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Reflectivity spectra of Cd,Hg, ,Te mixed crystals are measured at 8 K in the far-infared spectral region: 40-125
pm with special emphasis on the semimetal-semiconductor transition (x ~0.15). The dielectric function is
analyzed as a sum of contributions: Electron interband transitions with the transitions 'y — I’y for x < 0.15
and I'gy— T for x > 0.15, calculated within the assumption of nonparabolic bands; phonon contribution given
by a two-mode behavior for ail x calculated with a phenomenological model taking into account long-range
interactions and plasmon contribution. The experimental results can be accounted in the frame of the

adiabatic approximation for all concentrations.

I. INTRODUCTION

In a recent investigation® on the dielectric func-
tion in HgTe, the reflectivity spectra in the region
80-250 cm™ (40-125 um) were analyzed in terms
of electronic interband transitions, phonon contribu-
tion, and plasmon-phonon coupled modes. Plasmon-
phonon dispersion was obtained as a function of the
free-carrier concentration. The adiabatic approxi-
mation in this zero-gap semiconductor was ques-
tioned and it was found that the experimental re-
sults pointed to a breakdown of this approximation.
Broerman?® has given an extensive bibliography on
dielectric-function anomalies in zero-gap com-
pounds.

CdTe as a conventional semiconductor has its
phonon and electron contributions to the dielectric
function well separated and their coupling is not
to be considered in the frequency range of interest.

It then becomes interesting to investigate the
behavior of the dielectric function in the whole
range of concentration of Cd,Hg,.,Te mixed crystals
and check the applicability of the adiabatic approxi-
mation.

Cd,Hg,..Te mixed crystals can be obtained in all
compositions between the semimetal HgTe and the
semiconductor CdTe. HgTe has a negative band
gap I'; — I’y at low temperature: E;~-0.3 eV.

This energy difference increases linearly with
concentration x. It has a zero value for x,>0.15
for which the two bands I'g and I'y cross. For
larger values of x the gap is positive (Er,~ Er,)
and increases with x.

For concentrations close to x;=0.15 phonon ex-
citation energies are of the order of the semimetal
electronic interband transitions I'y~ I'y and of the
semiconductor electronic interband transitions
I';—T'e. Itis the spectral range of these transi-
tiens which is particularly explored in this paper.

Early infrared-reflectivity measurements at
low® and high*® temperatures have shown a two-
mode behavior of the optical phonons. Raman-
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scattering measurements® at 1.7 K, infrared trans-
mission, 7 and cyclotron resonance® in a Voigt con-
figuration confirm the two-mode behavior, but in
none of these investigations is a dispersion mode
given for the optical constants. For HgTe such a
model has been developed! by Grynberg, Le
Toullec, and Balkanski who showed that, at low
temperature, the electronic-interband-transitions.
contribution to the dielectric function is very
strong and anomalous in the phonon frequency range.

In this paper we examine the dielectric function
for all concentrations between x=0 (HgTe) and
x=1 (CdTe) in terms of (i) Electronic interband
transitions from the heavy-hole band to the conduc-
tion band: I'y—~I'y on the HgTe side, and I';—~ T
on the CdTe side. This contribution is calculated
in the framework of Kane’s procedure to take into
account the bands nonparabolicity. (ii) Phonon con-
tribution in terms of two-mode behavior. A phenom-
enological model taking into account long-distance
interactions isused to calculate the phonon spectrum.
(iii) Plasmon contribution.

Hence the dielectric function can be taken as a
sum of terms

€(w) = €inter + €phonon + €intra-

Since the experimental curves are fully accounted
for by the sum of these contributions, the adiabatic
approximation is therefore applicable in the whole
range of concentration. We then show that our
model for the dielectric function is applicable as
well in the semimetallic range x< 0. 15 as in the
semiconductor range x>0. 15,

II. THEORETICAL MODEL

The adiabatic approximation is applicable when
the motion of ions and electrons is decoupled, that
is, as a rule for wide-gap semiconductors, for
instance CdTe. For small-gap or zero-gap semi-
conductors, the energy of interband electronic
transitions is about the same order of magnitude
as the energy of lattice vibrations and the applicabil-
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ity of the adiabatic approximation has been ques-
tioned. Blinowski® has studied theoretically the
electron-phonon interaction for small moments.
His results show that the effect of this interaction
upon the imaginary part of the dielectric function
€(w) will be a slight broadening of the optical-
phonon maximum. This contribution will be neg-
ligible compared to other damping processes such
as anharmonicity and the difference with the
adiabatic case will not be accessible to experiment.
Calculations of Cd,Hg,_,Te have therefore been
done in this approximation.

Thq’ total polarization induced by the macroscopic
field E is then a sum of the ionic and electronic
contributions and the total dielectric function of
the system in the low-frequency region will be

€(W)= € pper + A€ipera+ A€, (1)

€inter COrresponds to interband electronic transi-
tions, A¢y,,,, corresponds to intraband transitions,
A€, is the polar-optical-phonon contribution.

In the far infrared, photon energies are much
smaller than that of the optical gaps E, of classical
semiconductors. For CdTe, hwqo,=0.017 eV and
Ey~E;=1.6 eV. The interband transitions con-
tribution is therefore nearly constant at these
energies. For semimetals and small-gap semi-
conductors, the optical gap may have an energy of
the same order as that of optical phonons. The
interband contribution will therefore be a function
of energy in the far infrared. This interband con-
tribution A€,,..(w) will be separated from the con-
tribution from other high-energy interband pro-
cesses which contribute a constant term to the
dielectric function in the low-energy regimel®

€inter=A€inter(w)+€m- (2)

In the Cd,Hg,_,Te series, all these contributions
are functions of x. In our model, we will there-
fore write

€(x, W)=€ (%) +A€ e, W)

+A€intra(xy (.0) +A€ph(x3 (.O) . (3)

A. Interband contribution A€ineer(X,w)

An explicit expression for A€, (X, w) can be
obtained in the random-phase approximation (RPA).
The imaginary part of A€;;.. can then be written
in the form?

2 - -
Ae{;terzlinol— ;_i(?—fdﬁk|<ﬁ+a, c|e T K, v)|?
-

X(fo =f,) TO(E (K +q) - E (K) - hw); 4)
f» and f, are Fermi distribution functions for va-

lence and conduction bands:

fo= (L+eBF/ERT) 0 fo = (14 eMe-Ep) /kpT) 1
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E. and E, are conduction and valence band energies
in Kane’s!! notation, that is

E(K)=5(n+E,), (5)

E,k)=0, (6)
8 212

T]2=E2(;+§2—”10Ep. (7

These relations hold for all x and T with¥
E;=-300+0.57T+(1910~ T)x meV,
E,=18300+2700x meV.

The matrix element in (4) can be calculated
using wave functions given by Zawadzki and
Szymanskal®:

=L TS T 2_3N-Eg 4% sin6
[&+q, c[™™[E o)== g ©
6 is the angle between k and 6

The matrix element (9) describes I'y—~ I'y transi-
tions in the semimetallic case (E;<0) and 'y~ Tg
transitions in the semiconductor case (E;>0).
Integration of these equations gives

seitn)-2(0 55) (Ee) -, o)

with
R =mye?/27%=13.6 eV .

Equation (10) generalizes the parabolic-band
model in both semimetallic and seimiconductor
cases. A€]l,(w) was calculated for a temperature
of 8 K, at which our data were measured, and for
degenerate samples.

The results of the calculations for Ae{l,..(w) are
shown in Fig. 1. In this figure, N=6x10' cm™
except for pure CdTe where N=6X10'7 cm™ in
order to have Ep —E;>4kzT. The real part of the
interband contribution Ae€},;,(w) is obtained by
Kramers-Kronig inversion. Kane’s model holds
up to an energy E, of the order of E,+3A. A being
the I'y — T'; splitting, that is about 1 eV above E.

To ensure convergence, the function to be inte-
grated has been multiplied by a function of the
form'* (E - 7iw)/(E - E,) with E=3E, so that the
result is independent of E, within the required
accuracy.

Figure 2 shows the result of the Kramers-Kronig
inversion procedure on the curves of Fig. 1.
Spectral regions corresponding to the energies of
phonons are shown by a thick line for clarity. In
this region 7% - k2 and 27k usually vary in opposite di-
rection withfrequency, and this deepens the reflect-
ivity minimum. Here, onthe contrary, the slopes of
A€o and A€} With frequency have the same
sign. This qualitatively leads to an increase of
reflectivity in the region of the minimum, as was
noted before.!
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FIG. 1. Imaginary part
of the contribution of I'y
—I'g transitions (semi-

N metallic case) or I'g—T
transitions (semiconduct-
ing case) to the dielectric
function of Cd,Hg;-, Te vs
photon energy in reduced
units fiw/Eg. Solid lines
are computed from Eq.
(10) as explained in text:
Ep is the Fermi energy of
electrons (meV) and E; is
the interaction energy gap
(meV) as defined in Eq.
(8). Negative Eg’s refer
to semimetallic band
structure, positive values

N W OO N 0O O

—

Ege-119 X=0.155 |
Eg=844 Xa0.2
Equ606 X=1

to semiconducting band

structure. X is the mo-
lar fraction of CdTe in the
crystal. Heavy lines give,

2
*ﬁw/ EF

The calculation of A€y, Within the framework
of RPA only takes into account transitions between
states with wave vector k and k+q with 1d| and
Ikl «<2m/a. According to Alder,!® local-field
effects are not taken into account in this calcula-
tion. Those effects come from large-wave-vector
components of the potential e *®F where & is a
reciprocal-lattice vector. We further assume that
those effects are constant and included in €,. The
polarization from valence to conduction bands

A€

3 for comparison, the loca-
tion of phonon bands for
each concentration.

transitions will not contribute to the local field
acting on an ion but only to the macroscopic elec-
tric field.

B. Other contributions

Infrared® "% and Raman® data show that the
Cd,Hg,.,Te series exhibits a “two-mode” behavior
for the phonons of the mixed crystals. Several
studies on those mixed crystals have been pub-
lished. !6~18 All of them fail to account for this

T=8K

-— . .
— Ere280 Eg=274 X=03 I:E
T Er=1630 Eg=1 ) & °
0 i 2 3

FIG. 2. Real part of
A€ ypier VS Bw/Ep, obtained
by a Kramers-Kronig in-
version of Ogfj.., as ex-
plained in text. Conditions

1 .

S e}a;r:gsslrmbo s same as in
M




behavior or do so in a very incomplete fashion.
This is due for a large part to the values used for
the high-frequency dielectric constant in HgTe.

In this section, we present a model that accounts
for the observed phonon spectrum and enables us
to calculate the characteristic parameters of
these phonons, including the contribution of
plasmons and interband transitions.

In this model two types of sites are randomly
distributed in the crystal: CdTe sites and HgTe
sites with Nx of the first and N(1 —x) of the second
per unit volume. In the equations of motion of
ions, restoring forces F,; and effective charges e;
are linear functions of x. For the two types of
sites, we can write

Fo(x) =F0(0) (1 +90x) )
Fl(x)=F1(0) (1 +91x),

(11)

and
ey(x)=¢,(0) (1 +64x),
e,(x)=¢,(0) (1+6,x);,
0 and 1 subscripts refer, respectively, to HgTe
and CdTe.

The equations of motion for ions and free elec-
trons will then be

(12)

Mhotlo = - Fo(x)ug = polortg+ e(*)E g,
Woity = = Fy()uy = pyTytty+ ey (0)E . , (13)
m*(Ep)¥= -m*(Ep)T,7 -eE.

m*(Ep) is the effective mass of electrons at the
Fermi level; p,and p, are the reduced masses

of HgTe and CdTe; 7 is displacement of electrons;
uy and u, are the relative displacement in each

type of site; I'y, I'y, ', are damping constants for
ions and electrons; and E and E,,. are macroscopic
and local electric fields.

Varga!® showed that the polarization which comes
into the relation between local and macroscopic
fields does not contain the free-carrier contribu-
tion. The reason is that the wave vector of elec-
trons is at most 1y of the Brillouin zone, which
means that the shortest response length for elec-
trons is about 100 lattice parameters, whereas
the ionic field varies rapidly over one unit cell.
Inthe same way, interband transitions will not con-
tribute to the local field and E,,. and E will be re-
lated by

Ejoo=E+&7Pg. (14)
The lattice contribution Py can be written
Pp=(1-x) Nx) ey(x) ug+ xN(x) e, (x) u,
+[(1 = %) Nx) @(0) + xMx) a (1) E ;o 5 (15)

Nlx)=4/a%(x) is the number of ions per unit volume,
a(x) is the lattice constant, and «(0) and (1) are
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the polarizability of elementary cells of each

type.
Through the Lorentz-Lorenz transformation,
one obtains from Eq. (15)

Pgp=(1-x) N(x) eq(x) ug+xN(x) e, (x) u,

Nx) €,0 -1  Nlx) €,(1)-1) 3
M0) e.0+2 N1 e,(1)+z)Z¥El°°'
(16)
A high-frequency dielectric constant €.(x) can

then be defined

+<(1 -x)

Nx)€.(0) -1  Nlx) €.(1) -1 e,lx)-1
=% 0 a2 " MO e 2 ez -
(17
With Eq. (17) and (14) one obtains
Eipe= S22 54T (1) N eyl =042
4 €,(x)+2
+—3—xN(x)e1(x)—§—— u, (18)
and
Pp=(1-x) N(x)eo(x)e—"(’:;)—+2 Uy
+xN(x)e,(x) €°(;)+2 u, +€°°E;:T) -1 e (19)

E,,c can then be replaced by its value in the
equations of motion (13) in order to obtain expres-
sions for uy/E, u,/E, and 7/E.

The dielectric response to the macroscopic
field is

D=€E=E +41P,. (20)
The total polarization P, is

Pr=Pp— Ne¥ +E A€yy,0./4T. (21)
Then

€lx, W)= A€y par(X, ®) +€,(x) +4T N(X)(1 - x) ey(x)

9 €.(x)+2 Uy

: L (x)e,,(x)+2 U

+47Nlx)x e, 3 7

Y
- 47 Ne "
(22)

In order to solve the equations of motion we
have to evaluate w3(x) = Fy(x)/po; wi(x)=F,(x)/py;
eo(x) and e,(x) for x=0 and x=1 [Eqs. (11) and (12)].
Szigeti effective charges are given by’

e; ¥ €d) — e (i) 3 ¢ .
(e > =T 4 NG) (“’ZT")*""ZCZ“‘(e,(mz) e®,
(23)

where p; is the reduced mass, ¢ =4.8%x101 eV is
the electron charge, c is the light velocity, and
wro is the wave number of the transverse optical
mode in cm™. The value of w?() is given by

47 N()
3py

ea.(‘)e,o(i)+2

3 (24)

wi@) = (wio) i +
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TABLE I. Numerical values for Eq. (24).

€)= €u wpolem™) a(10°% cm) M10™% g) €w
HgTe 4.2 118.5 6.4616 129.5 12
CdTe 3.5 140 6.4810 99.27 8.5

Numerical values are given in Table I.

In this table, €. is a parameter, and the values
which are given are selected for the best fit between
theory and experiment. We then have: e,(0)
=0.54¢ and ¢,(1)=0.68¢. With those values, we
find

w3(0)=18253. 97 cm™=(135.1)? cm™,
w%(1)=26133.23 cm™=(161.5)% cm™.

To calculate 6, we need one more value which we
estimated from Raman data® and infrared reflec-
tivity. We took wo(1)=135 cm™ and w,(0)=156.5
cm™, and obtained

6= —0.002, 6,=0.067.

The values for I'j and I'; are adjusted on the
pure-compound values and I'; is calculated from
mobility measurements:

Iy=4.5cm™, I',=5.8 cm™, T,=2 cm™.

The dielectric function being completely deter-
mined, reflectivity curves can now be calculated
and compared with experiment.

III. EXPERIMENTAL RESULTS

Our samples are Cdy,;3Hgy.5;Te. A 13% concen-
tration of CdTe is one for which the interband
Ty~ Ty contribution to €(w) is still large since
E;~50 meV and the reststrahlen band of CdTe is
still observable. At liquid-helium temperature,
the free carrier concentration from low-field Hall
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effect is (2+0.4)x10' cm™. Reflectivity versus
wave number at 8 K is shown on Fig. 3. Rest-
strahlen bands corresponding to modified HgTe
and CdTe modes exhibit relative intensities rough-
ly proportional to the concentration of each con-
stituent.

In Fig. 4 the two parts of the dielectric function
are plotted for 8 K since at this temperature
plasmon modes are too low in energy (w =40 cm™)
to allow Kramers-Kronig analysis from our re-
sults, which do not cover this range. Maxima of
€'' =2nk correspond to dissipative (transverse)
modes. The larger peak comes from HgTe modes
with w;=119.5 cm™, and the smaller from CdTe
at w,=153.5 cm™; those frequencies being, of
course, different from those of pure constituent
compounds.

Maxima of Im( - €™) give the frequencies of
longitudinal modes at 131.5 cm™ (HgTe) and 155
cm™ (CdTe). Inthese two curves, the interband
contribution Ae€,,,,. was taken into account (Fig. 5)

IV. DISCUSSION

The experimental results near the semimetal-
semiconductor transition concentration and the
analysis of the interband contribution allow us to
explain the infrared spectrum of Cd,Hg, ., Te for any x
and particularly near the band crossing point. OQur
working hypothesis was that the adiabatic approxima-
tion is sufficient to account for the behavior of
lattice modes in this series for all x. Confronta-
tion of our simple model with experiment entirely
confirms this assumption.

Examination of Figs. 3 and 6 clearly shows the
importance of the frequency dependence of the
interband contribution. It has been previously
shown in! HgTe that omitting this variation led to

1

1 1 1 1 1 1 1

FIG. 3. Experimental
reflectivity (dots) versus
wave number for x =0.13
compared with theory (sol-
id line). The parameters
used for the calculation
are those of Table I and
A€ jpier (w) is taken into ac-
count.

40 60 80 162) (C m" )

1
120 140



impossibilities in analyzing experimental results.
In the present case where the variation of A€j,qr
and A€}, is large in the reststrahlen regions,
using a real constant value for €, + A, Will not
permit a fit of the reflectivity curve in this ex-
periment. This is especially obvious in the region
of the reflectivity minimum, the fit of which would
be completely outside experimental uncertainty
without introduction on the actual interband con-
tribution.

Regarding the model used here for lattice vibra-
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tions in mixed crystals, one should note that long-
wavelength optical modes in AB,_,C, mixtures

have been analyzed along several phenomenological
approaches. The random-element-isodisplace-
ment model is most currently used. Here it is
modified to take into account long-distance inter-
actions. In this mode, cations and anions of the
same kind oscillate with the same phase and am-
plitude. In a quasi unit cell containing one A ion,
1-x Bions, and x C ions, force constants between
first neighbors F,g(x) and F,(x) vary with con-

FIG. 5. Real and imagi-
nary parts of the contribution
of Iy—1I transitions to the
dielectric function versus
wave number for x =0.13
and T=8 K: A€jyr dashed
line, A€{p,. solid line.
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T T T T T T T T T T T

T-8K

80 L
- Afinter=8
60

40

20

T

Cdg13Hggg,Te

T T T T T

- FIG. 6. Experimental re-
flectivity (dots) compared
with a theory when using
real and constant value
for A€pper. All other pa-
rameters are identical to
those of Fig. 3. This
curve is intended to show
that it is not possible to

fit the experimental be-
havior with theory without
taking into account the
real shape of the interband
contribution (cf. Fig. 3).

100
w(cm")

120

centration and can be determined from transverse-
mode frequencies wy in pure crystals. The sec-
ond-neighbor force constant Fy.(x) is adjusted on
the values of impurity (local or gap) modes w;.

All those force constants are computed from the
two limiting cases (x=0 and x=1). With this
model for CdHg,.,Te, one obtains

F(0)/ 1= w3(0)=(135.1)2 cm™,
F(1)/p; =w?(1) = (161.5)% cm™2,

Fy(0) + Foayg(0) =w?(CdTe) = (156.5)2 cm™
Mca

Fo(1) + Fogyg1) _ w¥(HgTe) = (135)% cm™.

Myg
Then
Feang _ w?(HgTe) - w5(0) ++EQ zfﬂ ,
Myg Mmpe Mrye

Leae . 2(care) - w2(1) + T4 ~T1
M cq Mrpe Mg

Thus one would get for second-neighbor forces
Foqug™~1.6F;=~0.9F, .

In this model, second-neighbor forces between
ions of the same sign of the same order of magni-
tude or longer than forces between first neighbors

with opposite signs. For this reason wedid not
use it, being unrealistic.

V. CONCLUSION

In this work, we studied the optical properties
of Cd,Hg,.,Te mixed crystals in the vicinity of the
semimetal-semiconductor transition (x ~0.13) at
8 K in the far infrared (40 - 125 um). Our results
show that using the adiabatic approximation still
allows a correct description of lattice modes in
those compounds.

The interband contribution to the dielectric func-
tion which corresponds to transitions from the
heavy-hole band to the conduction band (I'y~ I’y on
the HgTe side; 'y~ I'; on the CdTe side) has
been computed in the frame of Kane’s procedure,
taking into account nonparabolicity.

Our model for the phonon contribution for all x
accounts for the two-mode behavior of those com-
pounds, in contrast with previous calculations.

All our conclusions apply both to the semimetallic
and to the semiconductor case.
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part of the dielectric function.
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