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The cubic NissC carbide has been fabricated by mechanical alloying of elemental Ni powder and the
multiwalled carbon nanotubes in a high energy planetary ball mill. Crystal structure of carbide obtained belongs
to the defective structure of ZnS sphalerite type according to x-ray diffraction data. Parameters of the electronic
structure of Nis3C were calculated by linearized muffin-tin orbitals method within the plane-wave approximation
using as an input the defined parameters of crystal structure. Magnetic properties, such as temperature and field
dependences of the magnetic susceptibility of Nisz3C have been studied. Based on experimental data obtained by
studying the crystal structure and magnetic properties of NizsC, as well as on the basis of calculations of
electronic structure parameters, a preferred displacement of the carbon atoms in tetrahedral voids of Ni crystal

lattice has revealed.
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Introduction

Mechanical alloying has recently been gaining
increasing application due to the possibility of obtaining
novel nanoscale materials with an interesting set of
functional properties. Previously we have successfully
synthesized such well-known d-metal carbides as TiC,
ZrC, HfC, VC, NbC, TaC, Mo.C, W,C, WC, FesC and
CosC using multi-walled carbon nanotubes (CNTSs) as a
carbon component of the charge [1-5]. It was also shown
that the crystal structures of the carbides obtained have
certain features in the atoms arrangement [5]. At the
same time the mechanically alloyed Ni-CNT (3:1)
powder obtained significantly differs from the synthesis
products obtained by other authors. We reported on
fabrication of a novel cubic fcc carbide NisC (NiCo.33)
with a defective sphalerite ZnS type structure as a result
of Ni-CNTs (3:1) charge processing [6], while
V.K. Portnoi et al. [7] have synthesized the well-known
metastable hexagonal hpc NisC carbide by mechanical
alloying of Ni-graphite charge (3:1). Previously, J. Yang
et al. [8] have predicted the existence of cubic carbide

59

NisC under certain conditions by the first-principles
calculations based on density functional theory.
However, our experimental data on the tetrahedral
displacement of carbon atoms in the synthesized fcc NisC
carbide [6] contradicts the theoretical model of cubic
NisC carbide [8], in which carbon atoms demonstrate the
octahedral displacement. However, it should be noted
that both studies [6, 8] deal with the formation of a
supersaturated solid solution on the base of fcc nickel
lattice.

Of particular interest is the magnetic state of nickel
atoms in the mechanically alloyed NisC carbide [9, 10].
L. Yue et al. [11] have shown that mechanically alloyed
NisC is ferromagnetic, although the hysteresis loop is not
saturated. NiszC is predicted to be nonmagnetic in the
ordered phase. Linearized muffin-tin orbitals (LMTO)
calculations indicate that even small amounts of disorder
bring the system close to satisfying the Stoner criterion
[12, 13] via the formation of small, locally Ni-rich
regions.

Hence, the aim of this research was to study the
parameters of crystal and electronic structure and
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magnetic properties of the mechanically alloyed Nis3C
carbide taking into account the indicated discrepancy in
the inner circle of carbon atoms at the formation of cubic
NiCx carbide of variable composition.

I. Experimental procedure

1.1. Materials studied

Multiwalled carbon nanotubes used in this study
were synthesized by the catalytic chemical vapor
deposition method (CVD) at TM Spetzmash Ltd (Kyiv,
Ukraine). The physical properties of the CNTs are as
follows: the average diameter is (10-20) nm, the
specific surface area (determined by argon desorption
method) is (200 - 400) m?/g and their bulk density varies
from 20 to 40 g/dm?,

Elemental Ni powder (99.9 wt.% purity, particle
sizes of ~ 80 um) and multiwall CNTs in the amount of
3:1 were mixed to give the desired average composition
and sealed in a vial under an argon atmosphere. High
energy planetary ball mill used for mechanical alloying is
a custom made model developed at the Metal Physics
and Ceramics Laboratory of Taras Shevchenko National
university of Kyiv. Hardened stainless steel balls (15
units of 15 mm diameter) and a vial (7O mm height,
50 mm diameter) with a ball-to-powder weight ratio of
40:1 were used. The vial temperature was held at below
375 K during the experiments by air cooling. The milling
process was cyclic with 5 min of treatment and 25 min of
cooling time. The rotation speed was equal to 1480 rpm;
the acceleration was about 50 g: the pressure for a
substance particle reached 5 GPa. More details on the
method of obtaining test samples could be found in Ref.

[6].

1.2. Experimental methods.

Mechanically alloyed test samples were certified by
the x-ray phase analysis and structural analysis (with a
complete refinement of the crystal structure and
composition of the NiCx carbide formed). The detailed
description of XRD methods used in this study are
clearly presented at www.x-ray.univ.kiev.ua.

Magnetometric studies were carried out in the
temperature range 300 - 900 K in the field of 550 kA/m
under purified argon medium using the Faraday-type
magnetometer with microbalance. The accuracy of the
susceptibility measurements x(T) was better than 1.5 %
and the temperature AT<0.5K. Field-dependent
measurements of magnetization were carried out using a
vibrating sample magnetometer (vibration frequency
70 Hz) at room temperature.

Parameters of electronic structure such as density of

the electronic states (DOS) and energy at the Fermi level
(EF) were calculated using the MStudio MindLab 7.0
software package in the linearized muffin-tin orbitals
within the plane-wave approximation (LMTO PLW)
using the results of crystal structure determination of
Nisz 3C synthesized cubic carbide as an input.

Il. Experimental results

2.1. X-ray diffraction study.

XRD study has revealed that mechanical alloying of
Ni-CNT (3:1) charge leads to a formation of the nickel-
based solid solution (NiCx phase of variable
composition), the lattice parameter of which gradually
increases with the processing time increasing [6].
Structural calculations were performed to define the
arrangement of carbon atoms in the crystal structure of
the carbide formed. Two models were applied within the
Fm3m space group (No. 225), namely, when Ni atoms
are placed in position 4 (a) 0 0 0, and C atoms are placed
either in the position 4 (b) 2 %2 Yo orin 8 (C) Y4 V4 Y. As a
result, it was shown that the carbon atoms in the structure
of formed carbide partially occupy positions 8(c) Y V4 Y4
(tetrahedral voids of fcc nickel lattice) only, and do not
occupy the positions 4(b) Y2 % Y4 (octahedral voids) at the
initial stage of the milling (up to 300 min). However,
according to XRD data, partial filling of the octahedral
voids becomes possible when a certain part of tetrahedral
voids is filled with carbon atoms.

The nature of the filling with carbon atoms of the
tetrahedral and one of the octahedral voids demonstrates
Fig. 1. Crystallographic data of the mechanical alloying
products, for which the magnetic properties were studied,
are listed in Table 1.

Fig. 1. Displacement of carbon atoms in the nickel
crystal lattice (dark circles) and their coordination
polyhedra: C atoms are marked as light green circles
placed in tetrahedral voids. C atom is marked as
swamp circle placed in the octahedral void. C atoms
of larger radius are placed in the basic positions of %
YaYarta Vs s V.

Table 1

Crystallographic parameters of Ni powder and Ni—-CNT (3:1) blend processed in a high energy ball mill

. Carbon content, at. % Coherent

Synthesis Lattice scattering

Sample roduct parameter a Total Tetra- Octa- block size

P (nm) content / x voids voids. (nm)

1-Ni (350 min) Ni 0.3521(1) - - - 54
2-Ni-CNT (210 min) NisC 0.3546(1) 20.1/0.25 20.1 - 12
3-Ni-CNT (350 min) Ni33C 0.3549(1) 23.4/0.31 22.6 0.8 11
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Fig. 2. %(T) and 1/y(T) dependences of Ni powder
and synthesis products obtained at different milling
time: 1 — Ni (350 min); 2 — Ni-CNT (210 min);
3 —Ni-CNT (350 min).

2.2. Magnetometric study

Experimental temperature dependencies of magnetic
susceptibility y(7) were found to be similar in general for
all samples studied (Fig. 2). These magnetic polytherms
demonstrate a two-stage behavior corresponding to
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different magnetic states. Herein, the initial stage of x(T)
dependencies (up to 650 - 750 K) is characterized by a
continuous and monotonic decrease and its meaning at
room temperature s iS close to yso0 Of the initial nickel
powder milled (~ 6.0-10° cm®/g). At the same time, y(T)
character both for the milled nickel and for milled Ni-
CNT powders completely differs from that of bulk Ni in
the ferromagnetic state, which is characterized by an
abrupt decrease of yx in the vicinity of the Curie
temperature (Tc = 631 K) in this temperature range.

Test samples 1 and 3 selected after 350 min of
mechanical alloying (Table 1) were also studied using a
vibrating magnetometer. As a result, it has revealed that
the nickel powder (sample 1) and milled Ni-CNT charge
(sample 3) demonstrate similar dependencies of
magnetization on the external magnetic field, that is,
M-H hysteresis loops (Fig. 3). Magnetic characteristics
of the samples obtained from these curves are listed in
Table 2.

At the second stage of the process (at temperatures
above 650 K) the magnetic susceptibility polytherms
¥ (T) of 1-3 samples are well described by the Curie-
Weiss law. A linear fitting of 1/y(T) dependencies,
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Fig. 3. M—H dependences of Ni powder and sample 3-Ni-CNT milled for 350 min.

Table 2
Magnetic characteristics of samples studied
. Saturation . .
Coercive ReSIdua_\I magnetization Magr_1et|2|ng Magnetic Curie Para-_
magneti- field tempera- | magnetic
Sample force H ion M Ms, moment,
(KA/M) zatlogk | Amlkg | Ms (s, strekrjglth Hs i (1s) tureK Tc | moment
(A'm/ g) (emu/g) ( m) ( ) LN (MB)
NisC hpc 300 K 5.7 - 08 | 0.007 - 0.008 - -
[11]
Ni-bulk. 300 K 15 3.0 57.6 | 0564 | 76.0- 0606 | 631 -
[9, 13]
Ni-nanopowder.
260 K. 45 nm 9.2 9.67 44.3 0.433 — 0.466 616 —
[10]
1-Ni (350 min) 2.2 3.0 37.6 0.368 76.5 0.395 630 1.73
2-Ni-CNT (210
min) (NigoC) - - - - - - 687 291
SNI-CNT (350 | 5, 6.6 231 | 0.226 76.9 0.243 745 3.18
min) (Niz3C)
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providing in this temperature range (Fig. 2), allows us to
determine the paramagnetic Curie temperature Tc and the
values of the paramagnetic moments per nickel atom pi
for each sample studied (Table 2). More details about
these studies are presented in our work [14].

2.3. Calculation of the parameters of electronic
structure

In order to obtain a more complete and thorough
understanding of all the differences that carbon atoms
introduce into the electronic structure of nickel in
dependence on their localization (either in the tetrahedral
or octahedral voids of Ni crystal lattice), we have
performed calculations of the electronic band structure of
fcc nickel. Several models of displacement of a carbon

atom either in the position % % Y (model NisC (tetra.))
or in % % % position (model NisC (octa.)) of Ni lattice
have considered (Table 3). Herein, it is NisC model
content that is the closest to the content of NizsC carbide
synthesized (~ 23 at.% C, sample 3 (350 min)), which
crystal structure and magnetic properties were studied
experimentally (Tables 1,2). Calculations of the
electronic structure were carried out using LMTO
method taking into account the spin unrestricted option
(spin-polarized density functional theory) for unpaired
electrons.

The calculated density of electronic states (DOS,
N(E)) for pure fcc Ni (a = 6.654 a.u.) is presented at Fig.
4. The curve obtained completely coincides with
reference data [13] and shows that the top of the Ni

Table 3
Parameters of electronic structure calculated for Ni and cubic Ni4sC carbides
Model Ni atom C atom C Fermi Saturation Magnetic
displacement | displacement | content. | energy magnetization Ms moment.
(at. %) | Er(eV) (us) uni (ps)
. 0.06 (Ni2-Ni4) 2.45(Ni2-Ni4)
1 1 1 —
Ni,Cocta 8] | \i1000 hNh 20 0.64 (Nil) 2.48 (Ni1)
fcc Ni Ni2 %% 0 - 0 10.1961 0.560 0.691
Ni4C (tetra.) Ni3 %40 % Va Y Ya 20 29.0917 0.0062 2.86
. Ni4 0 %% Y5 o 0.021 (Ni2-Ni4) 2.10 (Ni2-Ni4)
NisC (octa.) Yo Yo Yo 20 17.8398 0.006 (Ni1) 1.36 (Ni1)
e —— Ni —Ni,C (tetra.)
] —Ni1-Ni43d {E, Je==shil=iEog
g £
= g
* ]
% £
7 2
2 b
B T S I T S
B = B j E -10 -8 -6 -4 -2 0 2 4
Energy E-E, eV Energy E-E_, eV
—NiJC (octa.) S
_ Ni2-Ni43d . a5 g;sjp g
2] Nil3d : ¥ > s2p octa.
£ C 2s2p é e 0,2
1= ' 3 :
—)EN E 051 T i
P S 00—t
-0,14 i
2 g ;
-0,2 §
. . : . ; - ) -0,3 T T T T : - )
-10 -8 -6 -4 2 0 2 4 -10 -8 -6 -4 -2 0 2 4

Energy E-E, eV

Energy E-E, eV

Fig. 4. Calculated DOS spectra of Ni, Ni4sC (tetra.) and NisC (octa.) calculated for the cubic carbide Ni33C
synthesized.
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valence band is mainly formed by its 3d state (blue
lines). At the same time, 3p and 3s states of Ni are
located at the bottom of the valence band and make
almost no contribution to the total DOS (black lines)
(Fig. 4).

DOS spectra were calculated for two cubic NisC
(tetra.) and NisC (octa.) models, applying the same
arrangement of the nickel atoms within a primitive Ni
lattice (a = 6.705 a.u.), which imitates its fcc lattice and
different location of C atoms (Table 3, Fig. 4). It should
be noted that in the case of the NisC (tetra.) model the
carbon atom (position % ¥4 '4) equally interacts with each
of four basic nickel (Nil, Ni2, Ni3 and Ni4) atoms,
which are located on equal interatomic distances at the
vertices of its tetrahedron. In this case, the interatomic
distances of CNis polyhedron are equal to 0.1537 nm
(Table 3). Whereas, in the case of the Ni4sC (octa.) model,
the CNig octahedron includes only Ni2, Ni3, and Ni4
atoms (interatomic distances of 0.1775 nm) by pairs,
while interatomic distances between four Nil and C
atoms are much longer (0.3074 nm). Due to this fact, in
the case of the NisC (octa.) model, 3d band of Ni consists
of two subbands with the contributions of 3d electrons of
Ni2-Ni4 atoms (dark blue line in Fig. 4) and 3d electrons
of the Nil atom (light blue line), in contrast to the single
3d band of Ni atoms in the Ni4C (tetra.) model (dark blue
line).

If, as shown above, the top of the valence band of the
carbide NisC model is mainly formed by 3d electrons of
nickel atoms, then its bottom one is formed by a complex
of 2s and 2p states of C as well as 4p and 4s states of Ni
(Fig. 4). Moreover, in the NisC (tetra.) model, strong sp?
hybridization of carbon states and pd® hybridization of
nickel states leads to the formation of a separate energy
level, while these states form only the bottom of the
valence band (Fig. 4) in the Ni,C (octa.) model.

Fig. 5 presents the spin polarization spectra p(E) for
pure Ni, NisC (tetra.) and Ni,C (octa.) models calculated
as p = (NT-NJ)/(NT+NJ).

While magnetic features of pure Ni correlate with the
Stoner criterion of the ferromagnetic order [12],
theoretical calculations show that NisC carbide should be
either nonmagnetic (NisC (tetra.)) or weakly magnetic
(Ni4C (octa.)) material. This phenomenon is additionally
approved by the calculated saturation magnetization
values Mg listed in Table 3.

Thus, the observed ferromagnetic behavior of the
mechanically alloyed 3-Ni-CNT sample 3 (Fig. 3) does
not correlate with theoretical predictions on the
magnetism of Nis3C carbide. However, a possible
explanation for the ferromagnetism of this sample (Fig.
3, Table 2) consists in a presence of magnetic clusters of
pure Ni in 350 min milled Ni-CNT charge. Besides, D.S.
[I’yushchenkov et al. [16] have shown that Ni particles
with a size of about 2.5 nm embedded in non-magnetic
matrices can already exhibit ferromagnetic properties
with partial magnetic moment uni=0,6 ps. Moreover,
such particles will not be detected by XRD method due
to their small size.

However, there are arguments in favor of the fact
that carbon embedded in the nickel lattice through
mechanical alloying should change the magnetic
properties of the carbide synthesized significantly. First,
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Fig. 5. Spin polarization spectra calculated for
fcc Ni and two models of the cubic carbide NisC.

the parameters of M-H dependences (Fig. 3) are lower
than those for pure Ni nanopowder (Table 2). Second,
analysis of y(T) dependence (Fig. 2) gives us a reason to
apply the superparamagnetism formalism to explain the
magnetic moment pi value of NiC synthesized [12]. In
other words, the magnetic state of the 3-Ni-CNT sample
corresponds to that of a system of randomly oriented and
non-interacting single-domain magnetic nanoparticles.

Thus, the ferromagnetic properties of the
mechanically alloyed 3-Ni-CNT sample, which contains
only cubic Nis3C carbide (according to XRD data), are
completely caused by the presence of single-domain
magnetic nanoparticles of pure Ni.

Besides, it should be noted that just one electron with
uncompensated spin moment s= 1/2 makes a contribution
to a total magnetic moment of mechanically alloyed fcc
Ni, uni= 1.73us (Table 2). Since C atoms embed into Ni
crystal lattice and fill mainly its tetrahedral voids at the
formation of NisoC and Nis3C carbides, they also destroy
certain amount of Ni—Ni bonds and increase the number
of electrons with uncompensated spins, increasing the
total magnetic moment up to pni = 3.0us (Table 2). An
increase in the number of valence electrons in the NioC
carbide is also evidenced by a significant shift of the
Fermi level, which occurs regardless of possible
localization of C atoms in the initial nickel lattice
(Table 3).

J. Yang et al. [8] and C.M. Fang et al [16] have
speculated on the formation of cubic carbide on the basis
of fcc or hpc Ni crystal lattices. Magnetic characteristics
of the predicted carbide were estimated also. In addition,
J. Yang et al. [8] placed C atoms in Y5 %5 Y position, that
is, assuming its location in the center of octahedral void
when considering the DOS of cubic carbide NisC. The
arrangement of carbon atoms in the center of the
tetrahedral void has not been considered yet.

A significant advantage of our research consists in
the determination of the parameters of electronic
structure of fcc NiC taking into consideration the results
of XRD studies of the crystal structure of Nis3C cubic
carbide synthesized, which convincingly indicate that the
carbon atoms are located in the tetrahedral voids of the
basic nickel lattice [6]. It is also known that such spatial



0. Nakonechna, K. Ivanenko, A. Kuryliuk, N. Belyavina

orientation can be provided by sp® hybridization of C
orbitals, which leads to the formation of four identical
hybrid orbitals directed towards the vertices of the
tetrahedron. In our opinion, it is the tetrahedral
coordination of the carbon atom, that is more natural than
the octahedral one, the implementation of which requires
the transfer of carbon atoms to an excitation state to
ensure sp%d? hybridization. Moreover, hybridized sp®
orbitals easily overlap with 3d orbitals of Ni atoms,
which leads to formation of new energy states in NisC
(tetra.) model considered (Fig. 4).

Conclusions

This paper presents the results of an experimental
study of crystal structure and magnetic properties of
cubic Nis3C carbide obtained by mechanical alloying of
Ni-CNT charge (3:1) in a high-energy planetary ball mill.
Parameters of the crystal structure (defect ZnS sphalerite
type) of carbide fabricated were used for its electronic
structure calculation.

Inconsistencies in observed and predicted magnetic
characteristics of carbide obtained is explained by the
existence of single-domain magnetic nanoparticles in the

samples. The nonmagnetic state could be provided when
Ni crystal lattice is completely saturated with the carbon
atoms. This scenario is realized with a prolongation of
mechanical alloying of the charge.

A preferred display of the carbon atoms in
tetrahedral voids of Ni crystal lattice has revealed based
on experimental data on the crystal structure and
magnetic properties of cubic NiCy carbide of variable
composition synthesized, as well as the parameters of its
electronic structure.
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Kpucrajgiyna, eJJeKTPOHHA CTPYKTYPA Ta MATHITHI BJAaCTHBOCTI Ky0i4YHOI O
kap06ixy Nis3C

Y Disuunuii paxynomem, Kuiscoxuii nayionanonuti ynicepcumem imeni Tapaca Illesuenxa, Kuis, Yxpaina, lesnak4@gmail.com
2[ucmumym ximii ucoxomonexynsapnux cnonyk HAH Vipainu, Kuis, Ykpaina, spite02@gmail.ru

B po6oTi BuKIIazeHi pe3ynbTaTH JOCITIIPKEHHS IPOAYKTY CHHTE3Y, SIKHH OyJI0 OTpHMaHO MEXaHOXIMIYHOIO
00pOOKOI0 Y BUCOKOCHEPIeTHYHOMY IUIAHETAPHOMY MIIMHI HIMXTH MOpOmKy Ni Ta 6araToCTiHHHX BYTJICLIEBHX
HaHoTpy6ok (BHT) y cmiBignomenni 3:1 (Ni:BHT). IToka3aHo, 110 3a JaHUMH DPEHTTEHIBCHKOTO aHaNi3y
BKa3aHHH NPOAYKT CHHTE3y € KyOianum kap6izom Nis3C, kpucTamidHa CTpyKTypa KOr0 HAJIEKHUTD 10 AeheKTHOI
CTpyKTYpu Tumy ZNnS cdanepur. JoCmiKeHO TeMIepaTypHy Ta IIOJNbOBY 3aJIe)KHOCTI MAarHiTHOI
CNIPUIHATINBOCTI LBOTO IPOAYKTY CHHTE3y. BHKOPHCTOBYIOUM pe3yJbTaTH BH3HAUCHHS KPHUCTaJiYHOI
CTPYKTYpPH, METOJIOM JiHEapu30BaHNX MaQiH-TiH opOiTanell y HaONMMKeHHI INIOCKUX XBWIb OYyJIH po3paxoBaHi
CIIEKTPH EJISKTPOHHOI TYCTHHH Ta iHIII IapaMeTpH eJIEKTPOHHOI CTPYKTYPH CHHTE30BaHOTO KyOi4HOTo KapOixy
Nis3C. Ha OCHOBI ekcriepuMEHTaNbHHX [aHHX, OTPUMAHHX IIPU IOCII/PKCHHI KPHCTANiuHOI CTPYKTYypU Ta
MarHiTHHX XapaKTepUCTHK OAEP)KaHOTO MaTepialy, a TaKOo)K Ha OCHOBI PO3paxyHKIB HMapaMeTpiB €IEeKTPOHHOL
CTPYKTYpH TI0Ka3aHo, 110 B KyOidHOMY KapOizi 3minaoro ckiaxy NiCX, kUil yTBOPIOETHCS IIPH MEXaHOXIMIUHIM
06po06ui muxti Ni-BHT, po3rauryBaHHs aTOMiB BYTJICIFO B TETPACAPUYHHX TIOPAX € MPIOPUTETHHUM.

Ki1rouoBi ciioBa: MexaHiqHe JIeTyBaHHS; HAHOPO3MIpHUI MaTepiai; peHTreHiBCchbKa AU PaKLis; KpUCTaTiYHa
CTPYKTYpa; CJICKTPOHHA CTPYKTYpa; CyleplapaMarHeTH3M.
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