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Magnetic contribution to the specific heat of Pb1ÀxMn xTe

A. Łusakowski, A. Je¸drzejczak, M. Go´rska, V. Osinniy, M. Arciszewska, W. Dobrowolski, V. Domukhovski, B. Witkowsk
T. Story, and R. R. Gała¸zka

Institute of Physics, Polish Academy of Sciences, Al. Lotniko´w 32/46, 02-668 Warsaw, Poland
~Received 22 October 2001; published 4 April 2002!

Temperature dependence of magnetic specific heat and magnetic susceptibility has been studied experimen-
tally and theoretically in the semimagnetic semiconductor Pb12xMnxTe for x50.024 andx50.056, over the
temperature range from 0.5 to 15 K, in magnetic fields up to 4 T. There was usually a maximum in the
magnetic specific heat around 1 K in zero and low magnetic fields; the maximum shifted toward higher
temperatures with increasing magnetic field. The experimental data have been analyzed in the framework of
magnetic cluster models. An analysis of the influence of local lattice distortions andsp-d exchange coupling
has been performed.
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I. INTRODUCTION

Semimagnetic semiconductors~SMS’s!, also known as di-
luted magnetic semiconductors, are semiconducting al
with substitutional magnetic ions. They exhibit a number
interesting properties like interesting magneto-optical effe
related to the giant Zeeman splitting of band states,1–4 carrier
induced ferromagnetism,5,6 and the formation of bound mag
netic polarons.7 The main origin of this rich variety of phe
nomena is thesp-d exchange interaction between deloc
ized band carriers and the localized magnetic mome
introduced into the host lattice by the magnetic ions. T
intensive studies of SMS’s for more than two decades w
devoted to SMS’s based on II-VI or IV-VI semiconductin
compounds with Cd12xMnxTe and Pb12xMnxTe as represen
tative examples. Recently we observed considerable inte
in SMS’s based on III-V compounds, namely GaMnAs a
InMnAs.8 This is connected with the paramagnet
ferromagnetic transition observed in these compounds
relatively high temperatures up to 110 K.

The present paper is devoted to experimental and theo
ical studies of the magnetic specific heat of Pb12xMnxTe, a
paramagnetic IV-VI semimagnetic semiconductor. Magn
zation and magnetic susceptibility measurements h
shown that, in general, IV-VI SMS’s with a 3d element as
the magnetic ion have a much weaker exchange interac
than that found in II-VI SMS’s with the same magnetic io
However, the mechanism of the exchange interaction am
the magnetic ions is still not well understood. For examp
because IV-VI chalcogenide systems crystallize in the ro
salt structure, one might suspect a more pronounced role
the next-nearest-neighbor~NNN! interaction9 compared to
II-VI materials, where this NNN interaction is usually ne
glected, at least in short-range-order interaction models.

Our main motivation for the present research was to
velop a more complete model of the exchange interac
and to obtain parameters for this interaction among magn
ions by taking into account the results of specific-heat stud
together with the complementary results of magnetizat
and magnetic susceptibility measurements. Up to now,
experimental data on the magnetic contribution to the s
cific heat of Pb12xMnxTe have been available. Therefore
0163-1829/2002/65~16!/165206~7!/$20.00 65 1652
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this work we examine the temperature and magnetic-fi
dependence of the magnetic specific heat of two sample
Pb12xMnxTe with different Mn content. The details of th
experiment, our approach for extracting the magnetic p
from the total measured heat capacity, and the results of
measurements are presented in Sec. II. In Sec. III we app
number of theoretical models to explain the experimen
data. Apart from the models already known in the literatu
we analyze the effect of splitting of the ground state of ma
ganese ion brought about by thesp-d interaction between
localized magnetic moments and free carriers. Section
contains the summary and conclusions.

II. EXPERIMENT

We have measured the specific heat of Pb12xMnxTe with
x values of 0.024 and 0.056. The samples were grown by
Bridgman technique. The Mn content in the samples w
determined by x-ray fluorescent energy dispersive anal
with an accuracy of about 7% of thex value. As expected
the lattice constant of our Pb12xMnxTe crystals decrease
linearly with increasing Mn content according to Vegard
law, a(x)5(6.4620.632x) Å. X-ray powder diffraction
analyses were also performed on our samples. We did no
any peaks corresponding to phases other than the roc
crystal of Pb12xMnxTe. Carrier concentrations and mobilitie
were determined by the Hall effect and conductivity me
surements. All samples werep type. At 77 K the hole con-
centration both forx50.056 andx50.024 was about 3
31018 cm23, and the hole mobility was about 2.
3103 cm2/V s. For the measurements of the heat capac
we used samples in the form of disks with diameters up t
mm. Each sample consisted of several large monocrysta
grains.

Previous measurements of high-temperature magn
susceptibility and low-temperature, high-field magnetizat
have shown that Pb12xMnxTe with x up to 0.04 was para-
magnetic with a weak antiferromagnetic exchange inter
tion between Mn ions.10–12 We performed measurements
the magnetic susceptibility of our Pb12xMnxTe samples with
x up to 0.09. In Fig. 1 we show the inverse susceptibili
obtained from these measurements, vs temperature up t
©2002 The American Physical Society06-1



ife
ra

d
re
W

te
u
ea
to
pa
ng

a

ifi
th

w

e

rm
-
p
ra
al
tio
tic

et
5
e

nt
h

ith
4.9
mall
e

ter-

, in
on-

e

ize

ific

re
e

ude

ata

etic
m-
spe-

re
ld
be-
sly

he
a

A. ŁUSAKOWSKI et al. PHYSICAL REVIEW B 65 165206
K. These results confirmed the presence of this weak ant
romagnetic exchange interaction and agree well with lite
ture data.10–12

The measurements of the heat capacity were performe
a cryostat using a3He or 4He system, over the temperatu
range 0.5–15 K, in magnetic fields 0, 0.5, 2, and 4 T.
used the standard adiabatic heat-pulse method.13 Errors in
the heat-capacity values were about 5%. In order to de
mine the specific heat of the sample we needed first to s
tract the heat capacity of the calorimeter from the total h
capacity. Since the heat capacity of the calorimeter was
small for the adiabatic method, we measured the heat ca
ity of the calorimeter in magnetic fields 0, 2, and 4 T usi
the relaxation method, developed by Bachmanet al.14 The
specific heat of the calorimeter did not depend on the m
netic field, within our experimental error.

In order to obtain the magnetic contribution to the spec
heatCm , it was necessary to subtract the specific heat of
PbTe lattice from the measured specific heat of Pb12xMnxTe.
This, it turned out, was not a simple process. Bevoloet al.
found that the specific heat of PbTe has an anomaly belo
K and could not be fitted with the standard expressionC
5gT1aT3, wheregT andaT3 are the electronic and lattic
contributions, respectively.15 In fact, they could not obtain a
satisfactory fit to their data with an expression of the fo
C5gT1aT31( i 51

n d iT
2i 13 unlessn was at least 10. There

fore we measured the heat capacity of our own PbTe sam
which was also grown by the Bridgman method. At tempe
tures below 4 K the heat capacity of PbTe was very sm
and we found it necessary to measure by the relaxa
method; above 4 K it waspossible to use the same adiaba
method as we used for Pb12xMnxTe.

We measured the heat capacity of PbTe in 0 magn
field and at 2 T over the temperature range from 0.5 to 1
and, like the calorimeter, found that the temperature dep
dence was the same for 0 and 2 T within our experime
error. The specific heat of PbTe above 10 K was greater t
that of Pb12xMnxTe, both withx50.056 andx50.024, due

FIG. 1. Inverse magnetic susceptibility of Pb12xMnxTe vs tem-
perature for various Mn compositions.
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to the lattice contribution. That is, the replacement of Pb w
an atomic mass of 207.2 by Mn with an atomic mass of 5
leads to a decrease in heat capacity, even for such s
values ofx. To take this effect into account we divided th
entire set of PbTe specific-heat data by empirically de
mined factors, 1.05 forx50.056 and 1.03 forx50.024, be-
fore subtracting from the Pb12xMnxTe. These factors were
determined by assuming that at temperatures above 15 K
the absence of an applied magnetic field, the magnetic c
tribution to the specific heat of Pb12xMnxTe is negligible.
This division by 1.05~1.03! gave results for PbTe that wer
the same as those for Pb12xMnxTe at 15 K for x50.056
~0.024!. Since this is an empirical correction, we emphas
in the present work the data at temperatures below 5 K where
the lattice specific heat is much smaller than the total spec
heat. The specific heat values for Pb12xMnxTe with x
50.056, including the host lattice contribution of PbTe a
shown in Fig. 2. In the interesting region, below 2 K, th
specific heat of PbTe was more than 3 orders of magnit
smaller than that of Pb12xMnxTe.

The magnetic specific-heat data for Pb12xMnxTe are
shown in Figs. 3 and 4. We believe that the scatter in the d
is the experimental error. Forx50.056 there is a maximum
in the magnetic specific heat at about 1 K, in zero magn
field. In higher magnetic fields the peak shifts to higher te
peratures. The same field dependence of the magnetic
cific heat is observed in Pb12xMnxTe with x50.024, but in
this case the peak atH50.5 T appears at a temperatu
lower than forx50.056, and the peak in zero magnetic fie
is below our experimental temperature range. A similar
havior of the magnetic specific heat was observed previou
in other IV-VI SMS’s, such as Sn12xMnxTe.16

III. THEORETICAL MODELS

At first we apply the theoretical models developed for t
description of magnetic specific heat in II-VI SMS’s in
number of papers~see, for example, Refs. 17–19!. In accor-

FIG. 2. Specific heat of Pb12xMnxTe with x50.056 ~circles!
and of PbTe~diamonds! in zero magnetic field.
6-2
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dance with the simplest random distribution model17,18 ~also
called cluster model!, we assumed that the magnetic sp
spin interactions are short range and the manganese ion
randomly distributed over the cation sites of the lattic
These assumptions are quite well justified in SMS’s w
small Mn content and fully supported by the earlier theor
ical analysis of magnetic susceptibility and magnetizat
measurements.11,20 For the given concentration of magnet
ions, we should find a certain number of singles, pa
triples, and larger magnetic clusters as predicted statistic
Because the manganese concentration is rather small, in
analysis we have limited ourselves to singles, pairs,
triples configurations. This is particularly well justified fo

FIG. 3. Magnetic specific heat of Pb12xMnxTe with x50.056 in
various magnetic fields. Points: experimental data; lines: theore
predictions of NNN cluster model.

FIG. 4. Magnetic specific heat of Pb12xMnxTe with x50.024 in
various magnetic fields. Points: experimental data, lines: theore
predictions of NNN cluster model.
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the 0.024 sample as the manganese atoms in these con
rations constitute more than 98% of the magnetic atoms
tem in the case of magnetic interaction limited to near
neighbors~NN!. If the exchange interaction is extended
the next-nearest neighbors~NNN! then considering these
configurations we take into account about 96% of Mn atom
For the 0.056 sample the situation is more complex, beca
the percentage of Mn atoms in other configurations is m
larger and, strictly speaking, the cluster model which ta
into account singles, pairs, and triples only does not ap
For this sample we have calculated the numbers of sing
pairs, and triples according to statistical distribution. Next,
order to take into account Mn atoms in the remaining co
figurations, we have multiplied the numbers of pairs a
triples by a properly chosen factor. We think that such
procedure enables us to draw at least semiquantitative
clusions. The interaction of manganese spins was descr
by the Heisenberg Hamiltonian with an additional Zeem
term due to an external magnetic field. The exchange inte
for the nearest-neighbor interaction is known from hig
temperature susceptibility and magnetization measurem
and is of the order of 1 K with an antiferromagnetic sign.11

Since for such simple configurations of exchange coup
spins the eigenvalue problem may be easily solved and
the fcc lattice the average numbers of singles, pairs,
triples are known too,21 there is no difficulty in calculating
the magnetic specific heat for the whole system.

The results of calculations are presented in Fig. 3 and
4 ~solid lines!. We adopted here the cluster model taking in
account NN and NNN interactions with the exchange co
stants JNN520.8 K and JNNN520.2 K consistent with
magnetic susceptibility measurements. One can see tha
predictions of the cluster models reasonably well quant
tively agree with our experimental data for high magne
fields and for low Mn content. The agreement of the theo
and experiment becomes worse for lower fields and hig
Mn compositions and breaks down completely for zero
ternal magnetic field. This is the most striking experimen
finding particularly clearly seen for the sample with 5.6%
Mn, for which the experimental curves taken atB50 and
B50.5 T are almost identical. This qualitatively differe
feature ofCH(T) dependence, not found in other cubic par
magnetic SMS materials with Mn, constitutes the main ch
lenge of theoretical analysis of magnetic specific heat
PbMnTe. Below, we analyze the problem within the fram
work of different theoretical models. The calculated curv
together with experimental data forB50 are presented in
Fig. 5.

Qualitatively, in the NN cluster model described abov
the temperature position of the peak in the magnetic spe
heat corresponds to the energy-level splitting of near
neighbor pairs~for simplicity of discussion we neglec
triples!. The height of the peak, on the other hand, refle
the number of such pairs contributing to the specific heat
this respect, let us remind ourselves that in zero magn
field the magnetic specific heat of singles is equal to ze
because, due to degeneracy of their energy levels, they
not absorb energy. This degeneracy is lifted in an exter

al

al
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magnetic field and only then do the singles contribute to
magnetic specific heat.

As we have already noticed, one of the most striking f
tures of the experimental data is the equality of the pea
heights for zero and nonzero magnetic field. This sugg
that there are no singles in the system. In other word
model based on short-range spin-spin interaction and a
dom distribution of the magnetic ions in the lattice cann
explain the experiment.

In order to learn about the distance dependence of
exchange integral between two magnetic ions in PbMnTe
have performed numerical calculations,22 analogous to those
performed in Ref. 23; superexchange and the Blomberg
Rowland mechanism were taken into account. The calcula
exchange integral is of antiferromagnetic sign and decre
very quickly with the distance. The main contribution to t
Curie-Weiss temperatureu comes from the first and secon
coordination zones. This precludes any assumption of an
traordinary long-range order of magnetic interactions.

Although from the numerical calculations point of vie
one should not expect long order interactions; for comple
ness, we tried to describe the behavior of the specific h
with the aid of the so-called extended nearest-neighbor
approximation~ENNPA! model. The ENNPA was succes
fully applied in a number of papers to the description of t
magnetization or magnetic specific-heat measurements~see,
for example, Ref. 19!. In the ENNPA model one assume
long ranged magnetic interactions with an exchange inte
of the formJ(R)5JNN(R/R0)2k. HereJNN is a constant of
the order of the exchange integral for nearest neighbors s
rated by a distanceR0 and k is an exponent characterizin
the decrease of the exchange integral with increasing
tanceR between two magnetic ions. We do not describe
model in detail because this has been done previously~see,
for example, Refs. 19 and 24!.

The ENNPA model~see Fig. 5, dashed line! provides a
somewhat better description of the experiment than the s

FIG. 5. Comparison of the magnetic specific heat
Pb0.976Mn0.024Te calculated according to different models in ze
external magnetic field with the experimental results.
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plest cluster models giving rise to smaller difference betwe
the specific heat in zero and nonzero magnetic field. Ho
ever, in our opinion, this difference is still too large to acce
ENNPA as the description of the experiment. For the res
presented in Fig. 5 it was assumed thatJNN521 K andk
54. No significant improvement was achieved by a
changes of these parameters within sensible limits.

We have done a number of other simulations which we
not describe here in detail. In these simulations larger c
ters have been taken into account, different sets of excha
constants have been assumed, sometimes disorder has
included. None of these models provided satisfactory exp
nation of the experiment. Summarizing the above consid
ations, we conclude that the experimental results proba
cannot be described by any model based on a Hamilton
containing the interactions between manganese spins on

Let us try now to look for other possible mechanism
which may be responsible for the peak value in ze
magnetic-field specific heat. On the basis of statistical an
sis we believe that single magnetic ions, especially in
0.024 sample case, constitute the largest part of the mag
system. The question arises whether Mn ions in PbMnTe
really objects with a sixfold degenerate ground state, as
usually assumed. It turns out that this is not the case.
have found25 that the hybridization of the 3d electrons of
manganese with the band carriers leads to a splitting of
sixfold degenerated level into, in general, three double
Such a splitting~without analysis of its detailed mechanism!
has been already considered as the cause of the behav
zero magnetic-field specific heat in CdMnSe.26

In Pb12xMnxTe crystal the ground state of manganese
the Mn21 configuration with five electrons in the 3d shell
with orbital momentumL50. Such a state is not influence
by any crystal field. However, if we allow for the hybridiza
tion we must also take into account the manganese ion in
excited Mn31 and Mn11 states for whichL52. Due to the
internal spin-orbit interaction in these states we obtain
effective coupling between spin degrees of freedom and
crystal field, which leads to the ground-state splitting. T
magnitude of this splitting strongly depends on the symme
of the surroundings of the Mn ion. If the Mn ion is in a si
of perfect octahedral symmetry, the sixfold degenerate le
splits into a doublet and quartet. The energy distance
tween these two levels is of the order 1024 K, which is too
small to be relevant to the range of energies that corresp
to our magnetic specific-heat measurements. However, s
an octahedral symmetry of the manganese surroundings
be expected only in very dilute PbMnTe samples. Due to
large difference between ionic radii of Pb and Mn, t
PbMnTe lattice is locally deformed and this deformation
not limited to the unit cell but spreads over larger distanc
Even for the 0.024 sample the deformations originating fr
nearest manganese ions overlap. Because the Mn ions
placed randomly, we may expect deviations of the direct
of bonds from those in the perfect lattice. According to t
numerical simulations of the deformed lattice
Pb12xMnxTe that we have performed, these deviations are
the order 1 –5°. They have a dramatic effect on the splitt
of the Mn level which becomes of the order of 0.1–1 K.

f
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We have performed a number of simulations taking in
account this hybridization induced splitting. However, t
calculated peak in zero magnetic-field specific heat ne
attained the height of the one measured in experiment. T
is a consequence of Kramers’ theorem which states that w
out an external magnetic field the levels of an odd-num
electron system must be at least doubly degenerate. Thd
electrons of Mn which provide 5/2 spin constitute such
system and whatever the symmetry of the neighborhood w
in calculations, the ground state of the Mn ion remain
doubly degenerate. Now, from thermodynamics we kn
that

E
0

`

dT
CH~T!

T
5kBNMnln~2S11!2kBln~g0!, ~1!

whereNMn is the number of manganese ions,S55/2, CH(T)
is the magnetic specific heat at temperatureT, andg0 is the
degeneracy of the ground state of the system. In an exte
magnetic fieldg051 and the second term on the right-ha
side disappears.

We cannot calculate exactly the above integral using
perimental data because we have no measurements belo
K. However, for both samples,assuminga linear behavior of
the specific heat at lowest temperatures, our calculat
yield the Mn concentration resulting from Eq.~1! in perfect
agreement with the total Mn content~0.056 in the 0.056
sample case and 0.020 for the 0.024 sample!. Moreover,
comparing the integrals for zero and nonzero~0.5 T! mag-
netic field, we obtain nearly the same results. This is part
larly well seen for the 0.056 sample by looking at the expe
mental data. If there had been significant percentage
magnetic ions with a doubly degenerate ground state, the
zero magnetic field the degeneracy of the ground state w
have been greater than 1~in that caseg052Ns, whereNs is
the number of single magnetic ions with doubly degener
ground state! and the difference between the values of t
integrals for zero and nonzero magnetic field would ha
been much larger.

For example, the long dashed line in Fig. 5 shows
calculated magnetic specific forx50.024 sample with
nearest-neighbor pairs, triples, and singles split into th
doublets. The energy distances between these doublets
0.2 and 0.4 K. Again, the calculated specific heat is mu
smaller than the measured one.

Summarizing, we have not been able to explain the
perimental results by considering the manganese spin sy
alone. Below we introduce a mean-field-like model in whi
the interaction between the manganese spin system
that of free carriers is taken into account. Models of t
kind were recently applied in the studies of paramagne
ferromagnetic transition in semimagnetic sem
conductors.27,28

We consider a system consisting ofNMn manganese 5/2
spins andNel quasifree carriers in a magnetic field appli
along the z axis and described by the following mod
Hamiltonian:
16520
er
is
h-
r

3

s,
d

al

-
0.5

ns

-
i-
of
in
ld

te

e

e

e
ere
h

-
em

nd
s
-

H5gmBB~Mz1sz!1
a0

Nc
s22

J0

Nc
M•s. ~2!

whereM5( i
NMnM i ands5( j

Nelsj are the total spin of the
manganese and electron spin system, respectively.Nc is the
number of cation sites in the considered volumeV of the
crystal and the coefficienta0 /Nc51/(rV) where r is the
density of states at the Fermi level. The first term in t
Hamiltonian describes the Zeeman energy of Mn spins
free carriers. The second term describes, in the lowest
proximation, the energy cost of the spin polarization of t
electron gas. Thep-d or s-d coupling between Mn spins an
free carriers is described by the last term of the Hamiltoni

The energy levels may be characterized by the se
quantum numbers (M ,s,J,Jz) as follows:

E~M ,s,J,Jz!52
J0

2Nc
@J~J11!2M ~M11!2s~s11!#

1gmBBJz1
a0

Nc
s~s11!, ~3!

where 0<s<smax5Nel/2, 0<M<Mmax55NMn/2, M2s
<J<M1s, and2J<Jz<J. Although the spectrum of the
Hamiltonian is known, the thermodynamic quantities, in p
ticular the magnetic specific heat, may be calculated o
numerically for finite system.

In Fig. 5 we present the results of calculations for t
system consisting of 2120 Mn spins and 20 electron sp
corresponding to Pb12xMnxTe sample withx50.024 and a
hole concentration of 331018 cm23. The calculations were
carried out for the following values of parameters: thep-d
exchange integralJ0553103 K and a059.43104 K.

We have checked that the behavior of the system con
ing of a large number of spins described by Hamiltonian~2!
remains the same if, in our model, we replace Heisenb
spins in Eq.~2! by Ising spins. In the case of Ising spins mo
of the calculations of thermodynamic quantities may be p
formed analytically and this enables us to calculate the m
netic specific heat in the thermodynamic limit, i.e., for t
infinite system. It turns out that the temperature position
the peak and its height are almost the same as calcul
previously for the finite system.

The model presented above shows that the exchange
teraction between free carriers and localized manganese
ments provides a plausible physical mechanism fully rem
ing the degeneracy of the ground state of Mn ions a
producing the magnetic specific heat comparable with
perimental observations. However, its closer examinat
shows that quantitatively it does not work well i
Pb12xMnxTe, at least in the simple form presented above.
PbMnTe, for hole concentration 331018 cm23 the density
of states at the Fermi level equals about 0
31017 K21 cm23 and the exchange integralJ0 is of the or-
der of 200 meV. For these values of the parameters the p
in the temperature dependence of magnetic specific hea
PbMnTe is located at very low temperatures. To achieve
semiquantitative agreement between calculations and ex
ment~the dashed-dotted line presented in Fig. 5! we adopted
6-5
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the following values of density of states:r50.13
31018 K21 cm23 ~about six times larger! and J0
5430 meV~about two times larger!, which is rather unre-
alistic.

The effect of thep-d exchange interaction can be viewe
as an action on Mn ions of effective molecular field produc
by the spin polarization of conducting carriers. Our expe
mental data indicate that this molecular field is of the or
of 0.5 T for x50.024 and 1 T forx50.056. One may expec
that the cluster models may provide a good description of
experiment only in the case of external magnetic fields lar
than the internal molecular field. At zero external field t
cluster models should break down, as experimentally
served in PbMnTe.

We would also like to point out that in our model th
molecular field is independent of Mn content. Therefore o
model, without additional assumption concerning the dep
dence ofp-d exchange integral on Mn content, does n
explain the increase of molecular field with increase of M
concentration.

IV. DISCUSSION AND CONCLUSIONS

The important experimental finding revealed in our me
surements of the specific heat of PbMnTe concerns the
expectedly large magnetic specific heat observed at zero
ternal magnetic field. This result is in contrast to previo
studies of magnetic specific heat of cubic II-VI SMS’s wi
Mn and strongly suggests that all magnetic ions have
degeneracy of their ground state lifted with the energy sp
ting of the order of 1 K. The experimental curves for ma
netic specific heat obtained at zero and small~0.5 T! external
magnetic field are very similar. This suggests that cert
internal magnetic field exists and that this field is respons
for the manganese ground-state splitting. However, the or
of such a field at present is not clear. The model describe
the previous section does provide a mechanism for s
splitting as caused by thep-d exchange interaction. Althoug
the qualitative conclusions of this model are in accorda
with the experiment, the model fails to provide a quantitat
description of the experimental data.

On the other hand one should realize that the mode
indeed very simple. It does not take into account a numbe
factors which may influence its predictions. First, the spa
dependence of the spin density in both systems was
glected. As it was pointed out in Ref. 28, in such an appro
the spatial spin-spin correlations cannot be properly hand
In particular, there is no place in the model for the sp
wave-like magnetic excitations. Second, the model co
pletely neglects the positional disorder in the crystal. As
was shown recently,29 in a similar model, the positional dis
order changes significantly the thermodynamic quantit
Moreover, it was assumed that the manganese ions f
16520
d
-
r

e
r

-

r
n-
t

-
n-
x-

s

e
t-
-

in
le
in
in
h

e
e

is
of
l
e-
h
d.
-
-

it

s.
m

‘‘ideal’’ spin-only S55/2 magnetic moments with a sixfol
degenerate ground state. The discussion concerning th
fluence of the lattice deformation on the Mn spin splittin
shows that this might not be a valid assumption in the s
kelvin energy range. We would also like to point out th
importance of the details of the energy structure
Pb12xMnxTe in magnetic field. In particular the role of th
4s states of Mn, particularly for higher concentration
manganese, remains unknown. As it was explicitly shown30

these states play an important role in calculations ofp-d
exchange integral, even in vanishing Mn concentration lim
One should also notice the fact that the results of the opt
experiments yield thep-d exchange integral strongly in
creasing with decreasing temperature.3 This unexplained ef-
fect is not taken into account in our model.

Finally, we would like to mention a possibility to explai
our experimental findings by considering the molecular fi
produced not by the spin polarization of conducting carri
but proportional to the magnetization of Mn ions subsyste
In the temperature range studied by us the PbMnTe crys
are paramagnetic and, consequently, the usual Weiss mo
lar field must be zero. In Ref. 20 the authors suggest a p
sibility of a spin-glass transition at subkelvin temperatur
Such a spin-glass transition could give a contribution to
specific heat even above the transition temperature. H
ever, the essential part of our experimental data correspo
to the temperatures well above the possible spin-glass t
sition and our magnetic susceptibility data are perfectly re
lar down to 1.3 K. Therefore we did not exploit this line o
interpretation in our paper.

In conclusion, we have measured the magnetic contri
tion to the specific heat of the semimagnetic semicondu
Pb12xMnxTe with x50.024 andx50.056. We have analyze
the experimental data within the framework of a number
different theoretical models, applying both cluster mode
developed before for semimagnetic semiconductors, as
as different models taking into account distortion of the l
tice and thep-d exchange interaction. Our analysis clear
shows that to semiquantitatively explain the experimen
data one has to develop a model which predicts about a
splitting of the ground-energy state of single Mn ions
PbMnTe. We suggest that such a splitting may be caused
the p-d exchange coupling.
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