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DESIGN AND DEVELOPMENT OF HEUSLER ALLOYS FOR MAGNETIC REFRIGERATION
APPLICATIONS

Amdulla 0. MEKHRABOV* and M. Vedat AKDENIZ
Novel Alloys Design and Development Laboratory (NOVALAB), Department of Metallurgical and Materials Engineering, Middle East
Technical University, DumlupinarBlv. No: 1, 06800-Ankara, Turkey

Cooling systems are used in houses, cars, hospitals, defence systems and many other such areas. However, the
gases (chlorofluorocarbons and hydrochlorofluorocarbons) present in today's refrigerant systems are harmful to
the environment and cause global warming. Moreover, today's cooling technology is expensive and low-
efficiency technology. Therefore, new and cost-effective with higher energy efficiencies cooling systems have
begun to be developed to eliminate the use of these harmful gases. Among them, magnetic refrigeration has
attracted increasing interest in the materials research communities because of its higher cooling efficiency and
environmentally friendliness. Full Heusler alloys are magnetic ternary intermetallic compounds with the L2;-
type crystal structure. Typically, these alloys undergo a low temperature martensitic transformation
(austenite—>martensite), a magnetic transformation (ferromagnetice»paramagnetic) and relatively high
temperature atomic ordering (order<»order and order<>disorder) transformations. After the discovery of the
ferromagnetic shape memory (FSM) and giant magnetocaloric effects (GMCE) in Ni-Mn-Ga alloy, Ni-Mn based
Heusler alloys have received considerable attention due to their unique magnetic and structural properties. In this
present study compositional dependence of structural and magnetic properties of off-stoichiometric Ni-rich Ni-
Mn-Ga Heusler alloys have been investigated, in order to determine an alloy composition where a coupled
magneto-structural transformation occurs and to measure the MCE near this temperature. Structural and
magnetic properties of Ni-Mn-Ga Heusler alloy system were investigated by means of X-ray diffraction (XRD),
scanning electron microscopy (SEM) and vibrating sample magnetometer (VSM) measurements.

Key words: Ni-based Heusler Alloys, Magnetocaloric Effect, Magnetic Refrigeration, Relative Cooling Power
PACS: 61.66.-f, 61.82.Bg, 64.70.K, 75.20.En, 75.30.Sg, 81.30.Hd

1. Introduction

Nowadays, in developed countries and communities, energy consciousness are disscussed and taken up at
the highest level. Recently, instead of research on the use of limited energy resources in the most efficient
manner, researchers are focused on technologies which reduce energy consumption. Instead of conventional gas-
cycle refrigeration technology which reduces the energy consumption and increases the efficiency, scientists and
engineers have still been working on new cooling technology based on different material properties such as
thermoelectric, thermoacoustic, sorption and magnetic cooling. From these technologies, magnetic refrigeration
is a technology based on Magnetocaloric Effect (MCE) defined as response by changing the temperature of a
solid material in applied magnetic field. Full Heusler alloys are magnetic ternary intermetallic compounds with
the L2;-type crystal structure. Typically, these alloys undergo a low temperature martensitic transformation
(austenite>martensite), a magnetic transformation (ferromagnetice»paramagnetic) and relatively high
temperature atomic ordering (order<»order and order«»disorder) transformations. After the discovery of the
ferromagnetic shape memory (FSM) and giant magnetocaloric effects (GMCE) in Ni-Mn-Ga alloy, Ni-Mn based
Heusler alloys have received considerable attention due to their unique magnetic and structural properties [1-9].
Ni-Mn based Heusler alloys which exhibit GMCE can be used as magnetic refrigerant materials in magnetic
refrigerators. Magnetic refrigeration (MR) is an alternative cooling technology which offers high energy
efficiency. A large MCE (the change in magnetic entropy, ASy) of 5 JKg'K™ was reported for Ni-Mn-Ga alloys
for the second order magnetic transition (ferromagnetic «<»>paramagnetic) [5, 10]. However, the highest ASy
values of ~20 JKg'K™ were obtained at the coupled magnetic (ferromagnetice>paramagnetic) and structural
(martensite«>austenite) transition in Ni-Mn-Ga Heusler alloys [7, 10]. The coupled (magneto-structural)
transition can be achieved through compositional tuning of the structural and magnetic transitions temperatures.
Ferromagnetism plays a crucial role in magnetocaloric properties and long term aging (near 660 K) is necessary
to increase the amount of ferromagnetic L2; phase in these alloys due to the lower L2;<>B2 transition
temperatures of these alloys. It was shown that, stoichiometric Ni,MnGa alloy undergoes a relatively low
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temperature martensitic transformation (Ty) at around 202 K, a magnetic transition (T¢) near 376 K, order-order
and order-disorder transitions at 1071 K and 1382 K, respectively [11,12]. Near stoichiometric Ni,MnGa alloys
have been investigated thoroughly in literature [13-25]. Upon cooling, a first order structural transformation
occurs in Ni-Mn-Ga alloys from the cubic structure to a tetragonal [12] or orthorhombic [26, 27] structure. Ty, of
Ni-Mn-Ga alloys span over a wide range, from 160 K to 620 K [18, 29-31] and these temperatures are very
sensitive to composition of alloy system. Tuning of Ty is possible by changing the Ni/Mn/Ga composition ratios
and it was well established that Ty increases with increasing e/a (electron concentration) [3].

The goal of the present study is to investigate compositional dependence of structural and magnetic
properties of off-stoichiometric Ni-rich Ni-Mn-Ga Heusler alloys, to determine an alloy composition where a
coupled magneto-structural transformation occurs and to measure the MCE near this temperature. Structural and
magnetic properties of Ni-Mn-Ga Heusler alloy system were investigated by means of X-ray diffraction (XRD),
scanning electron microscopy (SEM) and vibrating sample magnetometer (VSM) measurements.

2. Experiment

Polycrystalline samples were prepared by conventional arc melting method in argon atmosphere. The method
involves repeated melting of the elements in an argon atmosphere. All the alloys were prepared from high purity
(%99.99) starting elements of Ni, Mn and Ga. The mixture of elemental components was placed on a copper-
hearth inside the arc melting chamber. Prior to each melting, the chamber was evacuated to 5x10° mbar and
backfilled with argon gas for four times. Melting was done under a protective Argon atmosphere and alloys were
melted turned over and remelted four times to ensure homogeneity. After the melting process, the alloys were
cut into ~1.5 mm slices by using a linear precision saw.

XRD measurements were conducted to determine the effects of composition and heat treatment on crystal
structures and atomic ordering in the samples at RT. XRD was performed using a Rigaku diffractometer in
which Cu-Ka radiation was utilized in the diffraction angle (26) range of 20-100°. Scanning electron
microscopy (SEM) studies were performed using a JSM-6400 Electron Microscope (JEOL) equipped with
NORAN System 6 X-ray Microanalysis System &Semafore Digitizer. Energy dispersive spectroscopic analyses
(EDS) were employed to determine the general compositions of alloys. Optical microscopy is employed in the
investigation of the microstructure of the samples. Magnetization measurements were conducted on ADE
Magnetics Model EV9 Vibrating Sample Magnetometer (VSM) with an optional temperature controller. These
measurements were performed as a function of temperature and magnetic field up to 22 kOe. Measurement of
MCE is done by providing following steps: i) determination and characterization of the phase transitions that
occur in the sample by M-T measurements. M-T measurements were performed on both cooling and heating in
order to determine the order of these transitions; ii) performing isothermal M-H measurements in the vicinity of
the phase transition temperatures. Prior to each isothermal measurement the sample was heated above T to
achieve demagnetization; iii) calculation of ASy values by employing the M-H data in Equation (3) given below.

3. Results and discussion

The compositions of the investigated Ni-Mn-Ga Heusler alloys determined by EDS analyses are given in
Table 1 together with calculated e/a values and lattice parameters.

For Ni-Mn-Ga alloys e/a ratio have been calculated by using following equation,

_ 10x(Ni at.%) + 7 x (Mn at.%) + 3x (Ga at.%)
100 1)

ela

Number of 3d+4s electrons for Ni, Mn and Ga was taken as 10, 7 and 3 respectively. Calculated lattice
parameters are consistent with the previously reported values [28, 31]. XRD measurements were performed to
investigate the effect of composition on crystal structure of the Ni-rich Ni-Mn-Ga alloys. P. J. Webster et al.
determined the crystal structure of the cubic parent phase of Ni,MnGa alloy as the L2, structure [12]. XRD
patterns of the as-cast Nisg.xMnysGazs (x=0, 5 and 7) alloysare given in Figure 1. All the fundamental peaks
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related to the A2 phase are present in the XRD pattern of the as-cast NisgMnysGays alloy. In the A2 phase, Ni,
Mn and Ga atoms are randomly distributed over the body centered lattice sites of the L2, —type crystal structure.
Because of the texturing in the polycrystalline Ni-Mn-Ga alloys the reflections related to the next nearest
neighbor ordering and unique to the fully ordered L2, phase were not observed in many cases. Conventionally,
although the observed reflections indicate the presence of A2 or B2 phases, the structure was treated as if it was
the fully ordered L2, phase [32].

Table 1. Compositions, lattice constants (a, b and c) and e/a for investigated Ni-Mn-Ga alloys.

Nominal Composition Ni Mn Ga a=b y ela
P (at.%) (at.%) @w) A A

NisgMn,sGayg 48.91 25.13 25.96 5.82 - 7.43
NisaMnyGagg 54.15 20.06 25.79 7.65 6.62 7.59
NisgMnisGagg 55.77 18.20 26.03 7.65 6.62 7.63

L1, L1,

222 11 (400)

L1, L, ‘o L1, L1,

(444)

NisgMn15Gaze

Intensity (a.u.)

NissMn2oGaze

NizoMn;5Gaze

20 40 60 80 100
20 (deg.)

Figure 1. XRD pattern for the as-cast Nigg.xMnys.<Gazs (=0, 5 and 7) alloys measured at RT.

The XRD data shown in Figure 1 shows that as-cast NissMn,sGays alloy (e/a=7.43) has the cubic L2;-type
crystal structure, on the other hand, both the as-cast NissMn,Ga,s (e/a=7.59) and NissMn;sGays (e/a=7.63) alloys
have martensitic L1,-type crystal structure at RT. It is evident from Figure 1 that, the splitting between the (222)
and (440) peaks is more pronounced and the intensity of (400) peak is higher in NissMn;sGa,s alloy compared to
the NissMny,Gagg alloy. This can be attributed due to the higher e/a value of NisgMn;sGa,s alloy. Magnetic field
and temperature dependence of magnetization are measured for the as-cast Nigg.xMnys.xGazs (X=0, 5 and 7) alloys
with the intention of characterizing the magnetic behavior and phase transitions in these alloys. M-H curve at RT
and temperature dependence of magnetization M-T curve for the as-cast Nis;MnyGay alloy is given in Figure 2.
It is evident from Figure 2(a) that as-cast NissMn,,Gays alloy exhibit a strong ferromagnetic behavior, because
large magnetization is obtained in this alloy on application of relatively small magnetic fields and in addition to
that, magnetization saturates above a certain field.

It can be seen from Figure 2(b) that the magnetic transition in Ni-rich Nis;MnyGays alloy have
characteristics typical of a first order magneto-structural transition because of the following reasons. The
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magnetization of as-cast NissMn,,Gaysalloy drops significantly from high values to nearly zero. As shown in this
Figure, NissMnyGays alloy is ferromagnetic at RT and a significant decrease in magnetization near T is
expected to occur in this alloy. Therefore, the decrease in magnetization at around 345 K for NissMn,,Gays alloy
can be attributed to the ferromagnetic»paramagnetic transition. A marked hysteresis observed in cooling and
heating data (Fig. 2(b)) indicates the occurrence of a first order transition near 345 K for the NissMn,Gays alloy.
At RT, the NissMnyGays alloy have tetragonal L1o-type structure determined by XRD (Figure 1) and it is
assumed that the low symmetry L1o-type structure transforms to a high symmetry L2;-type structure as a result
of the first order martensitic transformation around 345 K for the Nis;Mn,Gays alloy. The relatively high
temperature L2;-type structure could not be confirmed with XRD measurements because of the absence of a
temperature control unit in the diffractometer employed in this investigation. Consequently, it can be assumed
that magnetic and martensitic transformations merge and a ferromagnetic (L1ly) <> paramagnetic (L2;)
transformation occurs around 345 K in the NissMn,oGays alloys. Coupling of structural and magnetic phase
transitions similar to the ones observed in this study were reported for various Ni-rich Heusler alloys [7].

600 8
3.0
// —-&—Cooling
00 F & |
20 -0—Heating
EUU 6
=
200 }
£ =
3
5 4
g o 8
= = H=500 Oe
200
2
400 .

600

s s P 5 s 320 340 360 380 400
H (kOe) T(K)

(@) (b)

Figure 2. (a)Hysteresis loop for the as-cast NissMn,Gays alloy measured at RT; inset shows the hysteresis in
more detail; (b) Temperature dependence of magnetization for the as-cast NissMn,oGay alloy under a constant
magnetic field of 500 Oe.

In order to calculate ASy values around the coupled martensitic and magnetic transformations (magneto-
structural transformation) the isothermal M-H measurements were performed. Experimentally determined M(H)
isotherms can be used to calculate ASy by employing following equation [33],

Hi oM
Asm(T,H)=sM(Hl,n—sM(Ho,T):—j[Ej dH
HO H (2)

It is evident from Equation (2) that, ASy is directly proportional to(éM/ 6T). The greatest change in
magnetization with respect to temperature is expected to occur at the magneto-structural transition, therefore, the
ASw values are calculated in the vicinity of this transition. For magnetization measurements made at discrete
temperature intervals, ASy can be calculated by numerical integration of equation (2), which can be given by

Asm(T,H):ZMi+1(Ti+l’H)_Mi(Ti’H)AH

Ta-T ?)
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Where Mi.q(Tic1, H) and M;i(T;, H) represent the values of the magnetization in a magnetic field H at the
temperatures Ti.; and T, respectively. Equation (3) can be used for calculations of ASy from M-H isotherms
when the sample undergoes a second order transformation since at the first order transformation it is infinite.
Nevertheless, it is goes to infinity only in ideal first-order phase transitions and in real materials it has finite
values. This allows one to use Equation (3) in this case.

Figure 3(a) show the isothermal M-H curves measured for the NissMn,Ga,s alloys. The M-H curves were
acquired in 2K steps in applied fields up to 22 kOe. Samples were heated above T prior to each measurement in
order to achieve demagnetization and a paramagnetic<>ferromagnetic transition is observed in Figure 3 for the
as-cast NissMn,oGags alloys. At high temperatures M-H curves are linear and magnetization values are relatively
small. Upon cooling there is a marked increase in magnetization values. Another point worth mentioning is that,
there is a significant increase in the curvature of the M-H curves upon cooling. The isothermal M-H curve
measured for the NisyMnyGaye alloy were used to estimate the ASy values as a function of temperature for this
alloy.
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T=319K 0
..... 2 t
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:,‘_' ______ O 0000 00
sl 00000 -
L oo™ o
.-’r’- i 0 00 :-I_‘
= .-:r'.‘ I . v 1.5
o P 0000 oo po0d L3 5
=] b s n
20.0 af & e o0 £ X
E_ ':,"" ............... -~ o
b o =
= ! £ o000 2 1
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05 F
0
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Figure 3. (a)Magnetization of the as-cast NissMn,Gays alloy as a function of magnetic field measured in the
temperature interval of 319 K<T<373 K, AT=4K for clarity; (b) Magnetic entropy change of the as-cast
NissMn,oGays alloy as a function of temperature.

The ASu dependencies on temperature were calculated by using Equation (3) in a magnetic field change of
AH = 22 kOe. ASy is given as a function of temperature in the vicinity of the magneto-structural transition for
the as-cast NisyMnyoGaye alloy in Figure 3(b). It is evident from Figure 3(b) that ASy has its maximum near 345
K and this temperatures coincide with the magneto-structural transitions temperature for the Nisy;MnyGayg alloy.
The maximum values of |ASy| is determined as 1.84 JKg'K™ for NissMn,Gazs alloys. A.A. Cherechukin et al.
reported that besides the saturation magnetization, |ASy| is also correlated by the Mn content [7].
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4., Conclusion

Compositional dependence of structural, magnetic and magnetocaloric properties of off-stoichiometric Ni-
rich Ni-Mn-Ga full Heusler alloys have been investigated. It was shown that the partial substitution of Ni for Mn
in NissMn,oGays alloy increases the e/a electron concentration and a ferromagnetic martensite alloy with a L1,-
type structure was observed in this alloy at RT. As-cast NissMnyGays alloy exhibit a strong ferromagnetic
behavior and saturation magnetization, Mg, decreases with the substitution of Mn with Ni in these alloys.
Magnetic measurement reveal that this alloy undergo a magneto-structural transition from ferromagnetic (L1,) to
paramagnetic (L2;) near RT. XRD results indicate that at RT, the NissMn,Gay alloy have tetragonal L1,-type
ferromagnetic structure. Therefore it is assumed that the low symmetry L1o-type ferromagnetic structure
transforms to a high symmetry L2;-type paramagnetic structure as a result of the first order martensitic
transformation around 345 K for the NissMn,Gays alloy. The coupling of the magnetic and structural
transformations observed in off-stoichiometric Ni-Mn-Ga alloys is important for the occurrence of MCE effect
in these alloys. A maximum change in magnetic entropy, ASy, of 1.84 JKg'K™ was determined at the vicinity of
magneto-structural transition temperatures of NissMn,oGags alloys.
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PHOTOVOLTAIC PROPERTIES OF In;O3-InSe-Pt SYSTEM
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Based on a layered InSe crystal, In,Os-n-InSe-Pt diode structures were fabricated. The thickness of the
transparent and conducting In,O3 layer was 650+1200 A° and had the following physical parameters: p~ (0.2+7)
Q-cm, p = (4+12) cm?/V-s, n~(1+2,6)10®° cm™. The current-voltage characteristics, capacitance-voltage
characteristics, and 1n,0O5-n-InSe-Pt photosensitivity spectra were experimentally studied. It was shown that the
coefficient of rectification of the studied samples reaches ~100 at U = 0.5 V, the photosensitivity spectra cover
the range from 1 to 0.7 microns.

Keywords: InSe, diode structure, current-voltage, voltage-capacitance characteristics, photosensitivity spectra.
PACS: 72.40. +w, 72.80.Ey

1. Introduction

InSe layered semiconductors have recently become the subject of intense research. Along with nonlinear
phenomena previously discovered in these substances at high levels of optical excitation, InSe crystals are
currently very promising materials as photoconverters and ultrafast receivers [1, 2]. The ultrathin layers of
indium monoselenide have unique properties that qualitatively distinguish it from the other two-dimensional
crystals. In two-dimensional samples of indium monoselenide, the electron mobility is the highest (~ 7000
cm?/V-s). This material parameter is extremely important from the point of view of improving the speed of
devices that can be created on its basis. Due to the peculiarities of chemical bonds, these crystals have a low
concentration of surface electronic states and surface effects, such as adsorption, are less pronounced than in
conventional isotropic crystals. In addition, InSe single crystals have a high elasticity at a thickness of d<100
um, so that photoconverters based on them can be mounted on flexible substrates. According to scientists,
indium monoselenide has wide prospects for further practical use, since its thin layers combined with graphene
and some other functional two-dimensional crystals, have every chance to compete with silicon (Si) as the main
material of modern electronics. Another interesting property of indium monoselenide is that, unlike
dichalcogenides and silicon, this crystal is a so-called direct-gap semiconductor (E4~1.30 eV), which makes
them a promising material for creating solar energy converters.

This paper is devoted to the experimental study of some electrical and photoelectric properties of 1n,0s-
InSe-Pt diode structures based on InSe thin films.

2. Experiment

The investigated n-InSe crystals were grown by the Bridgman method. Samples with thicknesses of 10 +
80 um and geometrical dimensions of 3x3 mm were made by splitting from large ingots. According to Hall
measurements at 300 K, the mobility reaches a value of ~700 cm’/V-sec, a specific resistance of p ~ 80 + 300
Q-cm, the concentration of current carriers is n~1-10%* cm?. Transparent and conductive 1n,0O3 layers were
obtained by evaporating a mixture of 1n,0; powder (90%) and indium (10%) using the method described in [3].
The use of a transparent In,O3 layer as an ohmic contact was stimulated by the fact that the refractive indices of
InSe single crystals and the In,O; layer are close. If we take into account that the coefficient of light absorption
by InSe single crystals in a wide range of the spectrum is a~10° cm™, this allows efficient conversion of light
when the structure is illuminated from the side of the transparent In,Os layer, with a relatively small thickness of
the base region. The evaporation of In,O; was carried out under oxygen pressure of ~8-10° mm Hg. The
deposition rate of the films was ~20 A%min. The thickness of the In,O5 layer was measured by an interference
microscope and was 650 + 1200 A°. The In,O5 layers with the same thickness on the glass substrate had the
following parameters: p~(0.2+7) Q-cm, u=(4+12) cm?/V-s, n~(1+2.6)-10% cm™. The transmission of such layers
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of In,O3 in the visible spectral region reached 80%. Thermal evaporation was applied to the back surface of the
sample by a translucent Pt layer, which forms a Schottky barrier with n-InSe. A gold contact comb was applied
on top of the platinum, which was connected to a chain using silver paste.

3. Results and discussion

The volt — ampere characteristic (CVC) of the structures studied is shown in Fig. 1. The direct branch of
the CVC starting at 50 mV obeys the usual expression | =1,exp(qU /BkT ), where the typical value of the

saturation current is 1,~9-10° A/lcm? and the ideality coefficient is p~2.88, which agrees well with the data of
[4]. The deviation from the indicated dependence at relatively high voltages seems to be due to the influence of
the spreading resistance, which is Rs=110 Q. The rectification coefficient for some samples reaches ~100 at U =
0.5 V. The indicated value of I, corresponds to the height of the Schottky barrier ~0.6 eV. The relatively large
value of B suggests that at 300 K, the contribution of the thermal current is not dominant and it is difficult to
determine the height of the Schottky barrier from the temperature dependence of the parameter lo. In the range of
300+370 K and at voltages of U<0.5 V, the temperature dependence of the forward current can be represented as
| ~exp(—AE /KT ), where the parameter AE~0.32 eV and agrees well with the depth of the donor levels in InSe.

The reverse branches of the CVVC in the double logarithmic scale are linear, with an inclination of ~0.7.
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Fig.1. CVC of the contact In,O3-n-InSe-Pt in the dark Fig.2. The volt is the farad dependence of the
(1) and under illumination (2): a - a direct branch of the contact In,Os-n-InSe-Pt at 300K.
CVC in a semi-log scale.

The capacitance-voltage characteristics of the structures studied at a frequency of 1 MHz are linear on
the scale C>=f(U) (Fig. 2). In this case, the diffusion potential gets the value Vp=~0.52 V. The thickness of the
space charge layer, estimated from the value of the capacitance at zero voltage, is W=3.12 um. The
photosensitivity spectrum when the structure is illuminated from the side of the In,O3 layer is shown in Fig.3.
The measurements were carried out at a constant photon flux using a double monochromator with a holographic
grating. A 250 watt halogen lamp was used as the light source. Adding to the experimental spectrum of the
calculated, allows you to determine the main parameters of the structures used, namely, the diffusion length of
minority carriers.

When calculating the photosensitivity spectrum, we took into account two contributions in the case of
uniform illumination of a semiconductor with a thickness d in a direction parallel to the axis-c.

a) the current contribution of nonequilibrium carriers is described by the diffusion equation
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where D is the diffusion coefficient of the generated photocarriers, @, is the photon density, ny and n are hole
concentrations in the equilibrium and non-equilibrium states, respectively; t — is the lifetime of nonequilibrium
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Fig.3. The spectral distribution of the photosensitivity of the Fig.4. Energy diagram of the system In,O3-n-
contact In,0O5-n-InSe-Pt when illuminated from the side of InSe-Pt.
In,O3 (the solid curve). The solid curve is an experiment, the
dotted one is a calculation.
Taking into account the boundary conditions:
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Nl_g=n, u &k:o:o-

We have the following solution [4]:

o’ | 1 1 . d
—* - —exp(—ad )(1+TthL—)
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b) the contribution of the generated photocarriers in the depleted layer with thickness W:

ly =q®, exp(—ad )(1-exp(—aW )

Full photocurrent 1, =1, + 1y .

()

3)

The calculated curve (Fig. 3, the dashed curve) is consistent with the experimental curve for the
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following parameters: W =3 um, d = 12 um, L, = 2 um.

Energy diagram of the system In,O3-n-InSe-Pt presented in Fig.4. As can be seen from the figure, the
band gap of In,0O; is 3.5 eV. The magnitude of the potential barrier determined from the IV characteristics of
structures in the dark is ~ 0.61 eV.

Estimates conducted by us on the basis of theoretical and experimental data show that the light conversion
factor, based on the In,O3-n-InSe-Pt system, reaches ~ 6%.

4. Conclusion

The electrical and photoelectric characteristics of the In,0O3-n-InSe-Pt diode structure were studied
experimentally and their main parameters were determined: rectification coefficient, volume charge layer
thickness, diffusion length of minority charge carriers, photosensitivity region. From the energy diagram, the
In,O3 band gap is determined, which turned out to be 3.5 eV. Estimates show that the light conversion ratio to
In,O3-n-InSe-Pt reaches a value of ~ 6%.
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DEPENDENCE OF PHOTOCONDUCTIVITY ON THE ELECTRICAL FIELD IN n-InSe

R.F.BABAYEVA
Azerbaijan State University of Economics (UNEC), Istiglaliyyat avenue, 6, Baku, Azerbaijan, AZ 1001

The main characteristics of photoconductivity in indium monoselenide crystals with different initial dark
resistivity were experimentally investigated at temperatures of 77+300 K and electric field strengths of
E<2.5-10° V/em. In high-resistance crystals at temperatures below 200+250 K, under the action of an electric
voltage corresponding to a non-linear region of a static | — V characteristic, the effect of an electric field on the
photoconductivity was detected. A model is proposed that qualitatively satisfactorily explains the experimental
results obtained.

Keywords: single crystal, semiconductor, intrinsic photoconductivity
PACS: 72.40.+W; 64.70.K, 75.20.En,

1. Introduction

Indium monoselenide crystals (n-InSe) are one of the promising semiconductor materials for
optoelectronics and solar energy [1-2]. The study of various aspects of the photoelectric properties of this
semiconductor has considerable scientific and practical interest.

The present paper reports experimental results on the effect of an electric field on the photoconductivity of
n-InSe crystals undoped and erbium doped.

2. Experiment

Samples scaled from various large single-crystal unalloyed (with a specific dark resistance at 77 K
po=10%+10" Qcm) and doped with erbium (with Ng~10"+10" at.%) ingots had the shape of a rectangular
parallelepiped. Their thickness in the direction perpendicular to the (001) plane of the crystal [3] did not exceed
~ 350 um, and the transverse dimensions along this plane were ~6.00x5.00 mm x mm. The current contacts
located on the sample surfaces opposite in the (001) plane were created by soldering tin and indium, as well as
applying silver paste. When measuring the beam of light falling on them and the current flowing through them
were directed perpendicular to the natural layers - the (001) plane of the crystal.

The measurements were carried out in the region T=77+300 K, with illuminations of monochromatic light
with different wavelengths (1) and intensity (lo), using an installation assembled on the basis of an MDR-12 type
monochromator, with a special electronic-computer system. At the same time, the wavelength and intensity of
light incident on the sample under study varied within A=0.30+2.00 um and I~5'10°+5-10° Lx, and the electric
field intensity was E~1.0'10"+2.5:10° V/em. A further increase in the value of E was limited by the effect of
bistable switching in the sample under study [4]. The spectrum and lux-ampere characteristic of
photoconductivity were measured in all the studied samples by measuring stationary photoconductivity.

3. Results and discussion

It has been established that in the low-temperature region (T<200+220 K) at voltages (U), corresponding to
the initial linear section of the static current - voltage characteristic (U<U,., [5]) and low illuminances, the main
characteristics of the photoconductivity of different samples of both groups (undoped and doped erbium) crystals
are different.

In undoped crystals, with increasing initial (taking place at 77 K) values of specific dark resistance (po),
the photoconductivity spectrum expands to a longer wavelength, and the magnitude and duration of the
photoconductivity relaxation time increase significantly (Fig. 1, curve 1; Fig. 2 curves 1 and 2).
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Fig. 1. Dependence of the long-wave boundary (Acr) of the photoconductivity spectrum on the initial resistivity value (p) in
undoped (curves 1 and 3) and impurity content (Ng,) in erbium-doped (curves 2 and 4) n-InSe single crystals at different
values electrical voltage.

T=77 K; 2 =0.95 um; ®=0.15 ®y; 1, 2 - U<Uy; 3, 4 - U=Up, 1.

In n-InSe<Er> crystals, the dependences of the main characteristics of photoconductivity on the Ng, value
are non-monotonic (Fig. 1, curve 2 and Fig. 2, curves 3 and 4) and the maximum deviation relative to that
occurring in the lowest-resistance undoped crystal is observed at Ng~10" at.% (Fig. 1, curve 2 and Fig. 2, curve
3). The n-InSe<Er> crystals with Ng~10™at.% in their photoelectric characteristics are close to undoped crystals
with the lowest po. In addition, they manifest themselves as crystals with more stable and reproducible
photovoltaic parameters and characteristics. With an increase in T and l,, the features of photoconductivity found
in high-resistance unalloyed and doped erbium with Ng<107 at.% crystals gradually disappear.

In the region of low T and weak I, when the stresses create a noticeable injection, in both groups of
crystals, the influence of the electric field on the photoconductivity characteristics is observed (Fig. 1, curves 3,
4 and Fig. 2, curves 5 and 6). Moreover, in undoped crystals, the dependence of photoconductivity on E
increases with increasing po, and with increasing l, and T, weakening, disappears. In the latter case, the
photoconductivity characteristics of all crystals, regardless of the p, value, coincide with the corresponding
photoconductivity characteristics of undoped crystals with the lowest po.

The effect of the electric field on the photoconductivity in both groups of crystals becomes more
noticeable at voltages greater than the voltage of the complete filling of traps (Up 1) [5], in samples with more
high-injecting current contacts. With increasing E in high-resistance undoped and doped erbium with Ng<107
at.% crystals, the photoconductivity characteristics gradually approach the characteristics for crystals with the
lowest po or with Ng~10" at. %, respectively.

In the studied crystals, the changes in the photoconductivity characteristics caused by the action of the
injecting electric field are not memorizing. In contrast, the changes detected by doping are irreversible.

A static analysis of the experimental results shows that the observed dependences of the photoconductivity
characteristics of indium monoselenide crystals on the electric field are not caused by any effects of a strong
electric field, or only by the interaction of non-equilibrium charge carriers with different point centers [6, 7]. In
this case, it is also necessary to take into account the spatial heterogeneity of the investigated crystals, i.e. the
presence of chaotic random macroscopic defects in them. These defects, which have arisen as a result of weak
(van der Waals) connections between neighboring natural crystal layers, in turn determine the presence of
recombination and drift barriers in the free energy zones of the semiconductor. Therefore, in addition to the due
to inter band generation, in such a semiconductor sample, photoconductivity due to tunneling through
recombination barriers of nonequilibrium charge carriers can also occur.
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Fig.2. Kinetics of photoconductivity in undoped (curves 1, 2, and 5) and doped with erbium (curves 3, 4, and 6) with
different initial values of resistivity (po) and impurity content (Ng,), respectively, n-InSe single crystals at different values of
electrical voltage.

T=77 K; ®=0.15 ®y;
po, Q-em: 1-3:10%2,5-210".
Ng, at.%: 1,2,5-0; 3,6 - 10%; 4 - 10
1, 2, 3, 4 - U<U1_2; 5, 6 - UZUPLT-

The latter causes the expansion of the photoconductivity spectrum towards longer wavelengths. Within the
framework of such a two-barrier energy model, the sharp dependence of photoconductivity on the light intensity
at low illuminances is explained by light straightening of the drift barriers [8]. At high electrical voltages, the
excess charge of the injected carriers, gradually compensating for the volume charges of macroscopic defects,
reduces their effect on the photoconductivity characteristics. In erbium-doped crystals, the ions of the introduced
impurity, accumulating on macroscopic defects, increase their size. Therefore, with an increase in Ng, first (at
Ne <107 at.%) the effect of macroscopic defects on photoconductivity increases, and then (at Ng>107 at.%) due
to overlapping of the space charge regions of neighboring macroscopic defects - decreases [9].

4, Conclusion

In conclusion, it can be noted that the influence of the electric field on the photoconductivity characteristics
of indium monoselenide crystals is due to the partial compensation of the space charge of the chaotic
macroscopic defects existing in them.
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INFLUENCE OF EXTERNAL AND INTRACRYSTALLINE FACTORS ON THE MOBILITY OF
CHARGE MEDIA IN n-InSe SINGLE CRYSTALS

A.Sh. ABDINOV', R.F. BABAYEVA®
!Baku State University, Z. Khalilov str., 23, Baku, Azerbaijan, Az1148,
2Azerbaijan State University of Economics (UNEC), Istiglaliyyat avenue, 6, Baku, Azerbaijan, AZ 1001

Effect of temperature, electric field, light, doping, and the initial conductivity of the sample on the mobility of
the main charge carriers was experimentally investigated in crystals of indium monoselenide. Based on a
comparative analysis of the results obtained, their scientific discussion was conducted.

Keywords: main charge carriers, electrophysical parameters, injection, charge volume
PACS:72.80.-r; 72.20.-1; 64.70.K, 75.20.En,

1. Introduction

Due to the layered structure of the n-InSe single crystals [1], in addition to their characteristics for many
other semiconductors [2], they also have a number of specific features reflected in the electrophysical properties
and parameters [3-5]. The study of the influence of various factors - temperature, light, electric field, doping,
initial conductivity on generation-recombination processes, and drift of free charge carriers is one of the
powerful tools for identifying these features and clarifying their physical mechanism.

Based on this, in the present work, we carried out complex experimental studies of the dependence of the
mobility of main charge carriers (electrons) on temperature, the effect of electrical voltage, initial conductivity
(existing at 80 K), and doping in n-InSe single crystals.

2. Experiment

Samples necessary for experimental studies were cut from large, unalloyed and doped samples obtained
by the method of slow cooling with various quantitative contents (Ngee<10™ at.%) of gadolinium (Gd), holmium
(Ho) of single-crystal ingots. The measurements were carried out in the temperature range T~80+300 K, at
various values of the electric voltage (U). Monochromatic light, wavelength (1) and intensity (lo) were used to
illuminate the samples under study, which, if necessary, gradually changed in the ranges A~0.30+2.00 um and
l=1'10™3"10% Lx, respectively. For this purpose, an MDR-12U type grating monochromator and various light
attenuators were used.

3. Results and discussion

It was established that at T<300 K, the specific conductivity (o) of different samples of both groups
(undoped and doped) crystals noticeably differ. The initial conductivity (co) of different non-alloyed samples is
1.8'10°-2:10% Q" cm™, and doped - depending on the value of Ngge varies non-monotonously within 2.2°107
+9:10% Q™ cm™ and reaches its minimum value (65=9:10° Q™" cm™) at Ngee=~107 at.%. In undoped crystals with
the highest oo, as well as in doped REE with Nree>107 at.%, as the temperature rises to 300 K, the ¢ values and
the mobility of the main charge carriers (1) do not change (amount ~3.0'10%+3.5'10° Q*cm™ and
~9.8'10%1.1'10° cm? V* s, respectively).In undoped crystals with the lowest value of o, and in doped REE
impurities with Nree<107 at. % of o and p with increasing T to 300 K increase (Fig. 1) exponentially (o, p~exp

Ag . . o . .
(_E)’ where k is the Boltzmann constant, Ag is the activation energy ¢ and p), which is anomalous for spatial

homogeneous crystalline semiconductors [6].
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Fig. 1. Temperature dependence of conductivity (curves 1 and 2) and mobility of main charge carriers (curves 3 and 4) in
undoped (curves 1 and 3) and doped with holmium impurities (curves 2 and 4) in n-InSe single crystals.
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In the crystals under study at T<300 K, the dependences p(co), n(Nree), 1(E) and p(lo) from the point of
view of the theory of spatially homogeneous crystalline semiconductors [6] are also anomalous. In particular: in
undoped crystals with increasing oo, the value of p increases (Fig. 2, curve 1); in doped crystals, the pu(Ngeg)
dependence is non-monotonic, while p has its smallest and greatest value when Nree=10~ at.% and Ngee=10"
at.%, respectively (Fig. 2, curve 2); the influence of the chemical nature of REE impurities on the magnitude and
dependence of external factors p is not observed; the dependence of p on the electric voltage is observed at
electric field strengths (E), significantly less than the critical intensity for heating free-carrier (E;) in the studied
crystals [7].The course of dependences p(oo) (Fig. 2, curve 3) and pu(Ngree) (Fig. 2, curve 4) at the considered
values of the electrical voltage is preserved, but the value Aug=ps-u. (where pu_ and ps are the values of p at
voltages U<U,., and U>U,., [8], respectively,) at higher E changes its sign. When the sample is illuminated with
its own light, the value of p increases relative to its dark value and with increasing lo this difference
monotonously increases.
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Fig. 2. Dependence of the mobility of the main charge carriers on the initial value of the specific conductivity in undoped
(curves 1 and 2) and the quantitative impurity content (curve 3 and 4) in n-InSe single crystals doped with holmium at
various electrical voltages T=80 K. 1, 3 - U<Uy; 2,4 - U>U,.,
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In all undoped and doped samples at T>300 K, as well as in undoped crystals with 65>1.2.10° Q™" cm™ and
doped crystals with Ngee>10" at.% the observed in the dependences p(co), 1(Nree), n(E) and p(lo) anomalies
disappear.

The experimental results obtained from a unified position are not explained in the framework of the
notions of the interaction of carriers with phonons and (or) impurity centers in a spatially homogeneous crystal
semiconductor [6, 7]. In this case, it is also necessary to take into account the presence of random drift barriers
with different sizes in the free zones of the investigated semiconductor and their influence on the charge carrier
drift processes. When the temperature rises, the effects of its own light and creating a noticeable injection of the
electric field intensity, as well as when doping with REE impurities, the dimensions of these drift barriers
change. In particular, with increasing T, exposure to its own light and (or) injecting electrical voltage due to
partial compensation of the space charge of the drift barriers with a charge of thermally and photogenated, as
well as injected carriers, the temperature and light respectively occur also electric rectification of drift barriers.
The latter, in turn cause an anomalous increase in the mobility of charge carriers with increasing temperature,
light intensity and intensity of the injecting electric field. In the case of doping, the situation is somewhat
different. At the same time, the ions of the introduced impurity are added to the initial volume charges of the
drift barriers to increase their dimensions. However, such an increase in the size of drift barriers
nonmonotonously changes their effect on the magnitude and dependence on various factors p. At first (up to
Nree=10~ at.%) with increasing size of the barriers their influence on the process of carrier drift increases and,
accordingly, the value p decreases with increasing Nrege. With further growth of Ngeg, the space charge regions
of neighboring drift barriers gradually overlap and, therefore, their effect on the carrier mobility decreases, and
the value of p increases and approaches that occurring in a spatially homogeneous crystalline semiconductor [9].

Regarding the nature of the drift barriers, it can be said that in the studied semiconductor, their presence is
primarily due to the layer structure of the crystal structure.

4. Conclusion

In n-InSe single crystals at temperatures T<300 K, the magnitude of the mobility of the main charge
carriers for different samples is significantly different and its dependence on the effects of temperature, voltage,
doping, light have an anomalous character. These anomalies in undoped samples increase with decreasing initial
conductivity, do not depend on the chemical nature of impurities in REE-doped samples, change
nonmonotonically with increasing impurity content and are due to the presence of drift barriers created by
crystallization structure of the investigated semiconductor.
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THERMAL CONDUCTIVITY IN TlIn;.xYbxSe, SOLID SOLUTIONS

AM.AHMEDOVA
Azerbaijan State University of Economics (UNEC), Baku, Istiglaliyat st., 6. Az 1001

The work is devoted to the study of thermal conductivity of solid solutions of the TlInSe,-TIYbSe, system.
The mechanisms of phonon scattering in them are determined. The diagram “Composition - thermal properties”
of this system in the field of solubility is constructed.It is established that in solid solutions TlIn,.,Yb,Se,, as the
content of ytterbium in the compositions increases, the lattice thermal conductivity and the exponent in its
temperature dependence decrease significantly.

It was found that in these solid solutions, at temperatures above Debye, phonon scattering simultaneously
with three-phonon flip processes an active role is played by normal processes and scattering on point defects.

Keywords: thermal conductivity, solid solutions, phonon
PACS: 72.15.Cz; 65.40.—b; 74.25.Kc

1. Introduction

TIInX,-(X - S,Se,Te) type triaxial semiconductor compounds can be controlled by high stability, stability of
the characteristic semiconductor parameters and their composition change, and so on. they have different
features. One of these abjects is TlIn;Yb,Se, solid solutions present in the TlinSe,-TIYbSe, limited solution
zone. As shown in [1-2], TlInSe, is a triangle with tallium atoms +1 and indium atoms are +3. The ion radii of
the triangular indium atoms are close to the radius of the triangular isotropic ions, and in this respect, the
triangular indium ions in the TlInSe, combination are gradually replaced by triangular itterbium ions, and as a

result TI*'In"Se;? — TI1™1In, Yb;*Se,* solid solutions are formed on the TlInSe,-TIYbSe, system in the TlInSe,

merger. [2] Studies show that the present system exists in the solution zone and covers 0+11 mol% TlInSe, at
room temperature. Solid solutions of all Tlin,Yb,Se,crystallized into tetrachronic singanon as the initial TlInSe;
compounds, and their melting temperature increases as the relative amount of itterbium in the composition
increases.

Investigation of "electrical properties" shows that all solids are semiconductors with p-type conductivity,
which have the character of memory converter.

Investigation of the "composition- heat properties™ diagram allows for the identification of additional heat
transfer and scattering mechanisms and other features that can not be observed in these materials in the initial
components. In this regard, the investigation of thermal conductivity in solid solutions observed in TlInSe,-
TIYbSe,is of great interest

2. Experimental part

Monocrystalline samples for the study were obtained by the Bricmen method and all of them have p-type
permeability.

Thermal conductivity in the samples was measured by the stationary method [001] and [100] for the
perpendicular and parallel oriented thermal flood plains in the direction of the arrows. The specimens are made
of 4x5x10 mm? size paralelopiped. The heat contact between the heater and the refrigerator was made with a
silver paste. Measurement accuracy of heat transfer coefficient + 6%.

3. Results and discussion

The temperature dependence of the total heat transfer coefficient (y) for the investigated samples is shown
in Figure 1. According to the Videman-Franse's law, the cost of electron collecting electron capture is

1072 —107*W /(m-K) and we accept that the 1% of the total heat transfer coefficient is drawn, and the heat plays

an important role in the heat transfer.
As can be seen in the graphs, there is strong anisotropic conductivity in all compositions.
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For example, in the TlInSe, compound, the initial component was a temperature gradient of 100 K at a
temperature parallel to the layers, while the cage heat transfer coefficient was g5« =3,85W /(m- K)

perpendicular  to  yl.« =6,8W /(m-K) layer. These amounts were  yaox =3,05W /(m-K),

ook = 2IW /(M-K), yaox =185W /(m-K), and g0 =142W /(m - K) in the 200K and 300K temperatures
respectively.

There is a certain displacement factor in the change of thermal conductivity due to the increase in the
atomic weight of the composition when the atoms are transferred from solid components to the solid solutions
formed on their basis in the crystal cage (figure 1). This is due to the fact that when localized triangular indium
atoms are replaced by three-pointed itterbium atoms on the basis of TlInSe,, local dot defects occur. This causes
the localized change of defective density and elastic properties. This, in turn, leads to the emergence of
additional scattering mechanisms, in contrast to the original components, in solid solutions of varying
composition.
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Figure 1.TlIny,Yb,Se; solid solutions, coefficient of thermal conductivity coefficients in layers ;(” and perpendicular

to layers temperature dependencies in ;(L directions

Determination of the basic scattering mechanisms of phonons in TIlIn,YbSe, solid solutionsthe
experimental prices of the heat transfer coefficient were compared with the calculated values, taking into account
the triangle transition processes (U-processes) and the scattering of the point defects by the Climax [5,7] at room

temperature. According to [1] and [4-7], the 1 :i+i(1) is reimbursed for the entire period of relaxation.
T

N Ty
Here . Aw*and . Bw* are t-defects, and tij are relaxation periods in U-processes. If we take this
N Ty
expression of complete relaxation times in the generalized heat transfer equation for phonons with heat transfer,
8
(2n)’
temperature, 7(g)-is the general relaxation period for phonons. (The 3-factor is included in the three branches of
the dance spectrum).

then z, = ngr coser(q)d‘?(.q (2) for the coefficient of thermal conductivity. Here C:; - phonon
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In case of dot defects after the integration, take the heat transfer coefficient

k . . . . . .
Zadm = —g . &arctg Ormax_ (3). Here, w? = B has didactic unit, wmax is the maximum speed corresponding
2z°v, B w, A

to the Debay model, v, - the average sound speed. For the non-detecting state, the crystal heat conductivity

coefficient is obtained from the condition A=0 @, = = B arctg[a)m”j (4) From the combination
,

2_
27°V,B Orrax o

of (4) and (3), X.am = Yo Do arctg(a;r)”axJ (5) is taken.It follows from this that it is necessary to know

max 0

2
. . B k
wo/wmax- 10 calculate y.qm. Using the expression (4), we get a;o = =T 0 (6) from the
Omax Aa)max 27 UOZOCDmaXA

@y
a)max
difficult to calculate the quantity A if the local changes in elastic properties and density occur in the crystal. But
if the change of elastic properties in the crystal is negligible and it is impossible to ignore it, then phonons are
exposed to defects due to local variations of density, and in this case it is simpler to calculate the quantity A.
Because our indium and substitute isterbium atoms that are substituted by TlIn,\Yb,Se,are triangular, we can
take into account the change of elastic properties in such substitution and the defects in the solid solutions we
observe are the result of local variations in density in the crystal due to the difference between the triangular
indium and itterbium ion radius occurs.

For tetrachonal sinchology QO:aZC .Solid solutions that can be described can be described as
Tlin_,Yb,Se, — TI[ InSe, |,_ [YbSe, ], — [TlInSe,]_, [TIYbSe, ] then we can write

AM _ M ivbse, = Miinse,
M Q= X)Myypse, = XM 1ypse,

For each intermediate composition, the average value of transverse and longitudinal ultraviolet waves for

tetrahedral axes along the initial component TlInSe;has been determined. The flow temperature is determined by
1 5 1

the Lindeman method: 6, = CLTe?Kgpg. Here, the T,, -crystalline melting temperature is stable for p- g/sm°and

its density, and C is stable for the crystalline structure.

Since the TlIn,Yb,Se,solid solutions studied are based on the TlInSe, triangle combination, the values of
the coil heat transfer coefficients in the corresponding crystallographic arrows (a and c) of the TlInSe,
combination for the coefficient of thermal conductivity with no defects are calculated while calculating the ratio

following transformations.If y, is known, then the ratio can be calculated by knowing A. It is also

M =D M, (7). Here, My s, =143,6and My, =15816
i

(0] .
— for these solutions.
@p

No additional scattering occurs with respect to the initial TlinSe, combination for x=0.(A=0) (4) and the

ratio of frequencies turns into infinity. D _ . Since -~ <1for the intermediates studied, (5) can be
@p @p

2n+1
expressed as ﬂzﬂZ(—l)” @o (2n +1) (9).As the calculations derived from this statement are
lq @p h=o

well-suited to experimental results, the reality of the TI[InSe, ], [YbSe, ], radical substitution is reaffirmed.

The calculations show that the consideration of the effects of local density changes on the ceiling heat
transfer in solid solids in the solid solids significantly improves the experimental results and theoretical
calculations. However, the temperature resistance still remains in all the components. The reason for this is the
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effect of N-processes on heat transfer. It is known that the normal processes do not directly affect the phonon
splashes. However, as a result of normal processes, the wave vectors of the phonons vary so they can
subsequently participate in U processes, and consequently assess the effects of normal processes on heat
resistance. In the solid solutions containing TlIn,Yb,Se,, we have a real opportunity to observe these cases..

Figure 2 shows the temperature ratio of the thermal conductivity coefficients in the TlIn,Yb,Se; solids in
the dand C arrows and figure 3 depicts the dependence of these quantities on the composition. As shown in this
dependence, the anisotropic in heat transfer is the lowest at low temperatures and the initial TlInSe,combination.
But with the rise in temperature, as well as the relative amount of itterbioids in the composition, anisotropic
activity decreases. At the same time, the anisotropic content decreases with the growth of atomic masses. At the
same time, the reduction in the atomic mass of the components and the overall heat transfer coefficient of graphs
are well adapted to the theory.

2.4 |—
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Figure 2. Temperature dependence of the thermal conductivity ratios of Zél in parallel ;(” and perpendicular ;ﬁ

directions in solid solutions TlIn,_Yb,Se,

N4 on-K)
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Figure 3.TlIn.Yb,Se, solids in parallel ;(” to the layers and in the perpendicular ;(L to the layers, the thermal
conductivity ratios are dependent on the content of 100 K, 200K and 300K
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4.Conclusion

It has been established that in TlIn,.Yb,Se,containing solids, as in the initial TlinSe,combination, the heat is
mainly carried by the heat dance of the crystal cage, the fundamental role in the phonon splashes in the initial
components is triplicate transformation processes (U-processes) and in solid solutions with high temperatu