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The energy of the isolated iron nanocluster is calculated by molecular mechan-
ics method using Lennard-Jones potential depending on the position of impu-
rities, i.e., interstitial carbon atom and substitutional nickel atom. The cluster
included a carbon atom drifted to the surface from an inner octahedral inter-
stice along the (011) direction or through the tetrahedral interstice firstly in
the (1 1 1) direction and then in the (111) direction. One of the 14 iron atoms is
replaced with a nickel atom in the position, which is changed during simula-
tion. As determined, the positions of a nickel atom significantly affect the en-
ergy of the nanocluster. The calculation results in the case of f.c.c. nanoclus-
ter indicate that position of a carbon atom at the octahedral interstice is more
energy-favourable than its position at the tetrahedral interstice. On the other
hand, the potential barrier is smaller in the (1 11) direction than in the (011)
direction. This indicates that two ways for carbon atom drifting to the
nanocluster surface are available. The changing of the nickel-atom position
significantly influences on the height of the potential barriers of the octahe-
dral and tetrahedral interstitial sites that gives a possibility to manipulate a
carbon atom within the near-surface layer of nanocluster. Besides, a carbon
atom affects the nanocluster-growth direction, which is estimated by the join-
ing energy for the additional iron atom. The obtained results can be useful in
medicine, biology and technologies of nanoelectromechanical systems (NEMS)
where both nanoclusters and nanoparticles are used.
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MeTomo MOJIEKYJIAPHOI MexXaHiKy 3 BUKOPUCTAHHAM IIOTeHIiany Jlemumapm-
HkoHca po3paxoBaHO eHEPTiio i30,1b0BAHOTO HAHOKJIACTEPA 3aJ1i3a B 3aJIeMKHO-
cti Big monosxkenna aroma KapOoHy AK aToma BTiJIeHHs Ta aToMa Hikio Ik
aToMa 3aMinteHHsa. Brinenuit y HaHokJactep atrom KapOony apeiidysas o mo-
BepxHi i3 BHyTpinmrabOi OKTanopu abo 6esnocepenubo B Haupamiy (011), abo
yepes3 TeTpamopy crodaTKy B Hanpamky (111), a morim y manpamry (111).
Onuu 3 14 atomiB Pepymy OyB 3amitnennii aromom Hikiio, IoI0KeHHSA SKOTO
3MiHIOBAJIOCA i Yyac MOoJe 0BaHHA. Byjo Bu3Ha4YeHO, 110 MIOJIOKEHHSA aToMa
Hikaro icToTHO BIyiMBae Ha eHEPrilo HaHOKJacTepa. Pe3dyabTaTy PO3PaxXyHKIB
nokazanu, mo y sunagky I'llK-HaHOKJIacTepa mojokeHHA aTroMa Kap6oHy B
oxTanopi 6yso 6inbII eHEePreTHYHO BUTINHUM, HijK y TeTpamnopi. 3 inmoro 6o-
Ky, HOTEHIIAJLHNN 6ap’ep v Hanpamky (111) 6yB MeHIINA, HiXK Yy HAIPAMKY
(011). ITe BKasye Ha icHyBaHHA IBOX cmocobiB apeiidy aroma Kapb6oHy 10 110-
BepXHi HaHOKJacTepa. 3MiHa mojoKeHHA aTroma HikJio icToTHO BIimBaja Ha
BHUCOTY MOTEHIIiAMBHUX 0ap’e€piB OKTaePUUHUX i TeTpaeAPUUHUX Mi’KBYB3JiB,
110 YMOJKJIMBJIIOE MaHinyJroBaTu aroMoM Kap6oHYy B IpuIOBepXHEBOMY IIapi
HaHoKJacTepa. Kpim 1boro, arom KapboHy BIIMBaB Ha HATPAMOK 3POCTAHHSA
HaHOKJIACTepa, SKUI OI[iHIOBAaBCS 3a JOIOMOIOI0 eHeprii mpuegHaHHA JOIaT-
KoBoro atoma @epymy. JociimxkenHsa Moke O6yTU KOPUCHUM Y MeIUITMHI, 6io-
JIoTii Ta TEXHOJIOTiAX HAHOEJEeKTPOMEeXaHIUHUX CUCTEM, A€ BUKOPUCTOBYIOTh-
cd TaKi HaHOKJIacTepYU Ta HAHOYACTUHKU.

KarouoBi cioBa: HaHOKJIacTep 3ajliza, eHepris HaHOKJACTepa, TOMIITKOBi
aToOMU, METOJ, MOJIEKYJIIPHOI MeXaHiKu.

MeTomoM MOJIEKYJISPHOM MeXaHUKHU C KCIOJb30BaHMEM IoTeHIHanaa JleH-
Happa-ll»KoHCca paccunTaHa SHEPrusa M30JMPOBAHHOTO HAHOKJIACTEpA JKeJjie3a B
3aBUCUMOCTH OT IIOJIOKEHUsI BHEIPEHHOrO aToMa yrijiepoja M 3aMeIéHHOTO
aToMa HUKeJid. BHepEHHBIN B HAHOKJIACTEDP aTOM yTIJiepoja apeiidoBai K 10-
BEPXHOCTY U3 BHYTPEHHEH OKTAIlOPBI MJIU HEIOCPEJCTBEHHO B HAIIPABJIEHUU
(011), nyn uepes TeTpamopy CHAUAJIA B HAIIPABJICHUN <1 11), a saTem B Hampas-
geaun (111). Ogun u3 14 aToMoB Kejie3a ObLI 3aMeIéH aTOMOM HUKEJIS, I10-
JIOJKeHre KOTOPOT0 MEeHSJIOCh BO BpeMs MOJeJMPOBaHUA. BBLIO ompejesieHo,
YTO MOJIOYKEeHNE aToOMa HUKEeJISI CYIIeCTBeHHO BINAeT Ha SHEPIUi0 HAaHOKJIACTe-
pa. PesyabTaThl pacuéToB Imokasaiu, uro B cayuae 'I[K-HamoKacTepa moJjio-
JKeHre aToMa yrJjiepofa B OKTalope ObLI0 0ojiee BHLITOAHBLIM SHEPreTHUUecKH,
4yeM B TeTpanope. C Jpyroi CTOPOHBI, IOTEeHIINAJbHBIN Oapbep B HAIIPaBJIeHUN
<1 11) OBLT MeHbIIle, yeM B HampasjeHuu (011). 9To ykasnIBaeT Ha CyIeCTBO-
BaHUe ABYX CII0CcO0O0B Apeiiha aToMa yriepojga K IOBEPXHOCTH HAHOKJACTEPa.
MameHneHre MOJOMKEHUST aTOMa HUKEJS CYIeCTBEHHO BJIMSJIO HA BBICOTY IIO-
TeHIIMAJbHBIX 0aPHEPOB OKTA3APUUYECKUX U TETPAIAPUUECKUX MEIKIOY3JIUIL,
YTO II03BOJISIET MAHUIIYJIMPOBATH ATOMOM YIJIePOa B IPUIIOBEPXHOCTHOM CJIO€
HaHOKJacTepa. Kpome Toro, arom yriepoza B Ha HaIpaBJIeHNUE POCTa Ha-
HOKJIACTepa, UTO OIEHMBAJIOCh C IIOMOIIbI0O SHEPTUU IPUCOEIUHEHUS JOIO0JI-
HUTEJbHOTO aToMa sKejesa. VccienoBaHnme MOKeT OBITH MOJIEBHBIM B MeMIH-
IHe, OMOJIOrMH U TEXHOJOTMAX HAHOIJIEKTPOMEXaHNUECKUX CUCTEM, B KOTO-
PBIX UCTOJB3YIOTCS TaKKe HAHOKJIACTEPhl ¥ HAHOYACTHUIHI.

KaroueBslie ci1oBa: HAHOKJIACTED KeJie3a, S9HePrud HaHOKJIACTepa, IPUMECHBIe
aTOMBI, METOJ MOJIEKYJISIPHON MEeXaHUKH.
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1.INTRODUCTION

Usually, the nanostructured materials, nanoparticles, and nanoclus-
ters are formed from traditional metal alloys under the influence of
the extreme conditions: extrusion, multiple phase transitions, laser
surface treatment, metal particles deposition from the vapour phase,
etc., [1, 2]. Also, the nanoclusters can be formed due to concentration
changes in the local volume because of the presence of impurity atoms
[3, 4]. Such local changes bounded the thermal vibrations of atoms in
the surroundings where the nanoclusters formed during the non-
equilibrium and high-speed processes [5—8]. In addition, the metasta-
ble nanophases can be formed because of the high cooling rate, the high
degrees of deformation or both [9, 10].

The presence of impurities can affect both the melting processes and
the catalytic properties of nanoparticles [11, 12] as well as the phase
transitions [13] and peculiarities of atom interaction [14]. Either of it
affects the nanoclusters growth, their stability, and shape [15—20].

The study of the metastable nanostructures and nanoclusters can
help solve the problem of their stabilization, using the atoms of other
types and control the self-organization process of the nanosystems.

2. MODEL

For the study, we chose an f.c.c. Fe—Ni—C nanocluster containing
15 atoms. All the f.c.c. cluster atoms are located on the surface or
formed the surface, which simplified interpretation of calculation re-
sults. We assumed that such cluster is formed randomly at an initial
time and contains one carbon atom and a nickel atom substituting iron
atom. The system was considered as quasi-stable during the mean time
between consecutive jumps of a nickel atom along the surface. There-
fore, we took into account the statics only, when energy changes were
evaluated using the method of molecular mechanics (MM+). We re-
garded such nanocluster as the nanosize analogy of the microscopic
metastable y-phase of the Fe—Ni—C alloy that was able to form under
the influence of the non-equilibrium conditions and has been studied
well before [21-25]. We performed the evaluation of energy empirical-
ly using the solution of the Newton equations’ set:

m,(d’r,(t)/d¢*) = ~0U (x,)/or, + &, 1)

where F/* —the force that determines external interactions; r; and r,—
the coordinates of the interacting atoms; r;=r;,-r;;
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U(r)) =42, 2 [(0,,/7;)" = (0, /7,)°) (2)
i<j
where g, = (g,,€,)"/>*—the bond energy and o, = (6,,+6,)/2—the measure
of the atomic size. The g, and o, were calculated using Lorenz—
Berthelot mixing rule for atoms of k-th and I-th classes [26—31].

The choice of Lennard-Jones (LJ) potential was associating with the
fact that the size of nanocluster was less than a critical size (less than 1
nm) and the random forming of f.c.c.-similar structure did not mean
that it was crystalline in every sense of the word, because it was less
than three coordination spheres.

Thus, for simplicity of calculations for the nanocluster, we pre-
ferred the generalized Lennard-Jones potential to other potentials
(Buckingham potential or truncated LJ potential). The cluster sur-
roundings were regarded as isotropic.

We calculated the energy difference between the carbon-atom posi-
tion inside the octahedral or tetrahedral interstice in the nanocluster
and current position during its drift to the surface [32]:

Au =u(L) - u(0), 3)

where L is a length of the carbon-atom path, u=U(N)/N—specific po-
tential energy (in meV per atom), U(N)—the base cluster energy, N—
atoms’ quantity. The carbon-atom position in the central (internal) oc-
tahedral interstitial site (COIS) of a cluster was chosen as null (0) of the
path length (L), conforming to the central symmetry of the nanocluster.

At first, the molecular dynamic (MD) and Langevin dynamic (LD)
methods used for calculations also at 300 K. Deviations of the values
Au of specific energy changes in the vacuum did not exceed 1.5%
(Fig. 1, a). The specific energy changes of the nanocluster in the hy-
drated coat by MM+, MD, LD as well as the Monte Carlo (MS) methods
were calculated in addition (Fig. 1, b). Deviations between the values
Au of the difference in specific energy calculated by different methods
did not exceed 3% . The difference between the specific energy changes
in the case when the carbon atom was on the nanocluster surface in the
vacuum as well in the hydrated coat shell consisted of about 5% .

Therefore, all calculations were carried out in vacuum using the
MM+ method for such nanoscale taking into account the specific ener-
gies’ changes. We simulated the carbon-atom drift to the nanocluster
surface because of the influence of surface. Every possible position of
nickel atom, which might replace the iron atom, was examining as an
analogue of random diffused jumps of nickel atom. In such system, any
energy changes may be possible under changing positions of the impu-
rity atoms only. The 3.6 A distance between the atoms was selected,
which meet to the maximum of a potential barrier for more stability of
f.c.c. nanocluster [33].
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Fig. 1. The specific energy changes of the nanocluster in a vacuum (a) and in
the hydrated coat (b), where: MM+—the molecular mechanic, MD—molecular
dynamic, LD—Langevin dynamic, MC—Monte Carlo methods.

The cluster energy after the addition of an iron atom at a distance
equal to 3.6 A have compared in all configurations too:

us;=[Us(N+1) = U(N)]/N, (4)

where Au.,—cluster specific energy, when an iron atom joins the i-side
(meV/atom); i—X, Y or Z-axis, Uy (N + 1)—the growing cluster energy.

We also took into account the atom thermal vibrations energy (Ag,r)
that was about 40 meV at the room temperature and it has been com-
paring to the growing cluster energy.

3. RESULTS AND DISCUSSION

3.1. The Estimation of the Direction of the Carbon-Atom Drift to the
Surface

We defined two directions of a carbon-atom drift to the surface: the
(011) direction (dark grey arrow) and the way (111) plus (111) (light
grey arrows) for calculation (see a triangle on Fig. 2). The (111) plus
(111) way passed through the tetrahedral interstitial site (TIS). Both
directions were energy-favourable for the carbon atom because the
cluster energy was almost twice smaller when the carbon atom was on
the surface (L =1.8) compared to its position in the central octahedral
interstice (L = 0), due to the influence of the surface.

However, in the case when the carbon atom drifted towards the (011)
direction, the potential barrier Au (A) was higher than two potential
barriers Au, (4A,), Au, (Ay) in the (111) plus(111) way (Fig. 3).

We compared the similar energies of the nanocluster at changing of
nickel-atom position and determined its effect on the TIS potential
barriers height. The potential barrier was lowest for the carbon atom
that drifting using the (011) direction to the surface in the cases when
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Fig. 2. The scheme of carbon-atom drift to the surface: dark grey arrow—in
the (011) direction; light grey arrows—in the (1 1 1) plus(111) directions.
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Fig. 3. The specific energy change of an iron nanocluster during the carbon-
atom drift in the (011) and (111) plus(111) directions.

the nickel atom held one of the positions 1 or 4 (Table 1).

The TIS potential barriers’ correlation was more complicated. There
were three ratios between the potential barriers of the tetrahedral in-
terstice what a carbon atom may overcome to reach the surface:
a) A=Ay, b) A > A, and ¢) Ay < A,.

Both potential barriers with an accuracy of 5% have the equal
height when they corresponded to 11, 12 and 14 positions of nickel at-
om. In these cases, the heights of potential barriers on the way to the
surface through tetrahedral interstice were 13—18% less than in the
direction (011). The energy depth of tetrahedral interstices did not ex-
ceed 40 meV/atom or 11% between the maximum and the minimum.
Although it was unstable in comparison to the case when a carbon atom
occupied the octahedral interstice, the position was the most stable of
the three cases.

In the second case, the first barrier was higher than the second po-
tential barrier, which included the majority of positions of a nickel at-
om (1-9, 13) (Fig. 4, light grey arrows). The condition for a carbon at-
om drifting created to the surface because the nanocluster energy re-
duced. The energy advantage was from 14 to 20% in comparison to the
direction (111). For the carbon atom, the most energy-favourable was
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TABLE 1. Nanocluster energy at different positions of a carbon atom and a
nickel one at sequential drift of a carbon atom in the direction (1 1 1> and (111)
to the surface: a) A, = A, (with an accuracy of 5%), b) A; > Ay, ¢) A; <A,.

Equivalent Nl Ratio A1 | A2 ‘ A |A_Amaxl,2 Aminl,Z/Amaxl,Z ‘ (A_Am£\x1,2)/A
atom positions meV/atom %

11=14=12 A=A, 440 425 2(3)3 gé 3,4 i;’g
457 89 19,5
2=5~3=8=6=7 A, >A, 368 343 458 90 6,8 19.7
4 A>A, 368 335 427 59 9,0 13,8
427 101 13,8
1=9=13 A>A, 326 216 462 136 33,7 20.3
10 A<A, 326 362 506 144 -9,9 28,5

position 1 of a nickel atom.

There was the third case where the height of the second potential
barrier of tetrahedral interstice was larger than the first one by 10%.
The potential barrier was significantly lower in this case than in (011)
direction (by 29%) for the carbon-atom drift to the surface through
the TIS, also was the conditions existed for carbon atom returning to-
wards the COIS (Fig. 4, dark grey arrows).

3.2. The Estimation of the Growth Directions of an Iron Nanocluster

The results of the calculations show that the optimal configuration of
atoms with minimal energy corresponds to the Ni—C—Fe group of at-
oms located on the one side of the nanocluster. However, the joining of
the additional iron atom from this direction was unlikely according to
a calculation. Every one of nanocluster energy with attached an iron
atom in every position was estimating (Table 2).

It was established the impurity atoms do not affect in no way the cluster
energy in cases when the iron atom joins to cluster in the directions shown
in Fig. 5 (see empty balls), i.e., the directions such as (100), (114), etc. In
these cases, the clusters energy has not changed and the cluster growth
was the energy-favourable in the indicated directions (Table 3). In oth-
er words, the joining energy was even lower than thermal vibrations
energy below of room temperature.

There were determined directions (311), (131), (112) and (121)
(Fig. 6, empty balls), in which the iron-atom addition was possible with
energy equal to thermal-vibrations’ energy in 300—-490 K range.

Such a temperature range corresponds to nanocluster formation
during CVD pyrolysis of iron carbonyls [34, 35].
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Fig. 4. Scheme of the nickel-atom positions that affect the height of potential
barriers the tetrahedral interstice.

TABLE 2. Cluster specific energy at different positions of an iron atom
around the f.c.c. Fe—Ni—C frame, where: K is number of atom position in
f.c.c. cluster; +i—X, Y or Z axis; Au—specific energy (per atom) after addi-
tion of one iron atom.

Equivalent positions of Fe atoms Au, Attitude to
around of f.c.c. Fe—Ni—C nanocluster (K.;) meV/atom | thermal vibrations
1., ly; 1,52 2,y; 2,; 3, 3,y; 3.,;4. 4y; 4,;
5439, 0.,36 563657577 ; -1-0 Au < Ag,p
8,:58,;8,59,;10_;11_;12,;13,;14_,
9.,10,;10,;13_, 60-63 Au = Agyp

9.59.,;10,;10511,511 511511 ;12 5 _
12,12 ;12,,13,;13 ;14,14 ;14,14 078 Au> Az
9,;13 239 Au >> Ag,p

z

The third case corresponds to the energy of the growing cluster,
which exceeded the thermal vibrations of atoms at the room tempera-
ture (Fig. 7, empty balls). The energy of cluster growth was equal to
the thermal vibration energy at 600 K, i.e. the temperature range of
structural transformation of iron—nickel alloys [36].
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Fig. 5. The probable positions of an iron atom (empty balls), which joins to
f.c.c. Fe—Ni—C nanocluster, where is the specific energy (Au) less than the at-
om thermal-vibrations’ energy (Ag,r), i.e. (Au < Ag, ).

TABLE 3. The correspondence of symbols to the directions of joining of an
iron atom to f.c.c. nanocluster.

Symbol | 1, 1, 1, 2, 2, 2 3, 3, 3,
Direction | (I11) (021) (012) (101) (011) (001) (201) (111) (102)
Symbol | 4, 4, 4, 5, 5, 5, 6, 6, T,
Direction | (211) (121) (112) (110) (010) (011) (001) (010) (100)
Symbol | 7, 7, 8, 8, 8, 9, 10, 11, 12,
Direction | (110) (101) (210) (120) (111) (114) (I11) (121) (411)
Symbol | 13, 14, 9, 10, 10, 13, 9, 9, 10,
Direction | (141) (112) (112) (181) (113) (112) (312) (112) (111)
Symbol | 10, 11, 11, 11, 11, 12, 12, 12, 13,
Direction | (111) (301) (101) (203) (101) (111) (131) (111) (321)
Symbol | 13, 14, 14, 14, 14, 9, 13,

Direction | (101) (310) (110) (130) (110) (132) (123)

Finally, for the last two possible directions of an iron atom joining to
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Fig. 6. The probable positions of an iron atom (empty balls), which joins to
f.c.c. Fe—Ni—C nanocluster where the specific energy was equal the atom
thermal-vibrations’ energy (Au ~ Ag,).

Fig. 7. The probable positions of an iron atom (empty balls), which joins to
f.c.c. Fe—Ni—C nanocluster where the specific energy was more than the atom
thermal-vibrations’ energy (Au > Ag, ).

the nanocluster, namely, (123) and (132) (Fig. 8, empty balls), energy
of 239 meV/atom is required, which corresponds to the atom thermal-
vibrations’ energy at 1850 K. That is in agreement with the tempera-
ture range of the Fe—Ni—C phase diagram that corresponds to the iron
in the liquid state. Thus, there is an asymmetry of iron nanocluster
growth related to the overgrowing of the surface by iron atoms, where
the carbon atom is locating (Fiig. 9).

4. CONCLUSION

Thus, there are two ways for the carbon atom to drift to the surface of
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Fig. 8. The probable positions of an iron atom (empty balls), which joins to
f.c.c. Fe—Ni—C nanocluster in conditions where the specific energy was much
more than the energy of atom thermal vibrations (Au >> Ag, ;).

Fig. 9. The growth dynamics of f.c.c. iron nanocluster (the hole near the car-
bon atom (grey ball) does not overgrow with iron atoms).

the iron f.c.c. nanocluster: the short direction of (011) with high po-
tential barrier and long direction (111) plus (111), which potential
barrier is lower by 13—-29% . The carbon atom position is unstable in
tetrahedral interstice. So, it can be considering as a transit way of a
carbon atom to the surface of the nanocluster.

The nickel atom position affects the height of both potential barriers
of tetrahedral interstitial site, and it determines whether is higher.
This allows manipulating atoms at the surface of nanocluster.

The impurity atoms affect the joining energy of an iron atom to the
f.c.c. Fe—Ni—C nanocluster. When the growth of the iron nanocluster
is happening on cubic planes, the carbon atom does not influence on it.
However, the carbon atom affects the cluster growth in directions,
which form the octahedron within the nanocluster.

The carbon atom on the edge of f.c.c. iron nanocluster is unfavoura-
ble for joining of iron atoms from directions (123) and (132), which
complicates the symmetric growth of the nanoclusters with an inter-
stitial impurity.

These calculations confirmed that the f.c.c. iron—nickel nanocluster
is metastable.
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