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An X-ray photoelectron spectroscopy (XPS) method was used to investigate the electronic struc-
ture of niobium diselenide 4H (b)-NbSe> synthesized at high pressures (7.7-9.0 GPa). For com-
parison, the electronic structure of an initial polymorphous form of niobium diselenide, 2H-NbSez,
was also studied. The XPS core-level binding energies (BEs) and valence-band structures for the
two NbSe> modifications have been determined. The XPS core-level BEs of pure niobium and sele-
nium were also investigated. It is shown that, in the 2H-NbSe> and 4H (b)-NbSe: diselenides, a
charge transfer occurs from Nb to Se atoms. The XPS core-level BEs of both niobium and sele-
nium atoms remain constant (within the experimental errors) for the above NbSe: polytypes
studied. In the sequence 2H-NbSe> — 4H (b)-NbSe> a small increase of the XPS valence-band
half-width was observed. The present experimental results are compared with earlier theoretical
studies of niobium diselenide.

1. Introduction

The diselenides of transition metals of groups IVB to VIB of the Periodic Table are
layer structures in which metal atoms have trigonal prismatic and/or octahedral sele-
nium coordination [1,2]. According to Brown and Beerntsen [3], all the above com-
pounds can be considered as two-dimensionally infinite «layer molecules». Within
these «layer molecules» the chemical bonding is rather strong [1,3]. The mentioned
«layer molecules» are stacked in a close-packed manner and the chemical bonding be-
tween them is rather weak [1-3].

The nearly stoichiometric niobium diselenide, NbSe,, is known to exist in several
polytypes at atmospheric pressure as temperature varies; the atomic structures of the
polytypes 17-NbSe,, 2H[2H(a)]-NbSe,, 3R-NbSe,, 4H(a)-NbSe,, and 4H(d)-NbSe,
have been established [3—7]. Both cell dimensions and space groups for the above
polymorphous forms of niobium diselenide are listed in Table 1. Nevertheless, two
niobium diselenide polytypes, 17-NbSe; (octahedral coordination of niobium atoms)
and 4H(d)-NbSe; (alternative octahedral and trigonal prismatic coordination of nio-
bium atoms), exist only in high-temperature conditions (¢ > 950°C) [6]. These two
polymorphous forms can not be stabilized at room temperatures. The both 17-NbSe:
and 4H(d)-NbSe, polytypes transform to 4H(a) or 2H[2H(a)] polymorphous forms of
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niobium diselenide as temperature decreases. Thus, only polymorphous forms of
NbSe> with trigonal prismatic coordination of niobium atoms can exist at atmospheric
pressure [1,2]. Nevertheless, at high pressures (7.7-9.0 GPa) and high temperatures
(1200-1400°C) a new niobium diselenide polymorphous form with alternative octahe-
dral and trigonal prismatic coordination of the metal atoms, a 4H(b)-NbSe; polytype,
can be synthesized [8—10]. This polytype of NbSe, exists at atmospheric pressure after
the above high pressure—high temperature treatment, and only annealing under vac-

uum conditions at 900°C for 10-12 hours results in the transformation
4H(b)-NbSe, — 4H(a)-NbSe, [9,10].
Table |
Space groups and lattice parameters of some NbSe: polytypes
Space Lattice parame- | Ratio | Coordination type of | Refe-
Polytype group ters cla the metal atoms rence
a,nm | c¢,nm
1 7-NbSe, 2) P3ml 0.353 0.629 1-1.781 octahedral [6]
2H[2H(a)]-NbSe, | P63/mme | 0.344 | 1.255 | 2-1.824 trigonal prismatic [4]
0.3440 | 1.2482 | 2-1.814 trigonal prismatic [7]
0.3442 | 1.254 | 2-1.821 trigonal prismatic [6]
0.345 1.272 2-1.843 trigonal prismatic [6]»
0.345 1.254 | 2-1.817 trigonal prismatic [3]
3R-NbSe, R3m 0.346 1.877 3-1.808 trigonal prismatic [4]
B _ 0.345 1.888 3-1.824 trigonal prismatic [3]
4H(a)-NbSe) P6m2 0.344 2.523 4-1.833 trigonal prismatic [5]
0.3444 | 2.523 4-1.832 trigonal prismatic [6]
0.344 2.524 4-1.834 trigonal prismatic [3]
4H(b)-NbSe,) P63/mme | (0.346 | 2.480 | 4.1.791 alternative octahedral | [8—10]
and trigonal prismatic
4H(d)-NbSe, P6m?2 0.348 2.545 4-1.828 alternative octahedral [6]
- (or P3ml) and trigonal prismatic

) The polytype exists at temperatures above 980°C; cannot be stabilized at room temperatures

[6];

b) Lattice parameters were determined at 1 = 850°C;

¢) The polytype can be synthesized only at high pressure—high temperature treatment;

9 The polytype is stable in the temperature range of 910 to 980°C; cannot be stabilized at room

temperatures [6].

The 4H(b)-NbSe; polymorphous form, which was synthesized under the mentioned

high pressure—high temperature conditions, is the so-called metastable high-pressure
phase (MHPP). The phases have long been studied (see e.g. Refs. [8-19]), and the
study is very important because it clarifies mechanisms of irreversible phase transfor-
mations in solids due to high pressure—high temperature treatment.

While the electronic structure of 2H-NbSe> was investigated in a series of theoreti-
cal [20-25] and experimental [25-30] works, the MHPP modification, 4H(b)-NbSe:,
has not been studied yet. So, the purpose of the present work is to apply an X-ray pho-
toelectron spectroscopy (XPS) method to determine shapes as well as binding energies
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(BEs) of both the XPS valence-band and core-level spectra for the above niobium
diselenide polytypes. This study involves two NbSe, polytypes: the usual modification,
2H-NbSe»,, and the 4H(b)-NbSe, polymorphous form synthesized at high pressure —
high temperature conditions.

2. Experimental details

Two polymorphous forms of niobium diselenide, 2H-NbSe, and 4H(b)-NbSe,,
studied in the present work, were synthesized as described in Refs. [8—10] by
V.I. Larchev and S.V. Popova (Vereshchagin Institute of High Pressure Physics, Rus-
sian Academy of Sciences, Moscow—Troitsk, Russian Federation) who also performed
the X-ray diffraction measurements. Parameters of unit cells of the niobium dise-
lenides studied in the present work are listed in Table 1. Table 2 shows data of intera-
tomic distances of the two niobium diselenides investigated. For comparison, intera-
tomic distances for other polymorphous forms of NbSe,, the 3R-NbSe; and 4H(a)-
-NbSe, modifications, are also listed in Table 2.

Table 2
Interatomic distances (in nm) for some NbSe: polytypes
Se—Se Nb-Se Nb-Se
Polytype (between Se—Se (trigonal pris- | (octahedral | Refe-
layers) (in the layer) | matic coordi- coordi- rence
nation) nation)
2H-NbSe) 0.3525£0.002 | 0.336+0.002 0.260£0.001 - [3]
0.352 0.334 0.259 - [22]2)
3R-NbSe) 0.354+0.008 | 0.332+0.008 0.2595+0.006 - [3]
4H(a)-NbSep | 0.360£0.013 | 0.33440.015 0.259+0.008 - [3]
0.350£0.011 0.336+0.014 0.262+0.008 — [3]
0.344+0.010 0.258+0.008 - [3]
4H(b)-NbSe> | 0.356£0.002 | 0.346+0.002 0.258+0.001 0.257£0.001 | [8,10]

a) Uncertainties were not reported.

The initial modification of niobium diselenide, 2H-NbSe,, was prepared by heating
of mixtures of powdered niobium (99.9%) and selenium (99.997%) in an evacuated
quartz ampoule at 1000°C for 12 h with subsequent homogeneous annealing at the
same temperature conditions. In order to synthesize the MHPP modification, 4H(b)-
-NbSe2, the initial niobium diselenide, 2H-NbSe,, was placed in the high pressure
chamber containing a capsule made from BN and a heater made from pure niobium.
Experimental details for the specimen preparation have been reported elsewhere [9].
No traces of BN or another admixtures were found for the 4H(b)-NbSe> modification
by conventional chemical analysis as well as by means of the XPS measurements.
Fig. 1 shows the results of the XPS analysis of the both niobium diselenide modifica-
tions studied in the present work.

Measurements of the XPS valence-band and core-level spectra of the niobium
diselenides were carried out in an ion-pumped chamber of an ES-2401 spectrometer.
The chamber was evacuated to 5-10~8 Pa. The Mg K » (E = 1253.6 €V) excitation

was used in the capacity of a source of X-ray radiation. The energy scale of the spec-
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trometer was calibrated by setting the measured Au 4f7/; BE to 84.0 eV with respect to
Ef. The surfaces of the investigated niobium diselenides were prepared by argon-ion

bombardment (1700 V, 30 mA/cm?2, 2 min) with subsequent mechanical cleaning in the
spectrometer chamber as described in Refs. [31,32].

3. Results and discussion

Data of the present XPS core-level studies of the two polymorphous modifications
of niobium diselenide, 2H-NbSe; and 4H(b)-NbSe,, are shown in Fig. 1. The XPS re-
sults indicate that, in the two studied polymorphous forms of NbSe, the niobium XPS
core- level BEs increase while the selenium BEs decrease in comparison with BEs of
pure metallic niobium and pure selenium, respectively. These facts indicate that when
niobium atoms and selenium atoms combine to form the both 2H-NbSe, and 4H(b)-
-NbSe; compounds, the charge transfers from Nb to Se atoms. Our results are in good
agreement with the theoretical band calculations of niobium diselenide [22—24]. As one
can see from Fig. 1 and Table 3, transformation of the crystal structure from the 2H-
NbSe; modification to the 4H(b)-NbSe, polymorphous form does not lead to any sig-
nificant changes of the XPS core-level BEs. When going from 2H-NbSe; to
4H(b)-NbSe», half-widths of the above spectra remain constant within the experimen-
tal errors (see Table 3). The above results are consistent with those derived previously
for several transition metal MHPPs. As shown in works [17,19,33-36], irreversible
polymorphous transitions induced by high pressure — high temperature treatment do
not change considerably both half-widths and binding energies of the XPS core-level
spectra of ReSe), ReTe;, ReO3 and TaN crystals.
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Fig. 1. XPS spectra recorded within the continuous energy range up to 700 eV with respect to E;
of the niobium diselenides studied: (a) 2H-NbSe> and (b) 4H(b)-NbSe>

98



®Du3uka ¥ TexHuKa Bbicokux aasJjennii 2000, tom 10, Ne 3

Table 3
Half-widths and energy positions (in eV) of the XPS core-level spectra
of the niobium diselenides studied
Core-level 2H-NbSe, 4H(b)-NbSe,
electrons Energy po§ition Half-width Energy pqsition Half-width
of the maximum of the maximum
Nb 4p3p2.112 32.90£0.08 7.3120.3 32.74+0.08 6.9+0.3
Se 3dsp 32 54.34+0.05 2.4240.05 54.29£0.05 2.44£0.05
Se 3p3)p 160.360.06 3.2840.08 160.44+0.06 3.37+0.08
Se 3p12 165.98%0.08 5.32+0.08 166.06x£0.08 5.25%0.08
Nb 3ds) 203.84+0.06 1.9£0.1 203.82+0.06 2.0£0.1
Nb 3ds) 206.5910.08 2.5£0.1 206.6210.08 2.620.1
Se 3sy,2 229.0£0.2 5.0£0.2 229.1£0.2 4.8£0.2
Nb 3p3/ 362.23+0.08 3.840.1 362.28+0.08 3.740.1
Nb 3py) 377.740.1 6.4+0.3 377.840.1 6.140.3
Nb 351/ 468.10.2 7.140.3 468.3+0.2 7.540.3

Fig. 2 displays results of the XPS studies of valence-band structures of the both
NbSe, modifications. The curves shown in Fig. 2 include also photoemission from the
Nb 4p-like and Se 4s- like electrons. The spectra were normalized to one and the same
peak intensity of the XPS Nb 3ds/; 3/» spin-doublets. Results of the above normaliza-
tion indicate that integrated intensity of the XPS valence-band spectra remains con-
stant (within the experimental errors) for the both 2H-NbSe, and 4H(b)-NbSe, modi-
fications. When going from 2H-NbSe, to 4H(b)-NbSe, the XPS Nb 4p3/5 1> core-level
BESs as well as half-widths of the spectra remain constant (see Table 3).

Broad structures representing the valence band and the Se 4s-like subband have
their maxima at BEs of about 3.7-3.9 eV and 13.6 eV, respectively. The mentioned
broad structures do not allow to detect any tendency to shifts of the Se 4s-like sub-
band maximum when going from 2H-NbSe; to 4H(b)-NbSe,. Nevertheless, as one can
see from Fig. 2, maximum of the XPS valence-band spectrum of the 4H(b)-NbSe,

Nb 4p1/2312 Ey|

Intensity (arb. units)

40 30 20 10 0
Binding energy (eV)

Fig. 2. XPS valence-band spectra (including photoemission from the Se 4s-like and Nb 4p-like
electrons) of (@) 2H-NbSe: and (b) 4H(b)-NbSe>
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compound shifted somewhat toward the higher BEs in comparison with its position in
the initial 2H-NbSe; diselenide. The half-width of the XPS valence-band spectrum

increases by 0.4 eV going from 2H-NbSe, to 4H(b)-NbSe,. Fig. 2 shows that, in the
mentioned sequence of compounds the density of states (DOS) at the Fermi level,
N(Ep, slightly decreased. This fact may explain decreasing 7, in the sequence
2H-NbSe, 4H(b)-NbSe,: from T, = 7.0 K for 2H-NbSe, to T, = 3.5 K for 4H(b)-
-NbSe; [8]. Our results for the above niobium diselenides appear to be consistent with
the Mattheiss’ results [22] obtained (using the nonrelativistic augmented-plane-wave
method) for two polymorphous modifications of tantalum disulphide. When studying
the electronic structure of two polymorphous forms of tantalum disulphide, 1T-TaS,
(octahedral coordination of tantalum atoms) and 2H-TaS; (trigonal-prismatic coordi-
nation of tantalum atoms), Mattheiss [22] showed that DOS at the Fermi level considerably
decreased going from 2H-TaS; to 1T-TaS,. Nevertheless, shapes of the XPS valence-band
spectra of the two NbSe, modifications studied in the present work are very much alike.
This can be explained by the fact that the nearest NbSe distances in the both
2H-NbSe, and 4H(b)-NbSe2 modifications are almost equal (see Table 2). Detailed discus-
sion of changes of the XPS valence-band spectra as well as X-ray emission spectra during
the irreversible polymorphous transition 2H-NbSe, — 4H(b)-NbSe, will be reported
elsewhere.
Conclusion

Data of the present XPS studies indicate that, in the both diselenides studied, 2H-
NbSe, and 4H(b)-NbSe,, a charge transfer occurs from the Nb to Se atoms. The XPS

core-level BEs of both niobium and selenium atoms remain constant (within the ex-
perimental errors) for the above NbSe; polymorphous modifications investigated. In

the sequence 2H-NbSe, — 4H(b)-NbSe, a small increase of the XPS valence-band

half-width is observed. It is shown that, in the mentioned sequence of compounds, the
density of states at the Fermi level slightly decreased.
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