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Localized vibrations of substitutional Mg +, Ca +, and S in CdTe, ZnTe, and CdSe are
observed as sharp absorption lines in the infrared and display as many lines as there are isotopes of
the impurity, their intensities being proportional to their natural abundances. The lowering of the
site symmetry from T& in the zinc-blende CdTe and ZnTe to t 3 in the wurtzite CdSe causes the
triply degenerate (I's) mode in the former to split into a singlet (I'q) and a doublet (I's) in the latter,
the singlet and the doublet appearing only for the electric vector along the optic axis and normal to
it, respectively. The features of the local mode are interpreted in terms of an anharmonic oscillator
consistent with the site symmetry of the impurity. The evolution of the Mg + local mode from
that in CdTe to that in ZnTe, as observed in a series of Mg doped Cdq Zn Te samples, provides
insights into the variation of the local mode frequency or, equivalently, the Mg-Te force constant
in the context of virtual crystal approximation. Their linewidths, however, can be correlated with
the x(l —x) disorder in the ternary. Ultrahigh resolution measurements of the Mg + local mode in
ZnTe and CdSe reveal 6ne structures originating in the isotopic disorder of the nearest neighbor Te
and Se, respectively.

I. INTRODUCTION

As is well known, an impurity with an atomic mass sig-
nificantly smaller than those of the constituent atoms of
an otherwise perfect host crystal, exhibits a vibrational
mode with a frequency higher than those of the normal
modes of the perfect crystal; the displacements of the
atoms in such a mode are strongly peaked at the im-
purity site—hence the nomenclature "local mode. " ' In
the tetrahedrally coordinated II-VI semiconductors, one
encounters many examples of impurities which exhibit
such characteristic local modes. Consider, for example,
a dilute concentration of Mg randomly replacing Cd in
CdTe. The significantly smaller mass of Mg results in a
local mode as reported by Oh et al. in a comprehensive
study of the in&ared and Raman spectra of the ternary
Cdq ~Mg~ Te and the quaternary Cdq ~ „Mg~Mn„Te;
in this investigation, the evolution of the local mode into
the collective, zone-center, "MgTe-like" mode is clearly
observed. Other examples of local modes in zinc-blende
II-VI's reported in the literature are those of Be + in
ZnTe, ZnSe, and ZnS, of Be + in CdTe, of Mg + in
CdTe, ' and of S, Be +, and Mg + in Zn Cdq Te.
The local modes of Be + in CdSe and CdS reported by
Manabe et al. , illustrate the eBect of lowering the site
symmetry &om Td in the zinc blende to C3 associated
with the wurtzite structure of CdSe and CdS. When the
light impurity is present in extreme dilution, the local
mode observed in the in&ared clearly shows the depen-
dence of its &equency on the isotopic mass.

We report in the present paper the results of an experi-
mental study of the local modes of Mg +, Ca +, and S
in CdTe, ZnTe, Cdq Zn Te, and CdSe investigated in
the in&ared with a Fourier transform spectrometer. The

results are interpreted in terms of the vibrational levels
of a light impurity confined to an anharmonic potential
consistent with its site symmetry.

II. THEORETICAL CONSIDERATIONS

The localized vibration of a light impurity, of mass M,
in a host crystal can be modeled as an oscillator con-
Gned to an anharmonic potential consistent with the site
symmetry of the impurity. A substitutional impurity in
a zinc-blende lattice has Td site symmetry. It has been
shown by Elliott et al. that the potential of an anhar-
monic oscillator with Tp symmetry, referred to the cubic
axes (x, y, z) is

k
V(Tg) = —(x +y +z )+B(xyz)+Dq(x +y +z )2

+D2(y z +z x +x y)+
where k, B', Dq, and D2 are parameters to be determined
by theoretical fits to the experimental data. Treating the
cubic term to second order and the quartic terms to erst
order in perturbation theory, the energy levels are given
by

Etv =h, (K + 3/2) —,A Bk h2

h2+,(u,, D, + p,,D, ),4kM'

where N = 0, 1,2, . . . and M' = MMI, /(M + ML, ) is
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the reduced mass of the oscillator incorporating a lat-
tice interaction mass ML, to take into account empiri-
cally the small motion of the surrounding lattice [ML, is
also treated as a fitting parameter and is found to be be-
tween one and four times the mass of a nearest neighbor
(NN) atom ]. The values for p, i, p2, and A as deduced
&om perturbation theory by Elliot et al. along with the
symmetry of the states in the notation of Koster et al.
are given in Table 3 of Newman. The energy levels are
shown schematically in Fig. 1 along with the irreducible
representations to which they belong. The electric dipole
in Tg transforms as I'5 and hence electric dipole transi-
tions originating kom the ground state, which belongs
to I y, can only terminate at states having r, g r. = r,
symmetry. There is one such I'~ —+ I 5 electric dipole
allowed transition in the fundamental and one in the sec-
ond harmonic.

A substitutional impurity and the associated anhar-
monic potential in a wurtzite lattice possess C3 symme-
try. In a C& environment it is advantageous to change
&om the (T, y, z) coordinate system to ($, g, () coordi-
nates in which the ( axis is parallel to the [111]crystallo-
graphic c axis, the ( and q axes are parallel to [110] and
[112],respectively. Newman has formulated the general
Cs„potential referred to the ((, i1, () coordinate system
and Manabe et al. have calculated the energy levels
treating the cubic terms to second order in perturbation
theory. It has been suggested by Newman that a better
approximation would be to add the quartic terms appro-
priate to Td symmetry to the general C3 potential and
treat the former to erst order and the latter to second
order in perturbation theory. Following this prescription,
the potential can be written as
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FIG. 1. Schematic energy level diagram of an anharmonic
oscillator with Tg and C3 symmetry. The electric dipole al-
lowed transitions are designated by vertical arrows, according
to the selection rules described in the text.

V(Cs )= —
C + (( +i1 )+Bi( +B2C(( +'9)

+BsX&' —(1/3) &'] + Ci&'+ C2&'((' + n')

+Cs&&l&' —(1/3)&'] + C4(('+ n')', (3)

where A:II and k~ are the force constants parallel and per-
pendicular to the ( axis (c), respectively, kii, k~, . . . , C4
being determined by Btting the theory to the experimen-
tally observed energies of the fundamentals and the sec-
ond harmonics. The energy levels calculated kom per-
turbation theory are

E(Ng, N„, Nq) = 5

62

8M'

52

4M/

(Ng + N„+ 1) + h, , (Ng + 1/2)

( n Bi /3BiB2 p B22 b B22 e B22 A Bs2~
k~/2ki/2 kiikJ ki/2k (2k /2 + ki/2) ki/2k (2ki/2 ki/2) k2 )

+ + + + +
II

II L II II
L

II

(pi Ci p2 2 ps s p4 C41
kii k»'k»' k»4ks/4 k~ J

'+ + +
II L II

where Ng, Nz, Nq ——0, 1, 2, . . ., and M' is again the re-
duced mass of the oscillator with ML, being treated as a
fitting parameter. Table I lists the values of n, P, . . . , A

and the p s, the symmetry of the states and the wave
functions, ]N~, N„, Ng). The lowering of the site sym-
metry splits each triply degenerate I'5 level of Tp into a
singlet I'q and a doublet I'3 of Cq as shown in Fig. 1.
The component of the electric dipole along the c trans-
forms as I'q and that perpendicular to c as I'3. Therefore,

I

I'q ~ I'q transitions are allowed for the electric vector
of the incident radiation E J c, whereas the transitions
I'i m I'i are allowed for E

III. EXPERIMENTAL RESULTS
AND DISCUSSION

The absorption spectra were recorded using a BOMEM
DA.3 Fourier transform spectrometer. Typically, 0.5
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TABLE I. Wave functions and anharmonic parameters for a local mode oscillator in trigonal
(C3„) symmetry. The superscripts in brackets are labels used to identify states with the same
symmetry and N, as shown in Fig. 1.

N
0
1
1
2

2

2

Wave functions
i0, 0, 0)
10, 0, 1)
~1, 0, 0); ~0, 1, 0)
)0, 0, 2&

[1,0, 1);[0,1, 1)

~ (12 o o) + 10 2 o))
(12, 0, 0) I0 2 0))

11, 1, 0)
—,'(I3 0» —~311 2»)
—,'(lo 3 0& —v312, 1 0&)

—,'(~313 o »+11 2»)
—,'(~2, 1, 0&+ ~3~0, 3, 0&)

~(f2, 0, 1) + i0, 2, 1))

~ (/2, 0, 1) —/0, 2, 1));
—i1, 1, 1)
f0, 0, 3)
I1, 0, 2) 10, 1, 2)

Symmetry
I'1
I'1
I3

I (1)
1

I (1)
3

I (2)
1

+(2)
3

p(l)
1

I'2

I (1)
3

I (2)
1

I (2)

I.(3)
1

I (3)
3

Pl
3
15
3
39
15
3

75
39

P2
2
6

10
12
6

P3 P4 C1

0 8 11
0 8 71
0 24 11
0 8 191
0 24 71
0 56 11

/3

12 4
36 4
24 16
60 4
72 16
36 36

6 0 48 11 36 36

b

4
8
8

12
16
16

12

0 8/9
4 8/9
0 56/9
8 8/9
8 56/9
-4 248/9

0 80/9

80 11
80 11
96 11

48 64 16 0 80/9
48 64 16 0 80/9
48 64 24 -8 416/9

14 0
20 0

8 371 84 4 16 12
24 191 120 16 24 16

8/9
56/9

18 0 56 71 108 36 28 8 248/9

18 0 48 71 108 36 24 12 80/9

cm resolution and 50 coadditions proved more than ad-
equate. The detector was a composite silicon bolometer
operating at 4.2 K. Absorption spectra were recorded
with the samples cooled to 5 K in a Janis 10DT Super-
varitemp optical cryostat with polypropylene windows.
The experimental details regarding crystal growth will be
reported elsewhere. 6

A. Mg +, Ca +, and S~
in CdTe and ZnTe: T~ site symmetry

As is well known, both CdTe and ZnTe crystallize
in the zinc-blende (T&) structure. Therefore, an impu-
rity substitutionally replacing either the cation (Mg2+ or
Ca2+ for Cd2+ or Zn2+) or the anion (S for Te ), has
Tp site symmetry. As shown in Fig. 1, for each isotope
of the impurity we expect a single electric dipole tran-
sition as a fundamental and as a second harmonic, with
intensities of the absorption peaks due to each isotope
being proportional to its isotopic abundance. In addi-
tion, the lighter the isotope, the higher its vibrational
frequency. Magnesium has three isotopes, Mg being
approximately eight times more abundant than Mg and

Mg. Thus one expects three sharp absorption lines at
frequencies above the reststrahlen, with the highest fre-
quency line approximately eight times stronger than the
other two lines. As is typical of transitions between vibra-
tional states, the local modes sharpen as the temperature
is lowered from room temperature to, say, liquid nitrogen
temperature (77 K), below which the width is relatively
temperature independent.

In displaying the spectra of the local modes of sub-
stitutional impurities, it is instructive to subtract the
background due to the pure host, emphasizing only the
features due to the substitutional impurities. Such spec-

tra are displayed in Fig. 2, where we present results on
(a) Mg2+, (b) Ca2+, and (c) S2 in CdTe. One can
now easily deduce the peak positions of the local modes
and their intensities (integrated areas) using a standard
curve-6tting procedure. The deconvoluted areas under
each peak (in percent) for 24Mg, 2sMg, and 2sMg are
79.4, 9.7, and 10.9, respectively, in good agreement with
the natural isotopic abundances of 78 99' 10 00 and
11.01, providing con6rmation of our assignment. Simi-
larly, the local mode features associated with Ca + and
S2 in CdTe have also been identi6ed and con6rmed.
The peak positions of the fundamentals of local modes
as well as their second harmonics in CdTe are listed in
Table II. In order to uniquely deduce the parameters for
the Tg site symmetry introduced in Eq. (2) by appealing
to the experimentally observed transitions, it is necessary
to know the transition energy of the third harmonic. The
tenfold degeneracy of the N = 3 level of an isotropic os-
cillator is lifted in the presence of a Tg potential and re-
solved into I'~ +I'4+ 2I'5,'thus two electric dipole allowed
third harmonics are expected. Such transitions were in-
deed observed for Mg in Cdo 95Mgo 05Te at 750.2 cm
and 761.1 cm . We have also observed the fundamen-
tals and the second harmonics of the local modes of Mg +
and S2 in ZnTe, whose energies are listed in Table II.
The second harmonics of the local mode, which are ob-
served only at a sufficiently high impurity concentration
( 10 cm ), occur at slightly less than twice the local
mode frequency. Due to their relative weakness, signa-
tures associated with some of the less abundant isotopes
could not be observed.

It is interesting to note that the fundamental tran-
sition energies in Zn Te are 19 cm higher than the
corresponding transition energies in CdTe. A similar 19
cm shift has also been observed for the local modes of
3d-transition metal ions when the host is changed from
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FIG. 2. The absorption spectrum of (a) Mg + local mode
in CdTe, (b) Ca + local mode in CdTe, and (c) S local mode
in CdTe. Note the CdTe background has been subtracted.

CdTe to ZnTe. The efFect of the host on the local mode
&equency is discussed in more detail in a later section.

With the plausible assumption that the parameters in
Eq. (2) are independent of the mass of the isotope, they
can now be determined by fitting the experimentally ob-
served energies to the theory. The best fit values for the
parameters for Mg + in CdTe, deduced. from a nonlinear
least-squares method, are listed in Table III. These val-

Isotope

Mg
Mg
Mg

40C
42C
44C

S
33S
'4S

CdTe

Fundamental

253.3
248.9
244.7
210.6
206.8
202.8
254.1
250.7
247.5

Second
harmonic

505.3
496.5
488.2
419.9

507.6

494.1

Zn Te
Second

Fundamental harmonic

272.3
267.6
263.3

542.9
533.6
524.9

543.8

265.7

TABLE II. The energies (in cm ) of the local modes of
Mg +, Ca +, and S in CdTe and ZnTe. The energies of the
third harmonics in CdTe:Mg + are listed in the text.

ues yield transition energies in agreement with those ob-
served within the experimental uncertainty of 0.05 cm
Sparsity of data prevented a similar analysis for Ca2+
and S in CdTe as well as Mg + and S in ZnTe. Al-
though the inclusion of the Dz and D2 quartic terms in
Eq. (2) is a desirable refinement, a fit with just ML„ the
quadratic k and. cubic B terms to the fundamental and
second harmonic for CdTe:Mg + yields values for Ml. , k,
and B, which can predict the third harmonics to within
2 cm . The parameters ML„k, and B thus deduced
for Ca + and S in CdTe and Mg + and S2 in ZnTe
are listed in Table III. With these values for k and B
the predicted positions of the third harmonics are 623.5
cm and 635.4 cm for Ca in CdTe; 758.1 cm and
764.2 cm for S in CdTe; 806.9 cm and 820.9 cm
for Mg in ZnTe; and 807.9 cm and 822.6 cm for
32S in ZnTe.

B. Mg + in CdSe: Cq site symmetry

As shown in Fig. 1, the efFect of lowering the site sym-
metry of the substitutional impurity &orn Tp in the zinc-
blende CdTe and ZnTe to C3„ in CdSe, with C6 space
group symmetry, is to split each triply degenerate (I's)
level into a singlet (I'q) and a doublet (I's), with the for-
mer appearing in infrared absorption only for E

~~
c and

the latter only for E J c. Figure 3 shows the absorption
spectra of CdSe:Mg for E

~~
c (upper) and E J c (lower)

in the spectral range 225—325 cm . In each polariza-
tion, the three sharp lines labeled Mg, Mg, and Mg
are the classic signature due to the Mg + local mode, the
lines for E

~~
c being assigned to transition I and those for

E J c to transition 1 of Fig. 1 for each Mg isotope. The
local mode frequencies for E 3 c are shifted to higher en-
ergies with respect to those for E

~~
c, thus determining

the order of the energy levels of the fundamental with
excited states in which the doublet (I's) lies above the
singlet (I'q). The frequencies of these local mode lines
are listed in Table IV. The origin of the two sharp lines
labeled with a question mark in each polarization is as
yet undetermined. These lines at 270.7 cm for E

~~
c

and at 271.4 cm for E J c are observed in all the seven
CdSe:Mg samples studied.

Consistent with the electric dipole allowed transitions
for the second harmonic shown in Fig. 1, a pair of lines
are observed in each polarization for each of the three
Mg isotopes. Prom the positions of these lines which
are listed in Table IV, one can order the energy levels
corresponding to the second harmonic as shown in Fig. 1.

Again in order to uniquely determine all the param-
eters in Eq. (4), one requires the energies of the third
harmonics. However, by appealing to the small efFect of
the quartic terms observed for Tp, only the quadratic k~~

and k~, the cubic B~, B2, and B3 terms and ML, are used
to fit Eq. (4) to the eighteen experimentally observed &e-
quencies. The Btting algorithm used for the zinc blende
was again employed to deduce the values of the parame-
ters listed in Table III. The agreement between the ex-
perimental and theoretical transition energies is within
0.2 cm . The importance of the quartic terms can be
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TABLE III. The values of the parameters in Eqs. (2) and (4) deduced from theoretical fits to
the experimental data. For Mg + in CdSe, B~Bq ( 0.

Tg parameters
k (10 dyn/cm)

~B~ (10 erg/cm )
Di (10 erg/cm )
D2 (10 erg/cm )
Ml, (10 amu)

Mg +

8.079

1.097
-1.593
9.007
1.681

CdTe
2+ S

8.530 10.93

ZnTe
Mg +

9.074

S2

12.50

1.648 2.660 1.413 2.344

2.467 2.142 2.275 3.753

C3„parameters

k~~ (10 dyn/cm)
k~ (10 dyn/cm)
~Bi

~
(10 erg/cm )

(B2( (10 erg/cm )
~Bs[ (10 erg /cm )
Ml, (10 amu)

CdSe
Mg +

9.315
9.167
4.806
1.387
9.374
0.987

established by comparing future experimental observa-
tion of the third harmonic with the positions predicted
by the above parameters.

C. Mg~+ in Cdq Zn Te: Effect of the host lattice

In addition to the role of the site symmetry of the
impurity (Tg in zinc blende and Cs„ in wurtzite) in
its local niode, it is equally, if not more interesting, to
study the consequence of changing the impurity-NN bond
length, while maintaining the NN species and site sym-
metry. The zinc-blende II-VI ternary alloys accessible
over a wide composition range with a continuously tun-
able la&tice constant o8'er an ideal system for such exper-
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FIG. 3. The absorption spectrum of the Mg + local mode
in CdSe for E

~~
c (top) and E J c (bottom), where E is the

electric vector of the incident radiation and c is the optic axis.
The lines labeled with a question mark in each polarization
are of undetermined origin.

iments. In addition, such a study allows one to address
the efFect of the host disorder on the local modes. Since
Cdq Zn Te is accessible in the zinc-blende phase over
the entire composition range 0 & x & 1, we have stud-
ied the evolution of the Mg2+ local mode in this ternary,
[porn 253.3 cm in CdTe to 272.3 cm in ZnTe.

A series of Cdq Zn Te crystals doped with a nomi-
nal Mg2+ concentration of 10is/cm were specially grown
for establishing the eÃect of the host on the local mode.
The solid circles in Fig. 4(a) represent the 2 Mg local
mode &equency observed in these crystals whose com-
position was determined by microprobe measurements.
In the spirit of virtual crystal approximation (VCA), the
average force constant characterizing the local mode of
Mg2+ in the ternary Cd& Zn Te host can be expressed
as k = keg(I —x) + kz„2:, namely, the weighted average
of the force constants of the local mode in CdTe (keg)
and that in ZnTe (kz„); one can thus account for the in-
crease in the Mg + local mode &equency with increasing

The solid line in Fig. 4(a), which is constrained to
pass through the end points represents the local mode
&equency as a function of x calculated on the basis of
these considerations. For 0.1( z (0.9, the local modes
are broadened to such an extent that the structure as-
sociated with the Mg isotopes is obscured; in such cases
the peak position of the single broad absorption line was
assumed to be the &equency of the dominant 24Mg lo-
cal mode. However, this peak position is lower than the
actual Mg local mode frequency due to the presence of
the underlying Mg and Mg local modes, and may ac-
count for the small deviation of the assumed &equencies
&om the solid line. It would be preferable to study the
local modes of a monoisotopic element, since the peak
positions and the linewidths will then be more clearly
deGned. Such a study of the local modes of Ca + in
Cdi Zn Te is being carried out since Ca consists of 97'%%

4'Ca.
Figure 4(b) shows the dependence of the full width at

half maximum (FWHM) of the 24Mg local mode absorp-
tion line as a function of x. If Vcg and Vz„are the po-
tentials characterizing the Mg~+ local oscillator in CdTe
and ZnTe, respectively, then, again in the spirit of VCA,
the Mg + local mode in the alloy Cd& ~Zn~ Te is subject
to an average Geld,

V = (1 —x)Vcg + xVz„.

This is not strictly true because a Mg atom having mainly
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TABLE IV. The energies of the fundamental and second harmonic (in cm ) of the Mg + local
mode in CdSe. The labels in brackets identify the optical transitions in Fig. 1.

Isotope

Mg

Mg

Mg

Fundamental

280.9 (1)

276.2 (1)

271.9 (1)

E [[c
Second

harmonic

566.8 (2b)
557.7 (2a)
557.7 (2b)
549.0 (2a)
549.0 (2b)
540.8 (2a)

Fundamental

285.5 (1')

280.7 (1')

276.4 (1')

EJ c
Second

harmonic

570.8 (2b')
566.2 (2a')
561.6 (2b')
557.3 (2a')
552.9 (2b')
548.6 (2a')

a Cd environment experiences Vcg, whereas that with
mainly a Zn environment experiences Vz„. Deviations
&om V can then be viewed as perturbations given by

(1 —x) and x being the probabilities for the Mg atom
being in a Cd and a Zn environment, respectively. Using
Eqs. (6) and (7) in Eq. (8), one finds~s

Vca —V = x(Vca —Vzn)) FWHM oc (Vca —Vzn) x(1 —x).

Vz —V = (1 —x)(Vz —Vcg). (7)

FWHM oc (1 —x)(vcd —V) + x(vz„—V), (8)

270

E

S- 2608

250

With the assumption that the randomly distributed Mg
atoms are independent oscillators, the lifetime of the local
mode is inversely proportional to the sum of the squares
of the perturbations, so that one expects

The above discussion is clearly oversimplified in repre-
senting the departures from V. In addition, the energy
shifts due to the perturbations have been ignored, the
entire broadening being attributed to the lifetime e8ect.
Alternatively, one could view the disorder associated with
the alloy as producing corresponding Buctuations in the
Mg-Te bond lengths and hence leading to associated &e-
quency shifts of the Mg + local mode. Cai and Thorpe
have deduced that the NN bond length distribution func-
tion for tetrahedrally coordinated semiconductor alloys
has a FWHM proportional to x(1 —x) and hence one
could, in turn, correlate it with the FWHM of the Mg +
local mode. The relative importance of the "lifetime"
and "bond length Huctuation" as factors inQuencing the
FWHM of the local mode is not clear. The solid line
in Fig. 4(b) represents a nonlinear least-squares fit of
FWHM=0. 7+ex(1 —x) cm ~, with c=51, which is con-
strained to pass through the end points. The 0.7 cm
FWHM of the Mg local mode in CdTe and ZnTe is the
NN Te isotope disorder limited width and is discussed in
the next section.

10

I
0
0.0 0.2 0.4 0.6

Zn concentration (x)
0.8 1.0

FIG. 4. (a) Plot of the local mode frequency (u&, ) of Mg
in Cd~ Zn Te as a function of Zn concentration. The full
circles are the experimentally observed line positions and the
line represents their dependence on x according to a model
in which the Mg-Te force constant varies linearly with x. (b)
The full width at half maximum (FWHM) of the Mg local
mode in Cdq Zn Te as a function of x. The curve represents
a Gt to the FTHM vs x on the basis of the theory in vrhich
it is proportional to x(1 —x).

IV. CONCLUDINC B.EMAB.KS

The present investigation of localized vibrations in the
II-VI's highlights the power of in&ared spectroscopy as a
means of characterizing electrically inactive foreign im-
purities in a concentration range not typically accessible
to Raman spectroscopy. The sharpness of the spectral
features on the one hand, an.d the high resolution avail-
able with Fourier transform in&ared spectroscopy on the
other, permits the isotopic character of the impurity to be
fully exposed. In contrast, at high concentrations, where
Raman spectroscopy proves to be more useful, the local-
ized character gives way to collective modes in which the
average isotopic mass is relevant. It is precisely at these
higher concentrations that the local mode picture is re-
placed by a multimode behavior appropriate for II-VI
ternary an.d quaternary alloys. ~

The local symmetry of the neutral impurity is revealed
in the in&ared spectrum as a splitting of the triply de-
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