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Established that the resulting of heat treatment of single crystals of NbSe, and NbSe; formed selenium vacancies. With the complex
investigation of the temperature dependences of resistance NbSe; and NbSe;, in different environments (air, vacuum, argon vapor
selenium) in the field of 300 - 550 K, the investigations of the relative change of the linear dimensions NbSe,, and the X-ray
diffraction investigations have shown that during heat treatment NbSe; and NbSe, formation of selenium vacancies, which cause a
deviation from the linear dependence of the resistance. The presence of selenium vacancies decreases the dimensions of the samples
along NbSe, layers and increases the lattice parameters. Found that the effective energy of vacancy selenium in quasi-single crystals
NbSe, decreases on the exposure time, that is, with increasing concentration of vacancies of selenium.

KEY WORDS: eclectrical resistivity, quasi two-dimensional monocrystals NbSe, quasi one-dimensional monocrystals NbSe;, point
defects, selenium vacancies

BJIACHI TOYKOBI JE®EKTH B AHI3OTPOITHUX KPUCTAJITYHUX CUCTEMAX (KBA3IIBOBUMIPHHUX
NbSe, I KBA3IOJHOBHUMIPHHUX NbSe;)
A.O. Mamaayii*, T.M. llenect*, H.b. ®ar’sanoBa*, K.O. MinakoBa*, H.H. 'ansnoB**
** Hayionanehuti mexniunuil ynisepcumem «XapKigCoKuil NOAIMexXHiuHuLl iIHCmumymy
M. Xapkie, eyn. @pyuze, 4, Vrpaina
* Dizuxo-mexuiynutl incmumym Huzvkux memnepamyp HAH Yxpainu im. b.1. Bepxina
M. Xapxie, np. Jlenina, 47, Yxpaina
BcranoBneno, 1o B pe3ynbTaTi TepMooOpoOku B MoHOkprcTanax NbSe, i NbSe; yTBoprooThcs BakaHcii celieHy. 3a JOMOMOIOI0
KOMITJIEKCHOTO JOCHIKEHHS TeMIIepaTypHuX 3ajexHocteil onopy NbSe; i NbSe, B pi3HUX cepeoBHIIaxX (MIOBITPS, BAaKyyM, aproH 3
mapamu cejeHy) B nmiamazoni temmeparyp 300-550 K, mocmimkeHs BigHOCHOI 3MiHM JiHIHHEX po3MmipiB NbSe,, a Takox
PEHTTCHOCTPYKTYPHUX IOCIHIIKEHb IMOKa3aHo, W0 MpU TepMidHiil o0pobmi NbSe; i NbSe, yTBOproroThCs BakaHCii celeHy, sKi
00yMOBIIIOIOTE BIAXWIICHHS ONOpY BiJ JIiHINHHOI 3anexHocTi. HasBHICTH BakaHCIH celleHy NMPU3BOAWTH 10 3MEHIICHHS PO3MipiB
3pa3kiB NbSe, y310Bxk mapiB Ta 10 30UIBIIEHHS ITapaMeTpiB penIiTkU. BcraHOBIEHO, M0 e(eKTUBHA €HEprisl yTBOPEHHS BaKaHCIi
ceJieHy B KBa3iJIBOBUMIPHMX MOHOKpHCTanax NbSe, 3MEHIIYETHCS BiJl 4acy BUTPHMKH, TOOTO 3 POCTOM KOHIIEHTpALl BaKaHCIH
CeJICHY.
KJIFOUYOBI CJIOBA: enexktpuuHHii orip, KBa3igBoBUMipHI MoHOKpHCcTanu NbSe,, kBaziognoMipHi moHokpuctanu NbSes;, To4koBi
nedexTH, BakaHCil ceneny

COBCTBEHHBIE TOYEYHBIE JE®EKTbBI B AHU30TPOIIHBIX KPUCTAJVNIMYECKUX CUCTEMAX
(KBA3BUJBYMEPHBIE NbSe, 1 KBASUOJHOMEPHBIE NbSe;)
A.A. Mamanyii*, T.H. llleqectr*, H.b. ®arbanoBa*, K.A. Munakosa*, H.H. 'anbuoB**
** HayuoHnanbHolll mexHuyeckuti yugepcumem «XapoKoGCKUll NOJUMEXHUYECKUL UHCTIUNTYILY
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YCcTaHOBIIEHO, YTO B pe3ysbTare TepMooOpadoTKi B MOHOKpHcTamuiax NbSe, n NbSe; oOpa3yrorcs Bakancuu ceneHa. C MOMOIIBIO
KOMITJIEKCHOTO HCCIIEIOBaHMUsI TEMIIEPaTYPHBIX 3aBHCUMOCTel comporuBieHus NbSe; u NbSe, B paznuunbix cpemax (BO3OyX,
BaKyyM, aproH C mapamu ceieHa) B uHTepBaie temmeparyp 300 —550 K, wmcciiemoBaHnii OTHOCUTENBHOTO M3MEHEHHUS JTHHEHHBIX
pa3mepoB NbSe,, a TakKe PEHITCHOCTPYKTYPHBIX HCCIIEOBaHMI IMOKa3aHO, YTO HMpH TepMudeckod obpaborke NbSe; m NbSe,
00pa3yloTcss BaKaHCHU CeJIeHa, KOTOpble OOYyCIIaBIMBAIOT OTKJIIOHEHHE CONPOTHUBICHWS OT JIMHEHHOW 3aBucuMocTH. Hammane
BaKaHCHH CeJieHa NPHBOJWT K yMEHBIICHHIO pa3MepoB oOpa3uoB NbSe, BIONB CIOEB M YBEIMYEHHIO IapaMeTPOB PEIIETKH.
VYcraHoBieHO, 4To 3¢ eKTHBHAs SHEPrust 00pa30BaHUs BAKAHCHI CelieHa B KBa3UABYMEPHBIX MOHOKpHcTauiax NbSe, ymeHblaercs
OT BPEMEHH BBIIEP)KKH, TO €CTh C POCTOM KOHIIEHTPAI[MY BaKaHCHUI celeHa.
KJIFOYEBBIE CJIOBA: »53nekTpHuecKoe CONPOTHBICHHE, KBa3HIBYMEpPHBIE MOHOKpUCTAIBI NbSe,;, KBa3HOAHOMEpHBIE
MOHOKpHUCTaIsl NbSes;, ToueuHble [edeKThl, BAKAHCHH CElIeHa

Intrinsic point defects in metal crystals have traditionally attracted a keen interest of researchers. By means of intrinsic point
defects implemented process diffusion mobility in condensed matter Point defects (mainly vacancies) occur in the lattice of metals in
the pre-melting temperatures and also in the presence of a variety of external influences (high-energy particle radiation, plastic
deformation, rapid changes in temperature over a wide range), which are often subjected to materials in the implementation of
service functions.
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A unique experimental method of "small perturbations” (because of the small value of the equilibrium concentration at high
temperatures Cy < 107 at. % [1]) is an opportunity to experimentally modify the properties of metals due to the presence of intrinsic
point defects, periodically returning to the main defect-free state as a result of rapid heating or cooling. This method can correctly
identify changes in the properties of metals due to the presence of vacancies.

The formation of representations about the vacancies in metals is an opportunity to test the main outstanding ideas of modern
solid state physics about the peculiarities of the phonon and electron spectra, the electron-phonon interaction in metals [2, 3]. This
applies to the model of single vacancies in metals as an analogue of the substitutional impurity "zero" valence and weight [4, 5].

A special interest is the solution of such issues for a sharply anisotropic lattice - in the case of quasi-crystals of low-
dimensional systems (2d and 1d). It is known that for the lattice high-temperature superconductors are characterized by low-
dimensional structures (for example, YBa,Cu;O;, — quasi one-dimensional chain CuO, quasi-two-plane CuQ,), containing a
significant number of point defects (vacancies of oxygen) [6,7]. The complicated structure of high-temperature superconductors
makes the interpretation of the results of investigation of the influence of defects in such systems on their properties. At the same
time, the study of systems which possess or quasi one-dimensional or two-dimensional quasi structural elements can greatly simplify
analysis of the experimental results.

Theoretically, the transition metal chalcogenides are model systems for the study of physical phenomena inherent in systems
with reduced dimensionality. For example, a study of the kinetic and thermodynamic properties of low-dimensional crystals with
point defects topical due with the problem of stability of the crystal lattice.

The typical representatives of transition metal chalcogenides are quasi two-dimensional monocrystals NbSe, and quasi one-
dimensional monocrystals NbSe;.

THE OBJECTS OF INVESTIGATION

A quasi two-dimensional monocrystalsNbSe, have a layered structure in the form of sandwiches each of which
consists of two layers of selenium atoms and niobium layer there between. The connection of atoms Nb and Se in the
sandwich is relatively strong (predominantly covalent). The layers NbSe, are interconnected in a crystal by weak van
der Waals forces. MonocrystalsNbSe, are known in the three versions: type 2H - NbSe,, 3R - NbSe, and 4H - NbSe,
[8].

Of all known modifications NbSe, is the most studied 2H - NbSe,. 2H - NbSe; is a metallic conductor type with a
hole conductivity at temperatures above 26K. The hole concentration is 1.4x10** sm™ [8]. The temperature for NbSe,,
according to [8], is Tp = 222 K. At the temperature of 7.2 K niobium diselenide becomes superconducting. At the
temperature of Tp = 35 K NbSe, undergoes a Peierls transition with the formation of a charge density wave (CDW).

The quasi one-dimensional crystals NbSe; made up of chains formed by trigonal prisms of selenium atoms. In the
center of the prisms is niobium atom. MonocrystalsNbSe; have a monoclinic lattice with a spatial group P2;/m. he
concentration of charge carriers at room temperature is n ~ 10*' sm™. On the temperature dependence of the electrical
resistance observed two large anomalies at the Tp; = 145 K and Tp,= 52 K are caused by the two independent Peierls
transition and the formation of a CDW [10].

POINT DEFECTS IN LOW-DIMENSIONAL STRUCTURES (LDS)

A significant effect on the properties of low-dimensional systems is the presence of point defects, in particular
vacancies. The basic methods of creating relatively significant concentration of point defects are the radiation and high-
temperature heating. These methods have substantial differences. Irradiating the crystals with high-energy particles are
generated different types of defects - internodes, vacancies and their complexes.

Study the influence of irradiation on the properties of low-dimensional chalcogenides is dedicated to a
considerable amount of articles [11 - 14]. In the article [11] theirradiation of NbSe, by electrons (2.5 MeV) leads to a
decrease in the temperature of the superconducting and CDW transitions. In the article [11] irradiation of
NbSeselectrons (under 3 MeV) leads to an increase in residual resistance, which is associated with the disorder in the
article lattice and electron localization, in the [12] is associated with the disorder in the lattice and the localization of the
conduction electrons. The irradiation of NbSe; by protons (2.5 MeV) [13] has on the temperature dependence of the
resistance is the same effect as the electric field, that is, leads to the suppression of the CDW.

In the article [14] found that irradiation of 2H - NbSe, by fast electrons leads to a redistribution of electron density,
namely, to an increase in the planes with a high packing density - base and prismatic — {110}, {210}. The appearance of
the diffuse scattering of X-rays and electrons at high doses is associated with an increase in the density of the electron
Fermi liquid.

A small number of works is dedicated to the study of the influence of defects produced by heating and rapid
cooling (quenching) on the physical characteristics of the studied LDS [15, 16]. In the article [15] monocrystals were
heated to 620 C for about 4 minutes and then subsequent rapid (less than one second) cooling to ambient temperature. It
was found that as a result of quenching of the CDW transitions are suppressed and the superconducting state is realized
at 7.2 K. It is caused by the transformation of NbSe; in to NbSe, in the heat treatment.

In the article [16] established that at a deviation from the stoichiometric composition (31.7 — 34.3 at. % Nb) 2H -
NbSe,, the degree of the anisotropy the structure is not substantially altered. It is shown the correlation between the
state of niobium sublattice and the critical temperature of the superconducting transition. Thus, almost no literature
details on the influence of on the properties of low-dimensional positions systems. Therefore, this work is devoted to
the experimental study of the effect of vacancies of Se on the structural and electrical properties NbSe, and NbSe;.
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HIGH-TEMPERATURE RESEARCHES OF THE ELECTRICAL RESISTIVITY AND THE THERMAL
EXPANSION

In [17] the creation of vacancies in single crystals of NbSe3 and NbSe2 was carried out using degassing selenium
atoms with isothermal samples in the region of high temperatures.

On the quasi two-dimensional monocrystals NbSe, and quasi one-dimensional monocrystals NbSe; explored
quasi-temperature dependences of electrical resistivity in the temperature range 300 — 550 K along the layers and along
the chains, respectively. Measurements of electric resistance were carried out with direct current by the compensation
scheme. We used a standard four-probe method for measurement. Researches carried out in different environments
(vacuum, air, argon selenium vapor). At T > 410 K there is a significant deviation from the linear dependence on all
temperature dependences of the electrical resistivity.Fig. 1 shows a typical temperature dependence of the resistivity of
single crystals of NbSe,.
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—450 K (measured along the layers).

As the connection in NbSe, saturated and intercalation processes and oxidation processes in NbSe, begin only at
T > 620 K [18], we can assume that the observed changes in the electrical resistivity associated with the formation of its
own equilibrium point defects (even when heated in air).

To investigate the formation of the lattice relaxation of point defects to splice NbSe, 6 mm in length was studied
the thermal expansion parallel to the plane (ab) during the continuous heating from 300 to 550 K by the standard
dilatometer Shevenara. Heating up to 550 K was carried out for 2.5 hours. The temperature dependence of the relative
elongation Al/l of the sample NbSe2 shown in Fig. 2. The figure shows that the temperature dependence of elongation
deviates from linearity to lower values and saturates. The temperature of start deviations correlated with the data on the
electrical resistivity.

The linear expansion coefficient NbSe, decreases by increasing the concentration the equilibrium point defects and
its average value is 3-10—6 K—1, which is in agreement with the findings Gavarri J.R. and others[18]. The relative
decrease of the length of the sample at the ambient temperature after high temperature exposure was Al/l =— 0,4 %. The
reducing Al/l agrees well with the mechanism of vacancy selenium caused by discontinuity bonds Nb-Se and Se-Se,
followed by degassing selenium atoms, i.c., is caused relaxation of the system due to the presence of selenium
vacancies. In this sample was produced X-ray diffractometry analysis (Fig. 3).

It was found that after the heat treatment the sample is a single phase and has a hexagonal structure with lattice
parameters a=3,456 A u ¢ =12,591 A. Before heating the lattice parameters have values a=3,44 A uc=12,54 A.
Thus, there is a slight increase in the lattice parameters of the formation of selenium vacancies. The relaxation of atoms
surrounding the vacancy, should lead to a shift their in the direction of the vacancies, which is equivalent to the full
stretch of the entire lattice in the case of an increase in the lattice parameters (unit cell volume). This process leads to a
decrease of the crystal volume. According to [18] layered hexagonal phase is maintained with decreasing selenium up
to 57% (at.). The period a varies weakly, and the period ¢ assumes the values intermediates between 12.54 and 13.00 A.
Our values of the lattice periods suggest that in the research process after several exposures to high temperatures 490 K
the samples of NbSe, retain a layered hexagonal structure and change their properties is caused by presence of selenium
vacancies. According to the method described in [19], evaluated Se vacancy concentration, which for this sample was
2.6 % (at.).

For studying the process diffusion redistribution of vacancies selenium and care process selenium from the
NbSe, measured the electrical resistivity of the samples along the layers during a series of isothermal exposures in the
air environment as in the case of HTSC [17]. Fig.4 shows typical results of measurements in one sample by
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consecutive isothermal exposures in the field of 353-453 K. The nonmonotonic character of the dependencies evidence
of implementing complex (composite) processes that accompany the formation of vacancies selenium.
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Fig. 3. X-ray diffractometer spectrum of the splice NbSe, before (a) and after (b) the high temperature exposure.

The temporary cross section obtained isothermal dependence of the electrical resistivity, which in the rough
assumption immutability of character defect, allowed us to estimate the dependence of vacancy formation energy of
selenium on the exposure time [17]. Fig. 5 is a plot of the effective vacancy formation energy of selenium on the
exposure time for the first series of isothermal exposures. The figure shows that the formation energy decreases with
time and exposure energy value ranges 0,8 + 0,3 eV.
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Fig. 4. Isothermal dependence of electrical resistivity NbSe,. Fig. 5. The dependence of vacancy formation energy of selenium

in NbSe, on the exposure time.

Decrease in the effective vacancy formation energy of selenium with increasing exposure time can be
associated with the dependence of the energy of formation of the vacancy concentration.

The process of formation of a vacancy of selenium must be accompanied by an increase number of carriers in
the conduction band due to the electrons, "liberated" from participating in covalent bonds Nb-Se. This injection of
carriers in the conduction band should lead to a shift of the Fermi energy to higher values, i.e. to a change in the density
of electronic states near the Fermi level, and as a consequence, to a change in the corresponding thermodynamic and
kinetic properties. In addition, due to of this injection of carriers in the conduction band should be a redistribution the
values of the binding energy due to changes in the electrostatic contribution. We can conclude that the experimentally
observed decrease of the effective vacancy formation energy of selenium according to the time of exposure conditioned
by weakening of bonds Nb-Se and strengthening links Nb-Nb as the concentration of selenium vacancies by increasing
the carrier concentration in the layers of Nb.

Decrease in the effective energy, characterized by the formation of vacancies with increasing concentration can
also be associated with the formation of vacancy clusters, or structural transformations, as in the area observed change
in selenium content in the sample. According to the phase diagram in the sample can be some weakly different

polymorphs [13].
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