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The processes of point defects forming in quasi-two-dimensional 2H-NbSe, crystals
were studied experimentally by measuring the temperature-time resistivity dependencies in
the temperature range 300-500 K. It is found out that the special property of (selenium
vacancies) formation is the dependence of their formation energy on the time of isothermal
exposure, i.e. concentration.

OKCIIepUMEHTANIBLHO UCCIEeTOBAJINCH TIPOIeCCHl 00pPa3oBAHMSA TOUEUHBIX Me(EKTOB B KBa3U-
AByMepHBIX MoHOKpucTamrax 2H-NbSe, mocpescTBoM MaMepeHus TeMIepaTypHO-BpEeMeHHBIX
3aBUCUMOCTeH 5JIEKTPOCOTIPOTUBIEHNA B 00macTu TeMmueparyp 300-550 K. Yceranosieno, uto
XapaKTepHOH 0CcO0EHHOCTHLIO Tpolecca 00pa30BaHUA TOUEUHBIX MeheKTOB (BakaHCHIl cejieHa)
ABJIAETCA 3aBUCUMOCTh WX SHEPTUU O0Pa3OBAHUSA OT BPeMeHUM U30TEPMUYECKOH BBIIEPIKKHI,

T.€. OT KOHII€EHTPaIlnuun.

The quasi-low-dimensional systems
(QLDS), among them the niobium chalco-
genides NbSe, and NbSe;, show a pro-
nounced anisotropy of physical properties,
for example, including those associated
with the electrical transport. In particular,
a Peierls type phase transition accompanied
by a charge-density-wave caused by the elec-
tronic energetic spectrum anisotropy is ob-
served in those materials [1, 2]. By today, a
lot of experimental studies on the influence
of substitutional (doping) impurities and
high-energy particles irradiation on QLDS
transport properties have been made [3-6].
At the same time, there are virtually no
systematic studies of intrinsic point defects
and their influence on QLDS physical char-
acteristics, and the present works [7, 8] are
fragmentary. At the same time, such stud-
ies are of much interest both from the view-
point of the point defect influence on the
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transport properties of QLDS and also for
investigation of the defects themselves.

Before, the influence of selenium vacan-
cies on the temperature dependency of
quasi-one-dimensional NbSe; single crystal
resistivity has been studied [9]. NbSe; sin-
gle crystals unit cell is of similar configura-
tion to quasi-two-dimensional NbSe, single
crystals unit cell [1, 2], but differ by the
way of packing into, respectively, chains
and layers. This work is aimed at the study
of defect formation and evolution process
and the influence thereof on some struc-
ture-sensitive 2H-NbSe, properties.

The quasi-two-dimensional niobium dise-
lenide 2H-NbSe, monocrystals were ob-
tained by chemical gas-transport reaction
method. The electric contacts were made
with conductive silver paste. Special atten-
tion was paid at the contacts stability. The
resistivity was measured along the layers
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Fig. 1. Temperature dependences of the rela-
tive resistance for NbSe, heated in air (1)
and in a medium containing Se vapor (2).

by four-probe method on direct current
using compensation method.

The thermal expansion was studied on
stationary Chevenar dilatometer in the di-
rection of the (ab) plane. In this case, the
sample under consideration was a set of
NbSe, single crystals.

The study of temperature dependence of
quasi-two-dimensional NbSe, single crystal
resistivity at heating in air and in argon
under excess pressure of selenium vapors in
the temperature range 300-450 K, results
in the picture presented in Fig. 1. The re-
sistance deviation from linearity in the se-
lenium vapor containing medium begins at
temperatures about 20 K lower than in air
and is considerably less. Similar results
have been obtained for one-dimensional
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NbSe; single crystals [9]. In NbSe,, the
bonds are saturated, so the intercalation
and oxidation processes start only at tem-
peratures from 620 K and higher [10], so
the resistivity changes observed under heat-
ing in air are connected with release of se-
lenium atoms out of the sample. This is
evidenced also by X-ray fluorescence analy-
sis of the samples prior to and after ther-
mocycling in air that has shown an excess
selenium content in the initial samples (as
compared to NbSe, stoichiometry) and a
shortage thereof after thermocycling [11].
These data allow to suppose that the main
contribution to the electrical resistance is
due to the defect formation in the selenium
sublattice.

The presence of an excess selenium
amount in the initial samples, selenium ex-
isting possibly as subparticles (what is typi-
cal of sulfides and selenides) makes it possi-
ble to suppose that at the initial process
stages, interstital selenium atoms may con-
tribute considerably to the resistivity
changes. As the NbSe, single crystals have
a layered structure, the process of selenium
release therefrom is facilitated due to high
mobility of selenium atoms in the interlayer
space. Getting into the interlayer regions,
where Van der Waals forces dominate, sele-
nium atoms can easily move along the
planes, get onto the butt surface and leave
the sample. Later, selenium may leave the
lattice sites in a similar manner. Therefore,
it is just the vacancies in the selenium
sublattice that can to be considered as the
most probable defects at the subsequent
process stages. The resistivity may be
changed also due to structure transforma-
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Fig. 2. The isothermal dependencies of NbSe, sample relative resistivities: the first series (a), the

fourth one (b).
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Fig. 3. The temperature dependence of relative resistivity at exposure time

(b) for the first series.
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Fig. 4. Effective energy, characterizing sele-
nium vacancies formation, dependence on ex-
posure time at every temperature for the
first isothermal series.

tions, since the phase diagram in the region
of the observed selenium content range in-
cludes several polymorphs that are difficult
to distinguish [10]. However, the tempera-
tures of the corresponding transformations
[7] exceed considerably those used in this
work, so that these processes are unlikely.
At temperatures higher than 450 K in
the NbSe, samples, the quantitative differ-
ence of resistivity value and activation en-
ergy of vacancies formation in different ex-
perimental series was observed, as well as
in case of NbSejz [9]. This lets us suppose
that the vacancies formation in these sys-
tems is a complicated process, and the ef-
fective activation energy can depend upon
the concentration. In this connection, the
NbSe, resistivity behavior was studied con-
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Fig. 5. The isothermal curves for the time-de-
pendent part of NbSe, resistivity for the first
series at exposure times 5, 15 and 30 min.

sistently at temperature and time parame-
ters variation within wide ranges.

The sample under consideration under-
went four identical series of isothermal ex-
posures in air. This made it possible to
study the effect of selenium loss from the
sample accompanied by the diffusive redis-
tribution of defects on the resistivity.

The resistivity measurements at a fixed
given temperature (with the temperature
step 20 K) in the interval 350-470 K lasted
45 min at every exposure temperature. The
results obtained for several consecutive se-
ries of isothermal measurements of the rela-
tive electric resistance for a NbSe, sample
are presented in Fig. 2. The experimental
isotherms show that the defect formation
process is a complex multistage one. It can
be connected with selenium vacancies for-
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Fig. 6. Relative increase of the union NbSe,
length Al/l depending on the temperature.

mation process caused by the bond break-
down and further migration of selenium
atoms in the interlayer region followed by
their loss. Along with this process, some
other constituents are observed, perhaps
connected with the coagulation of selenium
vacancies.

In Fig. 3, the temperature dependences
of relative resistance at 5 and 20 min expo-
sures for the first isotherm series are pre-
sented (other series are similar in shape)
that are isochronic sections of the isother-
mal dependences. These sections have made
it possible to evaluate the effective energy
of defect formation as a function of the
exposure time. That dependence is plotted
in Fig. 4. The energy value changes in the
range 0.8 to 0.3 eV. The reducing of forma-
tion active energy with the exposure time is
likely to be connected with the selenium
vacancies formation energy dependence on
their concentration. The energy value is low
in the beginning because in the initial state
NbSe, contained excess selenium.

The obtained vacancies formation energy
dependence on the exposure time (Fig. 4)
lets one evaluate the specific exposure time,
necessary for high temperature studies. The
time is obvious to be 15—20 min.

According to the isothermal measuring
results, the temperature dependences of
time-dependent (caused by diffusion proc-
esses in the defect subsystem) resistivity
part for the sample under consideration are
mapped. The value AR/Ry = (R; — Ry)/R,,
(where R, is the resistivity value of the sam-
ple at the time moment ¢; Ry is the resistivity
value of the sample at the time moment ¢ = 0)
is the time-dependent part of sample full re-
sistivity. The time-dependent resistivity part
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reflects the diffusion processes, tending to
the establishing the system equilibrium.

In Fig. 5 the dependences of AR/R, on T,
corresponding to the isochronal sections of
the first isotherms series for exposures
time ¢t = 5, 15 and 30 min, are shown. All
the dependences are of non-linear character
and have singularities in the form of min-
ima and maxima. These processes reflect
the combined character of the vacancies for-
mation processes and selenium atoms loss
from the sample.

Dilatometric studies have been made in
the temperature range 300—600 K. A 6 mm
long set of NbSe, single crystals was used
as the sample. The heating from 300 to
600 K lasted 2,5 h. Fig. 6 shows clearly
that the temperature dependence of the
elongation deviates from the linear towards
smaller values Al/l. The temperature of the
deviation start correlates with the data on
resistivity. The linear expansion factor of
NbSe, decreases with the increase of vacan-
cies concentration, and its average value is
3.107% K1, which is in accord with the data
from the paper [12]. The relative decrease
of the sample length at room temperature
after high-temperature exposure was Al/l =
—0.4 % . The decrease of Al/l is in good ac-
cord with the vacancies formation caused by
the break of the Nb—-Se and Se-Se connec-
tions followed by the selenium atoms loss,
and so is caused by system relaxation. The
Fig. 6 data with respect to a considerable con-
centration of vacancies (C,>1 at. %) show
that the relaxation component Al/l is much
smaller at selenium vacancies formation, than
in case of 3D sysems.

In conclusion we can say that compli-
cated, nonmonotonic behavior of resistivity
isothermal dependencies (Fig. 2) reflects the
complexity of diffusion processes, accompa-
nying selenium vacancies formation, in par-
ticular, possible formation of vacancy clus-
ters, as well as the complexity of vacancies
influence on the properties of the quasi-two-
dimensional systems under consideration.

The vacancies, which are additional cen-
ters of dispersion, formation should lead to
the increase of resistance. Besides, the proc-
ess of selenium vacancies formation appears
to be accompanied with the increase of car-
riers in the conduction band due to the elec-
trons, "free" from the connections Nb-Se.
Injecting the carriers into the conduction
band should lead to the displacement of
Fermi energy to the greater values, i.e. to
the density change of the electronic states,
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and so, to the change of corresponding ther-
modynamic and kinetic properties. Due to
such injection, the energy of connections
Nb—-Nb and Nb-Se appears to be redistrib-
uted. One can suppose that the experimen-
tally observed decrease of selenium vacan-
cies formation active energy with the expo-
sure time is caused by the weakening of
Nb—Se connections in the course of sele-
nium vacancies concentration growth and
the strengthening of Nb—Nb bonds due to
the increase of carriers concentration in Nb
layers, which agrees well with the data ob-
tained in [13]. This physical mechanism is
of much interest and needs additional
theoretic and experimental research for the
final understanding.

The other mechanism, also able to de-
crease the active energy characterizing the
vacancies formation with the growth of
their concentration, can be the formation of
vacancies clusters. But to establish the fact
of clusters formation, the study of vacan-
cies spatial distribution in quasi-two-dimen-
sional objects is necessary.
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Bniaue ToukoBuUX Ae(deKTiB Ha TeMIepaTypHY
3aJIeKHICTh eJeKkTpoonopy KBasimsosumipuoro 2H-NbSes

A.O. Mamanyii, T.M. Illenecm, H.B. ®am’anoéa, B.A. Cipenko

ITpomecu yTBOpEHHH

TOUKOBUX fAederTiB y KBas3igBOBUMIpHMX MOHOKpPHCTAJIAX

2H-NbSe, nocaimmysanca eKCIepHMEHTAJLHO BUMIiDIOBAHHAM TeMIEPATYPHO-UYACOBHX 3a-
JeRHOCTEH ejeKTpoomopy B objacti Temmeparyp 300-550 K. Beranomseno, mio xapakTep-
HOIO 0COOJIMBICTIO TIPOIleCy YTBOPEHHS TOUKOBUX Me(eKTiB (BakaHCiil ceseHy) € 3ajleKHIiCTH
ixHbOI eHeprii yTBOpeHHS Bif yacy izorepmiumoi BUTPHUMKHU, TOOTO KOHIEHTpAIii.
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