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Abstract

Far-infrared reflection spectra in wide temperature range was used to investigate the vibrational properties of Pb1�xMnxTe

(x = 0.0002, 0.002, 0.02 and 0.1) mixed crystals. To analyse the experimental results we use dielectric function that takes into

account the existence of plasmon–phonon as well as the plasmon–two different phonon interaction. The best fit method revealed

two frequencies of plasmon–phonon coupled modes and three frequencies of plasmon–two different phonon coupled modes.

Further, the values for two different LO modes and plasma frequency (vP) are calculated. Results obtained from experimental

spectra as the best fit, are in very good agreement with the theoretical prediction. The model of phonon behaviour based on Genzel’s

model was developed. It was found that the long wavelength optical phonon modes of these mixed crystals, exhibit an intermediate

and two mode behaviour, coincidentally.
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1. Introduction

The lead–telluride family of the IV–VI compounds are narrow-gap semiconductors. Depending on composition

their band gap can vary from almost 0 to 0.3 eV [1–5]. The lead–telluride and its solid solutions are used for active and

passive devices. Namely, it is well known [3], that in lead chalcogenides electrical active native point defect (vacancies

and interstitial atoms) produce energy states lying either above the bottom of the conduction band (donor defects) or

bellow the top of valence band (acceptors). This leads to high charge carrier concentration in undoped crystals because

of the deviation of composition from stoichiometry. Furthermore, neither cooling nor magnetic field has been observed

to have the freeze-out effect on charge carriers.

Solid solution Pb1�xMnxTe is semimagnetic semiconductor that is not sufficiently studied [6–9]. Their crystal

structure is cubic (NaCl-type), the lattice parameter change linearly while the manganese concentration vary.

If the manganese concentration is less than 20 at.%, Mn enters the PbTe lattice as Mn2+, and is not the electroactive

dopant. Doping of PbTe with Mn increases the band gap at the rate @Eg/@x ffi (38–48) meV/% MnTe [10], but does not

provide appearance of local or quasilocal level in the vicinity of the actual bands [7].
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MnTe itself is very interesting material. Namely, all manganese-chalcogenides are antiferromagnetic insulators

[11–14], having NaCl type of crystal structure. MnTe differs from the other manganese-chalcogenides (MnO, MnS

and MnSe), as it has stable orthorhombic NiAs type of crystal structure, as well as stable high-temperature cubic NaCl

type structure [15].

In this paper, we present results obtained by using far infrared spectroscopy (FIR) to study optical properties of the

Pb1�xMnxTe mixed crystals. Analysis of reflection spectra carried out in wide spectral range shows that in that system

the plasmon–phonon and plasmon–two different phonon coupling exists both at the same time.

2. Samples and experiment

The synthesis procedure for the preparation of the single crystals of Pb1�xMnxTe has been already described in our

previous papers [16–18]. Briefly, single crystals of Pb1�xMnxTe were grown by the modified Bridgman method with a

lowering rate of 1 mm/h. The sample was produced by synthesis from the high purity elements. The chemical

composition of the samples was checked by an electron microprobe, which revealed good chemical homogeneity of

the material.

The specimens were cut parallel to (1 0 0) (the cleaving plane), with an inner blade diamond cutter and then

mechanically polished.

The widely known etch pit technique is very suitable for studies of the crystalline solids. For such studies, cleavage

planes are often preferred to the mature surface because the former are free from the usual growth features and the

characteristic surface marking which affects each of the patterns produced. Microscopic observation of the chemically

etched (1 0 0) surfaces also revealed other structural characteristic. It was confirmed that Pb1�xMnxTe single crystals and

low-angle grain boundary free crystals were obtained in cases of x = 0.0002, 0.002 and 0.02. In the case of 10% Mn

(x = 0.1), polycrystalline material was obtained. Also, neither cellular structure nor metal inclusions were observed.

The chemical composition of Pb1�xMnxTe crystals were determined by the XRD technique [16,17]. All the samples

were examined under the same conditions, using the Philips PW 1729 X-ray generator, the Philips 1710 diffractometer

and the original APD software.

In our paper [17] we presented X-ray diffractogram of powdered Pb1�xMnxTe. We find out that excluding reflection

which corresponds to PbTe, small reflections belonging to MnTe are present, coming from Mn which occurs in two

different cells: orthorhombic and cubic. In the case of Pb0.98Mn0.02Te, except reflection which corresponds to PbTe, we

registered four small reflections at 2u = 21.88, 28.268, 43.888 and 62.888. The first two belong to MnTe which has cubic

crystal structure corresponding to planes (1 1 1) and (2 1 0) [19], while the other two correspond to planes (1 2 1) and

(3 2 1) when MnTe has orthorhombic structure [20]. X-ray diffractogram of Pb0.9Mn0.1Te, except PbTe reflections

shows two more reflections, one from (1 1 1) plane, which belong to cubic MnTe [19] and second from plane (3 2 1),

from orthorhombic MnTe [20]. Our calculated results for the lattice parameters of Pb1�xMnxTe show that samples with

x � 0.02 obey to Vegards rule, meaning that lattice constant as function of a manganese mole fraction (x) is:

a(x) = (0.6462 � 0.0632x) nm, which is in good agreement with literature values [3].

3. Reflectivity analysis and fitting procedure

The theoretical model for the bulk dielectric function has been discussed by several authors [21,22]. We note briefly

that the low-frequency dielectric properties of PbTe and related compounds have been described with not less than two

classical oscillators (l � 2) corresponding to the TO-modes, superimposed by a Drude part that takes into account the

free carrier contribution [23]:

eSðvÞ ¼ e1 þ
Xl

k¼1

e1ðv2
LOk � v2

TOkÞ
v2

TOk � v2 � igTOkv
� e1v2

P

vðvþ igPÞ
(1)

where e1 is the bound charge contribution and is considered as a constant, vLOk and vTOk the longitudinal and

transverse optical-phonon frequencies, vP the plasma frequency, and gTOk and gP the phonon and plasma damping. In

the PbTe-based systems the pure LO-modes (vLO,PbTe) of the lattice are strongly influenced by the plasmon mode (vP)

of free carriers. As a result a combined plasmon–LO phonon modes (v�) were observed [24]. In the experimental
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spectra only coupled mode positions are observable. Therefore the LO-mode could be determined only if the influence

of the free carrier contraction will be eliminated [25]. Heaving this in mind, in the analysis of reflectivity spectra of

Pb1�xMnxTe we have decided to use dielectric function which takes into account the existence of plasmon–LO phonon

interaction in advance [25]:

eðvÞ ¼ e1

Qmþn
j¼1 ðv2 þ ig l jv� v2

l jÞ
vm
Qm

i¼1ðvþ igPiÞ
Qn

i¼1ðv2 þ ig tiv� v2
tiÞ
Ys

k¼1

v2 þ igkLO � v2
kLO

v2 þ igkTO � v2
kTO

(2)

The first term in Eq. (2) represents coupling of m plasmons and n phonons, while the second term represents

uncoupled modes of the crystal(s), while l = n + s. The vlj and glj parameters of the first numerator are

eigenfrequencies and damping coefficients of the longitudinal plasmon–n phonon waves. The parameters of the first

denominator correspond to the similar characteristics of the transverse (TO) vibrations. In the second term vLO and

vTO are the longitudinal and transverse frequencies, while gLO and gTO are damping. In the case of plasmon–LO

phonon coupling m = 1 and n = 1.

The case, which considers coupling of one plasmon and one phonon, is explained in detail in Ref. [25]. The coupled

mode positions are defined as the solutions of a real part of Eq. (1) (Re{eS} = 0), and they are given by:

2v2
� ¼ v2

LO þ v2
P �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðv2

LO þ v2
PÞ

2 � 4v2
Pv

2
TO

q
(3)

On that way, in principle, its vlj = v� ( j = 1, 2). The values of coupled plasmon–phonon modes were determined using

fitting procedure, while the values of initial vLO,PbTe and vP modes are determined by using the following equations:

vP ¼
vl1vl2

vt

; v2
LO;PbTe ¼ v2

l2 � v2
P

�
1�

�
vt

vl2

�2�
(4)
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Fig. 1. Far-infrared reflection spectrum of the Pb0.98Mn0.02Te at temperature of 80 K. Experimental data are represented by circle, while solid line is

calculated spectrum obtained by a fitting procedure based on the model for plasmon–phonon coupling (Eq. (2); m = 1 and n = 1), with two sets of

parameters.



The far-infrared reflection spectrum of the Pb0.98Mn0.02Te at temperature of 80 K is presented in Fig. 1.

Experimental data are presented by circles, while solid line is calculated spectra obtained by a fitting procedure based

on the model for plasmon–phonon coupling. The Pb1�xMnxTe solid solution phonon structure constitutes of two TO/

LO phonon pairs, which originate from starting components PbTe and MnTe. Phonon position changing depending on

alloy composition is described in Section 4. According to the suggested plasmon–phonon interaction model it is

obvious that only one LO phonon interacts with plasma. Another phonon position is unchangeable.

Based on assumptions that PbTe origin TO/LO pair interacts with plasma (Fig. 1a) and MnTe origin TO/LO pair

does not, we get good overlapping of experimental and theoretical spectra only in interaction range. The similar

situation is in case when MnTe origin TO/LO pair interacts, too (Fig. 1b). Phonon, properties of which are discussed in

detail in Section 4, is denoted with x in both cases. Mod at about 73 cm�1, denoted with ~, is well known PbTe

Brioulene zone edge mode [17].

Consequently, we have decided use dielectric function which takes into account the existence of plasmon–two

different LO phonon interaction in the analysis of the reflectivity spectra of Pb1�xMnxTe. That corresponds to l = 2 in

dielectric function given by Eq. (1). As we already observed the coupled mode positions are defined as the solutions of

the real part of Eq. (1) (Re{eS} = 0). In this case, there are three coupled modes, which can be calculated by solving the

equations:

v6 � Av4 � Bv2 � C ¼ 0 (5)

where:

A ¼ v2
LO1 þ v2

LO2 þ v2
P (6)

B ¼ v2
LO1 � v2

LO2 þ v2
Pðv2

TO1 þ v2
TO2Þ (7)

C ¼ v2
TO1 � v2

TO2 � v2
P (8)

If we use the dielectric function defined by Eq. (2), the values of initial vLO1, vLO2 (which are two different phonons)

and vP modes can be determined by:

vP ¼
vl1vl2vl3

vt1vt2
(9)

v2
LO1;2 ¼

1

2
ðv2

l1 þ v2
l2 þ v2

l3 � v2
PÞ

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1

4
ðv2

l1 þ v2
l2 þ v2

l3 � v2
PÞ

2 � v2
l1 � v2

l2 � v2
l2 � v2

l3 � v2
l1 � v2

l3 þ v2
Pðv2

t1 þ v2
t2Þ
�s

(10)

The far-infrared reflection spectrum of the Pb0.98Mn0.02Te at temperature of 80 K is presented in Fig. 2. Solid line is

calculated spectra obtained by a fitting procedure based on the model for plasmon–two different phonon coupling

(m = 1, n = 2 in Eq. (2)). As one can see from the figure, plasmon–two different phonon coupling model, agrees well

with the experimental curve for frequencies larger then 190 cm�1, but it is diverges from the experimental results at

lower frequencies (Fig. 2a). It is possible to select set of parameters that result in good overlapping in vl2 frequency

range, but difference in spectra above 190 cm�1 occurs in that case (Fig. 2b). We did not succeed to determinate set of

parameters that provide good spectra overlapping in whole range and correspond to the parameters calculated from the

model (described in Section 4) at the same time. It is important to point out that the theoretical model [26] is accepted

and well known already 30 years and use for verification of parameters determined by fitting procedure. Thus we used

dielectric function which in advance takes into account existance of both plasmon–LO phonon and plasmon–two

different LO phonon coupling to analyze reflection spectra of solid solution Pb1�xMnxTe:

eðvÞ ¼ e1

Q2
j¼1ðv2 þ igL jv� v2

L jÞ
vðvþ igPÞðv2 þ ig tv� v2

t Þ

Q3
j¼1ðv2 þ ig l jv� v2

l jÞ
vðvþ igPÞ

Q2
j¼1ðv2 þ ig t jv� v2

t jÞ
Ys

k¼1

v2 þ igkLO � v2
kLO

v2 þ igkTO � v2
kTO

(11)
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The first term in Eq. (11) represents coupling of one plasmon and one LO phonon mode (vlj = v�, j = 1, 2), second

term represents coupling of one plasmon and two different LO phonon modes (vlj, j = 1, 2, 3), while the uncoupled

mode of the crystals are represented by the third term.

The parameters adjustment was carried out automatically, by means of the least-square fitting of theoretical (R) and

experimental (Re) reflection coefficients at q arbitrarily taken points:

x ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

q

Xq

j¼1

ðRe j � R jÞ
2

vuut ; (12)

where:

R ¼
����
ffiffi
e
p
� 1ffiffi

e
p
þ 1

����
2

(13)

and e is given by Eq. (11). The value of x was minimized until it become comparable with the usual experimental error

(less than 2%). The cross-sections of multi-dimensional x(vj, gj) surface were calculated, multiplying each parameter

alternately by a varying factor (1 � d) while all the others are fixed on a determined level. Such sections gave evidence

of the precision of the analyses. Practically, for all samples the determination errors of the eigenfrequencies and

damping coefficients were about 3–6 and 10–15%, respectively.

4. Results and discussion

The far-infrared reflection spectra of Pb1�xMnxTe (x = 0.0002, 0.002, 0.02 and 0.1) mixed crystals in the

temperature range from 80 to 300 K, and spectral range from 40–400 cm�1 are shown in Fig. 3. The experimental data

are marched by circles. The solid lines were obtained using the dielectric function from Eq. (11).
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Fig. 2. Far-infrared reflection spectrum of the Pb0.98Mn0.02Te at temperature of 80 K. Solid line is calculated spectrum obtained by a fitting

procedure based on the model for plasmon–two different phonon coupling (Eq. (2); m = 1 and n = 2), with two sets of parameters.



As a result of the best fit we obtained the frequencies of plasmon–LO phonon coupled modes (v+, v�) (first term in

Eq. (11)), and plasmon–two different LO phonon coupled modes (vl1, vl2 and vl3) (second term in Eq. (11)). Values

for vLO and vP we calculated from Eq. (4), and values for vLO1 and vLO2 from Eqs. (5)–(10), as it was described in

Section 3. The characteristic parameters obtained by described procedure are shown in Fig. 4.

In Fig. 4 we present eigenfrequencies of the plasmon–two different LO phonon coupled modes (a) and plasmon–

phonon coupled modes (b) for different compositions and different temperatures. The solid lines are obtained using

Eq. (3) in the case of the plasmon–phonon coupled modes (b) and Eq. (5) for plasmon–two different phonon coupled

modes (a). The solid circles (*) refer to eigenfrequency spectra v� (plasmon–phonon coupling) and vlj ( j = 1, 2, 3)

(plasmon–two different phonon coupling) obtained by Eq. (11). The agreements between calculated plasmon–LO
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Fig. 3. Far-infrared reflection spectra of mixed crystals Pb0.9998Mn0.0002Te (a), Pb0.998Mn0.002Te (b), Pb0.98Mn0.02Te (c) and Pb0.9Mn0.1Te (d), in the

temperature range from 80 to 300 K. Solid line is calculated spectra obtained by the fitting procedure based on the model for plasmon–phonon

coupling and plasmon–two different phonon coupling (Eq. (11)).



phonon mode and plasmon–two different LO phonon mode frequencies, with experimental values, obtained as a best

fit from Eq. (11), are very good. Values corresponding vTO1 and vTO2 (Eq. (11)) are given by stars (*). The open circles

in Fig. 4 a represent the calculated values for vLO1 and vLO2 (Eq. (10)), open squares (&) represent calculated values

for vLO2 (Eq. (4)) and by open triangles (D) are denoted values for vLO1 (Eq. (11)). The experimental data analysis

showed that plasma frequency (vP) increases with the temperature decrease.
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Fig. 4. The eigenfrequencies of mixed crystals Pb0.9998Mn0.0002Te, Pb0.998Mn0.002Te, Pb0.98Mn0.02Te and Pb0.9Mn0.1Te: (a) plasmon–two different

LO phonon modes (solid lines, Eq. (5)) and (b) plasmon–LO phonon modes (solid lines, Eq. (3)). (*) eigenfrequency spectra v� (plasmon–phonon

coupling) and vlj (j = 1, 2, 3) (plasmon–two different phonon coupling) obtained by Eq. (11); (*) calculated values for vLO1 and vLO2 (Eq. (10)),

(&) calculated values for vLO2 (Eq. (4)); (~) vLO1 (Eq. (11)), (*) vTO1 and vTO2 (Eq. (11)).



This unusual situation can be explained in the following way: coexistence of the plasmon–LO phonon and the

plasmon–two different LO phonon coupling in Pb1�xMnxTe alloy is induced by the fact that MnTe could have

orthorhombic type crystal structure, as well as cubic type of structure [15]. Therefore, if MnTe has orthorhombic type

of structure, plasmon–LO phonon coupling arise, while in the case when MnTe has cubic crystal structure plasmon–

two different LO phonon coupling takes place, which will be confirmed later.

In order to describe phonon properties of the Pb1�xMnxTe mixed crystal, we apply a model for phonon mode

behaviour for the ternary compound A1�xBxC based on the model of Genzel et al. [26], and then check the agreement

between theoretical and experimental results. The basic assumptions of applied model are that A and B cations are

randomly distributed in the cation sublattice and vibrate with the same phase and amplitude. We take into account local

electric field (Eloc) and connect microscopic and macroscopic parameters using Born–Huang procedure [27]. Also, we

neglect the dependence of the force constant between first neighbours on concentration (x), but we involve the second-

neighbour to describe phonon properties of Pb1�xMnxTe alloy. Macroscopic parameters are given in Table 1 [28].

The force constants between the second neighbours were determined from impurity modes. As we already said

MnTe could have stable orthorhombic NiAs type of crystal structure, as well as stable high-temperature cubic NaCl

type structure [29]. Depending on structure impurity modes appear at �52 cm�1 (NiAs structure) and at �190 cm�1

(NaCl structure). In principle, when the semiconductor is doped with a substitutional impurity [21] (in our case

J. Trajić et al. / Materials Research Bulletin 42 (2007) 2192–2201 2199

Table 1

Parameters in the model for Pb1�xMnxTe

a (10�10 m) vTO (cm�1) vLO (cm�1) e0 e1

PbTe 6.462 46 114 400 65.13

MnTe (cubic structure) 6.341 185 216 11 8.07

MnTe (orthorombic structure) 4.106 126 184 9.67 7.28

Fig. 5. Concentration dependence of the optical mode frequencies of Pb1�xMnxTe mixed crystal. (*) Calculated values for vLO1 and vLO2

(Eq. (10)), (&) calculated values for vLO2 (Eq. (4)); (~) vLO1 (Eq. (11)), (*) vTO1 and vTO2 (Eq. (11)).



manganese), and if the substitution takes place with the atoms of higher mass (in this case Pb), a lighter impurity leads

to two modes: localized mode which rises out of the top of the optical band, and gap mode which is situated above the

acoustic and below optical band of the host lattice. Therefore, manganese gives two impurity modes, at �52 and

�190 cm�1. These mode positions are estimated as the best fit from Fig. 5, on the basis of the represented model. The

position of Pb impurity in orthorombic structure MnTe was estimated in the simplest way, which was described in

detail in [30]:

vIðPbÞ ¼ vTOðMnTeNiAsÞ
ffiffiffiffiffiffiffiffiffiffi
MMn

MPb

r
	 96:1 cm�1 (14)

Pb impurity mode in cubic structure MnTe is determined at the same way

vIðPbÞ ¼ vTOðMnTeNaClÞ
ffiffiffiffiffiffiffiffiffiffi
MMn

MPb

r
	 64:7 cm�1 (15)

The optical phonon modes behaviour is presented in Fig. 5. The solid lines were obtained by described model.

Experimental values are marked by the same marks as in Fig. 4.

If the solid solutions Pb1�xMnxTe are formed of manganese-telluride cubic structure (NaCl type of structure) due to

the sameness of the crystal structure, impurity mode is formed at �190 cm�1, and therefore the two-mode behaviour

of phonons arose (each TO–LO mode pair for the end members degenerates to an impurity mode). In this case two

independent optical ranges (bonds) are formed and each of the LO phonons (LO1 and LO2) interact with plasma, as it

shown in Fig. 4a. In the second case, manganese telluride has orthorhombic structure (NiAs type of structure) the

impurity mode will be formed at about 52 cm�1, so the phonons will show, in this case, intermedial one–two mode

(LO-mode frequency shifts continuously from PbTe to MnTe, while the others mode resemble two-mode case). In the

mentioned case one optical range (band) is formed, hence only vLO2 phonon interacts with plasma.

Therefore, in this solid solution exists intermedial and two mode behaviour of long wavelength optical phonons,

depending on the local structure of MnTe.

5. Conclusion

As a method to investigating phonon properties of Pb1�xMnxTe mixed crystal we used far-infrared spectroscopy.

We find out that in this system the plasmon–phonon and plasmon–two different phonon coupling occur at the same

time. Also, we identify that the long wavelength optical phonon modes of these mixed crystals showed an intermediate

and two-mode behaviour. In the case when MnTe has orthorhombic (NiAs) local crystal structure we reveal that the

plasmon–LO phonon coupling occur; in that case long wavelength optical phonons exhibit intermedial type of

behaviour. When MnTe has local cubic type of structure we find out that plasmon–two different LO phonon coupling

taking place, as well as two-mode optical phonon behaviour.
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