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Alternating anion-cation bond strengths in CdGeAsz. 'Application to the family of ternary pnictides
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We have investigated in great detail the low-temperature infrared (ir) transmission and
polarized-Raman-scattering spectra of CdGeAs&. We identified all vibrational modes predicted
from group-theory arguments and compared them with predictions of three- and four-parameter
valence-force-field models. Assuming only nearest-neighbor interactions for the two different series
of anion-cation bonds that define the ternary pnictide structure, we have found the resulting series
of force constants to be in very good agreement with predictions of the semiempirical tight-binding
method. This results in an inverse scaling of the force constants versus the fourth power of the
bond length which, together with the use of a simple molecular model, has provided enough physi-
cal insight to allow simple but accurate predictions to be made. This shows that there is a one-to-
one correspondence between the identity of chemical species that enter a given compound and the
experimental phonon frequencies that dominate the ir and Raman spectra. This correspondence is
found to hold true for the whole family of ternary pnictides.

I. INTRQDUCTIQN

The ternary analogs of ZnS-type (zinc-blende-
structure) semiconductors, with the general formula
ABC2, form a large family of compounds. They crystal-
lize in the so-called chalcopyrite structure (space group
D2d, or I42d) and have long been studied for their non-
linear optical properties. ' More recently, they have also
emerged as the prototypes of a class of intermediate ma-
terials between the pure binary compounds, such as
GaAs and EnAs, for which one single series of A —B
tetrahedral bonds defines a perfect regular arrangement
and the family of ordered ternary and quaternary alloys,
for which different series of tetrahedral bonds have to
match with one another. This includes the synthetic
(AC), /(BC), strained superlattices and, because such
systems are increasingly being considered for device ap-
plications, a detailed understanding of the tetrahedral
bonding has become a matter of considerable technologi-
cal interest.

Similar to the superlattice materials, in the ternary
chalcopyrite semiconductors, also, naturally ordered
series of alternating A —C and B—C bonds do simul-
taneously exist. Moreover, in both cases, all specific

effects must correlate with the standard chemistry of the
constituent atoms. Since there are 58 predicted ternary
analogs of the ZnS-type semiconductors (of which 36
have been synthesized and 22 more are, up to now, only
supported by theoretical predictions ), they constitute a
very broad field for investigation (both theoretically and
experimentally) as was first recognized by Jaffe and
Zunger. Emphasizing the peculiarities of the
alternating-bond scheme, they discussed in detail the
structural parameters, the chemical trends, and the
band-gap anomalies for (i) the ternary analogs 3 B C2
of the II-VI binary compounds 3 'B (the so-called
"group-I" chalcopyrites ) and (ii) the ternary analogs
A 'B' C2 of the III-V binary semiconductors A"'Bv
(the so-called "group-II" chalcopyrites, or ternary pnic-
tides ). They showed that the conservation of tetrahedral
bonds (CTB), admixed by p dhybridization eff-ects for the
noble-metal compounds, played a key role in the
geometry of the material and was the main source of lat-
tice distortions. '

How much of this simple viewpoint was rejected in
considering the lattice dynamics was not clearly estab-
lished. On the contrary, there exist reports supporting a
folded-zone scheme' in which the specific effects associat-
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ed with the two different cation species are not taken into
account. To clear up this point, we have attempted a re-
cent systematic study of the lattice dynamics of group-I
3 B Cz and gro p ~ B Cz h 1 opy t .'" W
investigated AgGaSez and CdGePz, among others, and,
starting from the folded-zone scheme in which both 3
and B cations have been averaged to one single
( 2 +B)/2 chemical species, we could weigh the diA'erent

effects of mass differences, tetrahedral distortion, tetrago-
nal compression and, finally, changes in force constants.
By investigating in great detail the long-wavelength pho-
nons in both compounds, and comparing systematically
with the results of our theoretical predictions, we could
show the following.

(i) For the cases of AgGaSez and CdGeP2, two difterent
series of anion-cation bonds give two different series of
well-identified ir and Raman-active frequencies in the
high- to intermediate-frequency range.

(ii) With respect to the closest fictitious analogs
(CdZnSez and InGaP2, respectively), the change in bond
strength depends on whether we are considering the
heavy or light cations. In the first case (heavy cations) we
have found only smooth bonds, weakly sensitive to the
chalcopyrite substitution. In units of 10 dyn/cm, the
corresponding force constants were e = 18.87 and
p=0.80 for Ag—Se bonds in AgGaSe2 (to be compared
with u = 17.63 and /3=0. 82 estimated for cubic CdSe) and
a=32.9 and P=3.65 for Cd—P bonds in CdGeP2 (to be

compared with a=34.8 and P=2.5 for cubic InP). Those
relative changes were typically 6%. In the second case
(light cations) where all bonds are shorter, they appeared
more sensitive [and even more so for the (group-I) ternary
chalcopyrites than for the (group-II) ternary pnictides].
We have found the following values: o.= 36.93 and
f3=0 80 for G. a—Se bonds (to be compared with

a =24.53 and @=3.88 for ZnSe) and a =44.9 and P=3.65
for Ge—P bonds (to be compared with a =39.2 and
P=4.7 for GaP). This constituted renormalizations of
50% and 15%, respectively. This marked asymmetry of
bond strengths, noticed in both compounds, explains the
appearance of well distinct optical bands and the so-

called ' "hard-bond —smooth-bond" features.
In this work, we focused on the parent compound

CdGeAsz to see how much of the preceding results can
be used to perform systematic predictions. We first note
that, from previous infrared (ir) studies performed at
room temperature in the experimental range 50—500
cm ', only 2I 4 and 5I

&
modes were known. "' More-

over, no Raman experiments were reported and 1I &, 3I &,

1I 4, and 1I 5 frequencies predicted by group theory were
missing. Accordingly, since no significant comparison
with theoretical predictions could be done, we first com-
plement the existing experimental data. Performing, at
low temperature, infrared transmission and Raman spec-
troscopy, we resolved all Raman- and ir-active frequen-
cies. Then we will discuss the results in light of the
valence-force-field (VFF) model ' 'i and show the close
analogy which ties together CdGeAsz and AgGaSez with

respect to CdGePz. This is nothing but an effect due to
the relative values of atomic masses. Finally, we will dis-
cuss the change in force constants through the isoelect-

ronic series: InGaAsz to CdGeAsz and InGaPz to
CdGePz and show that all agree satisfactorily with the
predictions of a simple scaling law which assumes an in-
verse proportionality of the bond strength to the bond
length. Because no free parameter is introduced, and
only the standard prescriptions of the semiempirical
tight-binding method (TBM) have been taken into ac-
count, ' we obtain enough physical insight to allow sim-
ple, but accurate, molecular predictions to be made for
phonons identified with a chemical bond. This is true for
the whole family of ternary pnictides.

II. EXPERIMENTAL RESULTS

The ternary chalcopyrite semiconductors crystallize in
the D&& space group and contain two formula units per
primitive unit cell. At the center of the Brillouin zone,
the symmetry of the crystal decouples the 24 vibrational
modes into 15 nonzero (optical) frequencies and 2 acous-
tic components:

r=l, +2r, +31 +3I +6I,+(I +I,).,
Among them 31 4(z) and 6I 5(x,y) are polar modes, both
ir and Raman active; 1I

&
and 3I"z are nonpolar Raman-

active modes and 2I z are optically inactive.
As already mentioned, from infrared experiments re-

ported at 300 K in the experimental range 50—500 cm
only 2I 4 and SI

&
modes could be resolved. This was true

both in our work' and in the work of Ref. 11. Since the
missing components should fall in the low-energy range
and have small oscillator strengths, we have performed
infrared transmission measurements at low temperature.

We have also checked the low-temperature reAectivity
signal but no finite advantage could be gained over the
room-temperature data. This was because of a reduced
signal-to-noise ratio coming from both the presence of
additional windows and the smaller optical aperture. As
a consequence, we have systematically used in this work
our room-temperature reAectivity spectra' to compare
the series of I 4 and I 5 modes deduced from the ir spectra
with the results of the Raman investigation.

A. Infrared transmission

Our experimental setup has been already described '
and no additional detail will be given here. Collected
through a 1-mm-thick sample with unpolarized light, a
low-temperature transmission spectrum gives the typical
absorbance intensity shown in Fig. 1(a). Clearly three
modes are found at 42, 73, and 97 cm ', of which only
one (97 cm ') appears also (at 93 cm ') in the room-
temperature reAectivity spectrum. This is shown on Fig.
1(b). The theoretical predictions' indicate that the
lower- and higher-energy components have I"5 symmetry
and that the intermediate-energy one has I 4 symmetry.
This is the standard ordering already reported ' for
AgGaSez and CdGePz and will be confirmed by further
examination of the Raman data.
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FIG. 1. (a) Unpolarized low-temperature absorption intensity
collected through a 1-mrn-thick sample; (b) room-temperature
reAectivity spectrum, also collected with unpolarized light, on
the same sample. In the erst case, three modes resolve at 42, 73,
and 97 cm '. They have been assigned to I 5, I 4, and I 5 sym-
metry, respectively. In the second case, only one mode resolves
at 93 cm ' and corresponds to the upper I 5 mode in the lowest
band (see Fig. 3 and Table I).
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B. Raman experiments

Concerning the Raman experiments, most experimen-
tal details have already been given ' and only a few
specific features relative to CdoeAs2 need further discus-
sions. First, because CdGeAs2 is a small-band-gap semi-
conductor (0.57 eV at room temperature' ), we could not
work in the transparency region and only a backscatter-
ing configuration was used. Second, because the 5682-A
wavelength of the krypton-ion laser is close to the
N, „N&, transition -(E&-like transition in ZnS-type com-
pounds' ), we expected some resonant behavior. Since
we knew, from the work of Ref. 18, that the E&-like tran-
sitions give strong reAectivity structures centered at 2.20
and 2.05 eV at 8 and 300 K, respectively, a simple extra-
polation indicates 2.17 eV at 77 K. Indeed, checking for
different wavelengths, we could find a better signal-to-
noise ratio when using the 5682-A line (2.18 eV) of the
Kr+-ion laser. As a consequence, this line was used for
the remaining part of this work, with an incident power
kept below 300 mW in order to avoid damaging the sam-
ples.

I. I & modes

According to the selection rules discussed in Ref. 9, we
have used a (zIxyIz) configuration for the I 4~ frequen-
cies and, next, a (x'Iy'y'Ix ') configuration (in which I,
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FICx. 2. Comparison of I 4 frequencies resolved in this work.
(a) is a room-temperature reflectivity spectrum collected with
light polarized in the configuration E~~c The dashed line .is a
theoretical oscillator fit (least-mean-squares fit) using the series
of parameters listed in Ref. 12; (b) is a Raman spectrum, collect-
ed at liquid-nitrogen temperature, in the backseat tering
(zIxy~z ) configuration. In this case, three longitudinal I 4L fre-
quencies manifest at 73, 216, and 284 cm ' (see Table I). Indi-
cated by an asterisk is the forbidden I

&
component. It comes

from imperfect selection rules. (c) refers to the transverse fre-
quencies, also at liquid-nitrogen temperature. In this case, both
the I

&
and I 4T modes are theoretically allowed and appear at

196 and 73 and 205 and 273 cm ', respectively. (d) is a plot of
the dispersion of the two dielectric functions Im(e), solid line,
and Im( —1/e), dashed line, obtained from the oscillator-fit pa-
rameters of Ref. 12 and corresponds to the room-temperature
data illustrated in (a).
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is also allowed) for the I 4T modes. Typical spectra are
shown in Fig. 2. Also shown for comparison purposes
are, first in Fig. 2(a), a room-temperature refiectivity
spectrum collected on the same sample (solid line) and,
second in Fig. 2(d), two plots of the dielectric functions
Im(e) and Im( —1/e) (solid and dashed lines, respective-
ly). Both were obtained from the least-mean-squares fit
(LMSF) parameters listed in Ref. 12 and, for complete-
ness, the corresponding theoretical reAectivity spectrum
is shown in Fig. 2(a) (dashed line).

Consider, first, Fig. 2(b). We resolve 31 ~L frequencies
at 284, 216, and 73 cm which agree satisfactorily with
the ir data of Figs. 2(a) and 2(d) and the I ~ absorption
line displayed in Fig. 1(a). The small component noted
by an asterisk, around 200 cm ', is the forbidden I

&

mode. It resolves clearly in Fig. 2(c), together with the
I 4T frequencies. From this series of data, we resolve the
I

&
mode at 196 cm ' and confirm the I 4T frequencies at

273, 205, and 73 cm ', respectively.
For comparison purposes, we list in Table I the Raman

and ir frequencies obtained in this work, together with
the ir results of Refs. 11 and 12. Concerning the higher-
energy I 4 modes, we notice a typical energy di6'erence of
5 cm ' between the room-temperature reAectivity data
and the Raman modes which comes from the tempera-
ture dependence of the phonon spectrum. In both cases,
however, the LO-TO-splitting agreement is within 3
cm

2. I 5 modes

We have selectively excited the I 5L and I 5T frequen-
cies using the (x~zy~x ) and (x'~zy'~x ') configurations,
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respectively. Typical experimental spectra are shown in
Fig. 3 and the resulting LO-TO frequencies are listed in
Table I.

Comparing with the ir data Isee Figs. 3(a) and 3(d)j, we
find, again, a good overall agreement (see Table I). We
notice also that, with the exception of two cases, 275—290

TABLE I. Comparison of experimental results obtained in
different works.
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FIG. 3. Same as Fig. 2, but now for the I, modes. Again, (a)
and (d) are room-temperature data and refer to the polarization
Ele while (c) and (d) are Raman spectra collected at liquid-
nitrogen temperature. In this case, only two modes have a
strong Raman cross section; three are very weak and one, at
about 260 cm ', is hardly resolved in both the I,L (arrow) and
I » configurations. Indicated by asterisks are I, components.
For the sake of completeness, all experimental frequencies have
been listed in Table I.
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(a) &x izzix'&

and 96—97 cm ', there are no very large experimental
Raman cross sections. This causes the forbidden I,
mode (indicated by asterisks) to appear on both experi-
mental spectra. As already discussed (see Ref. 9), this
comes from a partial breaking of the selection rules
which is a constant feature when dealing with the ternary
pnictide (group-II) and ternary chalcopyrite (group-I)
semiconductors. Whether this comes more from the
difhculty of growing large single crystals of very high
quality or from intrinsic details of the resonance mecha-
nism is not understood. In this respect, however, it seems
that tuning the electronic excitation away from the fun-
damental edge results in somewhat better selection rules
and less intensity of the I

&
mode with respect to the

series of I
&

components (compare, for instance, with the
corresponding spectra displayed in Refs. 9 and 10, re-
spectively).

Concerning the small Raman cross section noted for
the 4I ~ modes at 259 (264), 203 (209), 160 (165), and 46
(48) cm, we shall come back to this point later in Sec.
III.

3. Nonpolar I"
&

and I 3 modes

Displayed in Fig. 4 are the Raman-scattering intensi-
ties observed for the nonpolar I, and I 3 modes, from the
two diFerent configurations (x'~zz~X ') and (x yy~x ), re-
spectively. In both cases, the strong I, component dom-
inates the spectra and the experimental value (196 cm ')
confirms the data of Fig. 2(c). Two weaker I 3 modes ap-
pear, next, at 75 and 260 cm ', respectively. The third
I 3 mode was very hard to resolve and assigned to the
weak component observed at 165 cm '. This is, first,
supported by theoretical predictions (see Sec. III) and, on
the experimental side, seems reasonable because there is
no artifact in this energy range [except a small I &L mode
which is already vanishingly small in the allowed
configuration; cf. Table I and Fig. 3(b)].

The weak Raman intensity associated with the I 3

modes —especially the intermediate-energy one—is a
common feature of the family of chalcopyrite compounds
which again is not presently understood. It has been ar-
gued' that, similar to the more standard ZnS-type semi-
conductors, the Raman cross section is mainly deter-
mined by the band-gap modulation of the upper valence
band and, since in a simple molecular model the topmost
valence bands are made of p states of the anions (while
the lowest conduction bands are made of empty states of
the cations), one would expect weak (strong) Raman cross
sections, provided that the phonon eigenstates are made
of pure cationic (anionic) vibrations which hardly
(strongly) modulate the upper states of the valence band.
This should be true whatever the phonon symmetry is
and we shall also come back to this point in Sec. III.

III. COMPARISON WITH THE THEORETICAL
PREDICTIONS
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FIG. 4. I"
&

and I 3 modes observed at liquid-nitrogen temper-
ature, in the backscattering configuration. Notice the small Ra-
man cross section associated with the weak I 3 mode at 165
cm '

I,see text).

Following our previous work, ' we define two force
constants per bond and, fitting the simple VFF model of
Ref. 20 to the experimental data, we get the following.

(i) For Ge—As, a =40.26 X 10 dyn/cm and
P=7.90X 10 dyn/cm.

(ii) For Cd—As, a =26. 17 X 10 dyn/cm and
P = —1.61 X 10 dyn/cm.

The corresponding phonon frequencies have been listed
in Table II. For the sake of simplicity, we have also stud-
ied a three-parameter model and, except for the lowest
frequency range, we have found very similar results (see
Table II again). Of course, because it is simpler, in the
remaining part of this work we shall only focus on the
three-parameter model.

Three points should be noted first.
(i) With respect to the phonon frequencies, most

theoretical energy positions are within +5% of the exper-
imental values.

(ii) The larger discrepancies concern, first, a wrong
phonon ordering for the two I 4-I 5 pairs around 205 and
275 cm and, second, the theoretical position of the I

&

mode. While the calculation predicts 184 cm ', the Ra-
man data give 196 cm

(iii) The overall grouping in three bands —already not-
ed for AgGaSe2 (Ref. 9) and CdGeP~ (Ref. 10)—remains.
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TABLE II. Comparison of experimental phonon frequencies (cm ') obtained in this work for
CdGeAs2 with difFerent theoretical estimates. We have used four- and three-parameter valence-force-
field (VFF) models and find a satisfactory agreement in both cases. The corresponding force constants
are listed in units of 10 dyn/cm. Also listed for comparison purposes are simple molecular values (see
Sec. IV).

Mode

I4
r,
r,
I3

Raman
frequency

273
275
259
260

VFF
four parameters

284
279
253
250

VFF
three parameters

282
280
254
249

Molecular
frequency

281
281

I2
r,
r,
r,
I ~

I ~

203
205
196
160
165

214
209
208
183
166
159
157

204
208
206
184
165
164
166

207
207
197
169
169

r,
r,
I3
I",

96
73
75
46

93
79
78
45

80
75
73
65 59

&Cd-A

+Cue-As

PCd-As

PGe As-
26.17
40.26

—1.61
7.90

27.80
38.65
2.88
2.88

However, comparing the percentage atomic contributions
(PAC's) listed in Table III for CdGeAs2 (this work),
AgGaSe2 (Ref. 9), and CdG.eP2 (Ref. 10), we note that
there is a stronger similarity of CdGeAs2 with AgGaSe2

than with CdGep2. This is nothing but a direct conse-
quence of the relative values of the atomic masses in the
three compounds: 112, 73, and 75 for CdGeAsz as com-
pared with 108, 70, and 79 for AgGaSe2 and 112, 73, and

TABLE III. Optical frequencies and percentage atomic contributions obtained in this work for
CdGeAs2. Also given are similar series of data for CdGeP2 (Ref. 10) and AgGaSe2 (Ref. 9). All results
have been obtained using a three-parameter valence-force-field model (see text).

Mode

CdGeAs2
co Cd Ge As

(cm ') (%)

CdGeP2
Cd Ge

(cm-') (%%uo)

AgGaSe~
co Ag Ga Se

(cm ') (%)

r,
r,
r,
I3
I ~

I ~

I4
I q

r,
I2
I q

I3

282
280
254
249

208
206
204
184
166
165
164

1 49
1 50
5 48
3 50

50
49
47
47

34 1 65
27 0 73
0 0 100
0 0 100
0 0 100

43 45 12
36 43 21

399
394
356
353
341
300
307
278
306

184
188

26 62
17 65

12
18

14 86
14 86
10 88
9 90
0 100
0 93
0 95
0 100
0 100

261
269
243
231

170
166
186
162
186
140
133

0 54
0 58
2 62
1 59

46
42
36
40

39
30
0
0
0

52
42

1 60
0 70
0 100
0 100
0 100

30 36
34 24

15
I4
I3
r,

80
75
73
65

8 41
43 23
40 18
41 8

51
34
42
51

107
95
90
83

9 45
22 39
48 16
45 8

46
39
36
47

62
59
58
53

7
24
39
39

39
34
21

9

54
42
40
52
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31 for CdGeP2. This explains why, considering the
high-energy bands displayed in Table III, there are nine
modes revealed in one work (with 90% anionic PAC's)
and four in the two other ones (with only 50% anionic
PAC's). Of course, in this case, a second band of five op-
tically active modes comes at slightly lower energy and
results clearly from (a) vibrations of the anions against
the heavy cations (second I 4-I 5 manifold); (b) the fully
symmetric (anionic) I, mode, and (c) folded
longitudinal-acoustic (LA) vibrations including both
heavy and light cations. This is only because, in CdGePz,
there are mainly anionic vibrations in which there is a
first series of nine modes with very similar PAC's and,
next, the folded series of LA vibrations well separated in
energy. However, even in this case, the hard-
bond —smooth-bond features remain. This has been
developed at length in Ref. 10 and will not be repeated
here. Finally, in all three cases, a last group of four
modes is found at low energy. It comes from folded
transverse-acoustic (TA) vibrations and, of course, both
heavy and light cations participate. This results in very
similar eigenvectors for all three compounds.

Concerning the weak Raman cross sections noticed for
the I 3 modes, we find significant anionic PAC s in all
three cases (see Table III). For instance, we find 47%,
21%, and 42% for the I 3 modes in CdGeAsz as com-
pared with 50%, 73%, and 34% for the I 4 modes. Be-
cause most contributions have the same order of magni-
tude, we cannot explain in this way the very small experi-
mental intensities noticed in Fig. 4. Most probably, this
is because of a different origin, lI 3[X3]against 2I 3[ W~]
modes. In this case, originating from different points of
the Brillouin zone, they should experience different elec-
tronic excitation processes with different matrix elements
and energy denominators. Of course, this was not includ-
ed in the lattice-dynamics calculation.

Finally, the last point which should be discussed con-
cerns the small Raman cross section noticed in Fig. 3 for
four of the six I 5 modes. We first note (from Table III)
that, except for the mode at 160 cm ', all theoretical I 5

frequencies have noticeable anionic PAC's. This discards
the simple explanation suggested in Ref. 19. Moreover,
on the experimental side, two modes (the LO-TO dou-
blets at 275—290 cm ' and 259—264 cm ') have almost
identical PAC's and totally different responses (see Fig.
3). This highlights the first-order, folded-zone-like con-
tribution expected from the folded picture of chalcopyrite
compounds' but is inconclusive at the present time. For
instance, at low energy, two I 5 modes have also a
folded-zone-like character and totally different responses.
This is because of their difFerent atomic origin (see, again,
Table III). One comes from the acoustic branches of
InAs and the second from the acoustic branches of GaAs.
Altogether, this consideration of I 5-mode intensities
shows clearly that the difference in experimental
responses comes from a complex admixture of differences
in electronic excitation processes versus folded-zone-like
or first-order-like character. It cannot be understood in
light of any simple theoretical approach. The same is
true for the intermediate I 4-I 5 manifold. See, for in-

stance, in Table III, the closely similar anionic and cat-
ionic contributions displayed for the I 4 and I ~ modes at
206 and 208 cm ' and the strongly different responses
noted in Figs. 2 and 3, respectively.

IV. BOND STRENGTHS IN CdGeAs2
AND REI.ATED MATERIALS

Up to now we have investigated the long-wavelength
phonons of CdGeAs2, both from experimental and
theoretical viewpoints. We have compared our work
with that reported in Ref. 10 concerning CdGeP2, and
showed that, despite significant discrepancies due to the
different series of atomic masses, a standard VFF model
applied to both cases and fitted with only two bond-
stretching and one bond-bending interactions gave a very
satisfactory agreement. Since we are dealing every time
with 13 experimental frequencies but only three adjust-
able parameters, this demonstrates that the bonding (and
so the lattice dynamics) in ternary pnictides is, to a very
large extent, dominated by the interplay of alternating
bonds and near-neighbor interactions. In this section we
look for more physical insight and attempt to go beyond
the empirical (or adjustable parameter) approach. Start-
ing from the change in bond strength through the
isoelectronic series: InGaAs2 to CdGeAs2 and InGaP2 to
CdGePz, we show that all parameters obtained in this
way correlate directly with the known chemistry of the
materials. They are in very good agreement with the
prescriptions of a simple Born approximation (Born-
Lande) where the local description of valence electrons
has been taken into account. ' This allows simple but ac-
curate molecular predictions to be made for some of the
most significant phonons which have a clear chemical
origin.

Let us start from a description of the force constants in
the pure binary materials. This is by now a well-
documented subject' ' and, using the standard VFF
model with the full ZnS-type symmetry and two force
constants, one obtains, respectively, for the Ga—P and
In—P bonds, ' (i) for Ga—P, a =39.2 X 10 dyn/cm and
P=4.7X10 dyn/cm; (ii) for In—P, a=34. 8 X 10
dyn/cm and P=2. 5X10 dyn/cm. In the same way, us-
ing for GaAs and InAs, the experimental inputs of Refs.
23 and 24, respectively, we find (iii) for Ga—As,
a=36.21 X 10 dyn/cm and P=4.67X10 dyn/cm; (iv)
for In—As, a =30.74 X 10 dyn/cm and P = 1.97 X 10
dyn/cm. Comparing these results with the force con-
stants obtained for CdGeAs2 and CdGeP2, with use of
the three-parameter model, confirms the following.

(i) A large increase in bond strength for the shorter
bonds. This is why Ge—As and Ge—P bonds must be
termed "hard" when comparing to Ga—As and Ga—P,
respectively.

(ii) A smaller decrease in both strength for the longer
bonds which manifests in both materials (Cd—As and
Cd—P with respect to In—As and In—P, respectively).

In other words, in both ternary pnictide analogs of the
III-V semiconductors, which we have investigated, the
bond strengths vary in the usual way with respect to the
related binary materials: the shorter, the stronger. This
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is nothing but the natural trend which comes everywhere
from the chemistry of the tetrahedral bond. ' ' Con-
versely, we have found that all apparent discrepancies,
which do exist from compound to compound, come from
the relative values of atomic masses. This is, for instance,
the relative repartition of modes within a given band
which has been discussed at length in Sec. III.

Now, because we know that all force constants must
derive from the standard chemistry of the material' and
because we know that most structural parameters in the
binary and ternary semiconductors must be ruled by the
conservation of tetrahedral bonds already discussed
(CTB), we present a very simple model. We start from
the standard Born approximation and write, in light of
the CTB,

IC„(r; ) = A /(r; ~
)", .

where K„ is a purely axial parameter ' and r, is the
sum of Pauling tetrahedral radii ' for the two atoms in-
volved in bond i,j. After simple predictions of the TBM,
n is expected to be of order 4. This is because, using
universal series of parameters, the covalent (or overlap)
energy V2 for sp hybrids involved in the tetrahedral
bond r, is independent of the chemical species and is
given by'

5.ll—

ha

Ula

5.60—

0 III-V
II-IV-V2

4.27 «10

~V8

—As

Cd-As

V~= —3.22% /m, r (2)

The force constant K„ is proportional to the second
derivative of the overlap energy versus bond length and,
neglecting all effects of polarity and metallization, is
given by

E = —8'/r (3)

K„=4.27X 10 /[r, (A) j dyn/cm, (4)

which predicts 120, 142, and 759 N/m for germanium,
silicon, and diamond, respectively. This is to be com-
pared with the corresponding experimental values' of
128, 160, and 476 N/m. Because this corresponds with
bond lengths scaling from 2.44 to 1.54 A, this gives fair
support to our simple empirical approach.

We check now for the internal character of the vibra-
tional modes in the ternary pnictides compounds

Extracting all tetrahedral radii from Ref. 25, we first
check Eq. (1) versus the best-fit parameters for GaAs,
GaP, InAs, InP, CdGeAs2, and CdGeP2. This is done in
Fig. 5 and results in the following.

(i) As far as the bond-length dependence is concerned
(slope), we find very satisfactory agreement between our
series of fitting parameters and the prediction of the
TBM. Within experimental uncertainty, this confirms
(demonstrates) that, in numerous tetrahedral semicon-
ductors (including the ternary pnictides), all first-nearest-
neighbor interactions scale as r

(ii) However, concerning the absolute values, there is
about a 30%%uo discrepancy between the predictions of the
TBM (dashed line) and the series of axial force constants
K„deduced from the VFF parameters a. From a least-
mean-squares-fit using a constant power law (solid line),
we find

0.30 0.40

FIG. 5. log&o-log&o plot of the bond-stretching force constants
K, (dyn/cm) vs the sum of Pauling tetrahedral radii r; (A), for
the different series of bonds which define CdGeAs&, CdGeP2,
and the related binary materials. All force constants E, have
been deduced from the VFF parameters as described by Mus-
grave and Pople (Ref. 26).

A "B' Cz. Such internal (molecular) modes are well
known in a-quartz, for instance, where they come from
the stretching and bending vibrations of the constituting
Si04 tetrahedra. ' ' The same should be true in the
ternary pnictides semiconductors but, because there are
two different series of constituent tetrahedra, one would
expect two different series of stretching frequencies. Be-
cause of the small efFect of the tetragonal crystal field,
this would result in two different I 4-I 5 manifolds which
would characterize the different molecular units. Finally,
because we expect all tetrahedral bonds to conserve, in-
dependently of the host crystal (CTB), the different fre-
quencies associated with a given pair of atoms should re-
peat independently of a particular crystal in the family
and depend only on the bond length and the reduced
mass of vibrating atoms. Roughly speaking, this is noth-
ing but the "hard-bond —smooth-bond" picture and the
relative effect of atomic masses already discussed at
length in Sec. III. Using Eq. (4) and the standard values
of Pauling tetrahedral radii, we first compute, for the
tetrahedral modes in CdGeAs2, 281 and 207 cm ' (for
the GeAs4 and CdAs4 molecular units, respectively),
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which agree satisfactorily with the experimental values,
273—275 and 203—205 cm ' (see Table II). Bearing in
mind the crudeness of the model, we find that this result
supports very well the molecular approach.

The comparison can be extended to the full series of
crystals where experimental data are available and corre-
sponds to the first series of theoretical frequencies listed
in Tables IV and V for the IV-V and II-V constituent
units, respectively. Comparing with the series of ir
and/or Raman frequencies obtained from Refs. 9, 10, 12,
19, and 31—38 for the high- and intermediate-energy
I 4-1 ~ manifolds, we find, in both cases, very satisfactory
agreement. Moreover, because there is no free parame-
ter, one predicts internal (molecular) frequencies which
do not depend on the host compound. This is an in-
dependent check of the model which, again, is well
satisfied by consideration of the experimental data. This
is illustrated in Fig. 6. Clearly, the molecular approach
accounts satisfactorily for the chemical trend.

A second set of modes, which can be easily associated
with internal molecular vibrations, falls in the low-energy
band. Of course, in this case, all modes are dominated by
bond-bending interactions but the consideration of PAC's

listed in Table III for the two lowest I ~ modes suggests
that they are mainly associated with pure shear (bending)
vibrations of the IV-V and II-V sublattices, respectively.
This is consistent with the consideration of atomic vibra-
tions reported for TA(X) modes in ZnS-type semiconduc-
tors. In this case, for axially symmetric tensor forces,
one expects the bond-bending constants to be

Ks(r; )= K„(r,—J)/(n —1) . (5)

Using n=4, after the Born (TBM) prescriptions, we get
for CdGeAs2. 81 and 59 cm ' for the Ge-As and Cd-As
sublattices (to be compared with experimental values, 96
and 46 cm, respectively). Similar results have been list-
ed in Tables IV and V for the complete series of IV-V and
II-V sublattices. We notice, once again, the good agree-
ment observed with the available experimental data.

One can also predict, using the molecular approach,
the frequency of the pure I, anionic modes. In this case
all cations are frozen and only the anions vibrate in a to-
tally symmetric fashion. However, because there is al-
ready a marked asymmetry in the anion-cation bond
strength, one expects the I", frequency to be controlled

TABLE IV. Comparison of molecular predictions with experimental results for the series of internal
modes associated with B—C bonds, in ABC& ternary pnictides. In this table, the bond strength de-
creases from Si—P to Ge—As and the labeling A, B, and C stand for Zn or Cd; Si, Ge, or Sn and P or
As, respectively.

B—C
elemental

bond
Crystal
mode

Molecular
frequency

(cm ')

Experimental frequencies (cm ')
(Zn)BC2 (Cd)BCq

Si—P 497
343
144

511,511
344
185
a

491,500

185
b

488,488
326
156
c

486,486

155
c

Si—As 394
206
114

387,402
202
132
d

389,400

131
d

Ge—P 392
328
113

396,386
328
141

392,385 398,387
322
123

g

399,380

118
g

Sn—P 318
283
91

327 353,340
301
93

353,339

Ge—As

'Reference 31.
Reference 32.

'Reference 19.
Reference 33.

281
197
81

'Reference 34.
'Reference 35.
gReference 10.
"Reference 36 (unpolarized).

273,275
196
96
k

270,272

97
l

'Reference 37.
'Reference 38.
"This work.
'Reference 12.
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TABLE V. Same as Table IV, but now for A —C bonds.

A —C
elemental

bond
Crystal
mode

Molecular
frequency

(cm ')
A{Si)Cq

Experimental frequencies (cm '
}

A(oe)C, A{Sn)C2

Zn —P r„r,
r,
r,

368
304
106

352,335

105
a

347,320 343,(?)

94
c

348,330

80
d

327

Cd—P r„r,
r,
I~

298
249

86

306,(?)

68
f

306,285 295,295

64

g

300,289

63

288,280 395,279

Zn —As r„r,
r,
r,

267
183
77

240,230

75

j

242,233

Cd—As 207
160
59

205,203

46
k

202, 199

42
l

'Reference 31.
"Reference 32.
'Reference 34.
Reference 35.

'Reference 36 (unpolarized).
'Reference 19.
Reference 10.

"Reference 37.

'Reference 38.
"Reference 33.
This work.

'Reference 12.

more by the hard bond vibrations. This is indeed what is
found. Our calculation predicts 197 cm ' for GeAs4
molecular units in CdGeAs2, which is to be compared
with an experimental value of 196 cm ' (see Table II).
The corresponding series of predicted values, for all IV-V
and II-V molecular units of experimental interest, are
given in Tables IV and V, respectively. This demon-
strates that, systematically, the experimental value for a
given compound correlates with the IV-V constituent
units.

The association of molecular vibrations with the
remaining modes in the central energy band is not so
easy. This is because different bending and stretching in-
teractions compete in a real crystal and result in external
vibrations which have no molecular character and are
specific for a given compound. Of course, these modes
are not controlled by one single bond but, from small
variations of the force constants, we have found that they
are mainly dominated by bond-stretching interactions.
Returning to CdGeAs2, a close examination of PAC's
listed in Table III suggests that the lowest I 3-I 5 modes
in the midband come from the stretching vibrations of
the Cd-As against Ge-As sublattices. This is nothing but
the stretching counterpart of the low-frequency I 5 com-
ponents. From the calculation, we get 169 cm ', to be
compared with 160 and 165 cm ' for the I 3 and I 5

modes, respectively. Again, this result supports the

500-

400-
Z

O
300-

200-
I

200
I I

300 400

OBSERVED PHONON EN ERGY (Cm )

I

S00

FICx. 6. Correlation between the series of Raman and/or in-
frared I »-like frequencies predicted for A-C4 and B-C4 molec-
ular units with the experimental values (see text). For clarity,
the active bond has been identified by using notations A (B)C2
or ( A)BC2, respectively.
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TABLE VI. External modes for ABC& sublattices (see text).

External
mode

Crystal
symmetry

Molecular
frequency

(cm ')
Experimental frequencies (cm ')
R ir

Si—P/Zn —P

Si—P/Cd —P

Ge—P/Zn —P

Si—As/Zn —As

Sn—P/Zn —P

r„rs

I 3, I s

I3 Is

296

257

247

217

212

(?),270
a

301,252
c

247,203
d

240,204
f

260
b

252
c

202
e

207
f

Ge—P/Cd —P

Sm—P/Cd —P

Ge—As/Cd —As

211

177

169

228, 184
g

265, 146
h

160,165

187

g

157

'Reference 31.
Reference 32.

'Reference 19.
Reference 34.

'Reference 35.

'Reference 33.
Reference 10.

"Reference 37.
'This work.
'Reference 12.

molecular model.
Similar results are listed in Table VI for most members

of the ternary pnictide family. Again notice the good
overall agreement. For convenience, a systematic com-
parison of the series of molecular frequencies obtained in
this work with the results of the three-parameter VFF
model is shown in Table II. It supports the surprising
agreement achieved using this simple approach and can
be easily generalized, using the data of Tables IV—VI, to
all crystals of the same family.

V. CONCLUSION

By investigating the long-wavelength phonons in
CdGeAs2, we could resolve all optically active frequen-
cies predicted from group-theory arguments. Next, dis-
cussing the results in light of the VFF model (with only
three adjustable parameters) we could get a very satisfac-
tory agreement. Performing a comparison with the
parent compound CdGeP2, it was found that, in both
cases, very similar trends rule the renormalization of the
force constants with respect to the fictitious 3"'B"'C2
materials and that all apparent discrepancies come from
the relative values of atomic masses. Finally, we could
set a simple molecular model. Performing a systematic
comparison with the simple predictions of the semiernpir-
ical TBM, we could show that there is an inverse scaling

law of the bond strengths versus the fourth power of the
bond lengths. Working in light of the CTB and starting
from the eigenmodes obtained from the lattice-dynamics
calculation, we confirmed most features of the hard-
bond —smooth-bond picture. The upper I 4-I 5 manifold is

always governed by molecular stretching vibrations of the
light cation and anion together (hard bond). The second
I 4-I 5 doublet comes from molecular vibrations of the
heavy cation and anion together (smooth bond). In be-

tween, there is a I, mode due essentially to stretching
anions against the frozen light cations (hard bond) and
two modes of stretching II-V against IV-V units (mixed
character). Finally, the low-energy bands also possess a
clear molecular character but originate from the shear vi-

brations of II-V and IV-V sublattices, respectively.
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