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Optical properties of Mg-based II-VI ternaries and quaternaries: Cd1 Mg Te
and Cdr „Mg Mn„Te
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We have investigated the photoluminescence, Raman, and infrared spectra of Cd~ Mg Te and
Cdi ~ „Mg Mn„Te bulk crystals with the zinc-blende structure. From the band-gap (Es) photo-
luminescence peak we deduce Eg= 1.595+ 1.607x + 1.592y eV at 10 K. The Raman spectra of the
quaternary alloys exhibit a classic three-mode behavior with MgTe-like, MnTe-like, and CdTe-like
LO-TO pairs of zone-center optical phonons, in decreasing order of frequency. Their composition
dependence follows the modified random-element isodisplacement model. For very small x and/or
y, the infrared absorption spectra recorded with a Fourier-transform spectrometer clearly reveal the
local modes of Mn + and Mg +. Mn + exhibits one and Mg + three local modes corresponding to
their isotopic abundances; the latter have frequencies proportional to 1/QMM 2+.

I. INTRODUCTION

The Mg-based II-VI ternaries and quaternaries such as
Cdi ~Mg Te (Ref. 1) and Zni ~Mg Sei „S„, in which
a fraction of the group II elements are replaced by Mg,
have interesting physical properties. Besides being of fun-
damental interest, their importance for potentially useful
optoelectronic devices has recently attracted attention.
For example, the present intense activities focused on
the realization of II-VI-based diode lasers involve II-VI
ternaries and quaternaries with Mg as a constituent; the
large band gaps of ternaries and quaternaries such as
Zn-Mg-Se and Zn-Mn-S-Se have been exploited both for
quantum confinement as well as for achieving wave-
guide (cladding) structures. In this context, the study of
their basic physical properties such as band gap, lattice
constant, and lattice dynamics has acquired special im-
portance. Since Mg is much lighter than Hg, Cd, or Zn,
the typical group II elements in the II-VI's, the incor-
poration of Mg in place of the heavier group II element
results in an increase of the band gap as well as in lattice
vibrational modes with frequencies significantly higher
than those of the host II-VI semiconductor.

The relative masses of the constituent atoms in al-
loys and their interatomic force constants characterize
the composition dependence of their zone-center opti-
cal phonon frequencies. In ternary alloys, their varia-
tion with composition can be categorized by one-mode,
two-mode, and intermediate behavior. For example, in
Cdq „Mn&Te, due to the significant mass difference be-
tween Cd and Mn, the optical phonons exhibit a two-
mode behavior, whereas in Znq „Mn„Te, where masses
of Zn and Mn are more closely matched, they show an in-
termediate behavior. The zone-center optical phonons in
Cdq Mg Te exhibit two-mode behavior, i.e., the local
mode of Mg2+ in CdTe (x —&0) evolves into Mg Te-like LO
and TO phonons with increasing x, and finally becomes
the LO-TO modes of the the tetrahedrally coordinated
(zinc-blende) Mg Te; on the other hand, the CdTe LO and

TO phonons converge into the Cd +-gap mode in MgTe
with x ~1.'

The physical properties of quaternary compounds are
often of interest in the context of an additional control
of material parameters such as band gap, lattice pa-
rameter, and valence band offsets in heterostructures.
Lattice vibrations in some III-V quaternaries have al-
ready been reported in the literature. We reported
recently the vibrational modes of a II-VI-based qua-
ternary, viz. , Cdi „Zn Mn„Te (Ref. 8), and showed
that there are three longitudinal and transverse optical
phonons, whose frequency variation with composition is
similar to the intermediate behavior, exhibited, for ex-
ample, by the ternary Zn~ „Mn„Te. In contrast, for
Cdl „Mg Mn„Te one expects an unambiguous three-
mode (CdTe-like, MnTe-like, and MgTe-like modes) be-
havior, due to the distinct masses of the three kinds of
cations. The Mg + local mode in Cdi „Mn„Te (x —+0)
should split into MgTe-like LO and TO phonons in the
quaternary Cd& — yMg Mny Te, and finally become the
MgTe-LO and TO phonons in MgTe (x —+I). Similarly,
the Mn +-impurity mode in Cdi Mg Te (y —+0) should
evolve into the MnTe-LO and TO phonons in the zinc-
blende MnTe (y -+1), whereas the Cd2+-gap mode in
Mg Mn„Te (x + y —+1) should become the CdTe-LO
and TO phonons in CdTe.

In this paper, we present the results of a study on
Raman scattering, band-gap photoluminescence, and in-
frared absorption spectroscopy in Cdi Mg Te and
Cd& — yMg& Mny Te, motivated by the above consider-
ations.

II. EXPERIMENTAL

The II-VI quaternaries and ternaries studied in the
present investigation were grown by the modified Bridg-
man method. While CdTe, MnTe, and MgTe exhibit
zinc-blende, NiAs, and wurtzite structure, respectively,
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as an alloy Cd~ Mg Te has a zinc-blende structure
below x=0.6 and a wurtzite structure above it, whereas
Cdq „Mn„Te has zinc-blende structure for 0& y &0.77.
The composition was determined by electron microprobe
analysis. The analysis in Cd~ Mg Te showed that
for most samples actual Mg concentrations were within
+5% of nominal concentrations, and in this paper we
used nominal concentrations. Many of the samples were
cleaved parallel to (110) and the cleaved surfaces were
polished for backscattering measurement in the Raman
scattering. For polishing samples with high Mg concen-
tration, ethyl alcohol was used to prevent hydrolysis. In
photoluminescence measurements, cleaved surfaces were
used since it was found that the intensity was stronger
for the cleaved surfaces than for those polished. Various
excitation lines of a Kr+ and an Ar+ laser were used for
exciting Raman and photoluminescence spectra. More
detailed description of the experimental procedures for
Raman scattering measurements is given in Ref. 8. For
in&ared absorption the samples were prepared with two
plane parallel polished surfaces. The infrared absorption
spectra were recorded using a BOMEM DA.3 Fourier-
transform spectrometer and a composite silicon bolome-
ter operating at 4.2 K.

III. RESULTS AND DISCUSSIONS

A. Band gap as a function of composition:
Phot oluminescence

In Fig. 1(a) we show the dependence of the band gap
(E~) of Cdq Mg Te at 10 K as a function of x, which

yields Eg: 1 595+ 1 607'& whereas for Cdq „Mn„Te,
Lee, Ramdas, and Aggarwal report Eg = 1.595 +
1.592y at the same temperature. The extrapolation of
the data yields Eg ——3.20 eV for the zinc-blende MgTe.
We note that Parker et al. have studied the band
gap of Znq Mg Te, which has the zinc-blende struc-
ture for x&0.5 and the wurtzite structure for x&0.5.
From Eg(x) for x&0.5, deduced &om band-edge lumines-
cence produced by electron bombardment, they derived
Eg 3.47 eV for MgTe with the wurtzite structure; their
data for x&0.5, in which the alloy possesses a zinc-blende
structure, yields for x—+1, i.e. , for zinc-blende MgTe,
Eg 3.26 eV.

The energy gap (Eg) of Cdq „Mg Mn„Te as a func-
tion of x and y, determined from band-gap photolumines-
cence at 10 K is shown in Fig. 1(b). We studied a series of
quaternaries for x=0.1, x=y, and y=0.1, corresponding
to the dashed lines on the base, the solid squares repre-
senting the samples studied for photoluminescence. The
data for Cdq „Mn„Te (x=0) are from Ref. 9. The values
of Eg lie on a plane given by the equation

Eg ——1.595 + 1.607x + 1.592y.

For samples containing Mn, the photoluminescence
observed at 2.03 + 0.02 eV is due to the well-known

Aq( S) +Tq( G) —Mn + transition. There was no
detectable dependence of the Mn + transition en-
ergy on Mg concentration and the transition energy
agrees with previous photoluminescence measurements
on Cdq „Mn„Te. For Eg&2.03 eV, although the lumi-
nescence of the Mn + transition dominates, the band-gap
luminescence is still observable.
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FIG. 1. (a) Energy gap of Cd& Mg Te as a function of x at T = 10 K. (b) Energy gap (Eg) of Cd& „Mg Mn„Te as a
function of Mg (x) and Mn (y) concentration, respectively. The solid squares on the basal triangle in (b) indicate Mg and Mn
concentrations for the samples studied for the photoluminescence. The three dashed lines on the base correspond to x=0.1,
x = y, and y=0.1. The open squares are the data for E~(x, y). The grid is the energy plane given by Eq. (1). Data along
x = 0 is from Ref. 9.
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B. Local modes of Mg +: Infrared absorption 40—
CdTe+10 Mg/cm
CdTe

I I f I I I I / I 1 I / I

T=4.75K

Figure 2 shows the absorption spectrum of a CdTe
sample doped with 10 Mg/crn in the range 125—320
cm —' and o aand of a Cdp g5Mgp 025Mnp p25Te sample in the
range 340—600 cm, the spectra being recorded at 4.75
K. FFor comparison, the absorption spectrum of pure
CdTe is also shown. Three sharp features associated
with the localized vibrations of the three Mg isotopes
(2 g, 2 Mg, and Mg) are clearly seen 250 cm24M 25 26

having intensities consistent with their natural abun-
dances of 79%, 10'Fp, and ll%%uo, respectively. The second
harmonics of these excitations are observed 500 cm
in Cd0 95Mgp 025Mnp p25Te. The Mn + local mode fre-
quency in CdTe, deduced from Raman measurements

—1is 195 crn at 80 K; the intense reststrahlen band
of CdTe precludes its direct observation in the in-
frared. However, its second harmonic is observed in

A/Ip g554g0 025Mnp p25 Te at 380 cm . In contrast to—1

Mg, Mn has only one isotope (ssMn) and correspond-
ingly only a single local mode is seen.

Table I displays the isotopic masses, abundances, and
the peak positions associated with the fundamentals and
second harmonics of the local modes of Mg. Local modes
of light impurities (S, Mg, Be) in Cdi Zn Te have been
reported earlieri and the frequencies (cubi) of different iso-
topes (for S and Mg) are given by w& = (f/M, ) ~, where
M, is the mass of the light impurity and f is the efFective
force constant for the impurity. The present observations
on the local modes of Mg in CdTe confirm this quadratic
dependence on the isotopic mass. Note that due to an-
harmonicity, the frequency of the first overtone is slightly
less than twice that of the fundamental.

C. Lattice vibrations in Cd& Mg Te

Figure 3 shows the Raman spectrum of Cdi Mg Te,
x=0.2 at T=10 K with excitation wavelength AI.——6471
A. The peaks at 260 cm i and 168 cm, labeled wi
and ~2, correspond to the MgTe-like and CdTe-like LO
phonons, respectively. The background underlying the
Raman lines is due to the tail of a photoluminescence
band. Overtones up to 5w2 as well as the combinations of
~1 and u2 can be seen under the strong "out" resonance
condition fulfilled in the experiment.

We note here that, in addition to the CdTe-like and
MgTe-like zone-center optical phonons, there are weak
features at 225 cm and 247 cm, labeled a and 6
on the lower energy side of wi. With A1.=6764 A, we ob-
served weak signatures at ~ 145.5 cm and 156 cm
labeled t" and. d in the inset of the figure. Nakashima
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et al. , on the basis of x-ray analysis, reported that
MMg Te in the range 0.3& x &0.6 contains do-

mains of 6H polytype. As in the 6H polytype of SiC
( e . 14), one expects the transitional period along 111]~Ref.
to become six times larger compared to that in the zinc-
blende structure, resulting in a correspondingly smaller
Brillouin zone. Assuming crystal field splitting to be
negligible, one can visualize zone folding of the optical
branch, making phonons at q = 1/3 and q = 2/3 (in units
of qmax& qma~ being the maximum wave vector along [111]

~ ~

for the zinc-blende structure) occur at the zone center of
the reduced Brillouin zone and hence Raman active, in
addition to the q = 0 phonons. Although x=0.2 is some-
what smaller than the lower limit of the range claimed
for the occurrence of a 6H polytype, it is tempting to at-
tribute these signatures to the presence of small domains
with 6H structure, the peaks 6 and a being Mg Te-like LO
phonons at q = 1/3 and 2/3, respectively, and the peaks
d and c being the CdTe-like LO phonons at q = 1/3 and
2/3, respectively. The combination modes of MgTe-like
LO phonons at q = 1/3 and 2/3, i.e. , of b and n with
the CdTe-like LO at q = 0, appear on the lower energy
side of ~1 + ~2, at ~390 cm and 415 cm and the
combination modes of CdTe-like LO phonons at = 1/3onons a q =
and 2/3, i.e. , of d and c with the q = 0 CdTe LO, appear
at 324 cm and 313.5 cm, on the lower energy side

FIG. 2. The infrared absorption spectra for a CdTe
sample doped with 10 Mg/cm (125—320 cm ) and
Cdp Q6Mgp pppMIlp p2$Te (340 600 cxii ) (solid clll ves) at
4.75 K. For comparison, a spectrum of pure CdTe is shown at
the same temperature with a dashed curve and shifted down
by 2.5 cm for clarity. The peaks associated with the fun-
damentals and the second harmonics of the local modes of
the three Mg isotopes ( Mg, Mg, and Mg) as well as the
second harmonic of the Mn + local mode are clearly seen in
the figure.

TABLE I. L lI. Local mode frequencies for the three isotopes of Mg + at T~5 K.

Atomic mass
23.985
24.986
25.983

Abundance (%%uo)

78.99
10.00
11.01

Fundamental (cm )
253.3
248.8
244.7

Second harmonic (cm )
505.3
496.4
488.2
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FIG. 3. Raman spectrum of Cdi Mg Te, x=0.2, at
T = 10 K excited with the Kr+ line A1.=6471 A. The Ra-
man lines labeled ~i and uq correspond to the MgTe-like
and CdTe-like I 0 phonons, respectively. The weak features
identified with arrows (a and b) are ascribed to the optical
phonons arising from domains of 6H structure (see text). The
inset shows the Raman spectrum excited with Ar, = 6764 A. ,
where u2 has been further enhanced due to resonance con-
ditions more closely fulfilled; c and d are attributed to 6H
domains.
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FIG. 4. The zone-center optical phon ons of
Cdi Mg Te as a function of x at 300 K, showing a two-mode
behavior. The dashed line shows the Mn-impurity mode in
Cdq Mg Te.

of 2w2, all four have been indicated with arrows.
The optical phonon frequencies in Cd~ Mg Te at

room temperature as a function of x is shown in
Fig. 4, where the MgTe-like and CdTe-like mod. es have
been identified. We note here that we often observe
an unidentified peak in the range 183—200 cm for
Cdq Mg Te with x &0.2. The curves in the figure
are theoretical fits to the data by using the modified
random isodisplacement (MREI) modeli with the fit-
ting parameters shown in Table II. The dashed curve
shows the Mn-impurity mode as a function of Mg con-
centration, for comparison with MnTe-like phonon fre-
quencies in Cdq „Mg Mny Te, which will be discussed
later. The local mode of Mg + in CdTe obtained from
an extrapolation of the fit is 248 cm at room temper-
ature and 253 cm at 10 K. Note that in the infrared
absorption measurements with a lower concentration of
Mg, we observe three peaks due to local modes of the
Mg isotopes, whereas in the Raman measurements with
x &0.05, we observe the collective motion of Mg atoms,
i.e., MgTe-like phonons. The weighted. average of the lo-
cal mode &equencies of Mg isotopes is 252 cm at 5 K,

close to the impurity mode frequency obtained from the
MREI model fitting at 10 K. In Ref. 1 the LO phonon
frequency of zinc-blende Mg Te obtained by extrapolation
to x=1 is 320 cm, significantly higher than our value
of 292 cm, both being estimated at room temperature.
Another feature of the MREI fit is the value of the static
dielectric constant (e ) of zinc-blende MgTe —here we use
E =7.01, which is the quoted value for wurtzite MgTe.
No evidence of the crystal field splittings expected for
x&0.6 for the wurtzite structure appears for the phonon
features in Cdp 3Mgp 7Te.

D. Three-mode behavior in Cdq „Mg Mn„Te

The Raman spectra for Cd~ ~ „Mg Mny Te with
x=y=0.2 and 0.3, the former in the backscattering and
the latter in the right angle scattering geometry, with
AL,

——6471 A. , are shown in Fig. 5.
In both spectra, two peaks around 44 cm and 116

TABLE II. Parameters in the MREI model for Cdi „Mg Mn„Te (T=300 K). Lattice param-
eter a = 6.486 —0.386m —0.145y (A.). Lattice constant of Mg Te, not available at present, is obtained
as a fitting parameter. Parameters for force constants [in units of 10 amucm ]: Fog T,=1.68,6 —2 .
+Mg —T'e =1-37~ +Mn —Te =1.62, E~g M+ =0.25, Ecd —Mn =0.56, EMg —Mn=0. 17, and O™=3.5, w'here E
and 0 are defined by f = E(l + O[a(MnTe) —a]/a(MnTe)), f being the force constant for the
quaternary.

CdTe
uTo(CdTe)=141 cm
~i,o (CdTe) =166 cm

ul(CdTe:Mg)=248 cm
&ur(CdTe:Mn)=191 cm

e (CdTe)=9.6

Mg Te
a&To(MgTe)=235 cm
~Lo (MgTe)=292 cm

cur (Mg Te:Cd) =140 cm
col(MgTe:Mn)=192 cm

eo(Mg Te) =7.0

Mn Te
uTo(MnTe)=180 cm
~Lo (Mn Te)=211 cm

cur(MnTe:Cd)=141 cm
cur (Mn Te:Mg) =252 cm

e (MnTe)=11.0
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FIG. 7. The composition dependence of zone-center optical
phonons in Cd& „Mg Mn„Te, (a) 2:=y and (b) +=0.1. The
solid curves are generated from the MREI model with fitting
parameters given in Table II.

IV. CONCLUDING REMARKS

Fz~=1.49, FM =1.62, and FMs=1.37 (x 10 amu cm );
all the values are deduced from room temperature data.
Note that the force constant due to overlap potential is
larger between heavier (or larger) atoms, as expected,
except the order is reversed for Zn and Mn, where the
masses of the two atoms are close. A similar dependence
of the force constant on the ionic radius was reported
earlier by Harada and Narita, who obtained force con-
stants both from the local modes of Be and Mg in CdTe
and from the reststrahlen reHectivity of Cd& Zn Te and
showed that a log-log plot of force constant vs ionic ra-
dius is linear.

We note here that the LO phonon lines have lower
energy tails, as can be seen in Fig. 5. Such an asym-
metry in the LO phonon lines has been reported in
Ga~ Al As, ' in ZnS Se~, and in Cdq Zn Te.
Di8'ering mechanisms have been proposed for the origin
of this asymmetry, viz. , relaxation of the q-vector con-
servation in a disordered system ' or a Fano-type
interaction. We have yet to carry out a quantitative
analysis of this asymmetry in the context of these alter-
native models.

quaternary alloys provide excellent illustrations of a lo-
cal mode in a binary evolving into collective LO and TO
modes, which extrapolate to the corresponding I 0 and
TO modes of other binaries involved in the alloy. Thus,
Cdq &Mg Mn& Te displays a characteristic three-mode
behavior with CdTe-like, MnTe-like, and MgTe-like LO-
TO pairs. While the Raman spectra allow the observa-
tion of the multimode behavior over a large composition
range and permit the inference of the local mode fre-
quency from an extrapolation of the data to extremely
high dilutions of the relevant constituent (for example,
Mg in CdTe), such a local mode can be directly observed
in the infrared; when thus observed, the frequency shift of
the local mode with isotopic mass is unmistakably man-
ifested. As the concentration increases, the local mode
transforms into a collective mode and the isotopic de-
pendence is obliterated, to be replaced by average mass,
as visualized in the virtual crystal approximation. Our
study emphasizes the advantages of exploiting the com-
plementary features of infrared and Raman spectroscopy.
Of course, the study of the reststrahlen spectra of the
ternaries and quaternaries can, in principle, yield the
composition dependence of the LO and TO frequencies
over the entire composition range. However, this has to
be deduced indirectly from the theoretical fits of the di-
electric function to the reststrahlen spectra, whereas the
LO and TO modes appear in the Raman spectra as dis-
tinct lines with spectroscopic accuracy. Finally, the Ra-
man spectra of ternaries and quaternaries allow one to de-
duce LO-TO frequencies of metastable binary end mem-
bers such as MnTe and MgTe, with zinc-blende struc-
ture. It has been recently shown that these metastable
zinc-blende structures can be grown by molecular beam
epitaxy, as has been shown for MnTe and MnSe; the
LO phonons of zinc-blende MnTe (Ref. 24) and MnSe
(Ref. 25) thus grown have been reported in the litera-
ture.

As is well known, the presence of a transition metal ion,
e.g. , Mn +, results in pronounced magnetic properties
due to the large spin-spin exchange interaction between
the band electrons and the transition metal ions (the so-
called sp-d exchange interaction). For example, these in-
teractions lead to huge Zeeman splittings of the interband
transitions, resulting in a large redshift of the band gap
photoluminescence and giant magneto-optic eÃects. In-
deed, in Cdq „Mg Mn„Te, we observe magnetic char-
acteristics similar to ternary diluted magnetic semicon-
ductors, i.e. , the large redshift of the band-gap photolu-
minescence and the Raman electron paramagnetic reso-
nance of Mn +.
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