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Magnetic contribution to the specific heat of PR_,Mn,Te
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Temperature dependence of magnetic specific heat and magnetic susceptibility has been studied experimen-
tally and theoretically in the semimagnetic semiconductor_Rfdn, Te for x=0.024 andx=0.056, 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 arodinl 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 @ddexchange coupling
has been performed.
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[. INTRODUCTION this work we examine the temperature and magnetic-field
dependence of the magnetic specific heat of two samples of

Semimagnetic semiconductqi®MS’s), also known as di- Phb,_,Mn,Te with different Mn content. The details of the
luted magnetic semiconductors, are semiconducting alloygxperiment, our approach for extracting the magnetic part
with substitutional magnetic ions. They exhibit a number offrom the total measured heat capacity, and the results of the
interesting properties like interesting magneto-optical effecténeasurements are presented in Sec. Il. In Sec. lll we apply a
related to the giant Zeeman splitting of band statés;arrier ~ number of theoretical models to explain the experimental
induced ferromagnetisi® and the formation of bound mag- data. Apart from the models already known in the literature,
netic polaron<. The main origin of this rich variety of phe- we analyze the effect of splitting of the ground state of man-
nomena is thesp-d exchange interaction between delocal- ganese ion brought about by tisg-d interaction between
ized band carriers and the localized magnetic moment®calized magnetic moments and free carriers. Section IV
introduced into the host lattice by the magnetic ions. Thecontains the summary and conclusions.
intensive studies of SMS’s for more than two decades were
devoted to SMS’S based on 1I-VI or IV-VI semiconducting Il. EXPERIMENT
compounds with Cd_,Mn, Te and Ph_,Mn, Te as represen-
tative examples. Recently we observed considerable interest We have measured the specific heat of Rin, Te with
in SMS’s based on IlI-V compounds, namely GaMnAs andx values of 0.024 and 0.056. The samples were grown by the
INMnAs® This is connected with the paramagnetic- Bridgman technique. The Mn content in the samples was
ferromagnetic transition observed in these compounds atetermined by x-ray fluorescent energy dispersive analysis
relatively high temperatures up to 110 K. with an accuracy of about 7% of thevalue. As expected,

The present paper is devoted to experimental and theorethe lattice constant of our Pb,Mn,Te crystals decreased
ical studies of the magnetic specific heat of, PiMn,Te, a  linearly with increasing Mn content according to Vegard’s
paramagnetic IV-VI semimagnetic semiconductor. Magnetidaw, a(x)=(6.46-0.63%) A. X-ray powder diffraction
zation and magnetic susceptibility measurements havanalyses were also performed on our samples. We did not see
shown that, in general, IV-VI SMS’s with ad3element as any peaks corresponding to phases other than the rocksalt
the magnetic ion have a much weaker exchange interactioerystal of Ph_,Mn,Te. Carrier concentrations and mobilities
than that found in 1I-VI SMS’s with the same magnetic ion. were determined by the Hall effect and conductivity mea-
However, the mechanism of the exchange interaction amongurements. All samples wegetype. At 77 K the hole con-
the magnetic ions is still not well understood. For examplecentration both forx=0.056 andx=0.024 was about 3
because IV-VI chalcogenide systems crystallize in the rock<10'® cm™3, and the hole mobility was about 2.5
salt structure, one might suspect a more pronounced role fox 10° cn?/V's. For the measurements of the heat capacity
the next-nearest-neighbdNNN) interactiofi compared to  we used samples in the form of disks with diameters up to 8
[I-VI materials, where this NNN interaction is usually ne- mm. Each sample consisted of several large monocrystalline
glected, at least in short-range-order interaction models. grains.

Our main motivation for the present research was to de- Previous measurements of high-temperature magnetic
velop a more complete model of the exchange interactiosusceptibility and low-temperature, high-field magnetization
and to obtain parameters for this interaction among magnetibave shown that Rb,Mn,Te with x up to 0.04 was para-
ions by taking into account the results of specific-heat studiemagnetic with a weak antiferromagnetic exchange interac-
together with the complementary results of magnetizatiortion between Mn ion$’~12We performed measurements of
and magnetic susceptibility measurements. Up to now, nthe magnetic susceptibility of our Pb,Mn,Te samples with
experimental data on the magnetic contribution to the spex up to 0.09. In Fig. 1 we show the inverse susceptibility,
cific heat of Ph_,Mn,Te have been available. Therefore in obtained from these measurements, vs temperature up to 80
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FIG. 2. Specific heat of Rb,Mn,Te with x=0.056 (circles

FIG. 1. Inverse magnetic susceptibility of PHMn,Te vs tem- and of PbTe(diamonds in zero magnetic field.

perature for various Mn compositions.

K. These results confirmed the presence of this weak antifeto the lattice contribution. That is, the replacement of Pb with
romagnetic exchange interaction and agree well with litera@n atomic mass of 207.2 by Mn with an atomic mass of 54.9
ture data?—12 leads to a decrease in heat capacity, even for such small

The measurements of the heat capacity were performed ivlues ofx. To take this effect into account we divided the
a cryostat using &He or “He system, over the temperature entire set of PbTe specific-heat data by empirically deter-
range 0.5—15 K, in magnetic fields 0, 0.5, 2, and 4 T. Wemined factors, 1.05 fox=0.056 and 1.03 fok=0.024, be-
used the standard adiabatic heat-pulse methdgtrors in  fore subtracting from the Rb,Mn,Te. These factors were
the heat-capacity values were about 5%. In order to detedletermined by assuming that at temperatures above 15 K, in
mine the specific heat of the sample we needed first to sughe absence of an applied magnetic field, the magnetic con-
tract the heat capacity of the calorimeter from the total heatribution to the specific heat of Pb,Mn,Te is negligible.
capacity. Since the heat capacity of the calorimeter was todhis division by 1.05(1.03 gave results for PbTe that were
small for the adiabatic method, we measured the heat capathe same as those for PhMn,Te at 15 K for x=0.056
ity of the calorimeter in magnetic fields 0, 2, and 4 T using(0.029. Since this is an empirical correction, we emphasize
the relaxation method, developed by Bachnaral!* The  inthe present work the data at temperaturesw&d where
specific heat of the calorimeter did not depend on the magthe lattice specific heat is much smaller than the total specific
netic field, within our experimental error. heat. The specific heat values for ;PbMn,Te with x

In order to obtain the magnetic contribution to the specific=0.056, including the host lattice contribution of PbTe are
heatC,,, it was necessary to subtract the specific heat of théhown in Fig. 2. In the interesting region, below 2 K, the
PbTe lattice from the measured specific heat of Rbin,Te.  specific heat of PbTe was more than 3 orders of magnitude
This, it turned out, was not a simple process. Bevel@l. ~ smaller than that of Rb ,Mn,Te.
found that the specific heat of PbTe has an anomaly below 5 The magnetic specific-heat data for ;,PpMn,Te are
K and could not be fitted with the standard expressibn shown in Figs. 3 and 4. We believe that the scatter in the data
=yT+aT3, whereyT anda T2 are the electronic and lattice is the experimental error. For=0.056 there is a maximum
contributions, respectively. In fact, they could not obtain a in the magnetic specific heat at about 1 K, in zero magnetic
satisfactory fit to their data with an expression of the formfield. In higher magnetic fields the peak shifts to higher tem-
C=9yT+aT3+3",5T?*3 unlessn was at least 10. There- peratures. The same field dependence of the magnetic spe-
fore we measured the heat capacity of our own PbTe sampléific heat is observed in Rb,Mn,Te with x=0.024, but in
which was also grown by the Bridgman method. At temperathis case the peak d=0.5 T appears at a temperature
tures belw 4 K the heat capacity of PbTe was very small lower than forx=0.056, and the peak in zero magnetic field
and we found it necessary to measure by the relaxatioi$ below our experimental temperature range. A similar be-
method; abog 4 K it waspossible to use the same adiabatic havior of the magnetic specific heat was observed previously

method as we used for PbMn,Te. in other IV-VI SMS’s, such as Sn,Mn,Te*®
We measured the heat capacity of PbTe in 0 magnetic
field and at 2 T over the temperature range from 0.5 to 15 K IIl. THEORETICAL MODELS

and, like the calorimeter, found that the temperature depen-

dence was the same for 0 and 2 T within our experimental At first we apply the theoretical models developed for the
error. The specific heat of PbTe above 10 K was greater thadlescription of magnetic specific heat in 1I-VI SMS’s in a
that of PQ_,Mn,Te, both withx=0.056 andx=0.024, due number of paperssee, for example, Refs. 17-19n accor-
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— 1 1 1 T T the 0.024 sample as the manganese atoms in these configu-
rations constitute more than 98% of the magnetic atoms sys-
tem in the case of magnetic interaction limited to nearest
neighbors(NN). If the exchange interaction is extended to
the next-nearest neighbof®NN) then considering these
configurations we take into account about 96% of Mn atoms.
For the 0.056 sample the situation is more complex, because
the percentage of Mn atoms in other configurations is much
larger and, strictly speaking, the cluster model which takes
into account singles, pairs, and triples only does not apply.
For this sample we have calculated the numbers of singles,
pairs, and triples according to statistical distribution. Next, in

0.3

0.2

0.1

Magnetic Specific Heat (J/mol K)

2 gfg ST order to take into account Mn atoms in the remaining con-
o BooT figurations, we have multiplied the numbers of pairs and
i 4 BeaT triples by a properly chosen factor. We think that such a

0 T N T procedure enables us to draw at least semiquantitative con-
0 1.0 2.0 3.0 4.0 5.0 clusions. The interaction of manganese spins was described
Temperature (K) by the Heisenberg Hamiltonian with an additional Zeeman
FIG. 3. Magnetic specific heat of Ph,Mn,Te withx=0.056 in  term due to an external magnetic field. The exchange integral
various magnetic fields. Points: experimental data; lines: theoreticdPr the nearest-neighbor interaction is known from high-
predictions of NNN cluster model. temperature susceptibility and magnetization measurements
and is of the orderfol K with an antiferromagnetic sigh-

dance with the simplest random distribution mdééf (also ~ Since for such simple configurations of exchange coupled
called cluster modgl we assumed that the magnetic spin-Spins the eigenvalue problem may be easily solved and for
spin interactions are short range and the manganese ions dhe fcc lattice the average numbers of singles, pairs, and
randomly distributed over the cation sites of the lattice.triples are known tod} there is no difficulty in calculating
These assumptions are quite well justified in SMS’s withthe magnetic specific heat for the whole system.
small Mn content and fully supported by the earlier theoret- The results of calculations are presented in Fig. 3 and Fig.
ical analysis of magnetic susceptibility and magnetizatiord (solid lineg. We adopted here the cluster model taking into
measurements:* For the given concentration of magnetic account NN and NNN interactions with the exchange con-
ions, we should find a certain number of singles, pairsstantsJyy=—0.8 K and Jyyy=—0.2 K consistent with
triples, and larger magnetic clusters as predicted statisticallynagnetic susceptibility measurements. One can see that the
Because the manganese concentration is rather small, in opredictions of the cluster models reasonably well quantita-
analysis we have limited ourselves to singles, pairs, ang@ively agree with our experimental data for high magnetic
triples configurations. This is particularly well justified for fields and for low Mn content. The agreement of the theory
and experiment becomes worse for lower fields and higher
e e L Mn compositions and breaks down completely for zero ex-

o2l o B=0 a ternal magnetic field. This is the most striking experimental
A B=05T finding particularly clearly seen for the sample with 5.6% of
- o B=2T ] Mn, for which the experimental curves takenEBt0 and
<

B=4T BooT B=4T B=0.5 T are almost identical. This qualitatively different

AE Ry feature ofC(T) dependence, not found in other cubic para-
magnetic SMS materials with Mn, constitutes the main chal-
lenge of theoretical analysis of magnetic specific heat of
PbMnTe. Below, we analyze the problem within the frame-
work of different theoretical models. The calculated curves
together with experimental data f&=0 are presented in
Fig. 5.

Qualitatively, in the NN cluster model described above,
the temperature position of the peak in the magnetic specific
heat corresponds to the energy-level splitting of nearest-
neighbor pairs(for simplicity of discussion we neglect
triples). The height of the peak, on the other hand, reflects
the number of such pairs contributing to the specific heat. In
this respect, let us remind ourselves that in zero magnetic

FIG. 4. Magnetic specific heat of PbMn,Te withx=0.024 in  field the magnetic specific heat of singles is equal to zero,
various magnetic fields. Points: experimental data, lines: theoreticdlecause, due to degeneracy of their energy levels, they can-
predictions of NNN cluster model. not absorb energy. This degeneracy is lifted in an external

0.1

Magnetic Specific Heat (J/mol K)

0'%.0 1.0 2.0 3.0 4.0 5.0
Temperature (K)
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' ' N I B plest cluster models giving rise to smaller difference between
[ ] the specific heat in zero and nonzero magnetic field. How-
015 -~ o experiment _ ever, in our opinion, t.hi.f, difference is st?ll too large to accept
< B '_' \\ NN clusters . ENNPA as .the'desc'np'uon of the experiment. For the results
K R NNN clusters 1 presented in Fig. 5 it was assumed tlgf=—1 K andx
3 ; ———- ENNPA ] =4. No significant improvement was achieved by any
§ 040 K —-—— Mn with CF splitting ] changes of these parameters within _sen3|b_le I|m|t§.
e L Mn-carriers interaction | We have done a number of other simulations which we do
Ei ! | not describe here in detail. In these simulations larger clus-
& _IJ-')\\ - i ters have been taken into account, different sets of exchange
2 HEN W ] constants have been assumed, sometimes disorder has been
§ 0.05H \.\\\ '\.\ %@ . included. None of these models provided satisfactory expla-
= ! RN qﬁ%n . nation of the experiment. Summarizing the above consider-
s e EEenmmr~ %] ations, we conclude that the experimental results probably
I — cannot be described by any model based on a Hamiltonian
i T N containing the interactions between manganese spins only.
0095 1.0 2.0 3.0 4.0 5.0 Let us try now to look for other possible mechanisms

Temperature (K) which may be responsible for the peak value in zero
magnetic-field specific heat. On the basis of statistical analy-
sis we believe that single magnetic ions, especially in the
0.024 sample case, constitute the largest part of the magnetic
system. The question arises whether Mn ions in PbMnTe are
magnetic field and only then do the singles contribute to théeally objects with a sixfold degenerate ground state, as it is
magnetic specific heat. usually assumed. It turns out that this is not the case. We
As we have already noticed, one of the most striking feahave found® that the hybridization of the @ electrons of
tures of the experimental data is the equality of the peakgmanganese with the band carriers leads to a splitting of the
heights for zero and nonzero magnetic field. This suggestsixfold degenerated level into, in general, three doublets.
that there are no singles in the system. In other words, &uch a splittingwithout analysis of its detailed mechanism
model based on short-range spin-spin interaction and a ramas been already considered as the cause of the behavior of
dom distribution of the magnetic ions in the lattice cannotzero magnetic-field specific heat in CdMn%e.
explain the experiment. In Pb, _,Mn,Te crystal the ground state of manganese is
In order to learn about the distance dependence of ththe Mr?* configuration with five electrons in thed3shell
exchange integral between two magnetic ions in PbMnTe wavith orbital momentuni=0. Such a state is not influenced
have performed numerical calculatioffsanalogous to those by any crystal field. However, if we allow for the hybridiza-
performed in Ref. 23; superexchange and the Blombergertion we must also take into account the manganese ion in its
Rowland mechanism were taken into account. The calculateeixcited Mr#* and Mnt* states for whichL=2. Due to the
exchange integral is of antiferromagnetic sign and decreasésternal spin-orbit interaction in these states we obtain an
very quickly with the distance. The main contribution to the effective coupling between spin degrees of freedom and the
Curie-Weiss temperaturé comes from the first and second crystal field, which leads to the ground-state splitting. The
coordination zones. This precludes any assumption of an exnagnitude of this splitting strongly depends on the symmetry
traordinary long-range order of magnetic interactions. of the surroundings of the Mn ion. If the Mn ion is in a site
Although from the numerical calculations point of view of perfect octahedral symmetry, the sixfold degenerate level
one should not expect long order interactions; for completesplits into a doublet and quartet. The energy distance be-
ness, we tried to describe the behavior of the specific hedween these two levels is of the order fOK, which is too
with the aid of the so-called extended nearest-neighbor pasmall to be relevant to the range of energies that correspond
approximation(ENNPA) model. The ENNPA was success- to our magnetic specific-heat measurements. However, such
fully applied in a number of papers to the description of thean octahedral symmetry of the manganese surroundings may
magnetization or magnetic specific-heat measuremeets, be expected only in very dilute PbMnTe samples. Due to the
for example, Ref. 19 In the ENNPA model one assumes large difference between ionic radii of Pb and Mn, the
long ranged magnetic interactions with an exchange integrdPbMnTe lattice is locally deformed and this deformation is
of the formJ(R) =Jyn(R/Rg) ~*. HereJyy is a constant of  not limited to the unit cell but spreads over larger distances.
the order of the exchange integral for nearest neighbors sep&ven for the 0.024 sample the deformations originating from
rated by a distanc®, and « is an exponent characterizing nearest manganese ions overlap. Because the Mn ions are
the decrease of the exchange integral with increasing diplaced randomly, we may expect deviations of the direction
tanceR between two magnetic ions. We do not describe thedf bonds from those in the perfect lattice. According to the
model in detail because this has been done previoisslg, numerical simulations of the deformed lattice of
for example, Refs. 19 and 24 Pb,_,Mn,Te that we have performed, these deviations are of
The ENNPA model(see Fig. 5, dashed lingrovides a the order 1-5°. They have a dramatic effect on the splitting
somewhat better description of the experiment than the simef the Mn level which becomes of the order of 0.1-1 K.

FIG. 5. Comparison of the magnetic specific heat of
Phy g7dMiNg op4T€ calculated according to different models in zero
external magnetic field with the experimental results.

165206-4



MAGNETIC CONTRIBUTION TO THE SPECIFIC HEA. .. PHYSICAL REVIEW B 65 165206

We have performed a number of simulations taking into @ Jo
account this hybridization induced splitting. However, the H=gusB(M,+s;) + N—SZ—N—M'S- ()
calculated peak in zero magnetic-field specific heat never ¢ ¢
attained the height of the one measured in experiment. ThighereM = >;NvnM; and szszmSj are the total spin of the
is a consequence of Kramers'’ theorem which states that withmanganese and electron spin system, respectiMglys the
out an external magnetic field the levels of an odd-numbenumber of cation sites in the considered volumMef the
electron system must be at least doubly degenerate. @he Zrystal and the coefficientr,/N.=1/(pV) wherep is the
electrons of Mn which provide 5/2 spin constitute such adensity of states at the Fermi level. The first term in the
system and whatever the symmetry of the neighborhood wasg{amiltonian describes the Zeeman energy of Mn spins and
in calculations, the ground state of the Mn ion remainediree carriers. The second term describes, in the lowest ap-
doubly degenerate. Now, from thermodynamics we knowproximation, the energy cost of the spin polarization of the
that electron gas. The-d or s-d coupling between Mn spins and
free carriers is described by the last term of the Hamiltonian.
The energy levels may be characterized by the set of
f”” Cu(T) quantum numbersM,s,J,J,) as follows:

dT T :kBNMnIn(ZS+ 1)_kB|n(go), (1)
0

E(M,s,J,J,)=— ZJTO[J(.H 1)~ M(M+1)—s(s+1)]

whereN),, is the number of manganese ios; 5/2, C,(T)
is the magnetic specific heat at temperafirandgg is the
degeneracy of the ground state of the system. In an external
magnetic fieldgo=1 and the second term on the right-hand
side disappears. where 0ss<Sy,=Ne/2, 0=SM<M,5x=5Nyn/2, M—s
We cannot calculate exactly the above integral using ex<J<M+s, and —J=<J,=<J. Although the spectrum of the
perimental data because we have no measurements below @¢4amiltonian is known, the thermodynamic quantities, in par-
K. However, for both samplesssuminga linear behavior of ticular the magnetic specific heat, may be calculated only
the specific heat at lowest temperatures, our calculationsumerically for finite system.
yield the Mn concentration resulting from E() in perfect In Fig. 5 we present the results of calculations for the
agreement with the total Mn conte®.056 in the 0.056 system consisting of 2120 Mn spins and 20 electron spins,
sample case and 0.020 for the 0.024 samploreover, corresponding to Rh,Mn,Te sample withx=0.024 and a
comparing the integrals for zero and nonzédcs T) mag-  hole concentration of 8 10'% cm™3. The calculations were
netic field, we obtain nearly the same results. This is particuearried out for the following values of parameters: hel
larly well seen for the 0.056 sample by looking at the experi-exchange integral,=5x 10> K and a;=9.4x10* K.
mental data. If there had been significant percentage of We have checked that the behavior of the system consist-
magnetic ions with a doubly degenerate ground state, then img of a large number of spins described by Hamilton(i2n
zero magnetic field the degeneracy of the ground state woulcemains the same if, in our model, we replace Heisenberg
have been greater than(ih that casego=2"s, whereNg is  spins in Eq(2) by Ising spins. In the case of Ising spins most
the number of single magnetic ions with doubly degenerat®f the calculations of thermodynamic quantities may be per-
ground stateand the difference between the values of theformed analytically and this enables us to calculate the mag-
integrals for zero and nonzero magnetic field would havenetic specific heat in the thermodynamic limit, i.e., for the
been much larger. infinite system. It turns out that the temperature position of
For example, the long dashed line in Fig. 5 shows thehe peak and its height are almost the same as calculated
calculated magnetic specific fok=0.024 sample with previously for the finite system.
nearest-neighbor pairs, triples, and singles split into three The model presented above shows that the exchange in-
doublets. The energy distances between these doublets wergaction between free carriers and localized manganese mo-
0.2 and 0.4 K. Again, the calculated specific heat is muchments provides a plausible physical mechanism fully remov-
smaller than the measured one. ing the degeneracy of the ground state of Mn ions and
Summarizing, we have not been able to explain the exproducing the magnetic specific heat comparable with ex-
perimental results by considering the manganese spin systeperimental observations. However, its closer examination
alone. Below we introduce a mean-field-like model in whichshows that quantitatively it does not work well in
the interaction between the manganese spin system arkb, _,Mn,Te, at least in the simple form presented above. In
that of free carriers is taken into account. Models of thisPbMnTe, for hole concentration>x310™® cm™3 the density
kind were recently applied in the studies of paramagneticof states at the Fermi level equals about 0.2
ferromagnetic  transiton in  semimagnetic  semi- X 10" K~1cm 2 and the exchange integrdy is of the or-
conductorg’ %8 der of 200 meV. For these values of the parameters the peak
We consider a system consisting df,, manganese 5/2 in the temperature dependence of magnetic specific heat of
spins andNg, quasifree carriers in a magnetic field applied PbMnTe is located at very low temperatures. To achieve the
along thez axis and described by the following model semiquantitative agreement between calculations and experi-
Hamiltonian: ment(the dashed-dotted line presented in Figwe adopted

2%}

+ glu’BB‘]Z+ NC

s(s+1), (3)
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the following values of density of statesp=0.13 ‘ideal” spin-only S=5/2 magnetic moments with a sixfold
x10® K™'cm™2 (about six times larger and J, degenerate ground state. The discussion concerning the in-
=430 meV (about two times |arg¢’rwh|ch is rather unre- fluence of the lattice deformation on the Mn spin Sp|ltt|ng
alistic. shows that this might not be a valid assumption in the sub-
The effect of thep-d exchange interaction can be viewed kelvin energy range. We would also like to point out the
as an action on Mn ions of effective molecular field producedmportance of the details of the energy structure of
by the spin polarization of conducting carriers. Our experi-Pbi—xMn,Te in magnetic field. In particular the role of the
mental data indicate that this molecular field is of the ordes states of Mn, particularly for higher concentration of
of 0.5 T forx=0.024 and 1 T fox=0.056. One may expect Manganese, remains unknown. As it was explicitly shdwn,
that the cluster models may provide a good description of théhese states play an important role in calculationspef
experiment only in the case of external magnetic fields largegxchange integral, even in vanishing Mn concentration limit.
than the internal molecular field. At zero external field theOne should also notice the fact that the results of the optical
cluster models should break down, as experimentally obexperiments yield thep-d exchange integral strongly in-
served in PbMnTe. creasing with decreasing temperat@ifghis unexplained ef-
We would also like to point out that in our model the fect is not taken into account in our model.
molecular field is independent of Mn content. Therefore our Finally, we would like to mention a possibility to explain
model, without additional assumption concerning the depenour experimental findings by considering the molecular field
dence ofp-d exchange integral on Mn content, does notproduced not by the spin polarization of conducting carriers
explain the increase of molecular field with increase of Mnbut proportional to the magnetization of Mn ions subsystem.

concentration. In the temperature range studied by us the PbMnTe crystals
are paramagnetic and, consequently, the usual Weiss molecu-
IV. DISCUSSION AND CONCLUSIONS lar field must be zero. In Ref. 20 the authors suggest a pos-

sibility of a spin-glass transition at subkelvin temperatures.

The important experimental finding revealed in our mea-Such a spin-glass transition could give a contribution to the
surements of the specific heat of PbMnTe concerns the urspecific heat even above the transition temperature. How-
expectedly large magnetic specific heat observed at zero exver, the essential part of our experimental data corresponds
ternal magnetic field. This result is in contrast to previousto the temperatures well above the possible spin-glass tran-
studies of magnetic specific heat of cubic II-VI SMS’s with sition and our magnetic susceptibility data are perfectly regu-
Mn and strongly suggests that all magnetic ions have théar down to 1.3 K. Therefore we did not exploit this line of
degeneracy of their ground state lifted with the energy splitinterpretation in our paper.
ting of the order of 1 K. The experimental curves for mag- In conclusion, we have measured the magnetic contribu-
netic specific heat obtained at zero and srt@b T) external  tion to the specific heat of the semimagnetic semiconductor
magnetic field are very similar. This suggests that certairpp, _, Mn,Te withx=0.024 andk=0.056. We have analyzed
internal magnetic field exists and that this field is responsibleéhe experimental data within the framework of a number of
for the manganese ground-state splitting. However, the origiifferent theoretical models, applying both cluster models,
of such a field at present is not clear. The model described ideveloped before for semimagnetic semiconductors, as well
the previous section does provide a mechanism for suchs different models taking into account distortion of the lat-
splitting as caused by thg-d exchange interaction. Although tice and thep-d exchange interaction. Our analysis clearly
the qualitative conclusions of this model are in accordancghows that to semiquantitatively explain the experimental
with the experiment, the model fails to provide a quantitativedata one has to develop a model which predicts about a 1-K
description of the experimental data. splitting of the ground-energy state of single Mn ions in

On the other hand one should realize that the model i®bMnTe. We suggest that such a splitting may be caused by
indeed very simple. It does not take into account a number ofhe p-d exchange coupling.
factors which may influence its predictions. First, the spatial
dependence of the spin density in both systems was ne-
glected. As it was pointed out in Ref. 28, in such an approach
the spatial spin-spin correlations cannot be properly handled. We acknowledge helpful discussions with Professor J. R.
In particular, there is no place in the model for the spin-Anderson. One of the authof#\.t.) would like to thank
wave-like magnetic excitations. Second, the model comProfessor t. A. Turski for very useful discussions and sug-
pletely neglects the positional disorder in the crystal. As itgestions concerning the theoretical part of the paper. This
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