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A series of anomalous features of the Shubnikov-de Haas effect in n-type Hgl-,Mn,Te mixed 
crystals is detected, e.g., strong temperature dependence of the ShdH peak positions, large values 
of electronic g-factors, non-monotonic behaviour of the amplitude of ShdH oscillations aa a func- 
tion of temperature. These features cannot be explained with the help of usual theoretical models. 
They are explained within the modified Pidgeon-Brown model including the exchange interaction 
between conduction electrons and electrons from 3d shell of Mn ions. The quantum oscillations of 
the thermoelectric power are also observed. The behaviour of amplitude and peak positions of 
thermoelectric power are compatible with those of magnetoresistance. 

Eine Reihe von imomalen Merkmalen des Shubnikov-de Raas-Effekts in n-leitenden 
Hgl -,MnzTe-Mischkristallen wird gefunden, z. B. eine starke Temperaturabbhiingigkeit der Lage 
des ShdH-Maximums, groDe Werte dee elektronischen g-Baktors, nichtmonotones Verhalten der 
Amplitude der ShdH-Oszillationen als Funktion der Temperatur. Diese Merkmale lassen sich 
nicht mit den iiblichen theoretischen Modellen erkliiren. Sie werden mit dem modifizierten Pidgeon- 
Brown-Mode11 erkliirt, wobei Austauschwechselwirkung zwischen Leitungselektronen und Elek- 
tronen aus der 3d-Schale der Mn-Ionen beriicksichtigt wird. Quantenoszillationen der Thermo- 
spannung werden ebenfalls beobachtet. Das Verhalten der Amplitude und der Lagen des Maxi- 
mums der Thermospannung sind mit denen der MagnetowiderstandeLnderungen vereinbar. 

1. Introduction 

. The mixed crystals of Hgl-,Mn,Te are solid solutions formed by a zero-gap semi- 
conductor HgTe and a magnetic semiconductor MnTe. Although MnTe and HgTe 
crystallize in different structures (MnTe - structure of NiAs, HgTe - zincblende 
structure) the solid solutions can be obtained and their crystal structure is that of 
zincblende up to z x 0.4 [l]. These mixed crystals exhibit paramagnetic properties 
[2, 31, at least in the composition range studied up to now. The band structure of 
Hgl-&In,Te was studied [4 to 61 in weak magnetic fields and/or at  high temperatures 
(= 300 K). These investigations revealed no anomalous features. I n  particular, no 
influence of magnetic ions on the band structure was observed. It turned out that the 
band structure may be described with the help of Kane's theory [7]. The energy 
distance between re- and I?,-levels varies with the composition, as it does in all semi- 
conducting mixed crystals. This variation is presented in Fig. 1. The band ordering is 

l )  Al. Lotnik6w 32/46, 02-668 Warsaw, Poland. 
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Fig. 1. The energy gap variation with composition of Hgl-,Mn,Te 
mixed crystals: our samples; o samples studied in magnetoabsorp- 
tion experiment [ll]; A data from absorption investigation [a], the 

point at E,  = -300 meV and x = 0 - data for pure HgTe [12] 
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semimetallic a t  low x-values ; a t  x = 0.07 a semimetal-semiconductor transition occurs 
a t  4.2 K and increasing the value of x still further we enter into the region of semi- 
conducting band ordering. 

On the other hand, the behaviour of Hgl-,Mn,Te mixed crystals in the presence 
of strong quantizing magnetic fields and a t  low temperatures cannot be understood 
in terms of the usual models. 

This paper presents the results of the quantum transport phenomena investigations. 
The aim of this work was to  obtain a more detailed information on the band structure 
in strong magnetic fields. For this purpose we measured the Shubnikov-de Haas 
(ShdH) effect and i t  turned out that neither the three-band model [8] nor the Pidgeon- 
Brown model [9] can explain the observed phenomena. Pr’aniely, for any set of par- 
ameters the positions of the ShdH maxima did not fit the energy band scheme as 
calculated according t o  these models. Moreover, the position of the maxima in mag- 
netic field turned out t o  be strongly temperature dependent, while in the above-men- 
tioned models they were relatively insensitive to  temperature. The spin splitting was 
found to  be very large, about three times larger than the values predicted by usual 
models. The amplitude of ShdH oscillations turned out to be a non-monotonic func- 
tion of the temperature, contradictory to  the existing theories of the ShdH effect. These 
facts made us think that the band structure of Hgl-,Mn,Te in a quantizing magnetic 
field differs considerably from the band structure of an ordinary narrow-gap semicon- 
ductor. This hypothesis is also supported by recent studies on the infrared interband 
magnetoabsorption in this material [lo, 111. The results of the latter experiments also 
could not be explained in terms of the usual theoretical approaches. 

I n  order to  explain the experimental data we included into the Pidgeon-Brown 
model the exchange interaction between conduction electrons and electrons from 
Mn 3d shells. This interaction modifies considerably the usual band structure and it 
accounts well for all observed phenomena. Essentially the sanic niodel made possible 
the interpretation of magnetoabsorption experiments [ 111. 

2. Experimental Details 

The mixed crystals of Hgl-,Mn,Te were grown by the modified Bridgman method 
and by traveling zone technique. The compositions of our samples as determined by 
the density measurements and microprobe analysis were equal to x = 0.02, 0.03, and 
0.04, and were higher than in the case of magnetooptical experiments [ll] where 
samples with x (= 0.015 were studied. The samples were n-type and the electron con- 
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t 
Fig. 2. Experimental traces of oscillatory 
magnetoresistance (upper curve) and thermo- 
electric power (lower curve) in Hgo.ssMno.ozTe 
sample with n = 7.6 x 10'' (dc technique) 3 
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centration ranged from 1015 (pure samples) t o  10'8 ~ m - ~  (gallium doped samples). 
We measured the Shubnikov-de Haas effect in the longitudinal as well as in the trans- 
verse configuration. Both standard dc technique and low-field modulation method 
were used. The experiments were performed in a superconducting magnet providing 
fields up to 70 kG. Preliminary measurements were also carried out in pulsed fields up 
to  300 kG. The temperature of the measurements ranged from 2 up to 25 K. The 
thermoelectric power in quantizing magnetic fields was also measured. In  the case of 
doped samples its behaviour was also of oscillatory nature. These oscillations were 
compatible with the ShdH oscillations, the extrema were positioned at  the same values 
of the magnetic field (see Fig. 2). 

3. Theoretical Model 

As it was mentioned above the usual theoretical descriptions [S, 91 of the band struc- 
ture of narrow-gap semiconductors in magnetic field are not sufficient to  explain our 
experimental data, neither qualitatively nor quantitatively. Although these models 
were constructed for a semiconductor with a periodic lattice, their validity can be 
extended also to  semiconducting mixed crystals by means of virtual crystal approx- 
imation. This extension proved to  be successful in the case of several mixed crystals, 
e.g., Hgl-,Cd,Te [13] or Hgl-,Cd,Se [14]. However, the method of virtual crystal 
approximation cannot be applied to  the highly localized 3d electrons of manganese 
ions in our case. Therefore, one may suspect that the presence of these electrons is the 
source of discrepancies between theoretical predictions and our results. A necessity 
then arises to include the interaction between conduction electrons and 3d electrons of 
magnanese ions into the theoretical model. It is an exchange interaction commonly 
called s-d interaction [15]. The electrons from the half-filled 3d shellof manganese form 
the total spin of an ion and produce magnetic moments localized on Mn. Therefore, 
they are responsible for the magnetic properties of Hgl-,MnzTe crystals, for instance, 
for the magnetization of the samples. We shall describe the system of 3d electrons in 
terms of the total spin of manganese ion S,. It was proved in EPR experiments [16] 
that in the case of Mn ions in HgTe the total spin is S = %. 

The s-d exchange interaction was frequently considered when describing the scat- 
tering by spin fluctuations in magnetic semiconductors or the shift of the band edges 
in these materials [17]. 
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As it was shown in [18] in the case of Hgl-,Mn,Te the s-d exchange interaction 
has the usual form 

H ,  = J(r - R,) u * s, , (1) 
Rn 

where a is the spin operator of an electron, S, is the total spin operator of the man- 
ganese ion at R,, J(r )  is the corresponding exchange integral. This Hamiltonian gives 
rise to several additional matrix elements in the usual basis, convenient to describe 
the situation of a narrow-gap semiconductor of zincblende structure. We choose this 
basis as in [ S ] :  

where S, X, Y ,  2 are lattice-period.ic functions which transform as s, p,, pv, ps func- 
tions under transformations of the T, point group. In this basis the matrix elements 
of (1) from an 8 x 8 matrix D’ where a and B are new material constants describing 
the exchange interaction defined as 

and S* = S, f is,, Sz are the components of manganese total spin. Ns denotes the 
number of manganese ions in the crystal lattice. 
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I n  order to  find the energies of conduction and valence electrons we have to solve the 
following determinantal equation : 

det ID + D' - IAl = 0 ,  (5) 
where D is an 8 x 8 matrix which is given in three-band approximation in [8 ] ,  or 
including the interaction with higher bands in [9]. For the case of kz $; 0 the matrix 
D is given, e.g., in [19]. Such general form of eigenvalue problem is very difficult to 
solve. The usual form of electron wave functions involving only few harmonic oscilla- 
tor functions is not adequate in this case. Even in the kz = 0 case equation (5) does 
not separate into two 4 x 4 matrices corresponding to  a- and b-sets of energy levels. 
Moreover, the off-diagonal terms couple the electron states with the states of man- 
ganese spins, thus increasing the complexity of the problem. To make the problem 
solvable we performed a thermal average of D' with respect to the Mn spins. This 
simplified considerably the matrix D' since (St) = (S-) = 0 (for low values of z 
which is the case in this study, Hgl-,Mn,Te does not exhibit a magnetic ordered 
phase [2, 31). This approximation is in close analogy to  the effective field approx- 
imation commonly used in the theory of magnetism [20]. It is even more justified in 
our case because the conduction electron being a mobile carrier interacts with a great 
number of manganese spins. I n  such an approximation D' decouples into 4 x 4 ma- 
trices which correspond to  a-set and b-set of the Yidgeon and Brown model (D also 
decouples into D, and D, 4 x 4 matrices in this case): 

D;= 

0 

(basis functions ul0, u,, urn, u ~ ~ ) ,  

Di= 

0 

- 0 

0 

0 

(basis functions uzo, uw, u,,, urn). 

In  further calculations we neglected also the off-diagonal terms in Di, Di. These 
terms are coupling the spin-orbit split-off band of I', symmetry. Since the value of 
spin-orbit splitting is relatively large, this approximation does not cause great errors 
when the energy of conduction electrons is concerned. 
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In  principle we can now solve our eigenvalue problem treating a and /? as adjustable 
parameters. The thermal average of the z-component of manganese spin (8,) which 
also appears in 0; and 06 is proportional to the magnetization of the sample and, 
therefore, could be deduced from the experimental data concerning this quantity. 
For this purpose the knowledge of temperature and magnetic field dependence of 
magnetization is necessary. Unfortunately the data available are not sufficient. There 
are two possible ways to overcome this problem. One can either treat (8,) as a fitting 
parameter or calculate the values of this quantity within some theoretical model. 
The first possiblity was chosen by Bastard et al. [ll], while we followed the second 
alternative. In the approximation of non-interacting magnetic moments we have 

where Bs(2)  is the Brillouin function 

2s -k coth (T 25 + 1 2) - 25 1 coth (-&) . B,(Z) = ~ 

2s (9) 

The Land6 factor g of the manganese ion can be taken as equal to 2.0 with a very 
good accuracy [ 161. 

However, a considerable deviation from the Brillouin law is observed [2, 31. There- 
fore, we included also the contribution of manganese pairs, which can be found due to 
a random distribution of Mn ions in the crystal lattice. The exchange interaction of 
magnetic moments within such a pair cannot be neglected. We assumed that this 
interaction is of Heisenberg type H ,  = I S, S,, where I is the appropriate exchange 
constant. In this model the following formula is obtained: 

‘5 
2 

(S,) = - -BBj,z(Z) (1 - x)12 - 62(1 - x)18 x 

The factors (1 - z)12 and 6 4  1 - ,)la are the probabilities of finding an isolated man- 
ganese ion (with no Mn as nearest neighbours) and a pair of manganese ions, in the f.c.c. 
lattice, respectively. The value of exchange constant I was found by fitting the above 
model to the experimental magnetization of Hgo.99Mno.olTe sample. The fit is shown 
in Fig. 3. We found that I = 0.7 meV and we used this value to calculate (S,) for 
x = 0.02,0.03, and 0.04. This model is, of course, rather crude and may be a source of 
discrepancies between our ShdH data and theoretical calculations. 

Fig. 3. The magnetization of Hgo.ggMno.olTe sample at 4.2K (0). 
The upper curve was calculated assuming that Mn moments do 
not interact with each other. The lower curve was obtained by 

fitting to equation (10) 10 30 50 iU 90 110 130 
HfkGJ - 
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The wave functions of conduction and valence electrons can be chosen in such 
a way as to be proportional to harmonic oscillator functions, similarly as in the case 
of the usual Pidgeon-Brown model. Therefore, for instance, the selection rules of 
magnetooptical transitions remain unchanged. One can also use the notation of the 
Pidgeon-Brown model to label the electronic states. 
In principle one can add D;, 0 6  to the simpler three-band model matrix and find 

the eigenvalues. However, in this case even the three-band model has to be solved 
numerically. Moreover, the Luttinger quantum effects are not included in this model 
and, therefore, our ShdH and magnetoabsorption [ll] data are better described if 
D;, DZ are added to  the Pidgeon-Brown matrices. 

energy gap 
4, = Er. - Er, (eV) 
8% 4.2 K 

4. Comparison with Experiment 

Using the theoretical model outlined in the previous section we calculated the elec- 
tron energy levels in Hgl-zMnzTe and treating a and p as adjustable parameters 
fitted this calculation to the experimental ShdH data. The values of other parameters 
describing tho conduction band were obtained from the temperature behaviour of 
oscillation i ditudes. Since the amplitude proved to  be a non-monotonic function 
of temperature one may doubt whether this is possible at all. Nevertheless, in the tem- 
perature region 20 to  25 K the amplitude behaves in an ordinary way and this enabled 
us to estimate the values of energy gap E,, and momentum matrix element P. The 
details of these calculations will be dealt with in a paper to follow [21]. The remaining 
parameters were taken as for pure HgTe crystals. The values of all parameters used 
by us are listed in Table 1. The values of a and p obtained by the fitting procedure are 
a = -0.7 eV andj3 = 1.4 eV. The fit was only weakly sensitive to the actual choice of a. 
This is, of course, due to the fact that in the ShdH experiment we studied only the 
conduction electron levels. The wave functions of these electrons are in our case mainly 
of p-type, i.e. sensitive to the parameter j3. Therefore, we took in further calculations 

-0.187 

Table 1 
The parameters used in our calculations 

-0.147 

8.1 

-0.108 c211 

8.0 1211 momentum matrix I 8.2 
element P 110-8 eV cml 

0 
3.0 

-0.5 
0.67 

- 1.3 

1.08 

-0.7 
1.4 

higher band parameters 
F 
Y l  
K 
K 
x 

1251 
c251 
c251 
c251 
1251 

1251 

CW 
this work 

I 

0.03 I 0.04 I ref. 
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H(hGJ- 

Fig. 4 Fig. 5 

Fig. 4. The calculsted energy levels of conduction electrons in Hgo.@@no.o2Te at  4.2 K. The 
dashed line represents the Fermi level of the sample with n = 7.5 x 1017 cm-8. Points represent 

the positions of ShdH peaks (pulsed-field experiment) 

Fig. 5. Comparison between theoretical and experimental positions of ShdH peaks for three 
Hgo.gsMno.02Te samples at  4.2 K with electron concentration n = 8.5 x 1017, 7.8 x 1017, and 

6.5 x 1017 

the value of the ratio a/,!? = -0.5 as obtained in [ll]. The value of obtained by us 
is in good agreement with ,!? = 1.5 eV found in [ll]. The fit was more sensitive to  the 
choice of ,!? in the case of samples with electron concentration of the order of 1016 cm+. 
In doped samples the Fermi level was lying considerably higher and the exchange 
corrections are of less importance (though appreciable) in this case. Fig. 4 to 7 present 
the comparison of our model with experiments for some of x = 0.02 and 0.4 doped 
samples at various temperatures. The agreement seems to be quite satisfactory. As 
it can be observed in Fig. 4 the sequence of the levels belonging to a- and b-sets is 
reversed in magnetic fields up to  75 kG. For stronger magnetic fields the ordering of 
the levels is usual as in ordinary narrow-gap semiconductors. A very interesting fact 
can also be observed in Fig. 4, namely the valence band level b,( - 1) is lying higher 
in energy than the lowest conduction band level a(0) below 100 kG. This suggests that 
at  lower fields we are dealing with an overlap of the bands and above this value of 

3 t I 
9 p 12 
u 

10 
70 15 20 25 10 20 30 40 50 60 

H(hG1- NkG)  - 
Fig. 6 Fig. 7 

Fig. 6. Comparison between theoretical and experimental ShdH peak positions for Hgo.gsMno.02Te 
with n = 8.5 x 1017 end 7.8 x 1017 cm-. a t  8.9 K (low-field modulation technique). The levels 

denoted have closely lying b(n) and a(n - 1) levels 

Fig. 7. SdH peak positions for Hgo.@&no.o4Te sample with n = 6.1 x 10'' cm-8 at  4.2 K com- 
psred with theoretical calculations 

6 physica (b) 88/1 
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Pig. 8. ShdH peak positions for Hgo.~7Mno.o3Te samples with n = 4.7 x 10l6, 4.6 x 10l6, 3.5 x 
x IOU cm-8 at 4.2 K. The points in the vicinity of the av( - 1) level represent ShdH peaks observed 
in longitudinal magnetoresistance. The splitting of these peaks in transverse configuration is 

marked with vertical bars 

Fig. 9. Electronic g-factor calculation for the N = 15 Landau level at 10 kG for Hgo.osMno.~Te 
according to our model (full line) and the usual Pidgeon-Brown theory (dashed line) 

magnetic field the real energy gap opens. The transitions into bv(-1) level were in 
fact seen i n  magnetooptical experiment [ 111. The value of magnetic field a t  which 
the crossing of the bv(-1) and a(0) levels occurs depends both on the temperature and 
composition of the crystals. At higher temperatures the crossing takes place in 
a smaller magnetic field, since (S,) is a decreasing function of temperature; while 
comparing the results at  various temperatures one can observe that the position of 
ShdH maxima is strongly temperature dependent. This is also due to the dependence 
of <S,> on temperature. Let us also point out that the value of the spin splitting, i.e. 
the distance between a(n) andb(n) levels, is very large due to the exchange interaction 
leading to very large values of the g-factor at low temperatures (see Fig. 9). The com- 
parison of theory and experiments performed on pure samples with electron concen- 
tration of the order of 10l6 cm-3 is shown in Fig. 8. 

We observe an additional ShdH peak due to bv(-1) level. In the neighbourhood 
of the av(-1) level we observed a strange additional peak, which in the transverse 
configuration splits into two components. The value of this splitting is not compatible 
with the spin splitting of higher-lying levels. Of course, the assumption which we 
make throughout that the Fermi level is constant cannot be justified in this region of 
magnetic fields. The origin of this strange peak is perhaps connected with acceptor 
levels detected in magnetooptical experiments [ 111 and which are supposed to split 
in the magnet,ic field [22]. The detail discussion of the Fermi level behaviour with 
magnetic fields for H > 10 kG in Fig. 8 needs to extend the theory. The shapes of 
the magnetic levels E(k,) have to be calculated, then the density of states on each 
level, and finally the Fermi level versus magnetic field. 

In  the present moment we are not in position to give univocal explanations of the 
observed peaks a t  18 kG in Fig. 8. A further study of this phenomenon is necessary. 

Although the oscillations are no longer periodic in 1/H, since the period in our case 
depends on H through the magnetic field dependence of <S,>, we were able to esti- 
mate the value of the Fermi level in our samples. In  the region of magnetic fields, 
where the Fermi level is magnetic field independent, the peak positions univocally 
determine the value of the Fermi energy. This value agreed within 20% limits with the 
Fermi level obtained by Hall coefficient experiments at low magnetic fields. AS it 
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was mentioned the energy levels are strongly temperature dependent through (53. 
This leads to the variation of electron g-factors with the temperature, Fig. 9. At 
higher temperatures g-factors return to the value obtained on the basis of usual 
theories. This g-factor temperature dependence helps to understand the most striking 
effect detected in our experiments, namely the non-monotonic variation of the oscilla- 
tion amplitude with temperature. The existing theories of the ShdH effect [25] predict 
that the amplitude should be a monotonically decreasing function of temperature. 
For example, for the transverse configuration we have the following expression : 

( 11) 
00 5 Re l I2  BTm’ cos (nRm’gl2) cos 2n(Rhck%/2eH - 118) A =  2 ( - 1 ) R -  - - 

R - 1  2 (hcH) k ,  sinh (RBTm’IH) exp (RBTDm‘/EI) ’ 

2n%ocmo B =  
he ’ 

TD being Dingle temperature. Usually the first term, R = 1, suffices to describe the 
temperature dependence of the amplitude. 

However, it turned out in our experiments that the amplitude drops to a very small 
value at a certain temperature Tmin (see, e.g., Fig. 10a, b) while it is significant in 
the vicinity of Tmin. The value of Tmin depends both on composition and electron 
concentration of the sample. 

Expression (11) for the amplitude contains a cosine term. It may drop to zero if 
its argument is equal to an odd integer times 4 2  thus suppressing the amplitude. 
If we insert in (11) the values of g-factors calculat,ed according to  our model, which 
are now temperature dependent, we can achieve a good agreement with the observa- 
tions (see Fig. 10). These calculations took into account the first three terms in ( 1 1 ) .  
However, the situation looks more complicated in the case of doped samples, which 
is shown in Fig. 11 and 12. The cosine term oscillates more rapidly in this case giving 
rise to a series of zeros of the amplitude. The uncertainties of the temperature measure- 
ment make it impossible to  state whether the theory agrees with experiment or not. 
It must be said that these calculations are extremely sensitive to the values of the par- 
ameters a and /I and also to the composition of the crystal. The values of these par- 
ameters are not known accurately enough to check the validity of the theory. A non- 
monotonic behaviour of the ShdH effect amplitude was also observed by Morrissy [24] 

b 

TfKI- U K )  - 
Fig. 10. The normalized amplitude of ShdH oscillations for a) Hgo.e8Mno.ozTe, n = 4.0 x 1Ol6 cm-’ 

and b) Hg0.~7Mno.o~Te, n = 4.0 x 1016 cm-*. The line was calculated (see text) 
6. 
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T M I  - 
Fig. 12 

Fig. 11. Normalized ShdR oscillation amplitude for Hgo.9sMno.ozTe with n = 8.5 x 10'' cm-a 
(points). The lines were calculated with the parameters corresponding to x = 0.02 (full line) and 

x = 0.025 (dashed line) 

Fig. 12. Normalized ShdH oscillation amplitude for Hgo.gsMno.02Te with n = 8.5 x 10" cmmS 
for various a. (1) a = -0.7; (2) -1.0; (3) -0.5 eV; = 1.4 eV 

in Hgo.gMno.lTe. The phases of the oscillations at both sides of Tmin should, of course, 
differ by a. This was in fact observed unambiguously in the case of pure samples, the 
only exception being again the strange peak lying near av( - 1) level. 

6 .  Concluding Remarks 
Hgl-,Mn,Te mixed crystals seem to  belong to a new well distinguished group of 

materials, which could be called "semimagnetic semiconductors". The anomalous 
behaviour of these mixed crystals in quantizing magnetic fields and a t  low tempera- 
tures distinguishes these materials from usual narrow-gap semiconductors. These ano- 
malies are due to the exchange interaction between conduction and valence electrons 
and highly localized 3d electrons of magnetic manganese ions. The absence of a magnet- 
ic ordered phase and the random distribution of Mn ions in the lattice make the prop- 
erties of these crystals different also from typical magnetic semiconductors. Neverthe- 
less the exchange effects can be observed even at  very low content of Mn ions in the 
crystal lattice. There are some properties of these crystals (such as the very high mobil- 
ity p > lo6 cm2/V s of electrons a t  low temperatures) which are still waiting to be 
explained. We should like also to point out that in the case of usual magnetic semi- 
conductors a very complicated band structure, if known at  all, made the study of 
exchange interactions between mobile carriers and localized magnetic moments a par- 
ticularly difficult task. On the other hand, the band structure of Hgl-,Mn,Te in the 
absence of a magnetic field seems to be well described in Kane's theory. Therefore, 
semimagnetic semiconductors offer a unique possibility of detailed investigation con- 
cerning exchange s-d interaction. On the other hand, the semiconducting properties 
can be strongly influenced by controlling the magnetic properties of the crystals. We 
expect that Hgl-,Mn,Se, Cdl-,Mn,Te, etc. will belong to the same group of materials. 
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