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The method of tunnel spectroscopy in a magnetic field was used to investigate the energy spec- 
trum of the conduction band of the zero-gap semiconductor Hg, -, Mn, Te (0.005 ( ~ ( 0 . 0 4 )  in 
the temperature range 1.8-40 K. It is shown that at low temperatures the exchange interaction of 
the free electrons with the magnetic moments ofthe matrix ions alters substantially the position of 
the a- and b-series of the Landau levels. A comparison is made with the theoretical calculation in 
the modified Pidgeon-Brown model. The field and temperature dependences of the parameter A,  
which describes the contribution of the exchange interaction, are determined, as is also the quan- 
tity NOD = 1.6-1.8 eV. 

INTRODUCTION 

In semimagnetic semiconductors such as 
Hg, _,Mn, Te, in contrast to the solid solution 
Hg, - , Cd, Te, and increase of x not only changes the band 
gap and the effective mass, but also restructures substantial- 
ly the energy spectrum in a magnetic field. This restructur- 
ing is due to exchange interaction between the band carriers 
and the localized magnetic moments of the Mn++ ions.' 
Allowance for this interaction shifts the energy positions of 
the Landau levels by an amount proportional to the magneti- 
zation, i.e., (S, ).2.3 The energy increment has a different 
sign for different spin states, so that the spin splitting gp, H 
changes substantially (by several times), whereas the cyclo- 
tron energy h is determined mainly by the usual band pa- 
rameters. Since the magnetization depends on the tempera- 
ture (T)  the positions of the Landau levels and the value of 
the effective g-factor turn out to depend on T, so that with 
rising temperature, as (S, )+0, the spectrum of a semimag- 
netic semiconductor comes close to the spectrum of an ordi- 
nary semiconductor having the same band parameters. 
Thus, to study the contribution of the exchange interaction 
to the spectrum of a semimagnetic semiconductor in a mag- 
netic field it is expedient to investigate not only samples with 
smoothly varying x, but also materials of fixed composition 
in a wide range of temperatures. This permits in fact the 
transition of the spectrum in a magnetic field to the normal 
state to be tracked and the singularities connected with the 
presence of localized magnetic moments to be unambiguous- 
ly separated. 

The oscillations of the interband (r6-+rU) magnetoab- 
sorption in Hg, - , Mn, Te samples with smooth variation of 
the composition (0.001 (~(0.015) were investigated in Refs. 
2 and 4. It was shown that the exchange interaction alters 
substantially the spin splitting of the Landau levels of the 
conduction band T, and of the valence band T,. Unfortu- 
nately, the measurements were made at only two tempera- 
tures, 4.2 and 2 K, and the temperature dependences of the 
observed effects in a wide range of temperatures were not 
investigated. 

In Refs. 5-7 are reported results of measurements of 
Shubnikov-de Haas oscillations for certain compositions of 
zero-gap Hg, -, Mn, Te. It is known that to investigate the 
energy spectrum by this method in an appreciable energy 
band the measurements must be made on an assembly of 
samples of like composition but with different free-carrier 
densities, a task of some practical difficulty. This circum- 
stance and the lack of detailed temperature measurements 
prevented the authors of Refs. 5-7 from obtaining convinc- 
ing results. 

The parameter No P that describes the exchange inter- 
action of the carriers of band r, with localized was 
found in these studies to equal 0.65 eV,' 0.9 eV,' 1.2-1.4 eV,5 
1.4 eV,3 and 1.5 e ~ . ~  So large a spread in the values of this 
basic parameter points to a need for further investigations of 
the energy spectrum of the semimagnetic semiconductor 
Hg, - , Mn, Te. 

Of great potential for the investigation of the electron 
spectra of semiconductors, including zero-gap ones, is tun- 
nel spectroscopy in a magnetic This method en- 
sures high accuracy12 and gets around many difficulties en- 
countered in the traditional procedures; it is therefore 
natural to use it also for the investigation of semimagnetic 
semiconductors. We report here the results of an investiga- 
tion, by this method, of the influence of exchange interaction 
on the spectrum of the conduction band r, of the zero-gap 
Hg, -, Mn, Te in the temperature interval 1.8-40 K. 

SAMPLES AND EXPERIMENTAL PROCEDURE 

The investigations were performed on samples of the 
zero-gap semiconductor p - Hg, - , Mn, Te with 
0.005<x<0.04 in magnetic fields up to 55 kOe. The compo- 
sition was determined from the value of the energy gap 
eg = &(r6) - ~(r,) obtained by the tunnel spectroscopy 
method, in analogy with the procedure used in Ref. 1 1. The 
dependence on the composition was the same as in Ref. 
1. 

The sample specifications were verified by measuring 
the dependences of the Hall effect and of the transverse mag- 
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FIG. 1. Dependences of the Hall constant (1,3) and of the tranverse mag- 
netoresistance (2,4) on the magnetic field at T = 4.2 K for samples No. 1 
(1, 2) and No. 2 (3, 4). 

netoresistance (p , )  on the magnetic field at 4.2 K. The hall 
constant (R ) of all the investigated samples is positive, start- 
ing with the very lowest magnetic field. The absence of an 
electron contribution to the Hall constant and the large val- 
ue of pH = R u  (600-2500 cm2/V.sec) are evidence that the 
acceptor band in our samples merged with the valence band, 
the Fermi level lies in the valence band (below the bottom of 
the conduction band), and the conduction is by the holes of 
the valence band. This conclusion concerning the location of 
the Fermi level is confirmed also by the tunnel-spectroscopy 
results which will be given below. Figure 1 shows typical 
plots of the Hall constant and of the transverse magnetore- 
sistance vs the magnetic field. It can be seen that the Hall 
constant decreases with increasing field, while the conduc- 
tivity increases. This behavior, in our opinion, is due to sin- 
gularities of the spectrum of the heavy-hole band of a semi- 
magnetic semiconductor in a magnetic field.14 In this case 
the hole densityp = NA - ND must be determined from the 
Hall constant as H-+O: p = l/eR,, . The hole density de- 
termined in this manner varied in the investigated samples in 
the range 2.10'' - 2-10'' ~ m - ~ .  

The tunnel junctions were prepared by the procedure 
described in Ref. 1 1. A typical resistance of a tunnel junction 

FIG. 2. Energy diagram of tunnel junction p - Hg, -, Mn, Te 
- A120, - Pb at a voltage V >  0 (the sign of the applied voltage corre- 

sponds to the sign of the potential on the semiconductor electrode). On the 
right is shown schematically the density of state in the semiconductor 
without a magnetic field (1)  and in a magnetic field that is quantizing for 
the electrons (2). 

FIG. 3. Dependences ofd V / J I  on H for sample No. 1 in the orientation 
HI11 at a bias voltage V = 50 mV and at different temperatures: 1-4 .2  K; 
2-1.8 K. 

in a 1.5 kOe field (after destruction of the superconductivity 
of the lead) is, at zero bias, 5-100 0. Measurements ofdV/dI 
as well as of the bias voltage ( V) applied to the tunnel junction 
were made by a four-probe method. 

TUNNEL-CONDUCTIVITY OSCILLATIONS IN A MAGNETIC 
FIELD 

Figure 2 shows the energy diagram of a 
p - Hg, - , Mn, Te - A1203 - Pb tunnel junction. A quan- 
tizing magnetic field H produces state-density maxima due 
to the quantization of the semiconductor spectrum. This 
leads to the appearance of oscillations in the dependences of 
aV/dI  and a V/dI on the applied bias at fixed H, as well as 
on H a t  fixed V (Fig. 3). Such oscillations, due to quantiza- 
tion of the conduction-band spectrum, were observed for all 
the investigated samples, but in the investigated range of 
magnetic fields we did not succeed in observing oscillations 
connected with the heavy-hole band. The measurements 
were performed both at a magnetic-field orientation HI11 
(the magnetic field is perpendicualr to the plane of the tunnel 
junction) and at HI1  (the magnetic field lies in the plane of 
the tunnel junction). 

In sample No. 1 (x = 0.025; N, - N, --3-10'' ~ m - ~ ) ,  
at low temperatures, in fields stronger than 35 kOe, and at 
orientation H 111, we observed spin splitting of the oscillation 
maxima (Fig. 3). This sample was therefore used for the most 
detailed measurements of the temperature dependences of 
the tunnel-conductivity oscillations. We investigated in 
equal detail one of the samples in which no spin splitting was 
observed in the entire range of temperature and magnetic 
fields (sample No. 2, x = 0.005; NA - ND ~ 2 . 1 0 ' ~  cmP3). 

By measuring the dependences of the positions of the 
oscillation maxima on the magnetic field and on the voltage 
applied to the tunnel junction it is possible, in analogy with 
Refs. 9 and 11, to construct a level network that describes 
accurately, apart from the phase of the ~scillations,~' the 
energy shift of the Landau levels with increasing magnetic 
field. The results of such measurements for two magnetic- 
field orientations (HI11 and H l I )  are shown in Fig. 4 for sam- 
ple No. 1 at T = 1.8 K. It can be seen that at HI11 in strong 
magnetic fields a spin splitting of the Landau levels is ob- 
served in the entire investigated energy range, whereas at the 
other magnetic-field orientation (HlI) ,  just as in the zero- 
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FIG. 4. Location of the oscillation maxima for sample No. 1 at T = 1.8 K: 
0-H11I; 0-HlI. Solid curves--calculation, in accord with REf. 2, us- 
ing the parameters indicated in the text. 

gap Hgl -, Cd, Te (Refs. 1 1 and 13), no spin splitting is ob- 
served, and the oscillation maxima are connected with tun- 
neling only in one set of spin sublevels. It is clear from Fig. 2 
that by extrapolating the dependence of the Landau-level 
positions on the magnetic field to H = 0 we can determine 
the bias V, at which the electrons begin to tunnel from the 
Fermi level to the bottom of the conduction band of the semi- 
conductor. Inasmuch as at V = 0 the Fermi levels of the 
metal and semiconductor coincide, the bias V, determines 
the semiconductor Fermi energy E, = - eV, reckoned 
from the bottom of the conduction band. In the extrapola- 
tion, the experimental relations were described by smooth 
curves of the form 

H,=A, (V-V,) +B, (V-V,) ', 

and V, was determined from the minimum of the mean 
square deflection of the experimental points from the calcu- 
lated curves. This analytic expression describes well not only 
the Landau levels of a "Kane" semicond~ctor,'~ but, as 
shown by a special check, also the theoretical levels calculat- 
ed with allowance for the exchange interaction2; the error of 
the extrapolation point was less than 0.5 meV. The experi- 
mental values of eF obtained in this manner have a some- 
what larger error, f (2-3) meV, and are negative for all sam- 
ples, i.e., the Fermi level lies in the valence band, thus 
confirming the interpretation of the results of the measure- 
ments of the Hall effect. The values of the Fermi energy 
range from - 3 meV (for sample No. 1) to - 10 meV (for 
sample No. 2) and agree within the limits of errors with the 
values calculated from the hole density for a parabolic band 
with effective mass m, = 0.5 m,. 

From the set of levels shown in Fig. 4 we can determine 
not only the Fermi energy but, just as in Hgl -, Cd, Te (Ref. 
1 I),  also the dependencies of the energy and of the effective 
mass on the quasimomentum, notwithstanding the contribu- 
tion of the exchange interaction to the positions of the Fermi 
levels of the semimagnetic semiconductor. The reason is that 

the difference of the exchange-energy correction to the loca- 
tion of neighboring levels with the same spin direction is 
small compared with the cyclotron energy. The Landau lev- 
els for each spin series at a fixed energy level remain practi- 
cally periodic in the recirpocal magnetic field, the value of 
the quasimomentum at the energy E = eF + eV is deter- 
mined, with error not greater than 3%, from the formula" 

while the effective mass at energy 5 = E, + i(eV, + eV, + , j 
is determined with error not greater than 5 % from the for- 
mula 11 

where A (1/H j, is the period of the oscillations in the reci- 
procal magnetic field at a bias V; V, and V, + , are the biases 
at which oscillation maxima corresponding to neighboring 
Landau levels of one spin series are observed in a field H. 

Figure 5 shows the experimental energy dependences of 
the electron effective mass, obtained from measurements at 
different orientations of the magnetic field and tempera- 
tures. As expected, the cyclotron effective mass does not de- 
pend on the field orientation or temperature (i.e., on the ex- 
change interaction). To describe these dependencies we used 
the Kane three-band model with a spin-orbit splitting 
A = e(Tg) - E(T,) = 1 eV.15 The best agreement between 
theory and experiment is reached for a momentum operator 
matrix elementp = 7.8 x lo-' eV.cm and E, = - 170 meV 
for sample No. 1 and - 270 meV for sample No. 2. The 
theoretical curves with these parameters are also shown in 
Fig. 5. In the reduction we disregarded the contribution of 
the remote bands, since its effect on the dispersion law of the 
conduction band T, is small and, in addition, the y param- 
eters that describe the magnitude of this distribution are not 
known well enough even for HgTe (see, e.g., Refs. 16 and 17), 
in which, owing to the large E,,  it should be the most sub- 

FIG. 5. Energy dependence of the electron effective mass for samples No. 
1 (1) and No. 2 (2). Points-experimental data obtained from measure- 
ments at orientations HI11 (.) and HI1 (0, A) and temperatures 4.2 K (0, 
0) and 23 K (A). Solid curves--calculation in three-band Kane model 
with P = 7.8 eV.cm and E, = - 170 meV (for sample No. 1) and E, = 270 
meV (for sample No. 2). 
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FIG. 6 .  Experimental dependence of the location of the oscillation maxi- 
ma on the temperature for samples Hgo,,,,Mno,,,,Te (a) and 
Hg,,, Cdo,o,Te (b) at energy E = 50 meV: C H I I I ;  0-HII. 

stantial. 
Using the dependence, taken from Ref. 1 ,  of the energy 

gap E, on the composition, we determined the values of x 
given above for the samples investigated by us. The error in 
the determination ofx is Ax ~0.002-0.003 and is due both to 
the inaccuracy of E, and to the scatter of the experimental 
points in the dependence of E, on x ,  given in Ref. 1. 

It must be noted that the results described above, ob- 
tained at a single temperature, are qualitatively practically 
the same as for the nonmagnetic zero-gap semiconduc- 
torl'Hg, -, Cd, Te. Only the energy dependence of the g 
factor, if the latter is determined from the distance between 
the nearest levels (see Fig. 4), will differ substantially from 
the Kane dependence. This is not surprising. Indeed, as al- 
ready noted below, the peculiarities of a semimagnetic semi- 
conductor should manifest themselves most strongly in the 
temperature dependences of the Landau-level positions. It is 
seen even from Fig. 3 that when the temperature changes 
from 1.8 to 4.2 K the splitting of the oscillation maxima 
changes. Figure 6a shows the temperature dependence of the 
positions of the oscillations in the entire investigated tem- 
perature range at an energy 50 meV reckoned from the bot- 
tom of the conduction band, for sample No. 1, both for HI11 
and HlI .  

To facilitate the interpretation of the observed depen- 
dences and to make it more reliable, we carried out a com- 
parison with the analogous results obtained for 
Hg, - , Cd, Te, which has close band parameters in the same 
temperature interval (Fig. 6b). It can be seen from these fig- 
ures that spin splitting of the oscillations is observed both in 
Hg, - , Mn, Te and in Hg, - , Cd, Te at low temperature and 
at the orientation H ( ( 1  in strong fields, and that the maxima 
at HI1  coincide in location with one of the components at 
H\\I. With increasing temperature, this component, which is 
of lower amplitude, can no longer be resolved in both materi- 
als, and at H J J I  only one maximum is left and its location is 
determined by another spin sublevel. The fundamental dif- 
ference between the cited temperature dependences in 
Hg, -, Mn, Te and Hg, - , Cd, Te is that for Hg, -, Cd, Te 

the positions of the maxima are practically independent of 
temperature (the small shift towards weaker fields with in- 
creasing T is due to the temperature dependence of E,), 
whereas for Hg, - , Mn, Te the maxima at H 1 1  I and HI1  shift 
in opposite directions, and their location coincides at T z  10 
K. 

The interpretation of levels in Hg, -, Cd, Te can be 
easily carried out by compariosn with the calculation in the 
three-band Kane model" (or, equivalently, in the Pidgeon- 
Brown model" with zero y parameters). The levels on Fig. 
6b are in fact designated in accordance with such an inter- 
pretation. It can be seen that the tunneling is into the states 
of the series b for the orientation HI1  at all temperatures, 
and into the states of the series a for the orientation HI11 at 
high temperatures. Obviously, at high temperatures, when 
the contribution of the exchange interaction is small, the 
oscillation maxima in Hg, - , Mn, Te can be interpreted by 
analogy with Hg, - , Cd, Te. It is seen from Fig. 6a that with 
decreasing temperature, i.e., with increasing contribution of 
the exchange interaction, the levels b, and a, + , move 
counter to one another, at T z  10 K their positions coincide, 
and with further lowering of the temperature they change 
places in such a way that the level b, is higher in energy than 
level a, + , . 

This behavior of the Landau levels should lead to an 
anomalous temperature dependence of the oscillation ampli- 
tude, no longer described by the standard monotonic depen- 
dence determined only by the effective mass. Indeed, from 
Fig. 7, which shows the experimental temperature depen- 
dences of the oscillation amplitude for sample No. 1 at two 
orientations of the magnetic field, it can be seen that for HI1  
at T Z  10 K, when the levels b, and a, + , coincide (Fig. 6), a 
maximum is observed, even for those energies and magnetic 
fields (E = 100 keV, H = 3 1 kOe in Fig. 7b) at which no split- 

C, rel. un. 

FIG. 7.  Temperature dependence of the oscillation amplitude for sample 
No. 1 at energy 50 (a) and 100 meV (b): 0-HlI; the remaining points- 
HIII: H in kOe: 0, ., n - 4 0 ;  A-45 ;  E 3 1 .  Solid curve-theoretical 
dependence calculated in accord with Eq. (3) with m,/m, = 0.023 (see 
Fig. 5). 
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ting could be discerened on the (a 2V/dI 2)(H) oscillation 
curve. In the orientation HlI, when the tunneling at all tem- 
peratures is only to states of the b series, the temperature 
dependence of the amplitude C is monotonic (Fig. 7a) and is 
described by the usual expression: 

with the experimentally determined effective mass (Fig. 5). It 
must be noted that similar relations, obtained for 
Hg, - , Cd, Te with nearly the same band parametes, are 
monotonic both for HI1 and HIJI, notwithstanding the spin 
splitting observed at HI11 for the oscillation maxima. 

Figure 8 shows the temperature dependence of the os- 
cillation location for sample No. 2. For this composition 
(x = 0.005) the correction due to the exchange interaction is 
such that at low temperature the distance between levels b, 
and a, + , is small, and no splitting can be observed on the 
oscillation maxima. The behavior of the levels as the tem- 
perature is raised is qualitatively the same as in sample No. 1, 
but the temperature at which the positions of the levels b, 
and a, + , coincide is lower for sample No. 2, namely T = 4- 
6 K. 

DETERMINATION OF THE EXCHANGE-INTERACTION 
PARAMETERS 

It is known that the energy spectrum in the magnetic 
field of 11-VI semiconductors and their solid solutions is 
well described at the point r in the Pidgeon-Brown model, l8 

and the location of the Landau levels is determined by eigen- 
values of an 8 x 8 matrix that breaks up, when the inversion 
asymmetry is neglected, into two 4 x 4 matrices, D, and D, , 
for the a- and b-series respectively. As shown in Refs. 2 and 
3, to take into account the exchange interaction of the band 
electrons with the localized magnetic moments, it is neces- 
sary - to add to the matrices D, and D, the matrices z, and 
D, : 

FIG. 8. Experimental temperature dependence of location of the oscilla- 
tion maxima for sample No. 2 at energy E = 50 meV: C H I ( 1 ;  0-HlI. 

where r = a/p is the ratio of the exchange integrals on the 
wave functions of the bands r,(a) and ): 

No is the number of unit cells per unit volume, and (S, ) is the 
mean value of the z-component of the Mn++ spin. 

Thus, neglecting the contribution of the remote bands, 
the location of the Landau levels at k, = 0 is determined by 
four parameters: E ~ ,  P, r, and A. To describe our experimen- 
tal results we shall use the values of E, and P determined 
above, and r = - 0.5 (Ref. 2). From a comparison of the 
theoretical calcualtion in this model with the experimental 
position of the Landau levels we can determine the value of 
the parameter A, and the most reliable results are those ob- 
tained from measurements at low temperatures and in 
strong magnetic fields, when spin splitting of the oscillation 
maxima are observed at HIII. As noted above, the location of 
the maxima agrees with the location of the Landau levels 
only accurate to the phase, but this does not prevent us from 
determining A, since the phase shift, while changing the 
lcoation of the maxima relative to the magnetic field, does 
not change the energy spacing of the neighboring maxima in 
a fixed field. 

The values of the parameter A obtained in this manner 
for sample No. 1 at t = 1.8 K are - 5.5, - 6.6, and - 7.8 
meV in magnetic fields 30, 40, and 50 kOe, respectively. To 
calculate the location of the Landau levels in the entire range 
of the magnetic fields we must know A also at small H. It can 
be seen from (5) that the change of A with changing magnetic 
field is determined by the field dependence of (S, ), which 
was investigated in Ref. 19 by measuring the magnetization 
at T = 2 K for Hg, -, Mn, Te a tx~0 .015 .  It is shown in that 
reference that (S, ) is satisfactorily described by the expres- 
sion 

where B,,, is a Brillouin function and the factor (1 - x)18 
takes into account the formation of the pairs of Mnf + ions. 
To is a function of the composition, and extrapolation of the 
To(x) dependence obtained in Ref. 19 to x = 0.025 yields a 
value To = 5 K. Expressions (5) and (6) describe well the 
experimental values ofA (H )cited above. The best agreement 
is obtained at No fi = 1.6 eV. 

By determining in this manner all the parameters need- 
ed for the calcualtion, we can compare the theoretical loca- 
tion of the Landau levels with the experimental ones (Fig. 4) 
in the entire magnetic-field range. For the phase q5 (intro- 
duced in the same manner as in Ref. 11) we used in the cal- 
cualtion the value 0.6. The good agreement between the the- 
ory and the experiment is evidence, in our opinion, of the 
applicability of the employed model of Refs. 2 and 3. 

From a comparison of the temperature dependence of 
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FIG. 9. Temperaturedependenceof theparameterA forsampleNo. 1: h in 
kOe: 0-37,O--19. Solid curve--calculation in accord with expressions 
(5) and (6 )  with No B = 1.6 eV and To = 5 K.  

the location of the oscillation maxima (Fig. 6a) with the cal- 
culation we determined the dependence of the parameter A 
on the temperature for sample No. 1 at two values of the 
magnetic field (Fig. 9). The same figure shows the theoretical 
curves calcualted from Eqs. (5) and (6). These curves fit well 
the experimental points at low temperatures. The cause of 
some discrepancy at high Tmay be that To in (6) may gener- 
ally speaking depend on the temperat~re.~'  

The measurement results for sample No. 2 (Fig. 8) allow 
us, just as for sample No. 1, to determine the parameter A 
and calculate the value of NOD, found to equal 1.8 eV. It 
must be noted that we determine experimentally A with good 
accuracy, and obtain No p from expression ( 5 ) ,  using x ,  To, 
and the dependence (6) of (S ,  ) on H and Twhich are known 
with limited accuracy. This is apparently the cause of certain 
differences between the values of N, P determined for differ- 
ent samples. 

It must be noted that in the reduction of the experimen- 
tal results on tunneling we assume that the Fermi level is 
independent of the magnetic field and of the temperature. 
This assumption calls for further analysis, inasmuch as in 
semimagnetic semiconductors such as p - Hg, - , Mn, Te 
the Fermi level can shift considerably with increasing mag- 
netic field, even if it is located in the valence band at H = 0. 
The reason is that in these materials the upper Landau level 
b-, shifts upwards in energy at an approximate rate 3A in 
weak fields, so that at low hole densities the ultraquantum 
level is reached already in relatively weak magnetic fields 
and the Fermi level begins to follow the level b-  ,. An esti- 
mate of the magnetic field at which the ultraquantum level 
(H,) is reached, on the basis of the ~ ( k , )  dependence from 
Ref. 21 with an effective heavy-hole mass m, = 0.5 m,, 
yields Ho z 70 kOe for sample No. 1 and even a larger value 
for sample No. 2. Thus, the use of the assumption that the 
Fermi energy is independent of the magnetic field is justified 
under our experimental conditions. 

CONCLUSION 

The results reported in this paper show that the method 
of tunnel spectroscopy in a magnetic field is quite promising 
for the investigation of the energy spectra of semimagnetic 
semiconductors. This method allows the spectrum to be in- 
vestigated with high accuracy in a wide range of energies. It 
is also single-band, unlike the classical method of interband 

FIG. 10. a) Electron Landau-level scheme of zero-gap Hg, - Mn, Te; b) 
temperature dependence of the total energy increment A&,,,, 
= As(a,  + , / + As(b,)l; energy in meV: 0-50, 0-100. Solid curve- 

theoretical calcualtion with parameters indicated in the text. 

magnetic absorption, so that the interpretation of the transi- 
tions is made considerably simpler and unambiguous and 
the results are more lucid. 

The investigation of the tunnel-conductivity oscilla- 
tions in a wide range of temperatures has shown that the 
exchange interaction of the band electrons with the localized 
magnetic moments of the Mn++ ions leads to the appear- 
ance of an energy increment to the location of the Landau 
levels. This increment has different signs for the a and b 
series. At low temperatures the levels a, + , and b, can 
change places (Fig. 10a). It is interesting to note that the total 
energy increment Ase,,, = lAs(a, + , ) 1 + lA~(b, ) / decreases 
considerably with increasing energy (Fig. lob), thus attest- 
ing to a substantial influence of the nonparabolicity on the 
contribution of the exchange interaction and indicating that 
the parabolic approximation cannot be used to calculate 
Asexch. 

We have shown that the theoretical model proposed in 
Refs. 2 and 3 describes well the spectrum of the conduction 
band r, of the zero-gap Hg, -, Mn, Te in a magnetic field. 
Comparison of the theory with experiment has yielded the 
parameter N o P  = 1.6-1.8 eV. 

Having determined N, 8 ,  we can explain qualitatively 
why an investigation of a large number of Hg, - , Mn, Te 
samples (about ten in the composition range 

FIG. 11. Dependences of As, = tiw, - gp,H (1, 1') and As,,,, 
= A&(a, + , 1 + l A ~ ( b , )  (2, 2') on the composition at two energies reck- 

oned from the bottom of the conduction band: 50 meV (1,2) and 100 meV 
(1', 2'); T = 4.2 K. 
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0.005 < x  < 0.04) enables us to observe reliably splitting of 
the oscillation maxima in only one of them-sample No. 1. 
The calculations show that the parameter ratio in the zero- 
gap Hg, -, Mn, Te is such that splitting of the oscillation 
maxima at low temperature is determined almost always by 
the distance between the levels a, + , and b, (Fig. IOa), 
which is equal to 

With increasing manganese content, both A&, and AE,,,, 
increase, but in such a way that the difference between them 
remains relatively small and goes through a maximum near 
x = 0.02 (Fig. 1 l ) ,  at which the best conditions are in fact 
realized for observation of the splitting of the oscillations. It 
is seen from the figure that this relation holds in a wide range 
of energies. Strictly speaking Fig. 11 is only illustrative, inas- 
much as in the calculation the (S,  ) dependence determined 
by (6) was extended, without good justification, to a compo- 
sition region up ton  = 0.05. Qualitatively, however, the fea- 
tures of the spin splitting in Hg, - , Mn, TGe are correctly 
reflected. In our opinion, to investigate the contribution of 
the exchange interaction to the energy spectra of semimag- 
netic semiconductors in a wide range ofdensities of the para- 
magnetic impurity, it is of interest to study quaternary com- 
pounds of the Hgl - , -, Cd, Mn, Te type, in which both h, 
and gpaH,  as well as the contribution of the exchange inter- 
action, can be varied independently by varying the Cd and 
Mn concentrations. 
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