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Abstract—Variable-valence Tm,Mn, _,S (0 < x < 0.15) compounds have been synthesized and their struc-
tural, electrical, and thermoelectrical properties have been studied in the temperature range of 80—1100 K.
The regions of existence of solid solutions of sulfides Tm,Mn, _ .S with the NaCl-type fcc lattice have been
determined. It has been found that, as thulium ions are substituted for manganese cations, the electrical resis-
tivity increases, and the lattice parameter increases more sharply than that corresponding to the Vegard’s law.
The study of the temperature dependences of the thermopower coefficient has revealed that the current car-
rier sign is retained to 500 K for all the substitution concentrations, and the charge carrier type changes from
the hole type to the electron type with variations in the temperature. The experimental data have been

explained in terms of the exciton model.
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1. INTRODUCTION

Compounds containing chemical rare-earth ele-
ments with variable valence such as Sm, Yb, Ce, Eu,
and Tm have a number of unique properties. As exter-
nal conditions (temperature, pressure, and composi-
tion) are changed, they often undergo phase transi-
tions having a purely electron nature and related with
the change in filling of 4felectron levels [1]. Simulta-
neously, the magnetic properties are also changed [2]
(localized magnetic moments disappear); i.e., the
transitions are the magnetic—nonmagnetic state tran-
sitions [3]. Manganese sulfide doped with samarium
[4] and gadolinium [5] ions demonstrates the change
in the conduction type from the semiconductor to
metallic conduction and significant magnetoresis-
tance (on an order of 100%) in the paramagnetic
region at room and higher temperatures [6].

Thulium sulfide has a cubic crystal structure with
the lattice parameter 5.412 A. This compound is char-
acterized by metallic-type conduction at 7 > 100 K
with an electron concentration of 10?2 cm~3 and resis-
tivity of 10~ Q cm at room temperature [7]. Thulium,
whose electron configuration of the 4f shell is almost
filled and unstable, can form compounds with other

19

elements and be in states Tm** (4/5, term ?F; ;) and
Tm3* (412, term *Hy). In TmS, thulium ion is in the
trivalent state with the filling n, = 0.65 of the 4flevel;
the difference between energies of divalent and triva-
lent states is 0.3 eV [8]. The proximity between the
energies of thulium in various states leads to TmS
demonstrating the Kondo effect, at which the band
electrons are grouped around thulium ions and screen
its magnetic moment [9]. Under pressure, “quasi-
localized” states are expanded and transit to the con-
duction band, which is manifested as a transition to
the usual metallic state. This is confirmed by the pres-
sure dependence of the thermopower of thulium that
decreases at pressures up to 20 GPa and ceases to
change at higher pressures [10].

It is known that, in Re*" X-type compounds, euro-
pium, samarium, ytterbium, and, to a lower degree,
thulium chalcogenides exhibit anomalously large
interatomic distances against a smooth background
with varying lattice parameters (lanthanide compres-
sion). This fact is explained by the existence of REM
ions in these compounds in the Re?* state (or a near
state); the corresponding ions have larger ionic radii,
which is observed as the increase in the lattice param-
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eter. The main anomalous properties of these states are
related to the position of the f level near the Fermi
level Eg, namely, with the existence of a narrow reso-
nance level immediately at the Fermi surface. The
electronic phase transition is also observed in thulium
chalcogenides, where the divalent state is less stable.
At normal pressure, thulium is divalent in TmTe, triva-
lentin TmS [11] and has a variable valence in TmSe. In
this case, the valence of Tm in TmTe and TmSe is
changed under action of pressure. The Tm,S com-
pounds exhibit the properties typical of Kondo sys-
tems such as compounds with variable valence and
Kondo lattices [11]. In particular, the Hall effect in
Tm,S has an anomalous character; the Hall coefficient
increases as temperature decreases and reaches values
much higher than those in the normal metals [12] as a
result of the scattering of conduction electrons by ions
with localized magnetic moment.

The valence transition in variable-valence com-
pounds, according to theoretical calculations [13], is
related to the hybridization of wave functions of the 4f
and 5d states. The transition evolution can follow two
scenarios: one of them is related to the formation of
excitons; the hole is at the 4flevel, and the electron is
localized in the vicinity of the hole. According to
another model, the electron transits to the d band, and
a heavy-fermion metal forms. The experiments per-
formed on SmS and TmSe with pressure applied indi-
rectly confirm the exciton state [14]. As pressure
increases, the 4f level intersects the conduction band
bottom, which is accompanied by a change in the vol-
ume at constant resistance. Further increase in pres-
sure leads to a sharp change in the resistance. The
manganese ion radius is significantly smaller than the
thulium ion radius, and the value of hybridization of
3d—4fions Mn—Tm is also lower than that of the S5d—
4f ions Tm—Tm. Because of this, as manganese is
replaced with thulium, excitons can form at the inter-
face between clusters of thulium ions in the manga-
nese sulfide matrix.

Monosulfide a-MnS is an second-type antiferro-
magnet with Néel temperature 7y = 150 K; it has a
face-centered cubic (fcc) lattice of the NaCl type [15,
16]. Manganese monosulfide is a p-type semiconduc-
tor with low hole mobility in narrow (~0.5 eV) 3d
bands, charge carrier concentration #n ~ 10~ cm—3,
and the conduction activation energy in the paramag-
netic state £, ~ 0.3 eV [17]. The conduction provided
by electrons lying below the Fermi level in the #,, and
e, bands has a hole character, which is confirmed by
the measurements of the thermopower and the Hall
effect [18—20].

TmS and MnS compounds have the same NaCl-
type crystal lattice, and the homogeneity region of
Tm,Mn, _ S solid solutions is 20%. In the fcc lattice,
the critical percolation concentration of magnetic
rare-earth ions is x, = 2/z = 2/12 = 0.17, where z is the
number of the nearest neighbors. As the concentration
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of the substitution of thulium ions for manganese ions
increases in the vicinity of the critical concentration,
the resistivity can sharply decrease and the current
carrier type can be changed (from holes to electrons) if
electrons will transit from the 4flevel to the 34 band.
In the opposite case, as excitons form at the Mn—Tm
boundary, the resistivity will increase. The validity of
choosing the mechanism of the electron transition in
the Tm,Mn, _,S compounds is confirmed by the mea-
surements of the resistivity and the thermopower coef-
ficient at various temperatures.

2. SAMPLES, EXPERIMENTAL TECHNIQUE,
AND RESULTS

The synthesis of Re. Mn, _ S is described in detail
in [19]. We briefly consider the specific features of
synthesizing the Tm,Mn, _ ,S system. The charge for
melting and crystallizing the melt was prepared by a
careful mixing of the calculated amounts of a poly-
crystalline manganese sulfide prepared by sulfidiza-
tion of analytically-pure manganese dioxide and a
polycrystallinethulium monosulfide produced as a
result of interaction of lithium hydride and one-and-
half thulium sulfide for compositions with thulium
concentrations of 0.01 and 0.1 atomic fraction with
respect to cations. Te compositions with thulium con-
centrations x = 0.15, 0.10, 0.05, and 0.01 were pre-
pared using a powder of crystals of stoichiometric one-
and-half thulium sulfide. The crystallization was car-
ried out from temperatures of 1600°C. No sublimation
was observed; because of this the crystal composition
was not different from the charge. The completeness
of sulfidation was controlled by X-ray phase analysis
and the weight method.

The X-ray diffraction of sulfides Tm,Mn,_,S
(0.01 < x<0.15) was studied using a DRON-3 diffrac-
tometer with CuK|, radiation at a temperature of 300 K
after their synthesis and the measurements of their
transport properties. The X-ray diffraction patterns
measured after the measurement performed show that
all the materials have stable crystal states to tempera-
tures of 1100 K. The X-ray diffraction shows that the
compounds synthesized are single-phase and have the
NaCl-type fcc structure typical of manganese mono-
sulfide. As the degree of cation substitution x
increases, unit cell parameter a increases linearly,
which indicates the formation of Tm,Mn, _ ,S solid
solutions (Fig. 1). The increase in the lattice parame-
ter as compared to a linear increase according to the
Vegard’s law seems to be due to the localization of
electrons at the interface between Mn and Tm ions
and a weak hybridization of the 4/—3d orbitals that is
described by the exponential dependence on the dis-
tance.

The resistivity and the thermopower coefficient
a(T) were measured in the temperature range of 80—
1100 K by two probes in the equipment, whose struc-
Vol. 58
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Fig. 1. Concentration dependence of lattice parameter a of
solid solutions Tm :Mn; _ ,S.

ture and operation principle were described in [21].
The equipment makes it possible to measure the resis-
tance and the thermopower continuously without
changing the sample.

Figure 2 shows the electrical conductivity of
Tm,Mn, _ S solid solutions. Dependences Ina(103/7)
are characteristic of materials with semiconductor
conductivity. At low temperatures, the temperature
dependence of conductivity of the composition with
x = 0.01 can be represented as three steps observed at
T= 151, 188, and 240 K. It should be noted that insig-
nificant increase in the conductivity in the vicinity of
the Néel temperature are also observed for the compo-
sitionsx =0.05at 7= 135 Kandx=0.1 at 7= 132 K.
These compositions also demonstrate low maxima in
dependences o(7) at 92 K for x = 0.05 and at 102 and
180 K for x = 0.1. The conductivity of composition x =
0.15 also exhibits jumps within 3—6% at temperatures
T= 112, 170, 192 K. A sharp increase in the conduc-
tivity is observed at temperatures 7 = 170 K for x =
0.05, T=215K forx=0.1, and 7= 270 K forx = 0.15.
The activation energy was found from the slope tan-
gent of the linear part of dependence 1gp(1/7) in the
range 180 K < 7T < 320 K; the activation energy
increases from 0.2 eV for composition with x = 0.05
t0 0.4 eV for x = 0.1. In the temperature range of
320—420 K, as seen from dependence Ino(103/7), the
conductivity is almost independent of temperature for
concentrations x = 0.05 and 0.1, and its behavior is
characteristic of impurity semiconductors. At tem-
peratures higher than 500 K, the activation energy
increases to 1.03 eV for x = 0.05 and to 1.1 €V for
x=0.1.

Insignificant doping of the Tm y;Mn, ¢S sample
with thulium ions brings about an increase in the con-
ductivity and the appearance of jumps in temperature
dependence Ino(103/7). Temperature dependence of
the resistivity of this composition (insert in Fig. 2) has
a minimum at 7= 880 K, and the resistivity increases
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Fig. 2. Temperature dependence of the conductivity for the
samples of the Tm /Mn; _ S system with concentration
x=(1)0,(2)0.01, (3) 0.05, (4 0.1, and (5) 0.15. The insert
shows the temperature dependence of the resistivity at high
temperatures for the composition with x = 0.01.

with increasing temperature to 1100 K. Forx = 0.05, at
high temperatures, dependence o(7) has a minimum
at 7= 790 K and a maximum at 7= 880 K. For x =
0.1, a minimum is observed at 7= 790 K and a low
maximum at 7= 820 K. The existence of the maxima
at the temperature dependence of the conductivity at
high temperatures can be due to the scattering of elec-
trons at the 4f'level. All the samples are characterized
by a highohmic state even at room temperature (as
compared to the resistivity observed in manganese
monosulfide [22]). As the substitution concentration
of a rare-earth metal in the MnS lattice increases, the
resistance increases (from 200 k€2 for x = 0.01 to
280 GQ for x = 0.15).

The current carrier sign was found from the tem-
perature dependence of the thermopower coefficient
a measured in the temperature range of 300—1100 K
for the Tm,Mn, _,S solid solutions with concentration
0 < x < 0.15 (Fig. 3). The absolute value of coefficient
a decreases as the thulium content in the Tm,Mn, _ S
solid solutions increases. In Tm, j;Mng ¢S, the ther-
mopower coefficient is positive over the entire tem-
perature range under study and indicates hole-type
conduction (Fig. 3b). The thermopower has two max-
ima for the composition with x = 0.05 at 7= 400 and
840 K (Fig. 3c). In Tmy,Mn,,S, the thermopower
coefficient decreases during heating and changes its
sign in the temperature ranges of 500—600 K and 870—
1040 K (Fig. 3d). The sign of a of the compound with
x = 0.15 is negative at 7' > 500 K, except the range
580 K < 7'< 750 K (Fig. 3e). This indicates the pre-
dominantly electron type of conduction. Similar
behavior is observed in Re.Mn, _,S (Re = Gd, Yb) [1,
20].
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Fig. 3. Temperature dependence of the thermopower coef-
ficient for the samples of the Tm Mn; _ S system with
concentration x = (a) 0, (b) 0.01, (c) 0.05, (d) 0.1, and
(e) 0.15. For compositions x = (c) 0.05 and (d) 0.1 in the
temperature range of 450—600 K, the thermopower coeffi-
cient is described by the pair concentration (a ~ Ny =
exp(—Ee/kgT), where E,, = 0.3 eV) and shown by the
solid line.

3. DISCUSSION OF THE RESULTS

The mechanism of appearance of the thermopower
in semiconductors in the paramagnetic region is pro-
vided by the electrons being carried away by phonons.
The interaction between holes and long-wave acoustic
phonons brings about power dependence a(7) ~ T3
[23] that is observed in semiconductors at low tem-
peratures (50—100 K). The interaction between holes
and optical phonons is substantial at higher tempera-
tures, and the number of such phonons in the
vibration spectrum decreases exponentially ng,, ~
exp(—hwy/kgT at kg T < hwy/4. The relaxation time of
a charge carrier on the optical mode is inversely pro-
portional to the number of phonons (t ~ 1/n,,);
because of this, we can expect an exponential depen-
dence for the thermopower o(7) = Aexp(hwy/kgT)
[24]. The experimental data obtained for the composi-
tions with x = 0.05 and 0.1 are not described by this
dependence. Another mechanism is related to the cur-
rent carriers: electrons or holes.
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Fig. 4. Temperature dependence of the relative change in
the conductivity (1/0)|do/dT| for compositions x =
(a) 0.05, (b) 0.1, and (c) 0.15.

The temperature gradient leads to the formation of
a diffusion electron current with the current density j =
Dqldn/dl| = Dq\dn/dT|(1/1)(dl/dT)] = Dgl(|ldn/dT)(1/B),
where D is the electron diffusion coefficient; g is the
electron charge; / is the sample length; and B is the
thermal expansion coefficient of the sample. We rep-
resent the potential difference in a closed circuit in the
case as there is a temperature gradient in the form U=
El = jol = PpqD(ldn/dT)(1/B). In our samples, the
electrical resistance is mainly determined by the cur-
rent carrier concentration p ~ 1/n, and the value of the
thermopower is o ~ (1/n)|dn/dT| = (1/0)|do/dT]. The
relative change in the conductivity with temperature
(1/0)|do/dT] is shown in Fig. 4; the temperatures of
the maxima coincide with the temperatures of the
thermopower extremes, except high temperature 7" >
900 K. This difference seems to occur as a result of the
fact that the conductivity is due to the change in the
current carrier concentration. At high temperatures,
Vol. 58
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Fig. 5. Electronic structure of the Tm,Mn, _ ,S system.

On the ordinate the energy is plotted; the abscissa is the
density of electronic states g(E). Eyis the 4f-level energy;

p is the chemical potential; AE| is the energy difference
between the acceptor level and the valence band top; AE,

is the energy difference between the donor level (that is
split by the crystal field(thin lines)) and the valence band
top. The dark circle shows an electron, and the bright circle
shows a hole.

the conductivity is changed within 5—20%; it is a result
of the scattering of current carriers by electrons local-
ized at the 4f level. The jumps in the temperature
behavior of the resistivity and the thermopower can be
explained in the model of bounded electron—hole
pairs. The substitution of thulium for manganese
forms an excess electron charge that is compensated by
the arrangement of sulfur ions in interstitial sites. An
analysis of the chemical composition at a local area
several micrometers in size using an electron micro-
scope indicates a sulfur excess of 0.035 atoms/mol for
the composition with x = 0.1 and 0.045 atoms/mol for
x=0.15. Inthe TmMn, _,S solid solutions, the chem-
ical phase separation forms; excess sulfur ions with
hole-type conduction form at the surface of thulium
ion clusters; i.e., the electron—hole transition occurs.
To explain the kinetic properties of the Tm Mn, _ .S
solid solutions, we consider the electronic structure
depicted in Fig. 5 that shows the positions of chemical
potential p with respect to the valence band and the
conduction band, and also the position of the donor
(impurity) level E, corresponding to 4f electrons of
thulium laying below the conduction band bottom.
Figure 5 also shows the energy difference between the
acceptor level and the valence band top AE| and the
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energy difference between the donor level and the
valence band top AE,. Sulfur atoms are in the intersti-
tial sites and can be interpreted as acceptors with an
energy level near the valence band top. At 7= 166 K,
the lattice parameter of manganese sulfide has a kink
accompanying by a jump in the conductivity for plane
(111) and the decrease in the activation energy from
0.21t00.02 eV [25]. At temperature 7= 125 K, which is
lower than the Néel temperature, the rhombohedral
distortion is observed [22]. The substitution of thu-
lium for manganese shifts the temperatures of the
structural lattice deformations, splits acceptor levels,
and, correspondingly, the conductivity over the accep-
tor level is changed. As temperature increases, the
transitions of electrons from the valence band on the
acceptor level prevails at 7> 160—200 K, which leads
to the increase in the conductivity in the valence band.
Above 300 K, the impurity states are saturated
(become filled), and the conductivity is almost inde-
pendent of temperature. Further heating induces the
recombination of electron—hole pairs and the shift of
the chemical potential to the 4fenergy level. The anni-
hilation of the pairs leads to equalizing the potentials
at the Tm—Mn interface, and the temperature depen-
dence of the thermopower coefficient in the range of
450—600 K is described well by the concentration of
electron—hole pairs: o ~ N, = exp(—E,/kgT) with
energy E,, = 0.3 eV, where E, is the energy of interac-
tion between electron and hole. Figure 3 shows this
dependence with the solid line. The minima in the tem-
perature dependence of the resistivity and the extremes
in the case of the thermopower at 7> 900 K are due to
the intersection of the chemical potential level and the
4flevel.

4. CONCLUSIONS

We synthesized new antiferromagnetic semicon-
ductor sulfide compounds with a variable valence, i.e.,
Tm,Mn, _ S (0 < x < 0.15), which have the NaCl-type
fcc lattice. It was found that the resistivity of the com-
pounds increases as manganese is replaced by vari-
able-valence thulium ions. There are two temperature
ranges in which the activation energy of Tm,Mn, _ .S
differs by several times. At high temperatures, the
minimum in the temperature dependence of the resis-
tivity and the extreme values of the thermopower coef-
ficient are observed for all compositions, except x =
0.15. The current carrier type is changed from the hole
to electron type in the compositions with x > 0.1 in
some concentration range. In Tm,Mn, _ .S with sub-
stitution concentrations x > 0.1, the thermopower
value decreases as compared to that of manganese sul-
fide. The thermopower mechanism is related to the
current carriers, and the temperatures of the anoma-
lies of the resistivity and thermopower coincide. We
proposed a model of coupled electron—hole states
with the dissociation energy at a temperature that
qualitatively explains the experimental results.
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