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The (MnS)1−x (TiN)x solid solutions have first been synthesized by cation-anion substitution on the basis

of the isostructural heterovalent α-Mn2+S2 (antiferromagnetic semiconductor) and Ti3+N3− (low-temperature

superconductor) compounds with a NaCl-type cubic structure. It has been established that anions (S and N)
in the (MnS)1−x (TiN)x (x < 0.10) solid solutions generally retain their valence, while the substitution cation (Ti)
can be in different valence states. Cation-anion substitution changes the valence band of the α-MnS matrix via the

occurrence of the contribution of titanium d electrons in the vicinity of the Fermi level and reduces the magnetic

susceptibility in the paramagnetic state without a significant change in the α-MnS Néel temperature; accordingly,

the spin-flop transition in the low-temperature region becomes less pronounced.
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Active research field of strongly electron correlated

system with a Mott transition are due to the various

electronic phases and physical properties in correlated

electron materials (from the insulator — metal transition

up to superconductivity) [1]. The practical significance of

this effects and the importance of studying its mechanism

are stimulating the search for new compounds and its

investigations. α-MnS and TiN are presented this class of

the materials.

Alpha manganese monosulfide (α-MnS) is well-known

among monosulfides of 3d elements [2,3] as the only

substance that, similar to the MeO (Me =Mn, Fe, Co,

Ni) oxides, has a NaCl face-centered cubic (fcc) lattice

(sp. gr.Fm3m), while the remaining 3d-series monosul-

fides crystallize in a NiAs-type hexagonal structure. The

TiN compound is formed in the same structural type

(fcc, sp. gr.Fm3m) as α-MnS, but their physical properties

are extremely different. At 300K, the α-MnS is a

paramagnetic Mott semiconductor with a high electrical

resistivity (∼ 105 � · cm) and around 150K it undergoes

a magnetic transition to the antiferromagnetic state [4,5]. At
applied magnetic fields in this sulfide the spin-flop transition

with the anomalies of the dielectric and magnetostiction

properties was found in the antiferromagnetic phase [5].
Bulk TiN samples exhibit a room-temperature electrical

resistivity of 20÷ 40� · cm and, in the films of this

compound, an insulator-superconductor transition in the

low-temperature region was detected [6–9]. Additional

differences between α-MnS and TiN lie in the fact that

α-MnS is classified as an ionic compound with a 7%

covalence admixture [10], whereas in TiN chemical bonds

are covalent metallic [11]. Both MnS and TiN are considered

to be promising for application [11–13].
Since MnS and TiN crystal structures are identical,

one can expect the formation of a continuous series of

α-MnS-TiN solid solutions with the composition-dependent

physical properties. In contrast to the well-studied cation-

substituted [14–17] and anion-substituted [18] manganese

mono-sulfides, the investigation of α-MnS-TiN system

elucidated the regularities of formation of cation-anion-

substituted samples based on the matrix with a NaCl-type

fcc lattice and the effect of changes in the nature of chemical

bonds on the physical and functional properties.

This work presents the results of the synthesis and

detailed investigations of the morphology, crystal structure,

atomic charge state, and magnetic and resonance proper-

ties of the newly synthesized (MnS)1−x (TiN)x (x ≤ 0.10)
single-crystal compounds.

1. Experimental methods

The (MnS)1−x (TiN)x (x = 0.01, 0.03, 0.05, 0.10) single

crystals were synthesized using the previously reported

method for growing of the cation-substituted α-MnS single
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crystals (for more detail, see [15–17]). At the first

synthesis stage, powder samples were obtained. Single

crystals up to 1 cm3 in size were grown by spontaneous

melt crystallization of the powder samples using induction

heating in an argon flow. In order to determine the

optimal procedure condition, three different experiments

were performed for each composition.

The phase composition and the crystal structure of the

obtained powder and single-crystal samples were controlled

by X-ray diffraction (XRD) analysis. The C, H, N, and

S contents in the (MnS)1−x (TiN)x powder samples were

measured by a standard method on a vario MICRO cube

CHNS elemental analyzer. The morphology, elemental

composition, and microstructure of the samples at high

(2000×) magnification were studied on a Jeol JSM 6700F

scanning electron microscope at an accelerating voltage of

15 kV. The element mapping was performed using a Bruker

Quantax 200 EDX spectrometer with a Bruker X-Flash 6|60
detector. The detector energy resolution was < 129 eV. The

measured data were analyzed using the Esprit 2.1 software

with the P/B-ZAF correction accounting for the background,

atomic number, absorption, and secondary fluorescence.

X-ray photoelectron spectra (XPS) were obtained on a

SPECS FleXPS spectrometer. X-ray excitation was used as

an AlKα radiation source (hν = 1486.6 eV). The surface

charge was taken into account from the position of the C1s

line with a binding energy of 284.5 eV. The experimental

XPS spectra were analyzed in the CasaXPS 2.3.15 software

package. The accuracy of the binding energy measurement

in the XPS spectra was 0.2 eV.

The electron paramagnetic resonance (EPR) spectra were
measured in the temperature range of 77−300K on an

SE/X-2544 X-band EPR spectrometer at a frequency of

9.4GHz. The magnetic properties of the samples were

explored using a highly sensitive SQUID magnetometer

in a magnetic field of 50Oe, on a vibrating sample

magnetometer (VSM) [19,20] at temperatures of 77−300K,

and on a Quantum Design PPMS-9 Physical Property Mea-

surement System in the temperature range of 4.2−300K

and magnetic fields of up to 90 kOe.

2. Results and discussion

It is known [21,22] that the stability of the NaCl-type fcc

lattice, in which the cation and anion have an octahedral en-

vironment, is determined by the valence, coordination num-

ber, and geometric sizes of ions involved in the formation of

a substance. The stability condition for the second nearest

neighbors of the NaCl lattice of the 6 coordination type is

determined by the ratio rcat/ran between the cation and ani-

on ionic radii and has the form 0.732 > (rcat/ran) > 0.414,

where rcat and ran are the cation and anion ionic radii.

For the Mn2+−S2− chemical bond in α-MnS, this ratio is

rcat/ran = c = 0.5, which corresponds to the stability con-

dition of the NaCl-type lattice with sulfur and manganese

ions located in the octahedral sites. In the case of the

Table 1. Data of the CHNS analysis of the (MnS)1−x (TiN)x

powder sample (wt.%)

x N S H

0.01 0.2 35.4 < 0.2

0.03 0.9 37.6 < 0.2

0.05 1.6 33.4 < 0.2

0.1 1.4 36.4 < 0.2

(MnS)1−xTiNx solid solution, it is necessary to take into

account the possible formation of pairs of chemical bonds:

Ti2+−S2− (rcat/ran) = c = 0.428), Ti2+−N3− (c = 0.527),
Ti3+−N3− (c = 0.466), and Mn3+−N3− (c = 0.47). In

the estimation, the data on the ionic radius from [21,
p. 139] were used. All the considered valence pairs meet

the NaCl structure stability condition and can exist in the

(MnS)1−x(TiN)x solid solutions. However, in the case of

12 nearest neighbors, the binary structure factor is unknown.

In addition, although the ratio between the ionic radii for

the Ti2+−S2− ionic pair (rcat/ran = 0.428) corresponds to

the NaCl fcc structure stability ratio, the TiS sulfide has a

hexagonal NiAs structure [23,24].

For the stoichiometric α-MnS composition (63.1wt.%

of Mn and 36.9wt.% of S) with a lattice parameter

of a = 5.224 Å [4], the characteristic interionic spacings

are Mn−S= 2.61 Å and Mn−Mn= 3.69 Å. Similar to the

α-MnSx [24] and TiOx [25] minerals, titanium nitride TiNx

represents an interstitial phase with the homogeneity region

from 14.8 to 22.6wt.% of nitrogen, which corresponds to

the TiN0.6 and TiN1.0 formulas (Ti1.4N−TiN) [26,27]. For

the stoichiometric titanium nitride composition (77.4wt.%

of Ti and 22.6wt.% of N), the lattice parameter is

a = 4.2346 Å and the interionic spacings in the bulk phase

are Ti−N= 2.12 Å and Ti−Ti= 3.0 Å.

The most accurate method for determining the chemical

composition of anions in a substance is the CHNS analysis,

which allows simultaneous determination of the contents of

light chemical elements (carbon, hydrogen, nitrogen, and

sulfur). Table 1 gives the analysis results of the C, H, N,

and S contents determined by this method, which indicate

the presence of sulfur and nitrogen ions in (MnS)1−x (TiN)x

(x ≤ 0.10) powder samples. The elemental composition of

the (MnS)1−x(TiN)x samples with different cation substitu-

tion degrees x is given in Table 2 and Table 3.

Figure 1 shows a typical SEM images of the

(MnS)1−x(TiN)x synthesized crystals and its chemical ele-

ment distribution maps. According to the EDX analysis

data, all investigated samples contain Ti, Mn, S, and N.

At low concentrations (x ≤ 0.03), the element distribu-

tion maps demonstrate a uniform elemental distribution.

However, as the degree of cation substitution increases to

x = 0.05∗ (Figure 1, d), heterogeneity areas related to the

formation of the additional TiN phase.

Physics of the Solid State, 2026, Vol. 68, No. 1
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Figure 1. SEM images of (MnS)1−x (TiN)x samples with x = (a) 0.01, (b) 0.03, (c) 0.05, and (d) 0.05∗ .

In order to determine the valence state of ions included

in (MnS)1−x (TiN)x substances, the XPS spectra were

analyzed. The Mn3s and sulfur S2p spectra measured on

the samples with x = 0.01 and 0.05 showed that under the

cation-anion substitution, the electron density distribution

Table 2. Elemental composition of the (MnS)1−x (TiN)x

(x < 0.1) powder sample

Element
Degree of substitution x , wt.%

0.01 0.03 0.05

Mn 64.61± 1.75 64.89± 1.7 62.33± 1.7

S 34.38± 1.14 34.36± 1.12 34.4± 1.17

Ti 1.00± 0.06 0.73± 0.05 3.27± 0.05

N 0± 0.01 0.03± 0.01 1± 0.01

Table 3. Elemental composition of the (MnS)1−x (TiN)x

(x= 0.05∗) composite sample

Element Content, wt.%

Mn 59.28± 1.7

S 32.22± 1.12

Ti 2.2± 0.05

N 0.6± 0.01

and charge state of manganese and sulfur ions remain

divalent, which is typical of manganese monosulfide and

cation-substi-tuted compounds based on it [14].

Figures 2 and 3 show the nitrogen N1s and the titanium

Ti2p spectral lines for (MnS)1−x (TiN)x samples with

x = 0.01 and 0.05. The valence state of ions in titanium

nitride is Ti3+N3−. For this substance, the binding energy

of the N1s line is ∼ 397 eV. For the (MnS)1−x (TiN)x

compound, the N1s line (Figure 2, the curve 3) lies in

the wide binding energy range of 397−400 eV, as observed

for MnS nanoparticles with the nitrogen impurity [28] or

titanium-doped aluminum nitride Al1−xTixN [29]. Thus one
can conclude that nitrogen ions in the MnS matrix retain

the trivalent state. The measured Ti2p spectra (Figure 3)
of (MnS)1−x (TiN)x samples represent a superposition of

two sets (2p3/2, 2p1/2 spin doublets) related to titanium

ions of different types (the red (I) and blue (II) curves on

Figure 3). The binding energy of low-energy component I

corresponds to the divalent state of titanium ions with the

binding energy of TiS and TiO. The binding energy of

component II corresponds to the trivalent state of titanium

ions (TiN, Ti2p3/2 ∼ 462 eV) [30]). An increase in the

degree of cation-anion substitution (x) in (MnS)1−x (TiN)x

leads to a decrease in the intensity of component I relative

to component II, which indicates a change in the nature of

the chemical bonding of titanium atoms and an increase in

the concentration of trivalent titanium ions. The analysis of

N1s nitrogen and Ti2p titanium lines allows one to conclude

that the cation-anion substitution in the (MnS)1−x (TiN)x

Physics of the Solid State, 2026, Vol. 68, No. 1
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Figure 2. The N1s nitrogen spectra for (MnS)1−x (TiN)x samples:

(a) powder, x = 0.01; (b) single crystal, x = 0.01; and (c) single

crystal, x = 0.05. Points show the experimental data and curves,

the result of data analysis.
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Figure 3. The Ti2p titanium spectra for (MnS)1−x (TiN)x :

(a) powder, x = 0.01 and (b) single crystal, x = 0.05. Points

show the experimental data and curves, the results of data analysis.

compounds at a low substitution degree (x = 0.01) leads to

the formation of chemical bonding of two types: Ti−S and

Ti−N. The contribution of Ti−N bonds increases with the

degree of substitution.

Figure 4 shows the typical X-ray powder diffraction

patterns of synthesized (MnS)1−x (TiN)x samples measured

at room temperature (300K). Figure 4, a corresponds to the

sample with x = 0.03 with a uniform nitrogen and titanium

distribution over the single crystal volume. Figures 4, b

and 4, c present X-ray powder diffraction patterns for the

(MnS)1−x (TiN)x samples with x = 0.05 and 0.05∗ . A halo

(blurred peak) in the grazing angle region around 41.62◦

(Figure 4, b) indicates the presence of TiNx nanoinclusions

in the obtained samples. The X-ray diffraction pattern

of the samples with x = 0.05∗ (Figure 1, c) contains the

additional (111) and (200) reflections, which indicate the

formation of single-crystal TiNx spacers in (MnS)1−x (TiN)x

crystals. The size of TiNx nano- and micro planes and their

amount in (MnS)1−x(TiN)x single crystals depend on the

crystallization temperature and time, and can be tuned.

It was established by XRD analysis that the obtained

(MnS)1−x(TiN)x solid solutions have a NaCl-type crystal

structure similar to the structure of the initial α-MnS

matrix (sp. gr.Fm3m, Mn in the 4a (0, 0, 0) site and

S in the 4b (0.5, 0.5, 0.5) site, JCPDS-ICDD card data,

N06-0518, a = 5.224 Å). The lattice parameters of the

(MnS)1−x(TiN)x compounds upon variation in the com-

position (x value) changes from a = 5.217 ± 0.01 Å at

x = 0.01 to a = 5.211 ± 0.01 Å at x = 0.05. A decrease

in the lattice parameter of the sample indicates the cation-

anion substitution, since the divalent titanium ion (Ti2+,
d2s4, S = 1) in the octahedral position has an ionic radius of

1 Å, while for Ti3+ (Ti3+, d1s4, S = 1/2), the ionic radius in

the octahedral position of the cubic lattice is 0.87 Å [26,27].
It is known that the α-MnS molar magnetic suscepti-

bility at 300K is 0.00539 cm3/mol (0.000062 cm3/g) [5];
for TiN, this quantity amounts to 38 · 10−6 cm3/mol

(0.6 · 10−6 cm3/g) [9]. The paramagnetic properties of

(MnS)1−x(TiN)x single crystals in the temperature range of

160−300K were confirmed by the electron paramagnetic

resonance (EPR) study. In Figure 5, the EPR data on the

single-crystal (MnS)1−x (TiN)x samples are compared with

the data for α-MnS. It was established that, at a low degree

of cation-anion substitution, the resonance properties of the

homogeneous (MnS)1−x (TiN)x single crystals are similar to

the data typical of the paramagnetic state of manganese

monosulfide with the NaCl (fcc) structure. The EPR signal

has a Lorentzian shape with the g factor changing within
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Figure 4. The X-ray diffraction patterns of (MnS)1−x (TiN)x

powder samples with: (a) x = 0.03(2) and (b) x = 0.05 contai-

ning TiN nanoparticles and (c) x = 0.05∗ with single-crystal TiN

spacers. Vertical solid lines in Figures 4, a and 4, c show reference

data for MnS and TiN, respectively.
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Figure 6. The temperature dependences of magnetic suscepti-

bility for (MnS)1−x (TiN)x single- crystal samples in the range of

77−300K. (1) MnS, (2) x = 0.01 (H = 50Oe), (3) x = 0.01

(H = 1 kOe), (4) x = 0.03 (H = 100Oe), (5) x = 0.05, and

(6) x = 0.05∗ .

1.98−2.05 characteristic of the divalent manganese ion in

the octahedral position of the NaCl lattice. In the region

of 160−170K, the EPR line broadening (Figure 5, a) and

Hr resonance field anomaly (Figure 5, b) are observed,

indicating the antiferromagnetic transition in the α-MnS

matrix.

Figure 6 presents temperature dependences of the mag-

netic susceptibility χ of the (MnS)1−x (TiN)x crystals around

77÷ 300K. The paramagnetic molar susceptibility of the

crystals at 300K ranges within 0.00501 ÷ 0.0046 cm3/mol

and is lower than that of the initial α-MnS matrix

(0.00546 cm3/mol). According to the EPR spectroscopy

data, (MnS)1−x (TiN)x crystals are antiferromagnets with a

Néel temperature TN (maximum in the χ(T ) dependence)
weakly dependent on the crystal composition (the x value):
150−160K. In the paramagnetic state T ≤ TN, the χ(T )
dependences for the (MnS)1−x (TiN)x samples are described

by the Curie–Weiss law. The effective magnetic moment

µ(µB) and the paramagnetic Néel temperature 2(K) of the

(MnS)1−x(TiN)x compound change from 6µB and −650K

(at x = 0.01) to 4.9µB and −540K at x = 0.05. In

general, the change in the magnetic properties of the

(MnS)1−x(TiN)x samples under the cation-anion substitu-

tion is similar to their change in the CuxMn1−xS [15] and
Al1−xTixN systems [29].
Figure 7 shows the field dependence of the magnetization

for (MnS)1−x (TiN)x (x = 0.03) crystal in a magnetic field

of up to 90 kOe at T = 4.2K. The measured data show that,

in the low-temperature region, the sample exhibits a change

in the magnetization in a magnetic field that is similar

to spin-flop transitions. The insets in Figure 7 show the

field dependence of the differential magnetic susceptibility

dM/dH (the upper left corner of the plot) and the field

dependence of the magnetization at T = 300K (the lower

right corner of the plot).
In contrast to α-MnS [4], in the cation-anion-substituted

(MnS)1−x(TiN)x crystals, the spin-flop transition is continu-

ous, which can be due to a change in their domain structure

caused, for example, by a change in the elastic parameters

of the crystals.

Figure 8 shows the valence band spectra of the investi-

gated (MnS)1−x (TiN)x solid solutions. A broad maximum

in the energy range of 0 ≤ 9 eV is determined by the

contributions of the overlapping bands of the titanium and

manganese 3d states with the sulfur 3p states, with the

most intense maximum in the binding energy region around

∼ 4 eV related to the contributions of the manganese 3d

states; the energies of the titanium 3d states are closer to
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Figure 7. Field dependence of the magnetization of

(MnS)1−x (TiN)x crystal with x = 0.03 in a magnetic field of

up to H = 90 kOe and T = 4.2K. Inserts: field dependences of

differential susceptibility dM/dH at 4.2K (left upper corner) and

magnetization at 300K (right lower corner).
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the Fermi level. The maximum in the binding energy region

around 9−12 eV is related to the contributions of the sulfur

and nitrogen 2p states. In the depth of the valence band,

at a binding energy of ∼ 13 eV, the sulfur 3s states and the

manganese 3p states are localized.

It follows from the comparison of the experimental

results of (MnS)1−x (TiN)x compounds (Figure 8) with

the literature data on MnS and TiN that the cation-anion

substitution causes a significant change in the nature of the

valence band of the manganese monosulfide matrix due to

the formation of the titanium d band in the vicinity of the

Fermi level. In addition, one can expect a change in the

electrical properties of (MnS)1−x (TiN)x compounds. The

test measurements showed that the electrical resistance of

the samples with x = 0.05∗ is three orders of magnitude

lower than that for α-MnS.

The obtained experimental data show that even a low

degree of the cation-anion substitution in the homogeneous

MnS matrix with a NaCl-type cubic structure induces a

change in the charge state and the electronic and magnetic

properties of (MnS)1−x (TiN)x compounds. The spatial

topology of (MnS)1−x (TiN)x crystals is determined not

only by the size and valence of ions, but also by the

nature (ionic covalent) of the chemical bonds, as well as

by the distribution of these bonds over the crystal. The

short-range order (coordination 12) most likely plays a

more important role in changing the physical properties of

the samples than the coordination of the second nearest

neighbors (coordination 6). This points out the importance

of the local structural order in the (MnS)1−x(TiN)x single

crystals (random atomic displacements and nonuniform

crystal lattice distortion) and the possibility of controlling

this order by external factors.

The established features in the formation of the

microstructure and valence state of ions in the

(MnS)1−x(TiN)x single crystals suggest that the most

probable model explaining the behavior of their physical

properties is the magic cluster model [30,31]. The

(MnS)1−x(TiN)x compound formed as a result of the cation-

anionic substitution can be presented as randomly dis-

tributed and disordered (Mn2+)S6, (Ti3+)N6, and (Ti2+)S6
heterovalent octahedra, the detailed packing of which in a

crystal depends on both the substitution degree and the

chosen temperature and time mode of the crystal growth.

Cluster formalism [30,31] takes into account the local point

symmetry of cations and assumes the replacement of the

cation-anion system by a lattice with the MnS6 or SMn6
clusters localized in its nodes, the electronic structure of

which efficiently takes into account the p−d covalence. One

of the possible types of cluster formation in the single-crystal

(MnS)1−x(TiN)x compounds is illustrated in Figure 9.

3. Conclusion

Thus, powder and single crystals of the new

(MnS)1−x(TiN)x compounds were first synthesized. The

modes of the synthesis of homogeneous and heterogeneous

crystals with a NaCl-type cubic structure were determined.

It was established that the cation-anion substitution in

the system of α-MnS-TiN isostructural compounds with

different valence states of cations and anions (α-Mn2+S2−

and Ti3+N3−) is accompanied by the formation of the mixed

disordered (MnS)1−x (TiN)x solid solutions, in which anions
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generally retain their valence, while the substitution cation

can be in different valence states.

In the temperature range of 77÷ 300K, the crystal

structure and the resonance and magnetic properties of

(MnS)1−x (TiN)x crystals are generally similar to the pro-

perties of the α-MnS matrix. An increase in the degree

of cation-anion substitution and a change in the nature of

chemical bonds in (MnS)1−x(TiN)x compounds are accom-

panied by a significant change in its electronic structure and

a decrease in the magnetic susceptibility in the paramagnetic

state of the matrix at 300K without a serious change in its

Néel temperature. The cation-anion substitution changes the

nature of the spin-flop transition observed in α-MnS in the

low-temperature region (4.2K).

The results of the experimental investigations of the

chemical composition and the electronic, resonance, and

magnetic properties allowed us to conclude that study of

the physical properties of (MnS)1−x (TiN)x compounds in

a wide range of temperatures and magnetic and electric

fields is promising for determining the possibility of the

development of randomly distributed environments for

micro- and nanoelectronics on their basis.
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