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The transverse magnetoresistance of HgMnSe crystals in stationary (up to 6 T) and pulsed (up to 
33 T) magnetic fields is studied in the temperature range 1.7-77 K. The electron concentration in 
the samples amounts to n = 10'7-1018 ~ m - ~ .  The Shubnikov-de Haas (SdH) oscillations reveal 
certain properties that are accounted for by the effect of the exchange interaction on the energy 
spectrum of the conduction-band electrons. The value of the exchange integral is obtained. 

PACS numbers: 72.20.My, 72.80.Ga 

Crystals of Hg, -, Mn, Se belong to the class of semi- 
magnetic semiconductors and represent solid solutions of 
11-VI compounds, one of the components of which is the 
gapless semiconductor HgSe. Replacement of Hg atoms by 
Mn atoms leads to a smooth rearrangement of the band spec- 
trum. In particular, the energy gap E, between the bands r8 
and I', changes linearly with the content of manganese x in 
the following fashion: E, (x) = ( - 270 + 44x) meV (Ref. l), 
i.e., similar to the case in which other elements of the I1 
group (Zn, Cd) serve as the substitution atoms. However, in 
contrast to these latter atoms, there is an unfilled Mn shell 
with an uncompensated spin. The exchange interaction of 
the conduction electron with the electrons of Mn add to the 
energy a contribution which obviously depends on the state 
of the magnetic subsystem and is proportional to the mean 
value of the magnetic moment of the Mn atoms. At small 
values x ,< 0.01, the exchange interaction between the d elec- 
trons of the neighboring Mn atoms is insignificant and the 
system can be considered as paramagnetic with mean value 
of the spin 

( p  is the Bohr magneton, p = efi/2moc, g = 2 for d elec- 
trons, B,,, is the Brillouin function). In gapless semiconduc- 
tors of the HgSe type the effective mass of the electrons is 
m - m, in order of magnitude and, consequently, the 
cyclotron energy h > g p B .  Therefore the magnetic fields in 
which ordering of the d electrons and (S, ) differ significant- 
ly from zero, i.e., gpB- kT are certainly quantizing for the 
conduction electrons. Thus the role of the exchange interac- 
tion should be clearly manifest in the quantum galvanomag- 
netic effects. 

The first measurements of the Shubnikov-de Haas ef- 
fect (SdH) in HgMnSe in constant magnetic fields up to 7 T 
were carried out in Ref. 1, and in magnetic fields up to 30 T 
by the authors of Ref. 2. In these researches, the basic band 
parameters of HgMnSe were determined. The aim of the 
present work was to make clear the features of the SdH oscil- 
lations that are connected with the presence of uncompen- 
sated magnetic moments of the manganese ion. 

We investigated the SdH oscillations in samples of 
Hg, - Mn, Se (x = 1.3 x lo-,) in stationary (up to 5 T) and 
pulsed (up to 30 T) magnetic fields, over a wide range of 

temperatures 1.7-77 K. The concentrations of the electrons 
in the samples studied amounted to n = 3.5 X 10"-2 x 1018 
~ m - ~ .  The values of n obtained from measurements of the 
Hall constant and calculated from the period of the SdH 
oscillations were practically identical. Typical values of the 
mobility u z 7 x lo4 cm3/W-s. The good quality of the oscil- 
lation pictures obtained should be noted; the large number of 
resolved peaks (more than 20 at low temperatures) and the 
smooth field dependence of the monotonic part of the resis- 
tance. This indicates a high degree of homogeneity of the 
investigated crystals and small values of the Dingle tempera- 
ture that characterizes the collision broadening of the Lan- 
dau levels. Estimates of the Dingle temperature kTD = fi/ 
VT give T, 5 2K. 

In the study of SdH oscillations the following anomalies 
were observed, particularly for semimagnetic semiconduc- 
tors, and did not appear in the SdH effect in the usual semi- 
conductors. 

1. In the quasiclassical region of magnetic fields 
h (E , ,  where the oscillations are governed by the Landau 
levels with large numbers N, the harmonic picture of the 
oscillations is destroyed, beats are observed, and nodes ap- 
pear at certain fields By (Fig. 1). The locations of the nodes 
By shift monotonically toward smaller fields with increase in 
the temperature. 

2. The oscillations are periodic in the reciprocal field 
both at B <By and at B >By,  except for a small region of the 

FIG. 1. Formation of nodes of oscillation (shown by arrows) at various 
temperatures (n = 1 x 10" cm-'). 
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FIG. 2. Effect of the temperature on the phase of the oscillations of the 
transverse magnetoresistance (n = 3 x 10" ~ m - ~ ) .  

order of several kG in the neighborhood of By ; however, the 
phase of the oscillations is reversed: the maxima in the region 
B <By correspond to the minima in the region B > By. This 
can be established if we plot the dependence of the locations 
of the extrema on integers. This is seen directly from Fig. 2, 
where the oscillating part of the magnetoresistance is shown 
for T = 1.6 K (By = 2.4 T) and T = 4.2 K (By = 1.2 T). 

3. The amplitudes of the oscillating peaks reveal a 
strongly nonmonotonic dependence on the temperature. 
Figure 3 shows an example of such a dependence of the peak 
in the field B = 1.8 T. The detailed temperature dependence 
of the amplitude of the SdH oscillations were first observed 
by the authors of Ref. 3 in HgMnTe crystals. The anomalies 
2 and 3 noted above are a direct consequence of the presence 
of the nodes. Obviously, the similar character of the change 
in the amplitude of the oscillations with temperature makes 
impossible the traditional method of determination of the 
effective mass of the electron from the temperature depen- 
dence of the amplitude at a fixed magnetic field. Figure 4 
graphically illustrates the fact that the ratio of the ampli- 
tudes at two temperatures A (1.7 K)/A (4.2 K) can take on 
values that are both larger and smaller than unity for differ- 
ent oscillating peaks. The latter case corresponds formally to 
negative effective mass. 

4. The first maximum in the resistance from, the side of 
the quantum limit (usually denoted as the 0- peak for semi- 
conductors with negative value of the g factor) is shifted sig- 
nificantly toward higher fields with increase in the tempera- 
ture (Fig. 5). The frequently observed shift of this peak in 
ordinary semiconductors takes place, on the contrary, al- 
ways toward the opposite side and is due to the partial lifting 
of the degeneracy of the electron gas. 

5. The third and succeeding peaks split with increase in 
the temperature, and this splitting increases with increase in 
the temperature over the entire interval in which it is possi- 

FIG. 4. Curves of the magnetoresistance for samples with n = 1 X 10" 
~ r n - ~ a t  T =  1.7KandT=4.2K.  

ble to resolve the oscillations (Fig. 6). Undoubtedly, the simi- 
lar doublet structure of the oscillating peaks is connected 
with the spin splitting of the Landau levels. However, the 
spin splitting usually observed in other semiconductors be- 
comes smeared out with increase in the temperature: along 
with a decrease in the amplitude of the oscillations, there 
takes place an approach toward each other of the peaks of 
the oscillating doublet and their broadening up to the com- 
plete disappearance of the splitting. 

The features that have been noted can be understood if 
we take into account the increment due to exchange interac- 
tion, of the spectrum of the conduction electrons. For simpli- 
fication, we shall neglect the nonparabolic character of the 
band r, but shall use the mass of the electrons on the Fermi 
level for the cyclotron energy &I. This mass is calculated in 
the two-band approximation: 

m=m, (l+2E,/ I E, I ), 
m,=3h" EE, I /4P2 

is the effective mass at the bottom of the band, and P is the 
matrix element of the Kane theory. Using the molecular 
field approximation in the calculation of the exchange con- 
tribution to the eneergy of the electron, the authors of Refs. 4 
and 5 obtained the following expression for the spin-split 
Landau levels: 

IA l ,  re]. units 

FIG. 3. Temperature dependence of the amplitude of the oscillation peak 
located in a field B = 1.8 T (n = 3 X 10'' ~ m - ~ ) .  

FIG. 5. Shift of the 0- peak with temperature for a sample with 
n = 3 x 10" ~ m - ~ .  
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FIG. 6. Effect of the temperature on the spin splitting of the oscillation 
maxima (n = 3X 10'' 

where J, is a parameter characterizing the exchange interac- 
tion, g is the go-factor of the conduction electrons. At N = 0, 
the sign of the exchange contribution is the same for 
a = & 1; at N )  1, the signs are opposite. The spin-splitting 
of the Landau levels increases when account is taken of the 
exchange if the signs ofg and Jare  the same, and decreases in 
the opposite case. We recall that according to the Kane mod- 
el g < 0 for electrons of the r, zone. At N> 1, the exchange 
termA does not depend on Nand leads simply to the renor- 
malization of the g factor, which becomes a function of the 
magnetic field and the temperature. Equation (2) is conve- 
niently rewritten in the form 

ENo= (N+'12+ava/2), N>1, (24  

where we have introduced the parameter 

which is equal to the ratio of the value of the energy of the 
spin splitting to the value of the cyclotron energy. The loca- 
tion of the 0- peak of the transverse magnetoresistance is 
connected with the parameter v* in the following fashion 

In this equation, we have omitted the temperature incre- 
ment, due to the incomplete degeneracy of the electron gas, 
because it turns out to be sufficiently small over the entire 
range of temperatures T 5  60 K. The experimentally ob- 
served shift of the 0- peak in the region of large fields is 
connected only with the decrease in the parameter Iv* I since 
the concentration of the electrons n does not change with the 
temperature. Since (S, ) falls off with increase in the tem- 
perature, we can state that Jo < 0, since only in this case will 

lv* I be a monotonically decreasing function of T. 
We shall now analyze the oscillation picture in the re- 

gion of small fields, where no spin-split peaks are observed. 
In the limit N )  1, the expression for the oscillating part of the 
magnetoresistance has the form 

where 

exp ( - 2n ' rkT~ fio ) cos (m*r) ,  (6) 

The appearance of the factor cos(nv*r) in (6) can be made 
clear in the following way. The electrons of both systems of 
spin sublevels a = f 1 make an additive contribution to Ap; 
this contribution can be represented in the form of a sum of 
harmonics with the same period but shifted in phase: cos(2n- 
rE,/tiw + rv*r - n/4). If v* does not depend on the field, 
as in ordinary semiconductors at J, = 0, the superposition of 
each pair of harmonics with a given value of r leads to a 
decrease in the total amplitude of the oscillations A,. In par- 
ticular, at v* = 1/2, the amplitudes of the fundamental and 
all the odd harmonics are identically equal to zero, which 
manifests itself in the doubling of the period of the oscilla- 
tions (the so-called "spin damping"). 

In the case in which v* changes slightly with field over 
the interval of the periodicity of the function cos(2rEF/fiw), 
the factor cos(rv*) modulates the amplitude of the oscilla- 
tions and describes the beats of the fundamental with r = 1. 
In fields By satisfying the condition 

v*=(21t-1)/2, 1=0,1,2 , . . . ,  (7) 

the amplitude of the fundamental vanishes. However, in this 
case the amplitude of the second harmonic (r = 2) is a maxi- 
mum. Therefore, strictly speaking, we do not observe a dis- 
tinct node of the oscillations, while in a certain vicinity of the 
point B = By the oscillation pictures vanishes, as is in the 
decrease of the amplitude, in the loss of periodicity and in the 
appearance of additional peaks. 

The parameter v* decreases monotonically both with 
the magnetic field and with the temperature. At a fixed tem- 
perature, in weak fields, when gpB(kT, the parameter v* 
does not depend on the field and reaches its maximum value 
corresponding to the given temperature: 

In the limit gpB<kT the Brillouin function is close to its 
maximum value B,,,(cQ) = 2.5 and v* falls off as B -', i.e., 

v'=v+5Joxlfio. (9) 

It  follows from the properties of the Brillouin function 
that the field By falls off monotonically with the temperature 
and vanishes at some temperature that can be determined 
from (7) and (8). 

In principle, the appearance of a whole series of nodes 
on the oscillation picture is possible, corresponding to differ- 
ent I = 0, 1, 2, and so on in Eq. (7). However, estimates for 
typical values of the parameter (for example, we have taken 
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the parameters1 of HgMnSe) show that the interval between 
the neighboring nodes amounts to dB, ,  2 1 T. We observed 
the node with I = 1 on all the samples studied. The nodes for 
I = 2, 3 lie in the region of such weak fields that the oscilla- 
tions are practically unresolved. However, for one of the 
samples with concentration n = 1 x 10'' cmP3, we succeed- 
ed in distinguishing the second node (I = 2) in the interval 
T =  1.7-2.4 K. On the other hand, the node with I =  0 
should be located in the region of very strong fields, close to 
the quantum limit, where the description of the oscillations 
with the help of the harmonic formulas loses meaning, be- 
cause, with increase in the field, the comparable contribu- 
tion to Eq. (5) is made by harmonics with large r. This is 
clearly manifest by the appearance of spin splitting of the 
peaks. 

As noted above, the splitting of the peaks has an unu- 
sual character: its value increases upon increase in the tem- 
perature. Formally, this means that the renormalized g fac- 
tor or the parameter Iv*l increases with temperature. 
However, as follows from (8), lv*(T)I actually decreases. 
This apparent contradiction is easily understood if we estab- 
lish the correct correspondence of the oscillation peaks with 
the Landau levels. It is simplest to begin the identification 
with the region of rather high temperatures, when the contri- 
bution of the exchange interaction to the parameter v* is 
small. The first peak (from the side of the ultraquantum lim- 
it) corresponds to the E ;  Landau level, the next, to the E 7 
level, and so forth. By tracking the temperature shift of each 
peak, we can establish the fact that in the range of tempera- 
tures T < 4 K, the peak observed at B = 7.7 T is due to super- 
position of the Landau levels E ,f and E ,. This corre- 
sponds to the value Jv*I = 1, as follows from (2a). In the 
region of small fields, B <  7.7 T, we have lv*) > 1, i.e., the 
E $+ , levels are located below the E ,  level. Obviously, a 
situation is possible with a superposition of the levels E $+ , 
= EN- with m = 2, 3, ..., for Iv*l = 2, 3, ..., respectively. 

With increase in the temperature, such superpositions 
should be destroyed, which leads to a splitting of the oscilla- 
tion peaks. However, in the samples investigated by us, in the 
range of fields in which lv* I = 2, the oscillations of the mag- 
netoresistance are described by the fundamental r = 1 of the 
series (5) and therefore it has not been possible for us to ob- 
serve splitting due to the temperature dependence of v*(T). 

Identification of the oscillation peaks enables us to de- 
termine correctly the factor lv* I from the location of the 
maxima of B ,+ and B , with the help of the usual formulas 
(see, for example, Ref. 7), taking into account the depen- 
dence of the Fermi energy on the magnetic field and the 
corrections for incomplete degeneracy. The dependence of 
(v+(T ) I  thus obtained turns out to be monotonically decreas- 
ing, which agrees qualitatively with the behavior of the Bril- 
louin function (1). We note that even at the highest tempera- 
tures (Tz30  K) at which splittings of the peaks B : were 
still observed, the values of )v*I are significantly higher than 
for the HgSe crystals with about the same concentration of 
electrons.' This shows that the contribution of the exchange 
interaction to the value of Iv*l remains significant even at 
very high temperatures. 

In order to estimate the exchange-interaction param- 
eter Jo, we have used the fact that at B = 7.7 T and at low 
temperatures, T <  4 K, superposition of the levels E ,+ and 
E ; takes place in a sample of Hgl - , M, Se (x = 1.3 x 
with concentration of electrons n = 3 x 1017 cmV3. As is 
seen from (4), the parameter v* depends on the ratio of the 
exchange energy Jo to the cyclotron energy tiw = +ieB /me. 
The experimental determination of the mass of the electrons 
at the Fermi level, m, from the temperature dependence of 
the amplitude of the oscillations turns out to be impossible 
for reasons that were discussed above. Therefore, we have 
calculated the value of m from the formulas of the two-band 
Kane model, taking for the matrix element p the value 
P = 7.2 x lo-' eV-cm, as in HgSe,7 and using the Eg (x )  de- 
pendence given in Ref. 1. For a small content of Mn, x z 1 %, 
the Luttinger parameters that describe the contribution of 
the remote bands, do not differ significantly in the crystals of 
HgSe and Hg, , Mn, Se. Therefore we have taken the same 
value of the g factor of the electrons as in HgSe with 
n = 3 X 1017 cmP3, i.e., g = - 15. Moreover, we have as- 
sumed that the mean value (S, ) is determined by Eq. (I), i.e., 
we have not taken into account the possibility of the forma- 
tion of any magnetic order or nonuniform distribution in the 
system of magnetic Mn ions. At a content x > 1%, these ef- 
fects can be very important, as the investigation of the mag- 
netic susceptibility shows.' The value that we obtained 
amounts to 

The accuracy of the estimate of the parameter Jo under the 
reservations made relative to the values of m and g used is 
limited principally by the accuracy of the determination of 
the field B at which a strict superposition of the Landau 
levels E ,+ and E ,- takes place, i.e., by the halfwidth d B  of 
the oscillation peak, which at low temperatures is equal to 
d B  = 0.7 T. 

The oscillation peak, which is located at T  = 1.7 K in a 
field B = 5.6 T, is split only in the range of temperatures 
T>  15 K (Fig. 6). It is due to the intersection of the Landau 
levels with energies E ; and E ,+ and the Fermi level EF(B ). 
Calculation shows that at a value JJoI = 0.28 eV, strict su- 
perposition of the levels E ;  = E ,+ in a field B = 5.6 T is 
achieved at a temperature T = 8.5 K. At lower tempera- 
tures, inversion of the levels occurs: E ,+ < E ;. However, 
even at the very low temperature T = 1.7 K, when the ex- 
change contribution to the energy reaches its maximum val- 
ue, the values of the fields calculated from the condition E ,+ 
= EF(B ) differ little: B , = 5.3 T and B 2 = 5.8 T. The 

difference IB ; - B ,+ I turns out to be less than or of the 
order of magnitude of the halfwidth of the oscillation peak in 
the range of temperatures 1.7 < T < 15 K. 

Attempts to determine the parameter of exchange inter- 
action were undertaken earlier in Refs. 1 and 2. The authors, 
using the procedure of matching of parameters, calculated 
the dependence of the Landau levels E ,+ on B and T, arid 
then determined the locations of the oscillation maxima 
frqm the condition E 2 = EF. The dependence of the Fermi 
level on the magnetic field was not taken into account here 
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FIG. 7. Temperature dependence of the position of the nodes of oscillation 
of B y .  The solid curves are the result of calculation (1-for [ = 1; 2-for 
I =  2), the points are the experimental values for a sample with 
n = 1 x 10'8 cmP3. 

and the value of EF at B = 0 was used. As a criterion for the 
correct choice of the parameters, they used the coincidence 
of the calculated and the experimentally observed positions 
of the peaks. Such a procedure seems unsatisfactory to us. 
We first note that in the region of large quantum numbers 
N> 1, where EF = const, the oscillation peaks are not split, 
while the locations of the maxima, as also the period of the 
oscillations, are actually determined only by the concentra- 
tions of the electrons and are not sensitive to the band pa- 
rameters (the effective mass m and theg factor). On the other 
hand, in the region of fields that are close to the quantum 
limit, account of the dependence of EF (B ) is quite necessary: 
the E,(B ) dependence, without significantly distorting the 
periodicity, has a significant effect on the location of the 
oscillation peaks. 

Using the value that we have found for the exchange 
energy (lo), we have calculated the temperature dependence 
of the locations of the nodes of the oscillations at IY* ( = 3/2 
(I # 1) and IY* 1 = 5/2 (1 = 2) for a sample with concentration 

FIG. 8. 
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n = 1 X 10" cmP3. These dependences are shown in Fig. 7. 
Also shown are the segments corresponding to the experi- 
mentally observed locations of the nodes. The exact position 
of a node could not be determined experimentally because of 
the contribution of the higher harmonics. As is seen from 
Fig. 7, the values of the fields where the nodes are observed, 
and the general tendency toward a decrease in By with tem- 
perature are in agreement with the calculated curve. 

At temperatures T>  2.4 K, the oscillations in the region 
of magnetic fields B < 1 T (the node with I = 2) are not re- 
solved even at maximum sensitivity of our experimental ap- 
paratus (Fig. 8). The node corresponding to 1 = 1 is reliably 
fixed, up to temperatures T =  6 K (By = 2.4 T). Upon 
further increase in the temperature, the clearly pronounced 
modulation of the amplitude of the oscillation peaks disap- 
pears. However, in the region of fields B = 2.2-2.8 T, a de- 
struction is again observed of the harmonic picture of the 
oscillations (loss of periodicity, distorted shape of the oscilla- 
tion peaks), which is undoubtedly connected with the anom- 
alously small amplitude of the fundamental in these fields. 
Thus, the experimentally investigated shift of the node with 
temperature does not agree with that calculated theoretical- 
ly on the basis of Eq. (1). 

The results of Ref. 8, where the magnetic susceptibility 
of Hg, - , Mn, Se crystals were studied, show that the value 
of (S, ) for samples with x > 0.01 1 increases with field and 
falls off with the temperature; however, it cannot be de- 
scribed by thedependence (S, ) = f (B /T). Thus, the value of 
saturation as B-CQ is less than the theoretical BSl,(oo ) = 5/ 
2, and the law for the approach to the limiting value 
(S, ),, - (S, ) is much smoother than for the function B,,, 
(in the latter case this law is an exponential one). Such a 
behavior of (S, ) corresponds qualitatively to the shift of the 
node with temperature at gpB /kT> 2 observed above; even 
upon satisfaction of the latter inequality, the location of the 
node is not stabilized, but changes appreciably with decrease 
in the temperature. 

Analysis of the dependence of the parameter v*(4) on 
the temperature from the position of the B peaks also 
leads to the conclusion that the Brillouin function 
B,/,( gpB /kT) gives a poor description of the behavior of 
(S, ) at large values of the argument. This can be seen imme- 
diately from Fig. 6. The superposition of the peaks B ; and 
B ,+ takes place at T = 1.7 K ( gpB /kT = 6), but it is clearly 
destroyed even at T = 4.2 K ( gpB /kT = 2.5) although the 
Brillouin function at such values of the argument differs 
from the limiting value by less than 4%. This shows the 
necessity of use of a more accurate formula for the descrip- 
tion of the magnetic moment of Mn ions in solid solutions 
Hg, -, Mn, Se at x > 0.01 than is given by Eq. (1). 

The authors express their deep gratitude to I. M. Tsidil- 
'kovski? for interest in the research and discussion of its re- 
sults. 
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