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Magnetism and band structure of the semimagnetic semiconductor Pb-Sn-Mn-Te
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Measurements of magnetization, magnetic susceptibility, specific heat, and Hall effect of the
Pbl ySn„Mny Te semimagnetic semiconductor (x =0.72, y =0.03 and x =0.64, y =0.03) were

performed in samples with different concentration of carriers (p =8X10" to 1.4X10" crn '). A
low-temperature ferromagnetic phase was established in the samples with carrier concentration
larger than a threshold value p, =3X10 crn '. Samples with lower carrier concentrations are
paramagnetic in the whole temperature range studied (T =1.5-300 K). The carrier-concentration
dependence of the Curie temperature has an unusual thresholdlike character. The explanation of
this effect is based on the Ruderman-Kittel-Kasuya-Yosida (RKKY) indirect exchange interaction
between Mn spins and a two-valence-band model of the band structure of Pbl „~Sn,MnyTe.
Theoretical calculations based on the experimentally determined parameters of the band structure
are presented. The results show that the most important role in the RKKY interaction is played by
heavy holes from the X band located 185 meV below the top of the L, band of light holes.

I. INTRODUCTION

In this paper we present results of experimental and
theoretical studies of magnetic and electron properties of
the Pb, Sn Mn Te semimagnetic alloy. This materi-
al is a substitutional solid solution in which paramagnetic
Mn + ions are randomly distributed in a metal fcc sublat-
tice of the rock-salt crystal lattice of Pb-Sn-Mn-Te. The
host material is a well-known semiconducting alloy
Pb, ,Sn, Te which can be grown with arbitrary composi-
tion. The solubility of manganese in the matrix of Pb-
Sn-Te is rather high and homogeneous samples with
manganese content about 20 at. % can be grown using
the Bridgman method.

Our investigations were carried out on the samples
with a large tin telluride content (x &0.5) and a small
concentration of manganese ions (y =0.03). The main
constituent of the alloy, i.e., SnTe, practically determines
the electron properties of the material. The typical car-
rier concentration is very high (p=l0 -10 ' cm ).
Carriers are generated by metal vacancies and their num-
ber is temperature independent. Only p-type conductivi-
ty is observed. There is the possibility to control the
number of carriers by annealing. The band structure of
Pb-Sn-Mn-Te is analogous to the band structure of the
host material Pb-Sn-Te. The energy gap is narrow and,
consequently, the energy dispersion relations of carriers
in the conduction and valence bands are nonparabolic.
Approximately 185 meV below the top of the main
valence band there is a band of heavy holes at the X point
of the Brillouin zone. '

Pb-Sn-Mn-Te belongs to the family of Mn-based IV-VI
semimagnetic compound semiconductors (SMSC) which
consists of the following mixed crystals: Pb-Mn-Te, Pb-
Mn-Se, Pb-Mn-S, Sn-Mn-Te, Ge-Mn-Te, Pb-Sn-Mn-Se,
and Pb-Ge-Mn-Te. In all these alloys, Mn + ions
conserve their localized spin magnetic moments (S =

—,')
after the incorporation into the IV-VI matrix. The host

materials are weak diamagnets with a typical magnetic
susceptibility about y= —3X10 emu/g. The magnetic
properties of Pb-Sn-Mn-Te are determined by Mn + ions.

From the point of view of magnetic properties IV-VI
SMSC divide into two groups of materials. The first
group (Pb-Mn-Te, Pb-Mn-Se, Pb-Mn-S, and Pb-Sn-Mn-
Se) is characterized by relatively low concentration of
carriers (10' —10' cm ). These materials are paramag-
netic in the temperature range T=1—300 K. The ex-
istence of a weak antiferromagnetic interaction is experi-
mentally observed in the temperature dependence of the
magnetic susceptibility and temperature and magnetic
field dependence of the magnetization. ' A superex-
change interaction via anions is responsible for this anti-
ferromagnetic interaction between manganese ions. It is
believed that conducting carriers play no important role
in the interpretations of the magnetic properties of these
materials. At very low temperatures (T (1 K), the ex-
istence of a spin-glass phase was reported for Pb-Mn-Te.

The second group of IV-VI SMSC (Sn-Mn- Te, Ge-
Mn-Te, and Pb-Ge-Mn-Te with a large content of Ge)
has completely different low-temperature magnetic prop-
erties. A ferromagnetic ordering is observed in magnetic
and specific-heat measurements. ' The indirect ex-
change interaction via free carriers [Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction] is responsible for
the formation of the ferromagnetic phase. This dramatic
differences between the low-temperature magnetic prop-
erties of these two groups of SMSC is due to the
significant difference in the carrier concentration.

The purpose of our paper is to study the influence of
the carrier concentration on the magnetic properties of
SMSC in the material in which we can control the num-
ber of carriers in the range characteristic for both above-
mentioned groups of IV-VI (SMSC). We expect that, in
this way, we can also experimentally study the influence
of electron parameters of SMSC on their magnetic prop-
erties.
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The important point of our investigations is the choice
of a model material for the studies. We have chosen the
quaternary mixed crystal Pb, Sn Mn Te with a
large content of tin and a small concentration of man-
ganese. Based on the results of the experimental investi-
gations of Sn-Mn-Te, we expect that tke number of car-
riers in our material will be large enough to make the
RKKY mechanism responsible for the magnetic proper-
ties of high-carrier-concentration samples of Pb-Sn-Mn-
Te. On the other hand, the use of the mixed crystal of
Pb, Sn, Te as a host material should allow us to obtain

(by annealing) samples with a relatively low concentra-
tion of carriers. In such a system we can observe how,
with decreasing carrier concentration, the ferromagnetic
RKKY interaction switches off and the system becomes
dominated by the antiferromagnetic interactions. This
paper is a continuation of our two previous short
works. ' '

II. CHARACTERIZATION OF SAMPLES

We investigated Pb, Sn Mn Te samples with the
following chemical compositions: x=0.72, y=0.03 and
x=0.64, y=0.03. The crystals were grown by a vertical
Bridgman method. The chemical composition of our
samples was checked by an electron microprobe which
revealed good chemical homogeneity of the material.
The concentration of Mn + ions is practically constant
along an ingot. The composition of tin changes standard-
ly according to the thermodynamic phase diagram. The
x-ray measurements showed that Pb-Sn-Mn-Te crystal-
lizes in the rock-salt crystal lattice. The lattice constant

O

at room temperature is equal to ao =6.331 A (as-grown
samples with x =0.72, hole concentration p =7
X10 cm ). No second-phase inclusions were ob-
served. Our samples usually consist of a few small
disoriented monocrystalline grains. We have not ob-
tained any experimental evidence for the low-temperature
structural phase transition from the rock-salt to rhom-
bohedric phases usually observed in the host material
Pb-Sn- Te.

dc transport measurements performed on the samples
of Pb-Sn-Mn-Te revealed their good electrical homo-
geneity. As-grown samples have the concentrations of
holes p=7X10 cm (crystal with x=0.72) and
p=3X10 cm (crystal with x=0.64). All studied
samples were p type. Using the method of isothermal an-
nealing, we could control the number of holes in the
range p =8X10' to 1.4X10 ' cm . ' In this paper all
samples of Pb-Sn-Mn-Te are characterized by the low-
temperature Hall concentrations p = I/eRH, where RH is
the low-field Hall constant. The relation between the
Hall concentration and the real concentration of holes
(po) is discussed in Sec. V of this work.

III. MAGNETIC PROPERTIES

To experimentally study the magnetic properties of
Pb-Sn-Mn-Te we performed measurements of magnetiza-
tion, magnetic susceptibility, specific heat, and the Hall
effect in the samples of Pbo 2~Sno 72Mn(j o3Te and

Pbo 33Sno «Mno o3Te with different concentrations of car-
riers. Magnetization and magnetic susceptibilities were
studied by several experimental techniques. High-
temperature and high-magnetic-field measurements (tem-
perature range T=2—300 K, magnetic field range B 5

T) were done using a SQUID magnetometer of Francis
Bitter National Magnet Laboratory. Low-temperature
and low-dc magnetic field data (temperature range
T=1.5 —4. 2 K, magnetic field 8 0. 15 T) were obtained
by means of a simple homemade Aux-metric magnetome-
ter. Specific-heat measurements were done in the temper-
ature range T=1.5 —60 K by standard heat-pulse tech-
nique. The results of these measurements will be present-
ed below, first for samples of Pb-Sn-Mn-Te with a rela-
tively low concentration of carriers p & 3 X 10 cm and
then for high carrier-concentration samples (p ~ 3X 10
cm ).

A. Magnetic properties of low-carrier-concentration samples

The magnetic susceptibility of several samples of Pb-
Sn-Mn-Te with a carrier concentration in the range

p =SX10"to 3X10 cm were studied. A typical re-
sult of the temperature dependence of the inverse mag-
netic susceptibility of Pb-Sn-Mn-Te with a low carrier
concentration is presented in Fig. 1(a). One can see that,
according to the Curie-Weiss law, the plot of g '(T) fol-
lows the straight line in a wide temperature range with
the paramagnetic Curie temperature 8=0+0.2 K. In the
region of high temperatures, the experimental points
bend up from the straight line. This effect is due to the
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FIG. 1. The temperature dependence of the inverse magnetic
susceptibility of the sample of Pbp 2~Snp 72Mnoo3Te with a car-
rier concentration p =1.4X10" cm ' (a). (b) presents the
magnetic-field dependence of the magnetization of the same
sample. The solid lines are theoretical descriptions based on the
Curie law and Brillouin function, respectively.
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temperature-independent diamagnetic contribution of the
host material Pb-Sn-Te. The best-fitted value of this con-
centration is equal to gd= —2.3X10 emu/g. The
solid line presented in Fig. 1(a) is a theoretical description
of the experimental data based on the simple equation

y( T) =yd +C ( /( T —&),

where

C =NM„S (S +1)gM~Pa

is the Curie constant and 0 is the paramagnetic Curie
temperature. The number of manganese ions which can
be derived from the value of the Curie constant (assuming
S = —', and gM„=2) is equivalent to the composition
3+0.2 at. % and agrees very well with the technological
composition. The results of measurements of other sam-
ples of Pb-Sn-Mn-Te with a low concentration of holes
showed that, in this range of carrier concentrations, the
paramagnetic Curie temperature seems to be weakly
carrier-concentration dependent. In Fig. 1(b) the
magnetic-field dependence of magnetization at tempera-
ture T =5 K is presented for the same sample. One can
see that the experimental points are described by the Bril-
louin function (S=—', ) with the magnetic saturation mo-

ment M, =2.86 emu/g. The value expected from the
technological data is equal to M, =3.0 emu/g.

Concluding the experimental data for Pb-Sn-Mn-Te
samples with a carrier concentration p (3X10 cm
one can say that a good theoretical description of the
magnetic properties of these samples may be obtained
based on the standard formulas for the system of very
weakly coupled magnetic moments. In the temperature
range studied ( T= 1.5 —300 K), low-carrier-concentration
samples of Pb-Sn-Mn-Te are paramagnetic.

B. Magnetic properties
of high-carrier-concentration samples

Low-temperature magnetic properties of the samples of
Pb-Sn-Mn-Te with a carrier concentration p &3X10
cm are qualitatively different than those presented
above. A typical plot of the temperature dependence of
the inverse magnetic susceptibility is presented in Fig. 2.
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FIG. 2. The plot of the inverse magnetic susceptibility of the
sample of PbQ»SnQ 72MnQ Q3Te (p =7X10'" cm '} as a function
of temperature. The solid line follows the Curie-gneiss law.
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FIG. 3. The temperature dependence of the low-field magne-
tization of the sample of PbQ»SnQ»MnQ»Te (p =7X 10'
crn ', T,. =4. 1 K j in the critical-temperature region. The
M( T)-( T, —T)' '-' law is obeyed below the Curie point and re-
sults in the straight-line dependence of the square of the magne-
tization on the temperature.

One can see that, in the region of high temperatures, the
experimental data follow the Curie-Weiss law. However,
in contrast to the low-carrier-concentration samples, the
paramagnetic Curie temperature is not equal to zero and
has a positive value of about 0=4 K. This result shows
that there is a ferromagnetic interaction between Mn
spins in Pb-Sn-Mn-Te and this material could no longer
be treated as a system of noninteracting magnetic mo-
ments. Similar to the paramagnetic samples, the concen-
tration of manganese spins determined based on the value
of Curie constant agrees well with technological data.

Figure 3 presents the temperature dependence of the
low-magnetic-field magnetization of the sample of
PbQ 25SnQ 72MnQ Q3Te with a carrier concentration

p =7X10 cm . One can see that, below a certain crit-
ical temperature, magnetization starts to increase very
rapidly with decreasing temperature. In the temperature
interval of a few tenths of a degree of K, the magnetic
moment increases about 1 order of magnitude. The am-
plitude of this effect increases with lowering the magnetic
field used in the process of measurement. Below the criti-
cal temperature (T ~ T, ), the temperature dependence of
magnetization follows the law M( T)-(T, —T)'~ (see the
straight line in Fig. 3). We applied this formula to the
phenomenological determination of the ferromagnetic
Curie temperature (T, ) based on the extrapolation of the
low-field M (T) plot to zero values of magnetization.
The temperature and magnetic-field dependence of the
magnetization of Pb-Sn-Mn-Te below and above the Cu-
rie point are presented in Fig. 4. One can see that, at
temperatures well below the Curie point, the effect of a
quick saturation of the magnetization is observed. The
magnetic field of 8=0.02 T is practically enough to satu-
rate the magnetic moment of the sample. A narrow hys-
teresis loop is observed at temperatures well below the
Curie point [see Fig. 4(b)]. All the experimental findings
described above are clear evidence for the existence of the
low-temperature ferromagnetic phase in the samples of
Pb-Sn-Mn-Te with a high concentration of carriers.
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FIG. 4. The magnetic-field dependence of the magnetization
of Pb-Sn-Mn-Te (T, =4. 1 K) at temperatures above and below
the Curie point. (b) presents the hysteresis loop observed in this
material at low temperatures.

C. Specific heat

To study the nature of the magnetic phase transition
observed at helium temperatures in Pb-Sn-Mn-Te sam-
ples with high carrier concentrations, we performed rnea-
surements of the specific heat of this material. The tem-
perature dependence of the magnetic contribution to the
total specific heat of Pbp 25Snp 72MnQ Q3Te with a carrier
concentration p =7X10 cm is presented in Fig. 5.
This contribution was determined as the difference be-
tween the experimentally measured total specific heat and
lattice contribution. The latter is determined based on
the high-temperature experimental data. A pronounced
peak in the temperature dependence of the magnetic

specific heat is observed at temperature T =3.8 K which
correlates well with the magnetic data ( T, =4. l K). This
result confirms what we have to do with the second-order
magnetic phase transition from a paramagnetic to fer-
romagnetic state.

We also studied the specific heat of two samples of Pb-
Sn-Mn-Te with a low carrier concentration p =1.1X10
cm and p =2.8X10 cm . Paramagnetic Curie tern-

—3

peratures of these samples are equal to 0=0 and 1 K, re-
spectively. In agreement with the magnetic data, there
is no peak on the temperature characteristics of the mag-
netic contribution to the specific heat of these paramag-
netic samples. However, at temperatures below T=3 K,
we clearly observed a significant magnetic contribution to
the total specific heat of these samples (see Fig. 6).
Despite the difference in the carrier concentration and
paramagnetic Curie temperature, the temperature depen-
dence of the magnetic specific heat of both of these sam-
ples is similar. This result suggests that the observed
magnetic contribution is not a high temperature tail of
the magnetic phase transition which takes place well
below T=1 K. In our opinion, the magnitude of this
effect is too large and the increase of the magnetic specific
heat with decreasing temperature too fast to be attributed
to any kind of clusters discussed in SMSC. ' Rather, one
could attribute this effect to the system of single Mn +

ions, degeneracy of the ground state of which is lifted due
to, e.g. , the effect of crystal field, or the inhuence of the
magnetic field of a cloud of spin-polarized free carriers
surrounding each magnetic ion. Such a system is the
source of a Schottky-type anomaly in the specific heat
and can correctly describe both the magnitude and the
temperature dependence of the observed effect. Numeri-
cal estimations show that the splitting of the ground state
of Mn + ions should be equal 6=—0.3 K. There is no
final interpretation of this effect as yet.

D. Carrier-concentration dependence
of the Curie temperature

We studied the magnetic properties of the samples of
Pb-Sn-Mn- Te with different concentrations of holes. The
strong effect of the carrier-concentration dependence of
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FIG. 5. The magnetic contribution to the total specific heat
of the ferromagnetic sample of Pbo „Sno 72Mno o3Te
(p =7X10 cm ', T, =4. 1 K).
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FIG. 6. The temperature dependence of the magnetic contri-
bution to the total specific heat of the paramagnetic sample of
Pb-Sn-Mn- Te (p = l.4 X 10 cm ', T, =—0 K).



42 MAGNETISM AND BAND STRUCTURE OF THE SEMIMAGNETIC. . . 10 481

9(K)

1
— ~

x=0.72
y=0.03

!~I I I I I I I

3 5 7 9 11 13 15

e(K)

x=0.64
y=0.03

~I I I I I I I

p(10 cm )

FIG. 7. The carrier-concentration dependence of the
paramagnetic Curie temperature of the Pbp»Snp 72Mnp Q3Te and
Pbp 33Snp 64Mnp p3Te alloys.

the paramagnetic Curie temperature was established. As
one can see in Fig. 7, the thresholdlike hole concentra-
tion dependence of the paramagnetic Curie constant
is observed in both Pbp z5Snp 72Mnp p3Te and
Pbp 33Snp 64Mnp p3Te alloys. The threshold carrier con-
centration p, =3X10 cm is practically the same for
both alloys. Samples with carrier concentrations lower
than this threshold value are paramagnets. Samples of
Pb-Sn-Mn-Te with carrier concentrations higher than
this value become ferromagnetic at low temperatures.
The Curie point of this phase transition depends on the
concentration of holes in the way presented in Fig. 7.
The measurements performed on samples with the
highest obtained concentrations of holes show that, in
this range of carrier concentrations, the Curie tempera-
ture decreases slightly with an increasing carrier concen-
tration. It is possible to change the low-temperature
magnetic properties of each sample of Pb-Sn-Mn-Te con-
trolling its carrier concentration by annealing. A sample
which initially (as-grown) was ferromagnetic at helium
temperatures can be paramagnetic after the annealing.
This process is reversible.

The strong carrier-concentration dependence of the
magnetic properties of Pb-Sn-Mn-Te and low concentra-
tions of magnetic ions (i.e., large mean distance between
Mn ions) clearly suggest that the physical mechanism
responsible for the formation of the ferromagnetic phase
in Pb-Sn-Mn-Te is the indirect exchange interaction via
free carriers (RKKY). This mechanism is sufficiently
long range and strong enough in high-carrier-
concentration samples. However, the theoretical analysis
of this idea shows that there are serious qualitative
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FIG. 8. The carrier-concentration dependence of the
paramagnetic Curie temperature of the IV-VI semimagnetic al-

loy in which the exchange integral is determined by the RKKY
interaction via light holes. Calculations were done for band pa-
rameters characteristics of the Pbp»Snp 72Mnp p3Te alloy:

E~ =275 meV, ap=6. 331 A, and J,d =100 meV.

discrepancies between results of simple RKKY
interaction-based calculations and experimental data. In
Fig. 8 we present results of the theoretical calculations of
the paramagnetic Curie temperature of the Pb-Sn-Mn-Te
alloys assuming that the role of carriers effective in the
process of RKKY interactions plays light holes from the
L 6 valence band (i.e., carriers usually responsible for the
electron properties of SnTe-based Pb-Sn-Te alloys). The
details of these calculations will be presented in the next
section. The important result is that there is no possibili-
ty to explain the thresholdlike T, (p) dependence. In
samples with the lowest studied concentration of holes
(p =8X10' cm ), the RKKY mechanism predicts the
Curie point about 60% of its maximum value (i.e., we
should observe 8—= 3 K in our samples. ) Experimentally
we do not see any ferromagnetic phase down to T =1.5
K and the paramagnetic Curie temperature of these sam-
ples is practically zero. The important impulse to the
qualitative solution of this problem provided the studies
of the influence of hydrostatic pressure on the magnetic
properties of Pb-Sn-Mn-Te. ' It was demonstrated that
the application of a relatively low hydrostatic pressure of
10 kbar can even double the value of the Curie tempera-
ture of the samples of Pb-Sn-Mn-Te with p =p„whereas,
at the same time, no effect or even the effect of an oppo-
site sign was observed in high-carrier-concentration sam-
ples. The conclusion of this work was that the important
role in the interpretation of the magnetic properties of
Pb-Sn-Mn-Te plays two kinds of carriers: light holes
from the L6 band and heavy holes from the X band. The
first correct interpretation of the thresholdlike depen-
dence of the Curie temperature was presented in Ref. 20.
The main idea of this work is that, due to the large
effective mass of heavy holes, the RKKY interaction is
mostly mediated via carriers populating the X band. The
contribution of the light holes is negligible due to the low
effective mass of these carriers. Within the framework of
this model, the thresholdlike character of the T, (p)
dependence has a simple physical interpretation. The
threshold hole concentration equals to the concentration
of carriers at which the Fermi level enters into the band
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of heavy holes. Due to the presence of these carriers, the
strength of the RKKY interaction strongly increases.

Model calculations presented in Ref. 20 are based on
rather arbitrary chosen parameters of the band structure
of Pb-Sn-Mn-Te. In the next two sections of our paper
we will present the experimental arguments for the ex-
istence of the band of heavy holes in Pb-Sn-Mn-Te and
the results of quantitative analysis of the RKKY interac-
tion based on the experimentally determined band param-
eters.

IV. BAND STRUCTURE OF Pb-Sn-Mn-Te

The existence of heavy carriers, which, according to
Ref. 20, are responsible for magnetic properties of Pb-
Sn-Mn-Te, were recently confirmed experimentally in
transport and optical measurements. ' ' ' The tempera-
ture and hydrostatic pressure dependence of the Hall
constant exhibit characteristic behaviors standardly ob-
served in the case of the two-carrier transport in IV-VI
semiconductors. The Hall constant does not depend on
temperature in the temperature range T=4.2X100 K.
At higher temperatures, a monotonic increase of the Hall
constant is observed. The magnitude of this effect is
carrier-concentration dependent. The strongest increase
of the Hall constant (about 75%%uo) is observed for a sample
with a carrier concentration p =3X 10 cm ' [see Fig.
9(a)]. The behavior of the Hall constant presented above
is usually interpreted in IV-VI semiconductors as the re-
sult of a two-carrier transport mechanism and a
temperature-induced redistribution of carriers between

RH(300)
R, ((.2)

the two valence bands. At a concentration of carriers at
which the maximum is observed, the Fermi level enters
into the band of heavy holes and these carriers start to
participate in the processes of charge transport. It is im-
portant that the characteristic concentration of holes ob-
served in the magnetic properties (p, ) is equal to the con-
centration of holes at which the maximum influence of
temperature on the Hall constant is observed. In Fig.
9(b) the carrier-concentration dependence of the effective
mass of carriers, as obtained from plasma reflectivity
measurements, ' is presented. One can see that, based on
the concept of two-carrier transport, it is possible to ob-
tain a good theoretical description of the experimental
curve. In the case of both transport and optical data, the
characteristic concentration of holes observed in electron
properties agrees very well with the threshold concentra-
tion of carriers observed in magnetic measurements. This
result strongly supports the idea of the two-carrier
RKKY interaction as a physical origin of the magnetic
properties of Pb-Sn-Mn- Te.

Based on the experimental findings presented above
and taking into account the low concentration of man-
ganese ions in our samples, we expect that the model of
the band structure of Pb-Sn-Mn-Te similar to the model
of the band structure of the nonmagnetic host should
provide a good base for a theoretical description of both
transport, optical, and magnetic experimental data. This
model is presented in Fig. 10. The band of light holes
(L6 ) and the band of electrons (L6+) are located at the L
point of the Brillouin zone and are separated by a rela-
tively narrow direct energy gap. There are four other far
bands located at the same point of the Brillouin zone.
There are four equivalent energetical valleys of these
bands. Approximately 185 meV below the top of the
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FIG. 9. The carrier-concentration dependence of the ratio of
the high- to low-temperature Hall constant (a) and the effective
mass of holes (b) in Pbp»Snp»Mnp p3Te. The characteristic
carrier concentration observed on both plots is equal to the
threshold concentration of carriers observed in the magnetic
properties of these materials. The experimentally measured
effective mass of holes (m *) is a reduced effective mass defined
in the case of a two-carrier transport as p /m *

=pi /mL+p&/mz, where mL and mz are the effective masses
of the conductivity of light and heavy holes, respectively.

FIG. 10. A model of the band structure of Pb-Sn-Mn-Te.
The set of the 2+4 bands at the L point of the Brillouin zone is
described by the Dimmock model. The band of heavy holes is
Parabolic and isotroPic. For Pbp»Snp 7QMnp p3Te, the values of
the band parameters obtained by us are E, =285 meV, Ez = 185
meV.
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main (L6 ) valence band there is a band of heavy holes
(X). This band is located at the X point of the Brillouin
zone and has 12 equivalent valleys. The parameters of
the model as the energy gap (E ), energy separation be-
tween the valence bands (Ez), and the effective mass of
heavy holes (mx) generally depend on the concentration
of manganese and should be experimentally determined.
In our calculations we assume that the main effect of
manganese on the band of light holes is due to the change
of the energy gap. We also assume that the incorporation
of 3 at.% of Mn does not influence the matrix elements of
momentum. The anisotropy of the L6 band of light
holes was assumed to be the same as in the case of non-
magnetic host Pbp 28Snp 72Te.

The parameters of the model E, E&, and the effective
mass of heavy holes m & were determined experimentally
and are equal: E =285+25 meV, Ez =185+25 meV and
m& =1.7+0.3mp. ' The energy gap was determined
based on the results of measurements of the effective mass
of light holes. In narrow-gap semiconductors with a non-
parabolic energy dispersion relation, these parameters are
related through the matrix element of momentum. How-
ever, due to the fact that, experimentally, we obtain the
value of the effective mass of conductivity at the Fermi
level and to determine the energy gap we need the value
of the effective mass at the edge of the band, the calcula-
tions are not straightforward and the parameter is deter-
mined with low accuracy. The details of calculations and
discussion of the problem of the experimental deterrnina-
tion of the band parameters of Pb-Sn-Mn-Te are present-
ed in Ref. 22. The position of the band of heavy holes in
the band structure of Pb-Sn-Mn-Te was determined based
on the results of transport and optical data. The energy
Ez is equal to the Fermi energy in the samples of Pb-Sn-
Mn-Te with a threshold carrier concentration
p, =3X10 cm . The value of the Fermi energy as a
function of carrier concentration can be calculated based
on the energy dispersion model we describe below. The
effective mass of heavy holes was determined in a one-
parameter fitting procedure in the theoretical description
of the experimentally determined effective mass of car-
riers. This parameter determines the rate with which the
plasma frequency of Pb-Sn-Mn-Te increases with increas-
ing carrier concentration.

The theoretical description of the set of 2+4 bands at
the L point of the Brillouin zone is based on the well-
known Dimrnock model. This model takes into account
nonparabolicity and anisotropy of the conduction and
valence bands and the inAuence of far bands on the
effective masses of carriers. We use the set of parameters
of the Dimmock model providing the best description of
the electron properties in the whole range of composi-
tions of Pb& „Sn Te alloy:

p2 p2
=5.6 eV, =0.52 eV,

0 0

mp mp=9.6 eV, =1.2,
mt ml

Here P, , is a transverse and longitudinal matrix element
of momentum, m,

—
I are the parameters describing the far

band's contribution to the effective mass of holes (+) and
electrons ( —). The model also includes the band gap E
as a parameter which depends on the chemical cornposi-
tion of the alloy.

In the case of the Pb-Sn-Mn-Te alloy, the Dimrnock
model predicts the following energy dispersion relation
for holes in the L „band:

E aK2+ [(p2K2 i )2+K2]1/2
2 2

(2)

where a and P are the numerical parameters directly re-
lated to the parameters of the Dimmock model and ~ is
the reduced wave vector. The zero of the energy is at
the top of the valence band. This form of the energy
dispersion relation is a simplified version of a general
solution of the Dimrnock model valid in the case when
the following conditions are satisfied:

(3)

V. THEORETICAL CALCULATIONS

The theoretical description of the magnetic properties
of the Pb-Sn-Mn-Te semimagnetic semiconductor is
based on the following model. Paramagnetic Mn + ions
with spin moment S =

—, are statistically distributed in
the fcc magnetic sublattice of the crystal lattice of Pb-
Sn-Mn-Te. The magnetic moments are coupled by the
long-range indirect (RKKY) exchange interaction via the

These conditions are reasonably well satisfied in the Pb-
Sn-Te alloys [see the numerical values of parameters in
Eq. (l)]. Physically they mean that the anisotropy of the
band of light holes L6 is the same as the anisotropy of
the far-band contributions to the effective mass of holes
in this band. In our opinion, this approximation does not
infIuence the results of the calculations at the precision
level we are dealing with comparing theoretical calcula-
tions with experimental data. The same relation trans-
forms the Dimmock's dispersion relation to the form
dependent only on the modulus of the reduced wave vec-
tor. This allows us to perform calculations in an analyti-
cal way. The dispersion relation (2) transforms itself into
the well-known Kane dispersion relation for IV-VI alloys
in the special case when a =f3=0.

Due to the large direct energy gap at the X point of the
Brillouin zone of the Pb-Sn-Te alloys, the energy disper-
sion relation of heavy holes is parabolic. In our calcula-
tions we also assume that this is an isotropic band.

Based on the energy dispersion relation (2), we calcu-
lated the carrier-concentration dependence of the Fermi
level and distribution of holes between two valence bands.
The results of these calculations are presented in Fig. 11.
One can notice that, due to high density of states con-
nected with the band of heavy holes, the Fermi level is
practically constant for samples with a concentration of
holes higher than p, =3 X 10 crn . The distribution of
carriers is strongly shifted to the X band.
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E (eV)

p2 2~d Jsdao
I(R, )= [sin(c&i )

—c&i cos(c&i )]
128k ~i

ao+1
X exp

k&2
(6)

(b)

I I & tl

10 p(crn )
21 2

10

FIG. 11. The dependence of the Fermi energy of
Pbp 25Snp 72Mnpp3Te on the total carrier concentration pp. (b)

presents the carrier-concentration dependent distribUtion of
holes between bands of light and heavy holes.

free holes. In the case of nearest-neighbor spins, a weak
antiferromagnetic superexchange interaction, usually
present in IV-VI SMSC, should also be taken into ac-
count.

The calculations of the paramagnetic Curie tempera-
ture (0) are based on the Heisenberg isotropic Hamiltoni-
an:

0= —QI(R, , )S S (4)

where I(R;~) is the exchange integral between two mag-
netic moments S; and S separated by the distance R, .
The summation should be carried out through the whole
set of possible pairs of spins. Our calculations show that,
in the case of the RKKY interaction in Pb-Sn-Mn-Te,
one has to take into account the coupling between Mn
ions separated by the distances R; ~ 6ao, where ao is the
lattice constant of Pb-Sn-Mn-Te.

In the RKKY mechanism, the exchange integral is
given by Eq. (5):

J,~(kFao)I (R,, )= FRK (2kFR,, )exp
64EFm

R,
(5)

where J,d is the exchange integral between localized man-

ganese spin and free carriers, EF =A kF /2m 0 is the Fer-
mi energy, ao is the lattice constant, A, is the carrier mean

free path, and

sin(x) —x cos(x)
RK 4X

is the Ruderman-Kittel (RK) function.
In the magnetic fcc sublattice, only discrete distances

between spins are possible and are given by the formula

R, =ao&i/2, where i =1,2, 3, . . . . Equation (5) now can
be written in the following form:

Here c = ~2kF ao, and md* is the density-of-states
effective mass of carriers on the Fermi surface (in one en-

ergy valley). One can see that the RKKY exchange in-
tegral depends on the exchange constant between the free
carriers and the localized moment on the effective mass
of density of states and on the number of carriers (via the
Fermi vector kF).

Equation (6), describing the strength of the RKKY in-
teraction, contains the phenomenological damping factor
depending on the mobility of carriers. Due to the fact
that conducting carriers in Pb-Sn-Mn-Te have rather low
mobilities, this factor may be important. In the case of
the Pb-Sn-Mn-Te semimagnetic semiconductors, the
RKKY interaction is mediated by two kinds of carriers:
light holes from the L6 band and heavy holes from the X
band. The total RKKY exchange integral (I„KKv) de-
pends on the concentration of light (pI ) and heavy holes
(pg):

IaKKv(p, R() =4IL(pL, R, }+12Ix(px,R() .

Here IL(pI, R, ) and Iz(pz, R;) are the RKKY exchange
integrals due to light (L) and heavy (X) holes, respective-
ly. These integrals are described by Eqs. (5) and (6) tak-
ing into account different effective masses of both kinds
of carriers. Factors 4 and 12 appear in Eq. (7) due to the
many-valley energy band structure of Pb-Sn-Mn- Te.
Each energy valley is an independent channel for the
RKKY mechanism. To calculate the Fermi wave vector
of carriers, one should take the number of carriers per
one valley (i.e., pL /4 for light holes and px/12 for heavy
holes}.

The experimentally measured parameter, the paramag-
netic Curie temperature (8), is, in the case of the random
magnetic system, given by

ks0= —';S(S +1)ygz, I, (R, ),
(i)

where y is the concentration of magnetic ions, z, is the
number of atoms in the fcc lattice which are separated
from the given atom by the distance R;, and I, (R;) is the
total exchange integral.

In the framework of our model, the total exchange in-
tegral, which couples two spins separated by the distance
R;, consists of two RKKY mechanism contributions (due
to carriers from the I. and from the X bands) and in the
case of nearest-neighbor spins, the antiferromagnetic
(AF) contribution due to the superexchange mechanism.
The latter effect is described by the exchange integral IAF
which will be estimated in Sec. VI based on our experi-
mental data. The total exchange integral is now given by
the following expression:

IRKK~(p, R; ) —IAF for i =1,
II(R, i=

IRKKv(p, R, ) for i 2 .
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We have now the following formulas for the paramag-
netic Curie temperature of Pb-Sn-Mn-Te:

~AF ~RKKY &

t ~F= ——', S ( S + 1 )&Z1I~F

ORKKv ——', S(S+1)yg z;IRKKY(p, R, ) .
i=1

(10)

(12)

In our model the superexchange contribution to the
paramagnetic Curie temperature is carrier-concentration
independent. The typical carrier-concentration depen-
dence of the RKKY contribution is presented in Fig. 8.
This curve was calculated for the case of the band param-
eters of the I-6 band of Pbp 25SnQ 72MnQ 3Te. One ean no-

tice the following two characteristic properties of this
dependence. There is a maximum at carrier concentra-
tion (per one valley) p=7X10 cm . At low carrier
concentrations, the paramagnetic Curie temperature de-
pends on a carrier concentration as 0-p '

The calculations of the carrier-concentration depen-
dence of the paramagnetic Curie temperature were done
in the following way. For each total carrier concentra-
tion (po) we calculate the Fermi energy and the distribu-
tion of carriers between the bands of light and heavy
holes according to the condition:

I I I

3 5 7 9 11 13 15

p(10 cm j
20

FIG. 12. The results of the theoretical calculations of the
carrier-concentration dependence of the paramagnetic Curie
temperature of Pbo»Sno 72Mno 03Te. The dashed line ( A )

presents the contribution due to superexchange interaction be-
tween nearest-neighbor spins. The solid line (L) describes the
contribution due to the RKKY interaction via light holes (L).
The total effect (i.e., the RKKY contributions due to the light
and heavy holes and the contribution due to the superexchange
interaction) is presented by the solid line ( T).

Po =s'I. (EF )+Pm«F )

Based on the model of the band structure presented in
Sec. IV, we also determine the e6'ective mass of light
holes. To calculate the RKKY exponential damping
factor, we also need the values of microscopic mobilities
of both kinds of carriers. These parameters can be deter-
rnined based on the experimentally measured Hall mobili-
ties which, in the case of PbQ 25SnQ 72MnQ Q3Te, follow a
phenomenological law @= 300/p, where p is the Hall mo-
bility in units cm V s and p is the Hall carrier concentra-
tion in units 10 cm . The mieroseopic mobilities can
be determined using the calculated distribution of car-
riers and the mobility ratio b =px/pL. The latter pa-
rameter was determined based on the analysis of the tem-
perature and carrier-concentration dependence of the
two-carrier Hall constant and is equal to b =0.2. '

Theoretical calculations are based on the total carrier
concentration (po), whereas the experimental data are
usually presented as a function of the low-temperature
Hall concentration (p). To compare theory and experi-
mental data one has to recalculate the total carrier con-
centrations to the Hall one using the two-carrier effective
HaH factor defined as r'=pQ/p. The value of this pa-
rameter depends on the carrier concentration and we cal-
culate it for each carrier concentration during the
theoretical calculations of the carrier-concentration
dependence of the Curie temperature. %'e use a simple
model ' according to which the Hall factor of the light
holes is determined by the anisotropy of the L, 6 band and
the carrier concentration dependence of the effective Hall
factor is mostly due to redistribution of carriers between
valence bands. The results of our model calculations
show that the difference between total and Hall carrier
concentration is typically less than 30%%uo.

VI. DISCUSSION AND CONCLUSIONS

The results of the theoretical calculations of the
carrier-concentration dependence of the paramagnetic
Curie temperature of PbQ 25SnQ 72MnQ Q3Tn are presented
in Fig. 12. One can see that the dominant physical mech-
anism determining the magnetic properties of this materi-
al is the RKKY exchange interaction via heavy holes.
The RKKY contribution due to the light holes from the
I.6 band is an order of magnitude smaller due to relative-

ly small effective mass of density of states. To obtain a
correct theoretical description of the experimental data
for samples with carrier concentrations p (3 X 10
cm, we have to assume that the antiferrornagnetic in-
teraction between nearest-neighbor spins is described by
the exchange integral IAF =0.25+0.05 K. This value
agrees reasonably well with experimental data for anoth-
er IV-VI SMSC. The role of this weak antiferromagnet-
ic interaction is to compensate the small positive contri-
bution to the paramagnetic Curie temperature connected
with the RKKY interaction via light holes. The latter
mechanism predicts the paramagnetic Curie temperature
0=—+0.5 K that is not observed experimentally. The
paramagnetic Curie temperatures of the samples of Pb-
Sn-Mn-Te with a carrier concentration p (3 X 10 cm
are close to zero.

Comparing the results of the theoretical calculations
with the experimental data (Fig. 12), one can conclude
that the model of magnetic properties of Pb-Sn-Mn-Te
presented in Sec. V describes well the experimental data
in the wide carrier-concentration range p =8 X 10 to19

7 X 10 cm . In the case of samples with very large car-
rier concentrations, the decrease of the Curie ternpera-
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ture with an increasing carrier concentration is not
correctly reproducible in our calculations. The max-
imum, which usually appears on the carrier-
concentration characteristics of the Curie temperature
determined by the RKKY interaction, is observed at a
carrier concentration per one energy valley p =7X 10
cm . It means that the total carrier concentration of
heavy holes should be equal to p& -——8X10 ' cm . It is
much higher than the highest concentrations obtained in
the samples of Pb-Sn-Mn-Te.

In our opinion, the experimentally observed decrease
of the Curie temperature may be qualitatively understood
based on the damping effect of the exponential factor in
the RKKY mechanism. Due to the fact that, with an in-
creasing carrier concentration, we observe experimentally
a rather strong decrease of the mobility of carriers
(p- I/p), one can also expect a significant reduction of
the carrier mean free path and a decrease of the Curie
temperature. The damping factor in the RKKY interac-
tion influences the magnitude of the interaction when the
mean free path is comparable with the mean interdis-
tance between magnetic ions. In the case of Pb-Sn-Mn-
Te, this condition means that the effect may be observed
if the mobilities of the carriers are in the range of p ~ 10
cm /V s. Such low mobilities are observed in the case of
heavy holes in Pb-Sn-Mn-Te. However, the calculated
mean free path of heavy holes decreases too slowly with
the increasing carrier concentration to account for the
observed experimental behavior.

The theoretical curve fitting the experimental data was
calculated with the exchange constant equal to
J,d =100+5 meV. This value is comparable with ex-
change constants observed in other p-type IV-VI SMSC
(Pb-Mn-Te and Pb-Mn-Se).

Finally, we would like to discuss the assumptions on
which our theoretical calculations presented above are
based. We do not take into account the possible effect of
the nonparabolicity and anisotropy of the band of light
holes on the RKKY mechanism. This effect may
influence only the small contribution of light holes to the
total RKKY exchange integral and is not crucial in the
theoretical calculations of the Curie temperature of Pb-
Sn-Mn-Te. The energy dispersion relation in the band of
heavy holes is parabolic and this dominant contribution
is calculated correctly. Due to the lack of the experimen-
tal data, we assume also that the exchange constants of
both light and heavy holes are the same.

Our experimental data strongly suggest that the low-
temperature magnetic phase observed in Pb-Sn-Mn-Te
(y=0.03) is ferromagnetic. This conclusion was recently
confirmed by neutron-diffraction measurements on the re-
lated material Sn, „Mn„Te (y=0.03 and 0.06). Gen-
erally, in diluted magnetic systems with a RKKY in-
teraction, the formation of the spin-glass phase is
very probable. Our calculations show that, in

Pbo 2sSno»Mno 03Te (p =7 X 10 cm ), the RKKY in-
teraction between magnetic moments separated by the
distance 8 & 20 A is ferromagnetic. The mean distance

0
between magnetic ions in this material is about 13 A.
This situation favors the formation of the ferromagnetic
phase. However, in more magnetically diluted crystals,
in which the mean distance between magnetic ions is
larger, the effect of the oscillating sign of the RKKY in-
teraction may be important and lead to the formation of
spin-glass phase. The first experimental evidences that
this mechanism is really effective in Pb-Sn-Mn-Te were
recently obtained in PbQ 26SnQ 72MnQ Q2Te and
SnQ 98MnQ Q2Te with a carrier concentration p 10 '

cm '. . One can also expect interesting magnetic prop-
erties of the samples with a threshold carrier concentra-
tion p =p, . The reduced magnitude of the RKKY in-
teraction should increase the role of weak short-range an-
tiferromagnetic interactions. The possible effects result-
ing from the competition between these two exchange
mechanisms should be important at temperatures T 1

K and, as yet, were not studied experimentally.
Summarizing our experimental and theoretical studies

we would like to stress the following points.
(1) In the Pb-Sn-Mn-Te semimagnetic semiconductor,

we observed a transition from a paramagnetic to fer-
romagnetic phase induced by a carrier concentration.

(2) The abrupt transition to a ferromagnetic phase is
governed by a RKKY mechanism involving two types of
carriers (light and heavy holes) with a dominating role of
heavy holes.

(3) Detailed knowledge of the energy band structure
deduced from the semiconductor properties of Pb-Sn-
Mn-Te is a firm confirmation of our interpretation. It
also illustrates the importance of the band structure (not
only a carrier concentration) in the RKKY interaction.

(4) The general physical description of the magnetic
properties of PbQ 25SnQ 72MnQ Q3Te should also be valid for
materials with different host compositions and different
concentrations of manganese ions, as far as these materi-
als have a band structure similar to the one presented in
Fig. 10. Recent experimental data obtained for Sn-Mn-
Te (Ref. 31) and for Pb, „Sn„Mn Te with composition
x=0.72, y=0.06, and y=0.08 (Ref. 32), show that,
indeed, the carrier-concentration induced ferromagne-
tism is observed in the wide range of chemical composi-
tions of Pb-Sn-Mn-Te semimagnetic semiconductors.
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