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Theoretical study of the Ni—C system in the pressure range of 0-100 GPa

This work is devoted to the search for stable compounds and structures in the Ni—C system in the pressure
range of 0—100 GPa. Based on the density functional theory, a search for stable compounds and structures in
the Ni—C system was carried out using modern algorithms for predicting crystal structures. As a result, one
stable intermediate compound Ni;C with the structure of cementite, previously synthesized at 184 GPa, was
revealed. NizC nickel carbide is dynamically stable, which is confirmed by the absence of imaginary modes
in the phonon spectra. According to the results obtained, Ni;C is formed by the reaction of 3Ni + C < Ni;C
above 23 GPa and is stable up to at least 100 GPa. Spin-polarized calculations showed that the Ni;C has no
magnetic moment in the entire pressure range. For carbon-rich compounds, performed calculations on the
crystal structure prediction did not reveal any phase that would be energetically favorable relative to a
mixture of pure nickel and carbon. Also, it was shown that the most energetically favorable modification of
metastable carbide Ni,Cs is orthorhombic Ni,C;-Pbca.

Keywords: density functional theory, crystal structure prediction, USPEX, AIRSS, high pressure, phase sta-
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Introduction

The Ni—C system at high pressure is of interest both from the point of view of Earth sciences and mate-
rials science. Nickel carbides are of active interest as catalysts in the chemical deposition of a gas mixture
(CVD) to produce high-quality graphene [1]. In addition, nanoparticles of metal carbides, particularly nickel,
in the carbon matrix make up nanocomposite thin films, which have a wide profile of application in metal-
lurgy [2]. On the other hand, nickel is the second most common element in the Earth's core after iron [3].
According to cosmochemical data, the core contains 5 wt.% Ni [4]. However, seismic observations show that
the core density is significantly lower than that of pure Fe and Fe—Ni alloy under P-T core conditions [5],
which suggests the presence of a light element in the core. The question “what exactly are these elements,
and what is their number?” remains the subject of active discussions today. Recent estimates of the composi-
tion of the inner core indicate a carbon content of up to 2.0 wt.% [4], which makes it a potential candidate for
the role of a light element in the Earth's core. Therefore, to study the composition and structure of the Earth's
core, it is important to investigate the Fe—Ni—C system at high pressures. To study the ternary Fe-Ni-C sys-
tem, first, the binary Fe-C and Ni—C systems should be investigated. In the last decade, the Fe—C system has
been actively studied at high pressure both theoretically and experimentally [6-9]. To date, there is only one
experimental work [10] on the Ni—C system at high pressure and there is no theoretical study on this system.
Thus, it is considerable to carry out theoretical study on the Ni—C system.

There are no stable binary Ni-C compounds at atmospheric pressure. In a recent work [10], it was
shown that at high pressure (~184 GPa), a stable compound of Ni;C with the structure of cementite (Fe;C) is
formed. To date, this is the only known stable compound in the Ni—C system.

This work is devoted to the search for stable compounds and structures in the Ni-C system in the pres-
sure range of 0—100 GPa.

Experimental

Calculations implemented by authors on licensed USPEX and AIRSS software allow calculating the
electronic structure of periodic systems with the use of the density functional theory.

The search for stable crystal structures in the Ni—C system was carried out using evolutionary algo-
rithms and the random sampling method implemented in the USPEX and AIRSS software packages at pres-
sures of 0, 25, 50, and 100 GPa. The search was conducted using the variable composition method and the
USPEX code, while the structures were generated by the AIRSS code for fixed compositions, namely the
carbon-enriched part of the Ni—C system.
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The number of structures of the initial generation in the calculations by the USPEX method was equal
to 50. After their optimization, 60% of the structures with the lowest enthalpy were selected, which were
used to generate a new generation in the following percentage ratio: by heredity — 35%, by atomic mutations
— 20%, by permutation of lattice parameters — 10% and 35% of all structures of the new generation were
generated randomly. In the case of calculations of AIRSS methods, 2000-3200 structures were randomly
generated and optimized, from which the most energetically favorable structures were selected. In all calcu-
lations, optimization was performed within the framework of density functional theory (DFT), using the con-
jugate gradient algorithm. The optimization parameters were as follows: the cutting energy of the plane wave
basis was 450 eV, the Monkhorst-Pack k-point grid [11] with a point density equal to 0.5 A-1, the electronic
blur was according to the Methfessel-Paxton scheme [12], the parameter 6 = 0.05 eV. Calculations of the
ground state energies of the most promising of the predicted structures were conducted within the framework
of the density functional theory (DFT) by the pseudo potentials method, in the VASP 5.3 software package
[13, 14] with higher accuracy: the cut-off energy is 600 eV, the density of k—points is 0.2 A", the parameter
o = 0.1 eV. The exchange-correlation interaction was taken into account in the approximation of
the generalized gradient according to the Purdue-Burke-Ernzerhof (PBE) scheme [15].

To calculate the phonon spectra, the lattice dynamics method was used in the framework of the quasi-
harmonic approximation in the PHONOPY software package [16].

Results and Discussion

Using modern methods of structure prediction, the only energetically advantageous compound Ni;C
was found, as well as a number of metastable structures NiC, NiC,, and NiC; (Fig. 1). Ni;C stabilizes in the
cementite structure (Pnma) above 23 GPa relative to the reaction 3Ni + C < Ni;C (Figure 2a). The most fa-
vorable among the predicted structures of the remaining compounds turned out to be energetical-
ly unfavorable relative to a mixture of pure nickel and carbon in the entire studied pressure range (0—100
GPa), with AH reaching values of 0.4 eV/f.u. for NiC, NiC,, and NiC; (Figure 1). In the Fe—C system, in ad-
dition to Fe;C, Fe;C; is also thermodynamically stable. Fe,C; iron carbide has two stable modifications:
Fe,C;—Pbca and Fe,C;—P63mc. Similarly, Ni;Cs nickel carbide was also considered in the form of two modi-
fications. The structural models Ni;Cs—Pbca and Ni,C;—P63mc were constructed by replacing all iron atoms
with nickel atoms in the structures Fe;Cs—Pbca and Fe,C;—P63mc [17]. The calculation of the ground state
energy of the obtained structures showed that Ni;C;—Pbca is an energetically more favorable structure than
Ni;C3—P63mc by ~0.42 eV/f. u., however, it is energetically less favorable relative to the mechanical mixture
of 7/3Ni;C + 2/3C in the entire pressure range considered (Fig. 2b).
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Figure 1. Thermodynamic convex hulls at various pressures and temperatures of 0 K
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Figure 2. The dependence of the enthalpy on the pressure of Ni;C—Prma with respect
to the decomposition reaction to the association of 3Ni + C (a) and the dependence of the enthalpy
on the pressure for modifications of Ni;C; with the application of possible decomposition reactions (b)

Spin-polarized calculations showed the absence of a magnetic moment in the entire studied pressure
range. According to the calculations of the phonon dispersion curves, Ni;C at 25 GPa is characterized by the
presence of only real modes, which indicates the dynamic stability of this phase (Fig. 3).
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Figure 3. Ni;C-Pnma phonon spectrum at 25 GPa

Also, for comparison with the experimental data [10], the equation of state in the range of 0—-200 GPa
was calculated. It can be seen from Figure 4 and Table 1 that our results are in good agreement with the ex-
periment.
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Figure 4. Pressure-volume dependence for Ni;C—Pnma
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Table 1
Calculated parameters V, and K, in comparison with experimental data [10]
Vo (A%) K, (TTIa)
Experiment 147,7(8) 157(10)
This work 149,88 168
Conclusions

Within the scope of this study, a search for stable structures in the Ni—C system was carried out. It was
shown that the Ni—C system in the pressure range of 0—100 GPa is characterized by one intermediate com-
pound NiC. This nickel carbide is stabilized relative to the mechanical mixture of Ni and C above 23 GPa.
The dynamic stability of Ni;C is confirmed by the absence of imaginary frequencies in the phonon spectrum.
Also, for comparison with experimental data, the Ni;C equation of state was calculated in the pressure range
of 0-200 GPa. The obtained result is in good agreement with the experiment.
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A.Y. A6yoBa, T.M. NUnepOaes, ®.Y. Abyona, I'.A. Kanraraii

0-100 I'lTa kpicbiM auana3oHbIHAAFBI Ni—C KyilleciH TeOPpUSIIBIK 3epTTey

Maxkamna 0-100 I'TTa xpiceiM auama3zonsiHga Ni—C sxyHeciHneri TypaKThl KOCBUIBICTap MEH KYPBUIBIMIAPIIBI
i3neyre apHanraH. THIFBI3IBIKTHIH (YHKIMOHAIIB! TCOPUACHIHBIH Herizinge Ni—C sxyieciHIe KpHUCTaIIbIK
KYpBUIBIMIApABI OOJDKAYABIH 3aMaHayd alrOpUTMAEpIH MaijanaHa OTBIPHIN, TYPAKThl KOCBUIBICTAp MEH
KypsutbiMaap i3pecripingi. Hormkecinge OyperH 184 I'Tla cuHTe3nenreH LEMEHTUT KYPBUIBIMBIMEH Oip
typaktsl Ni;C apanbik Oaiiiganbic Tabbu1abl. Ni;C HHKeNb KapOUAi TMHAMUAKAIBIK TYPAKThl, OYJ1 (DOHOHIBIK
CIIEKTpJIep/ie KUSUIIBIK MOJIACHIHBIH OOJIMaybIMeH pacTanaabl. AnblHFaH HoTikeepre caiikec, Ni;C 3Ni + C
> Ni;C 23 I'Tla-nan jxorapsl peakiust HOTHXKeciHae maiina Gomansl xaHe keMm nerenae 100 I'Tla-ra neiiin
TYpaKThl 00aa/bl. AffHanpIpy nosipusauusceiMer ecenteyiep NizC-ne KbICBIMHBIH OapIiblK Auana3oHbIH/a
MarHUTTIK MOMEHT JKOK eKeHiH KkepcerTi. Kemiprekke 6Gaif KOCBUIBICTap YIIIH KPHCTAIIBIK KYPBUIBIMIBI
Ooipkay OOHBIHINA ecenTeyiep Ta3a HHUKENb MEH KOMIPTeri KOCIAChIMEH CajbICTHIPFaHa YHEPreTHKAIBIK
JKarblHAaH KoJIaiel OomateiH Oipme-0ip daszanbl aHbpikTaraH koK. Conpaii-ak, Ni;C; MeracTaOmibIi
KapOMITIH eH YHePreTHKANIBIK THIMIII MOIU(UKAIHIACH opTopoMOnsuIBIK Ni;Cs-Pbca exenniri kepcerinres.

Kinm coe30ep: THIFBI3ABIKTHIH (pYHKLIHOHAIIBI TEOPHUSCHL, KPUCTAIIBI KYpbutbiMIbl 6omkay, USPEX, AIRSS,
JKOFapbl KbIChIM, (a3alIblK TYPaKTbUIbIK, POHOHIBIK CIIEKTpIIEp, HUKEIb KapOui.

A.Y. AbyoBa, T.M. NUnepOaes, ®.Y. Abyosa, I'.A. Kanraraii

Teoperuueckoe ucciaenosanue cucrembl Ni—C B nuanazone gasuaenunii 0-100 I'lla

CraThsl OCBSIIIEHA MTOUCKY CTaOMIBHBIX COSIUHEHUI n cTpyKTyp B cucteme Ni—C B Iuana3oHe maBiICHUIT
0-100 I'Tla. Ha ocHoBe Teopun (yHKIMOHAA MFIOTHOCTH OBUT MPOBEACH MOMCK CTAOMIIBHBIX COSIUHEHU
cTpykTyp B cucreMe Ni—C ¢ MCIOJIb30BaHHEM COBPEMEHHBIX JITOPUTMOB IPOrHO3HUPOBAHUS KPUCTAJLIMYE-
CKHX CTPYKTYp. B pesynbprate O6bU10 00Hapy)keHO OAHO cTabmibHOE mpoMexyTouHoe coeautneHne NizC co
CTPYKTYpOH LIEMEHTHTA, paHee cuHTe3upoBanHoe npu 184 I'Tla. KapOun nukens Ni;C aunamudecku cradbu-
JIeH, 4TO IOATBEPKAACTCS OTCYTCTBHEM BOOOpa)kaeMbIX MOJI B (DOHOHHBIX crekTpax. CorllacHO MOJIy4eHHBIM
naaubM, NizC obpasyercs B pesynbrare peakuuu 3Ni + C <> NizC Bemme 23 I'Tla n cTabuiien no MeHbIIei
mepe 10 100 ['Tla. PacdeTsl co cTUHOBOH molisipu3anueii mokasanu, 4to Ni;C He UMeeT MarHUTHOTO MOMEHTA
BO BCEM JIMaIa30HE JaBJIeHUH. {11 coeMHeHn i, 60TaThIX yriIepooM, IPOBEACHHBIE PacUeThl 110 MIPOTHO3H-
POBAHUIO KPUCTANIMIECKOH CTPYKTYPHI HE BBISBIIIM HU OXHOH (pa3bl, KoTopasi Oblia Ol SHEpreTHIecKu Oia-
TONPHATHOM 10 CPABHEHHUIO CO CMECHIO YHCTOTO HUKENS U yriaeposa. Taike ObUIO MOKa3aHO, YTO Hauboiee
JHEPreTHYECKH BBIFOAHOW Momudukanueln meractabunbHoro kapbuaa Ni;C; sBiseTcs opTOpoMOMYecKHit
Ni7C3-P bca.

Knioueswie cnosa: teopust GyHKIHNOHATA TIIOTHOCTH, MPEACKa3aHUE KpUCTAILINUECcKoi cTpykTyphl, USPEX,
AIRSS, Bricokoe naBiieHne, (pazoBas CTaOMIBHOCTE, (OHOHHBIC CIIEKTPHI, KapOHl HUKEIIS.
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