions of crystal-field theory for
the Fe?* ion, !** including the effect of spin-spin in-



