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Materials exhibiting connection between electrical and magnetic properties are attractive for possible use as an
element base in microelectronics, spintronics, and sensor devices. Compounds with mixed valence exhibit a number of
metal-insulator phase transitions, magnetic phase transitions, including changes in magnetic properties without chang-
ing magnetic symmetry.

Promising materials for studying these effects are cation-substituted Mn;_.Re,S compounds (Re = 4f elements) syn-
thesized on the basis of the antiferromagnetic semiconductor of manganese monosulfide. The latter is of practical
importance in the development of new materials for temperature sensors, widely used in the metallurgical industry.

The structural and electrical properties of compounds with mixed valences TmyMn; xS (0 < X < 0.15) and
TmyMn; xS (0 <X < 0.25) were studied in the temperature range 80—1100K. The regions of existence of solid solutions
of TmyMn,_xS sulfides with an fcc (face-centered cubic) lattice of the NaCl type were determined. It was found that con-
ductivity decreases upon the substitution of manganese cations with thulium ions and the lattice constant increases
more sharply in comparison with Vegard’s law. When ytterbium ions are substituted, the conductivity increases with
increasing concentration and the temperature dependence has the form typical of semiconductors.

Key words: manganese sulfide, mixed valence, conductivity, X-ray diffraction analysis.
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Mamepuanei, obnapysicusarowue ces3b MeNcOy INEKMPUYECKUMU U MASHUMHLIMU CBOUCMEAMU, SIGISIOMCS NPUsie-
KamenbHbiMu OJis 803MOJICHO20 UCHONb308AHUSL 6 KAYECHEe JIIeMEHMHOU Oa3bl 8 MUKPOINEKMPOHUKE, CHUHMPOHUKE,
cencopuvix ycmpouicmeax. CoeOuHenus ¢ nepemeHHoll 8aIeHMHOCMbIO NPOSAGISION Psi0 (hA308bIX NEPEX0008 MEmai-
OUdIEKMPUK, MacHUmMHble (hazo8ble nepexoovl, BKIIOYAsL USMEHEHUSL MASHUMHBIX C8OUCE 0e3 UMEHEeHUs MACHUMHOU
cuMmMempuu.

Iepcnexmusnvimu mamepuanamu O1s U3YUEHUS. SMUX IDOEKMO8 AGIAIOMCSA KAMUOH 3AMeUjeHHble COeOUHEeHUs
Mn;_,Re,S (Re = 4f onemenmsi), cunmezuposanuvie Ha OCHOBE AHMUPDEPPOMASHUMHOZ0 ROLYAPOBOOHUKA MOHOCY b~
¢uoa mapeanya. Ilocneonee umeem nNpakmuyeckyo 3HAUUMOCMb 8 pPa3pabOmMKe HOBbIX MAMePUudnog Ois OAmuUKO8
memMnepamypbl, WUpOKO UCTIONbIYEMBIX 8 MEMALLYPSULECKOU OMPACTU.

IIposedennl uccredosanuss CMpyKMypHuIX U I1EKMPUYECKUX CB0UCME COCOUHEHUN ¢ NePeMeHHOU 8ANeHMHOCbIO
TmxMn; xS (0 £ X < 0.15)u TmyMn; xS (0 < X < 0.25) 6 ooracmu memnepamyp 80—1100K. Onpedenenst obracmu
cyujecmgogarusi meepovix pacmeopos cyioduoos TmXMni-XS ¢ I'lIK pewemxoti muna NaCl. Ycmanoeieno ymero-
wieHue nPogoOUMOCIU NPU 3AMeUJeHUY KAMUOHO8 MAP2aHyd UOHAMU mYyiusl U 0ojee pe3Koe yeeauyeHue NoCMOosiHHOU
peulemKu no cpaeHenulo ¢ 3axonom Bezapoa. Ilpu 3amewjenuu uonamu ummepous npoeooUMOCHb YEeauduUBaemcs
€ POCMOM KOHYEHMPAYUY U MeMnepamypHast 3a6UCUMOCTb UMeem U0, MURUYHBIL O/ HOIYNPOBOOHUKOE.

Kniouegvie cnosa: cynvghuo mapeanya, nepemennas 6aneHmMHOCMb, NPOBOOUMOCHb, DEHMESEHOCMPYKMYPHbIU
amanus.
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Introduction. Compounds containing rare-earth
chemical elements with mixed valence such as Sm, Yb,
Ce, Eu, Tm have a number of unique properties. Phase
transitions of purely electronic nature and associated with
change in the filling of 4f electronic levels [1] often occur
in them when external conditions (temperature, pressure,
composition) change. At the same time the magnetic
properties also change [2—4] (localized magnetic moments
disappear), i. e. the transitions are of the “magnetic —
nonmagnetic” state type [5]. Change in the type of con-
ductivity from semiconductor to metal type and a signifi-
cant magnitude of magnetoresistance (of the order
of 100 %) in the paramagnetic region at room tempera-
tures and above [6—11] is observed in manganese sulfides
substituted by samarium [6] and gadolinium [7] ions.

Thulium sulfide has a cubic crystalline structure with
a lattice parameter of 5.412 A. This compound is charac-
terized by a metallic type of conductivity at 7 > 100 K
with electron concentration of about 10*> ¢cm ~ and resis-
tivity of about 10° Ohm / cm at room temperature [2].
Thulium whose electronic configuration of the 4f — shell
is unstable and close to a filled one, can enter the com-
pounds with other elements, be in the state of Tm*" 4f"
term °F;,, and Tm® + 4f'? term *H. In TmS a thulium ion
is in the trivalent state with a 4f level filling of n,= 0.65
and the energy difference between the divalent and triva-
lent states E** — E*" = 0.3 eV [12]. The proximity of the
energies of thulium aliovalent states leads to the fact that
TmS exhibits a condo effect in which band electrons
group around thulium ions screening its magnetic moment
[13]. Under the action of pressure “quasilocalized” states
expand and pass into the conduction band, which will
manifest itself in the form of transition to the usual metal-
lic state. This is confirmed by the baric dependence of
thulium thermopower, which decreases under pressure to
20 GPa, and ceases to change at higher pressures [14].
Pressure leads to changing magnetic characteristics and
magnetic structure [15-18]

Ytterbium sulfide at normal pressure is a semiconduc-
tor with a direct gap in the spectrum of electronic excita-
tions ~ 1.3 eV and an indirect gap ~ 1.0 eV between
the fully occupied f-state and free sd-band states [19],
which are 4 eV higher in energy than the 3 p-valence
band of sulfur ions. Under pressure the gap monotonically
decreases dEg /d p =—6 = 1 eV / kbar [20], at 8 GPa the
zones overlap and a metallic state arises [21]. At 10 GPa
quantum resonance, that is, a superposition of /13 and f14
states and change in valence from 2 to 4 is observed. The
density of current carriers per an ytterbium ion is 0.4 [22]

Materials and methods of research. The synthesis of
Mn;_xRexS samples is described in detail in [8]. Solid
solutions Mn; xTmxS and Mn; xYbxS were obtained
by solid-phase synthesis, degrees of substitution 0.05;
0.10; 0.15 and 0.05; 0.10; 0.15; 0.2; 0.25 respectively.

X-ray diffraction analysis of Mn; xTmxS (X =
=0.05; 0.15) and Mn; xYbxS (X = 0.1; 0.2) sulfides was
carried out on a DRON-3 installation in CuKa-radiation
at temperature of 300 K after they were obtained and their
transport properties were measured. X-ray diffraction
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patterns obtained after the measurements indicate that all
the substances studied have a face-centered cubic (fcc)
structure of the NaCl type typical of manganese monosul-
fide.

The conductivity was measured in the temperature
range 80-1100 K using the four-probe method. The four-
probe method for measuring electrical resistivity is the
most common. The method is very convenient since there
is no need to create ohmic contacts; it is possible to meas-
ure the resistivity of bulk samples of the most diverse
shapes and sizes, as well as the resistivity of layers of
semiconductor structures, for example, during ion implan-
tation. In this case, one condition must be fulfilled as far
as the shape is concerned, that is, the presence of a flat
surface whose linear dimensions exceed the linear dimen-
sions of the probe system (the distance between them).

Four metal probes with a small contact area (fig. 1) the
distances between which are s;, s,, s3, are placed on the
flat surface of the sample along a straight line. Electric
current I, is passed through two external probes 1 and 4,
and the potential difference U,; is measured on two inter-
nal probes 2 and 3.

Results and discussion. X-ray diffraction patterns of
the synthesized sulfides were obtained (fig. 2, 3). X-ray
diffraction patterns obtained after measurements indicate
that all the substances studied have a stable crystalline
state up to temperatures of the order of 1100K. X-ray dif-
fraction analysis showed that the synthesized compounds
are single-phase and have a face-centered cubic (fcc)
structure of the NaCl type, typical of manganese mono-
sulfide. With increase in the degree of cationic substitu-
tion (X), the unit cell parameter a increases linearly,
which indicates the formation of Mn; xTmxS and Mn;.
xYbxS solid solutions (fig. 2, 3). Increase in the lattice
constant, compared with linear growth according
to Vegard’s law, is possibly associated with the localiza-
tion of electrons at the interface of manganese ions with
substituted ones and with weak hybridization of 4f-3d
orbitals, which is described by an exponential dependence
on distance.

The temperature dependence on conductivity
was measured for the synthesized samples Mn;.xTmxS
(0.01 < X < 0.15) and Mn;xYbxS (0.05 < X < 0.25)
(fig. 4). The behavior of the Inc (10° / T) dependences is
characteristic of substances with semiconductor conduc-
tivity. Fig. 4, a shows the electrical conductivity of
TmyxMn, xS solid solutions. A sample with a thulium sub-
stitution degree of X = 0.05 has a conductivity plateau
from 310 to 380 K. For X = 0.1 there is an anomaly in the
conductivity behavior from 330 to 360 K. For X = 0.15
there is an anomaly in the conductivity behavior from
650 K to 690 K. All of the studied samples with thulium
are characterized by a high resistance state even at room
temperature in comparison with the electrical resistance
observed in manganese monosulfide [8]. Fig. 4, b shows
the electrical conductivity of TmyxYb;.xS solid solutions.
When the temperature increases the conductivity grows
significantly faster in the case of ytterbium than in the
case of thulium.



Cubupckuil scypHan Hayku u mexvoaoaui. Tom 21, Ne ]

Fig. 1. A schematic diagram of measurements using
the four-probe method

Puc. 1. IlpuHunnuanbHas cxema U3MEpEeHUH
YeThIPEX30HI0BBIM METOJIOM

-~ | - 350
E 2500 a Mn0,95Tmo,oss E g Mn0,9Tm0,1S
2 3004 b S
‘w2000 2
g 250
=
= 1500 200
1000 150+
- 1004 . & = :
500+ El] - g g 3 8 3 S
g = -1 J% 50{ B g 8
g 3 EY o % & S A
0 T (:‘l A T 1! l‘f T lio T 0 W hﬁ‘wlm” T - ‘f : . ." W
20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90
S 140 - 20, degree
< ] ¢ § Mn, Tm, S
> 1204 5
‘@ E 8
c
[O]
E

20, degree

Fig. 2. X- ray diffraction patterns of Mn,_,Tm,S:
a—X=0.05b-X=0.1;c-X=0.15

Puc. 2. PentrenorpamMmmer Mn_,Tm,S:
a-X=0,05b-X=0,1;c—X=0,15

110



Texnonozuueckue npoyeccost u mamepuaiiol

[EnY
o
o

= (3]
\_;; g a MnO.9YbO.lS 40 | y) b - MnO.SUYbO.ZUS
= 809 « g 8
G s 8 > 8 2
£ 601 2 Q Pt
° g S R
S 204 S
40 N = s ] 2
/ 5 £ g < 5
5 s 58 8 |
20 g & & 10
0 T T T T T T 1 o T T T T T T
20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90
20, degree 20, degree
Fig. 3. X- ray diffraction patterns of Mn; ,Yb,S:
a—-X=0.1;b-X=0.2
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Fig. 4. Temperature dependence on conductivity:
a—Mn; xTmyS (0.05 <X <0.15); b —Mn; xYbxS (0.05 < X <0.25)

Puc. 4. 3aBucuMOCTb IPOBOJMMOCTH OT TEMIIEPATYPBIL:
a— Mnl_XTmXS (0,05 <X< 0,15), b— Mnl_XYbXS (0,05 <X< 0,25)

The dependences of the conductivity on the substitu-
tion concentration of thulium and ytterbium ions at room
temperature are shown in fig. 5. With increase in the de-
gree of samples doping with thulium the conductivity
decreases (fig. 5, a), and when doping with ytterbium a
similar conductivity behavior occurs, but there is a section
in the concentration range from X = 0.1 to X = 0.2 in
which, on the contrary, growth is observed. In general,
there is a nontrivial picture that is different from the be-
havior of impurity semiconductors, in which substitution
with an alloying element increases the concentration of
charge carriers and, as a result, the conductivity.
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This behavior can be explained by the fact that an yt-
terbium ion is trivalent and, when a divalent manganese
ion is substituted in a solid solution, both electrons and
holes are formed by non-stoichiometry of the obtained
samples. With increase in the substitution concentration,
electrons and holes accumulate at intercrystalline bounda-
ries and form a carrier-depleted layer similar to the p-n
junction. Substitution with ytterbium ions leads to the
formation of holes in the cationic subsystem; as a result,
the conductivity decreases sharply compared to manga-
nese sulfide. As the concentration of hole current carriers
increases, the conductivity increases (fig. 5, b).
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Fig. 5. Dependence of conductivity on the temperature of samples Mn; xYbxS (0.05 <X <0.25)

Puc. 5. 3aBUCHMOCTH IPOBOJMMOCTH OT TeMITepaTypbl 00pasioB Mn; xYbxS (0,05 <X <0,25)

Conclusion. X-ray diffraction analysis of solid solu-
tions of manganese sulfides substituted by rare-earth ions
of thulium and ytterbium was carried out. It was found
that the synthesized compounds are single-phase ones and
have a face-centered cubic (fcc) structure. There is in-
crease in the unit cell when substituted by thulium and
ytterbium.

Decrease in the conductivity upon substitution with
thulium and increase in the conductivity of solid solutions
upon substitution with ytterbium were found. The tem-
perature dependence of substituted sulfides has a semi-
conductor form. The concentration dependence of the
conductivity for Mn, xTmyS is explained by the forma-
tion of a space charge at the boundaries of intercrystalline
grains.
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