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Influence of Se vacancies on the electron
energy spectrum transformation of 2H-NbSe,
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The results of density functional calculations of 2H-NbSe, electron energy spectrum
with Se vacancies at various concentrations are presented in the article. It is found that
volume of the hole-like Fermi surface tends to decrease with increasing concentration of
the vacancies. At vacancy concentrations corresponding to the beginning of the phase
transition 2H-NbSe, — 4H-NbSe, the disappearance of carrier group occurs, that is an
electronic topological transition of order 2.5 takes place.
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ITposenens! pacueTsl 2IeKTPOHHOTO dHepretndeckoro crmextpa 2H-NbSe, ¢ Barkamcmamnm
Se npy pasIuYHBIX KOHIEHTPALUAX. ¥ CTAHOBJIEHO, YTO 00bEM JALIPOUYHON 30HBI [I0BEPXHOCTH
@epMu MMeeT TEHIEHIIMIO YMEHBIIATLCH € YBEJIHWYEHHMEM KOHIeHTpamuu BarkaHcuii. [lpu
KOHIIGHTPaIMAX BAKAHCHIH, COOTBETCTBYIOIIUX Haualy (asosoro mepexoga 2H-NbSe, — 4H-
NbSe, Ha6riogaerca MCUE3HOBEHME IPYIIBI HOCHTeNAeH, TO ecTh IPOHCXOIUT 3JIEKTPOHHBII
TOIIOJIOTMYeCKUIT mepexox 2.5 poxa.

Bnaue BakaHuciii Se Ha TpaHchopMamiio eJIeKTPOHHOTO
2H-NbSe,. A.0O.Mamanyii, O.M.Andpeesa, O.B.CunenvHUK.

ITpoBeseHo PO3PaxyHKH eJeKTPOHHOIO eHeprerumuHoro cuexrpa 2H-NbSe, s Bakanciamn
Se npu pisENX KOHIeHTpanisx. Beranosierno, mo 06’em gipkoBoi sorm nmosepxHi @epmi mae
TEeHIEHI[1I0 3MeHInyBaTucAd 3i s0iapmennam xoumeHTpanii saxkamciti. Ilpu KoHIleHTpaliax
BakaHciii, aki BigmosizaoTs mouarky gasosoro nepexoxy 2H-NbSe, — 4H-NbSe,, cmocrepi-
raeTbCs 3HUKHEHHS IPyIUd HOCIIB, TOOTO BigOyBaeThCHa €JIeKTPOHHUU TOIOJOTIUHHI IIepexin
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2.5 pony.

1. Introduction

Lattice stability research of quasi-low-di-
mensional crystalline systems with nanos-
tructured defects is of significant interest
to a wide range of applications of condensed
matter physies. In [1, 2], it was found that
introduction of Se vacancies in perfect 2H-
NbSe, crystals results in a phase transition
to different structural polytype, namely
4H-NbSe,.

Under formation of vacancies in three-
dimensional lattice of monatomic metal
the volume of the crystal changes as a
whole (~ 0.5V, by 1 vacancy) and the value
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of the average electron density decreases
[3]- In the case of metallic crystals with
sharply anisotropic structure (2H-NbSe,)
formation of vacancies (Se) reduces the vol-
ume of the crystal as a whole due to the
reduction of the number of Se atoms. At
the same time the lattice parameters in-
crease due to tension (lattice relaxation) in
the absence of occupied site. Break of ionic-
covalent Nb—Se bonds herewith increases
the number of electrons in the conduction
band.

In polyatomic metallic crystals deviation
from stoichiometry (stoichiometric vacan-
cies) can reach significant values
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Fig. 1. a) 2H-NbSe, cell. Two Se-Nb-Se sandwiches are shown, consisting of Nb atoms (depicted as
larger spheres) and Se atoms (depicted as smaller spheres). b) The Brillouin zone.

(£10 at.%). In this case, as is known, lat-
tice stability can be disturbed, which accom-
panied by the phase transitions [4]. When
there is significant number of Se vacancies
(=1 at. %) in 2H-NbSe, crystal the phase
transition is realized. The fact of the vacan-
cies formation leads to changes in the cell
volume and release of a certain number of
electrons, of course, causes a change in the

crystal energy spectrum.
For calculations of band structure of

transition metal dichalcogenides, including
2H-NbSe,, construction of wave functions
within the augmented plane wave scheme
(APW) was successfully used [5, 6]. Along
with these techniques other research meth-
ods were applied: both theoretical [7, 8, 13,
15, 18] and experimental [9-11, 12, 14, 16—
18]. Review of publications shows that in-
vestigation of pure (defect free) 2H-NbSe,
crystals or ones intercalated with molecules
were mainly performed. Despite the large
number of publications there are no articles
dedicated to the electron energy spectrum of
2H-NbSe, with vacancies. Since Se vacancies
in 2H-NbSe, crystals lead to the structural
transition 2H-NbSe, — 4H-NbSe,, it is of
interest to study the electron energy spec-

trum of such crystals with vacancies.
In this paper, a number of density funec-

tional theory calculations of the electron
spectrum in the presence of Se vacancies in
2H-NbSe, crystals near the structural phase
transition 2H-NbSe, — 4H-NbSe, were per-
formed in order to study the electron en-
ergy spectrum transformation.
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2. 2H-NbSe, structure

As known 2H-NbSe, structure represents
the alternating layers consisting of hexago-
nal planes of Se and Nb atoms. Two atomic
layers of Se and single Nb layer are com-
bined with ion-covalent bonds, which form a
"sandwich”. 2H-NbSe, unit cell includes
two Se—Nb-Se sandwiches, in which atomic
planes of Se offset from each other, as
shown in Fig. 1. 2H-NbSe, structure be-
longs to P6g/mmc space group. The Bravais
lattice is hexagonal. The atoms in the cell
have the following positions [5]:

[wummmb=i[mmiﬂ;

Hmmw%=ﬂ§iﬂ;
[[m,nak]]Se = t|:|:31’ 32’; - Z:|:|

Here the parameter z = 1/8c¢ defines the
position of Se atomic layer, which essen-
tially (for fixed c¢) defines the height of
Se—Nb-Se sandwich.

3. The main results of NbSe,
X-ray structure studies after
annealing

To investigate the stability of NbSe,
crystal lattice to their own point defects,
which are the selenium vacancies corre-
sponding to [1], X-ray studies were carried
out after the heat treatment at different
temperatures.
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Table 1. Lattice constants obtained from X-ray data, change of cell volume, estimated vacancy
concentration and corresponding structural modification.

Annealing Lattice constants Change of the Vacancy Structural
temperature 0 o cell volume AV, | concentration modification
Ta’ K a, A c, A Ag C, %
443 3.78 13.57 39 1 2H
453 3.05 22.04 48 5 2H — 4H

To study the stability of the crystal lat-
tice of niobium diselenide to the intrinsic
point defects, which according to [1] are Se
vacancies, NbSe, X-ray diffraction studies
were carried out after the heat treatment at
different temperatures, i.e. at different va-
cancy concentrations C. From [19] it is
known that the object under study exists in
three basic models: 2H-NbSe, (hexagonal unit
cell, consisting of two layers), 3R-NbSe,
(three-layered rhombohedral unit cell) and
4H-NbSe, (four-layer hexagonal unit cell).
A comparison of the lattice parameters
calculated for each temperature based on
the data from X-ray analysis, with parame-
ters for different polytypes showed that at
T = 443 K the sample has structure with
the unit cell 2H-NbSe,. The subsequent
high temperature treatment leads to in-
crease in the lattice parameter ¢, thereby
bringing the structure of the object under
test closer to 4H-NbSe,. The lattice parame-
ters calculated for NbSe, annealed at 453 K
for its value corresponds to the intermedi-
ate structural state 2H — 4H (see Table 1)
[24]. In [24] it is shown that as a result
of the high-temperature heat treatment at T
= 453 K, the crystal lattice stretches along
the layers. This agrees with the data of [2]
in which on the basis of dilatometric studies
it was found that after the heat treatment,
there is a relative decrease in the sample
length along the plane (ab). Also in [24] the
concentration of vacancies C was estimated.
It is seen that, as expected, the wvacancy
concentration changes (increases) with in-
creasing the heat treatment temperature.
For more detailed investigation of the influ-
ence of intrinsic point defects in the crystal
lattice of single crystals NbSe,, analyzing
changes in the cell volume (AV) for all states
of the crystal under study (see Table 1), we
can establish that increase of the wvacancy
concentration of selenium leads to non-mono-
tonic increase in the unit cell volume. Inten-
sive growth AV after the isothermal annealing
at T = 463 K is due, most likely, to the re-
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structuring of the crystal lattice, that is,
the change of the crystal polytype.

Thus, the introduction of vacancies in an
amount of =6 % leads to the polytype trans-
formation of 2H-NbSe, into 4H-NbSe,_,.

4. Calculations of the band
structure of 2H-NbSe, defect-free
crystal

We performed our electronic energy
structure calculations using the linearized
augmented plane wave scheme with the full
potential (FP-LAPW-+local orbitals) [20],
which represent a set of basis functions
used to solve the Kohn-Sham equation in
the density functional theory (DFT). The ex-
change-correlation potential was modeled
using the generalized gradient approxima-
tion GGA-PBE [21].

For matching with other results we car-
ried out our electron band structure and the
Fermi surface calculations for the ideal (de-
fect free), 2H-NbSe, crystal. The lattice
constants that were used in our calculations
were taken from experimental data [22],
namely, a = 3.44 A, ¢ = 12.48 A, z = 0.12A.
The results of the electron band structure
calculations shown in Fig. 2, and the Fermi
surfaces are shown in Fig. 3. Our results
are generally consistent with the results ob-
tained in the studies performed by others
researchers [10, 12, 13, 16-18]. As seen
from the graphs obtained by us, the Fermi
energy level (Ep = 0) is intersected by three
bands. Accordingly, these three bands form
three Fermi surfaces. All three surfaces are
hole-like as filled states are outside of each
of them. Bands 1 and 2 near I' point (see
Fig. 1b) are close to the degeneration. Bands
2 and 3 between points ALHA are degener-
ated. These points correspond to the ALH
plane of the Brillouin zone (see Fig. 1b). Our
calculations indicate the presence of a small
pancake shaped band centered on I' point.
Although this region is not observed in the
earlier studies [6—7], in the later studies, in
particular ARPES [10, 12, 16-18], it is pre-
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Fig. 2. Band structure of defect free 2H-NbSe,. The Fermi energy set to 0 (E =0). Bands

intersecting the Fermi level, labeled as 1, 2 and 3.

Band 1

Band 2

Band 3

Fig. 3. Fermi surface of defect free 2H-NbSe2, Band structure is depicted on Fig. 2.

sent, which confirms the sensitivity of the
method used.

5. Band structure calculations of
2H-NbSe, with Se vacancies

As it was mentioned above, the Se va-
cancy formation leads to the abandonment
of Se atoms. This results in lattice relaxa-
tion due to the tension. The rupture of
ionic-covalent bonds between Nb and Se
leads to the growth in the number of free
electrons. In this paper we consider the im-
pact of these two effects on the energy spec-
trum of electrons independently of each
other.

5.1. Account of lattice strain due to the
vacancies formation

To account of the lattice strain, we used
the experimental results (see Table 1) in the
region prior the phase transition. Interme-
diate values of a and ¢ were obtained by the
linear interpolation. The parameter z ad-
justed so that the height of the sandwich
Nb—Se—-Nb remained constant. The assump-
tion that the distance between the planes of
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Nb and Se remains constant during the va-
cancy formation based on the fact that Nb—
Se bonds are ionic-covalent, and they are
stronger than the van der Waals forces act-
ing between the adjacent Se atomic layers.

We carried out a series of calculations of
the electron band structure of 2H-NbSe,
crystal with the lattice parameters corre-
sponding to annealing temperatures of
400 K to 450 K, i.e. before and in the re-
gion of 2H — 4H structural phase transi-
tion. This annealing temperature range cor-
responds to the vacancy concentration in
the range from 1 to 5 % (see Table 1). The
results of such calculations of the electronic
band structure are shown in Fig. 4, and the
Fermi surface in Fig. 5. These diagrams cor-
respond to the structure obtained after an-
nealing at 440 K, which results in the vacan-
cies formation with the concentration of 1 %.
The lattice parameters are a = 3.77 A, c=
18.55 A, z = 0.13.

Analysis of our calculation results shows
that as concentration of Se vacancies in the
2H-NbSe, crystal increases due to anneal-
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Fig. 4. 2H-NbSe, band structure taking into
account the lattice stretching due to the va-
cancies formation. It is shown the position of
the same bands 1, 2, 3, as in Fig. 2.

ing at different temperatures, the band
structure is changing. Changes are in the
gradual degeneration of the wupper two
bands (2 and 3) as well as a gradual reduc-
tion in the volume of the band 1, and then
its complete filling. Filling of band 1 occurs
in a region where there is a rearrangement
of the crystal lattice during the 2H — 4H
phase transition.

5.2. Account of carriers concentration in-
crease due to the vacancies formation

In this paper, based on the assumption
that under formation of a small number of
vacancies the band structure does not
change or changes only slightly. Then, if
the formation of the vacancies leads to the
release of electrons, the Fermi level in-
creases, that is, changing the filling of cer-

tain bands.
In the free-electron approximation an ex-

pression for the Fermi energy is given by:

Table 2. Calculated change of Fermi energy at
different vacancy concentrations.

c AEp, eV
1 % 0.025
2 % 0.050

2/3 (1)

712{3752N
EF_2m V] ’

where N is the total number of free elec-
trons, and V is the crystal volume.

If as a result of vacancy formation the
total number of free electrons increases by
AN, then

2/3
- %2 (3n2(N + AN) (2)
F = om v :
Then
3/2
AN 1 ((2mEF 2mEyg 372y (3)
vV " sn2| n2 | n2 :

Considering that the vacancies concentra-
tion is ¢ = N,/N,;, where N, = AN/Nel/v is
the number of vacancies in the crystal, N,
is the number of atoms, and Nel/v is the
number of electrons, which is released dur-
ing the formation of the vacancy. Express-
ing the number of atoms as N, =
N Nytjeers where N,.=V/V,. is the total
number of cells, and N, . is the number
of atoms per cell, and V, is the cell volume,
we obtain the following expression:

ﬂ _ CNel/vNat/cell (4)
v V. )

c

Expressions (3) and (4) allows to relate
the concentration of vacancies C, which
leads to the growth of number of free elec-
trons AN and the corresponding increase of

Band 1 Band 2

Band 3

Fig. 5. The Fermi surface of 2H-NbSe, taking into account the lattice stretching due to the
formation of vacancies with C =1 %. Band structure is depicted in Fig. 4.
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Fig. 6. Band structure of defect free 2H-NbSe, and the Fermi level offset with increasing concen-
tration of the conduction-band electrons introduced by Se vacancies at various concentrations.
Position of the Fermi level E, indicated by horizontal lines: the lower line corresponds to an ideal
crystal; line above it corresponds to the crystal with concentration of vacancies C = 2 %; the top

line corresponds to the crystal with C =5 %.

a)C=1%

b)C=

2% c) C=5%

Fig. 7. 2H-NbSe, Fermi surface transformation due to the Fermi level shift at several vacancy

concentrations. Each figure shows all three bands.

the Fermi energy AEp = Ef/ — Ep.
Table 2 shows the calculated values of AEg
corresponding to the different vacancy con-
centrations observed in the experiment [24].
Fig. 6 shows a fragment of the electronic
band structure of the defect free ecrystal
2H-NbSe, near the Fermi energy. The
Fermi level of the defect free ecrystal, and
the Fermi levels, corresponding to different
concentrations of selenium vacancies are
also marked on the same figure. Our calcu-
lated Fermi surfaces at the indicated va-
cancy concentrations are shown in Fig. 7.
As can be seen, with increasing concentration
of selenium vacancies the filling of band 1
increases and its size reduces (Fig. 7). At
C =5 % this band is completely filled, and
the corresponding Fermi surface disappears,
that is implemented the topological phase
transition of order 2.5 [23].

6. Conclusions

The lattice strain effects and increase of
the electrons concentration due to forma-
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tion of the vacancies in 2H-NbSe,, dis-
cussed above, lead to change in the electron
energy spectrum. In the both cases the band
1 filling (see Fig. 2 and 4) increases, and
the size of the band’s Fermi surface de-
creases (see Fig. 38, 5 and 7). As can be seen,
the impact of these effects by increasing the
vacancies concentration occurs in the same
direction. In this regard, under combined
action of the above effects we expect more
dramatic change in the electron energy
spectrum of the 2H-NbSe, crystal with the
growth in it the concentration of Se vacan-
cies. In the end, all the states of band 1 are
filled, which will leads to the disappearance
of the corresponding Fermi surface, i.e. the
topological phase transition of order 2.5.
The electron phase transition occurs at
about the same concentrations of selenium
vacancies as the structural phase transition
2H — 4H-NbSe,. Apparently, the electronic
topological transition may contribute to the
lattice instability and subsequent structural
phase transition.

Functional materials, 23, 3, 2016
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