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Abstract—Regions of the existence of sulfide Gd,Mn; _,S and selenide Ti,Mn, _ ,Se solid solutions have
been identified. Their electrical and thermoelectric properties have been studied in the temperature range
80—900 K. It has been established that the substitution of Gd>* and Ti** ions for Mn?* cations initiates rever-
sal of the type of charge carrier with respect to the starting compounds MnS and MnSe. The cation substitu-
tion in solid solutions brings about a change from the hole conduction (o > 0) characteristic of the manganese
monosulfide and monoselenide to the electronic conduction (a < 0).
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1. INTRODUCTION

The MnS and MnSe compounds are known to be
wide band-gap magnetic semiconductors with a
NaCl-type face-centered cubic crystal structure in the
stable o modification. The band gap E, of these com-
pounds exceeds 2.0 eV [1]. Below room temperature,
the magnetic moments of Mn?* ions in these com-
pounds are antiferromagnetically aligned. Substitu-
tion of manganese cations by ions of transition metals
favors the formation in the solid solutions of new phys-
ical properties not observed in the starting com-
pounds. For instance, substitution of manganese by
chromium ions to a level of more than 20 at % stimu-
lates the appearance of ferromagnetic properties [2],
with electronic conduction beginning to operate [3].
Reversal of the conduction type was observed to occur
in Co,Mn, _ S solid solutions as well, when manga-
nese ions are replaced by ions of Co to 40 at % [4].

The purpose of this work was to study the electrical
conductivity and thermoelectric properties of the
recently synthesized Gd,Mn, _,S solid solutions and
polycrystalline samples of Ti,Mn, _ ,Se to identify pos-
sible causes of the phase transformation bringing
about carrier sign reversal in manganese chalco-
genides. The application potential underpinning such
studies is based on the broadening of the class of wide-
band-gap semiconducting compounds which find use
in spintronics and optoelectronic devices.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Single crystals of samples of Gd,Mn,_,S solid
solutions were melt-grown by the technique described
at length in [5]. The temperature dependences of the
electrical resistivity and of the Seebeck coefficient of
single crystals of the solid solutions with gadolinium
contents x = 0.01, 0.05, and 0.10 were studied in the
temperature range 80—900 K on parallelepiped-
shaped samples measuring 3.00 x 3.00 x 5.00, 2.05 x
3.80 x 4.15, and 2.50 x 3.90 x 6.50 mm, respectively.

The Ti,Mn, _,Se solid solutions were polycrystals
synthesized in evacuated ampoules by the technology
described in [6]. The samples were of cylindrical
shape, 6.0 mm in diameter and up to 20.0 mm high.
Rods of this size were prepared by pressing. After
annealing at 1220 K for 48 h and exposure at 1400 K
for 2 h, the samples were quenched. On polished end
faces of the samples prepared in this way, copper con-
tacts were evaporated.

The electrical conductivity o(7) and the Seebeck
coefficient a(7) were studied by the two-point probe
technique on a setup whose scheme and principle of
operation are described in [4]. The setup provides a
possibility of measuring simultaneously the electrical
conductivity and thermopower of a sample at a preset
temperature gradient.
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Fig. 1. Temperature dependences of the electrical conduc-
tivity of samples in the Gd,Mn; _ S and Ti,Mn; _ ,Se sys-
tems.

3. RESULTS OF THE MEASUREMENTS

X-ray structural analysis showed Gd,Mn, _ S sam-
ples to be solid solutions with a NaCl-type face-cen-
tered cubic structure characteristic of a-MnS. X-ray
powder diffraction analysis revealed that the solubility
in the Gd,Mn, _,S system reaches as high as 30 at %
Gd. It was established that single-phase Ti,Mn, _,Se
samples have also NaCl-type face-centered cubic
structure of a-MnSe. The results obtained in the X-ray
structural analysis of polycrystalline Ti,Mn, _ .Se sam-
ples indicate that the single-phase state of the samples
persists only up to the x = 0.07 composition. The unit

Unit cell parameters @ and band gaps E, for samples in the
Gd, Mn, _,S and Ti,Mn, _ ,Se systems

Composition a, nm Eg, eV
Gdyg 91 Mng 498 0.5230 1.31
Gdp gsMng 9sS 0.5274 1.24
Gdy Mn ¢S 0.5278 0.54
Tig gsMng gsSe 0.5461 1.31
Tig.97Mng 93Se 0.5457 0.80
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cell parameters of the solid solutions of both systems
are listed in the table.

Figure 1 illustrates the results obtained in the study
of the conducting properties performed on the sam-
ples of the solid solutions under investigation. The
Inc(103/T) behavior is characteristic of semiconduct-
ing compounds. In the Gd,Mn, _,S solid solutions,
intrinsic conduction is observed above 700 K, and in
the Ti,Mn,_,Se solid solutions, above 600 K. The
table lists also the band gaps of the samples. The course
of the o(7) graphs for Gd,Mn, _,S and Ti,Mn, _ Se
suggests also that both systems feature a marked varia-
tion in the electrical conductivity with increasing tem-
perature, starting from 80 K. Close to liquid nitrogen
temperature, samples with a low content of Gd and Ti
ions have electrical resistivities approaching that of
insulators. Significantly, within a narrow temperature
range around 80 K the electrical resistivity does not
vary with increasing temperature (Fig. 1). Also, at low
substitutions of manganese ions by transition metal
ions the electrical resistivity increases compared with
that of MnS and MnSe samples. As the substituting
cation concentration x is increased still more, one
observes a sharp drop of the electrical resistivity. A
similar phenomenon was observed also in the cases of
substitution of manganese in MnSe by ions of V, Cr,
Fe, and Co [3], and in MnS—Dby cobalt ions [4].

Figure 2 plots the temperature dependences of the
Seebeck coefficient of both solid solution systems. A
common feature of the dependences a.(7) of both sys-
tems is the transition from hole to electronic conduc-
tion occurring with increasing concentration of gado-
linium and titanium ions. The dependence a(7) of the
Cd, sMn, 4sS sample exhibits only electronic conduc-
tion throughout the temperature range covered. In the
Ti,Mn, _,Se system, this phenomenon takes place at
x = 0.07 (Fig. 2). In the Gdj;MnyeS and
Ti, osMn, 9sS€ solid solutions, carriers reverse sign at
characteristic temperatures. In the GdjyMng oS
sample, the sign changes from positive to negative at
~700 K. The dependences o(7) obtained for the
Tij osMn, 9sS€ sample show the carrier sign to change
from negative to positive at 200 K, with the tempera-
ture increasing from 80 K up. The dependences o.(7)
of both systems reveal anomalies whose appearance
can be associated with the features observed in the
dependences Inc(103/7). The maxima (minima) can
be accounted for, first, by the presence in the solid
solutions of carriers of both signs; second, by their
contents increasing or decreasing at different temper-
atures; and, third, by carrier mobility. For instance,
the very strong growth of a in the Gd, ;;Mn ¢S solid
solution observed to occur below the intrinsic conduc-
tion temperature (700 K) should be attributed to a
decrease in the number of carriers, when injection of
electrons into the conduction band involving impurity
centers had stopped, while interband electron transfer
has not yet started.
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The results of our studies of the dependences o(7)
suggest that the Seebeck coefficient of samples in the
Gd,Mn, _ S system exceeds in absolute magnitude
that of Ti,Mn, _,Se samples throughout the tempera-
ture range covered.

4. DISCUSSION OF THE RESULTS

The most essential conclusion drawn from our
studies of dependences o(7) and o(7) of the
Gd,Mn, _ S and Ti,Mn, _,Se solid solutions consists

in that substitution of Mn2* cations by Gd** and Ti**
ions brings about appearance in these compounds of
charge carriers of two types, namely, of holes and elec-
trons.

Earlier studies of MnSe and MnS showed convinc-
ingly that they are to a large extent ionic compounds.
If the manganese and the anion atoms are coupled
fully by ionic chemical bonds, the manganese atom
transfers its two 4s electrons to the p shells of the sele-
nium and sulfur atoms, which become filled. Never-
theless, experiments show the bonding in these com-
pounds to be covalent to a certain extent. This was
established, for instance, for MnSe from calculation of
the covalence parameter drawing from neutron dif-
fraction measurements [7]. Optical measurements
performed in the IR range to derive the Shigetti charge
[8] lead one to the same conclusion. X-ray absorption
spectra showed that manganese donates two electrons,
and selenium acquires one or two electrons in the
course of formation of MnSe [9]. A similar situation
was reported in a study of MnS. This accounts for
observation of hole conduction in the MnSe and MnS
semiconductors, because the lack of one electron in
the p shell of Se?~ and S*~ may be considered as the
presence of a vacancy (i.e., of a hole) in the valence
band of these compounds.

The main result derived from studies of the depen-
dences p(7) of Gd,Mn, _ S and Ti,Mn, _,Se, namely,
the increase in electrical resistivity of their solid solu-
tions at low concentrations of substituting ions com-
pared with the electrical resistivity of MnS and MnSe
can be attributed to partial charge balancing. This sug-
gests a conclusion that the Gd*>* and Ti’* cations,
being donors, account for the electronic conduction in
the solid solutions. Charge compensation in Gd,Mn, _
S and Ti,Mn, _ Se explains also the formation of the
insulating state and the independence of the electrical
resistivity p from the temperature near 80 K at low per-
centage of substitution of the manganese cations,
because when the hole and the electron are bound,
there are no carriers in these compounds. When the
concentration of electrons increases markedly as a
result of increasing concentration of transition metals
inserted into the lattice, the compound transfers to the
state of a heavily doped semiconductor, with the con-
duction in such compounds being fully mediated by
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Fig. 2. Temperature dependences of the Seebeck coeffi-
cient of samples in the Gd,Mn; _ S and Ti,Mn,; _,Se sys-
tems.

electrons. In this case, the Seebeck coefficient

becomes negative.

This prompts immediately the question as to why
the gadolinium and manganese cations become
donors under such substitution? As a possible answer
to this question, consider formation of the MnSe and
MnS ionic compounds, in which after the transfer of
the 4s electrons of manganese into the p shell of sele-
nium and sulfur the 34 electrons in the unfilled d shell
become outer electrons. Obviously enough, they can
take part in charge transfer over the lattice, because
their binding with the core of the Mn?* ion in the
unfilled d shell is weaker than that of the p electrons in
the filled p shell of the Se?>~ and S?~ ions. These elec-
trons are nevertheless exchange coupled, and it is
apparently this that accounts for their localization.
Insertion into the lattice of Gd?** cations, which have
one 4d electron, and of Ti** cations, whose 3d shell
contains two electrons only, should disrupt exchange
interaction, because the numbers of d electrons in
these ions and of d electrons in Mn?* (which has five
of them) differ considerably, and, besides, the distribu-
tion of the Gd?* and Ti** ions over the lattice is disor-
dered. It is known that exchange interaction mediates
correlation of electron motion in neighboring ions
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and, thus, minimizes the binding energy [10]. If, how-
ever, the numbers of d electrons on the neighboring
selenium ions are different, this will interfere with cor-
relation of their motion. In the particular case where
the cations substituting for the manganese ion are dis-
tributed uniformly over the lattice, they may become
bound by exchange coupling. The substituting cations
would have formed their own sublattice. Because of
the d electrons of Gd?* and Ti** not being involved in
exchange coupling, they are bound weaker to the cores
of their ions. This may give rise to their collectiviza-
tion, disruption of localization and formation of the
itinerant state, thus making possible their free motion
over the lattice under the action of an electric field.
This is how d electrons of Gd** and Ti** provide elec-
tronic conduction in the Gd,Mn, _,S and Ti,Mn, _,Se
solid solutions.

The assumption that it is the d electrons of ions
substituting for the Mn?* ion in MnS and MnSe that
are responsible for the onset of electronic conduction
offers a convincing explanation also for the results of
studies of the dependences p(7) and a.(7) which were
conducted earlier on solid solutions of the Mn, _
MSe systems (M—V, Cr, Fe, Co) [3] and the
Co,Mn, _ S system [4]. These solid solutions likewise
reveal an increase in electrical resistivity under low
cation substitution and a strong decrease in p of com-
pounds with a noticeable substitution of manganese
cations by d metals (x > 0.2). The Mn, _,Cr,Se system
for x > 0.2 and the Coy4Mn, ¢S solid solution exhibit
electronic conduction.

5. CONCLUSIONS

A comparison of the results of our study with earlier
measurements performed on samples in the
Mn, _ Cr,Se and Co,Mn, _,S systems suggests a con-
clusion that the electronic conduction initiated by 3d
electrons of the substituting ions becomes manifest the
stronger, the larger is the difference in d shell filling.
This indicates that the affinity of d electrons of substi-
tuting ions to the core of their ion is the stronger, the
smaller is the difference in d shell filling between the
substituting and the manganese ions. In the case of
Gd?*, the difference in d shell filling is the largest for
the manganese ions. This may account for the weak
binding of the d electrons with the core of their ions
and for sharp reversal of hole to electronic conduction
observed to occur with increasing concentration x, as
well as for the noticeable difference in the Seebeck
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coefficients between the Gd,Mn, _,S and Ti,Mn, _ Se
systems.

ACKNOWLEDGMENTS

This study was supported by the Belarussian
Republican Foundation for Fundamental Research
(project no. F04-182), the Russian Foundation for
Basic Research—Belarussian Republican Foundation
for Fundamental Research (project no. 08-02-90031),
the Russian Foundation for Basic Research (project
nos. 09-02-00554-a and 09-02-92001-NNS-a), and
the Federal Agency for Education of the Russian Fed-
eration (the State Program “Development of the Sci-
entific Potential of the Higher School,” project
no. 2.1.1/401).

REFERENCES

1. S.J. Youn, B. 1. Min, and A. J. Freeman, Phys. Status
Solidi B 241, 1411 (2004).

2. G. I. Makovetskii and A. I. Galyas, Dokl. Akad. Nauk
BSSR 23, 29 (1979).

3. A. L. Galyas, O. E Demidenko, and G. 1. Makovetskii,
in Proceedings of the International Conference “Topical
Problems of Solid State Physics,” Belarussian State Uni-
versity, Minsk, Belarus, 2005 (Belarussian State Univer-
sity, Minsk, 2005), p. 53.

4. G. 1. Makovetskii, A. I. Galyas, O. E Demidenko,
K. I. Yanushkevich, L. I. Ryabinkina, and O. B. Ro-
manova, Fiz. Tverd. Tela (St. Petersburg) 50 (10), 1754
(2008) [Phys. Solid State 50 (10), 1826 (2008)].

5. S. S. Aplesnin, L. I. Ryabinkina, O. B. Romanova,
V. V. Sokolov, A. Yu. Pichugin, A. 1. Galyas, O. E De-
midenko, G. I. Makovetskii, and K. I. Yanushkevich,
Fiz. Tverd. Tela (St. Petersburg) 51 (4), 661 (2009)
[Phys. Solid State 51 (4), 698 (2009)].

6. G. 1. Makovetskii, A. I. Galyas, and O. F. Demidenko,
Neorg. Mater. 40 (12), 1431 (2004) [Inorg. Mater. 40
(12), 1255 (2004)].

7. A. 1. Jacobson and B. E. Fender, J. Chem. Phys. 52,
4563 (1970).

8. D. L. Decker and R. L. Wild, Phys. Rev. B: Solid State
4, 3425 (1971).

9. S. M. Karal’nyk and O. I. Bykov, Ukr. Fiz. Zh. 11, 1148
(1966).

10. A. S. Davydov, Quantum Mechanics (Fizmatlit, Mos-
cow, 1963; Pergamon, Oxford, 1976).
Translated by G. Skrebtsov

No. 4 2010




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


