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First-principles study of the solubility, diffusion, and clustering of C in Ni
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Within the framework of density functional theory, we investigate three key propeifiasGinterstitial
solid solution in crystalline Ni: the heat of solutioAH,), the activation energy for C diffusioriE(), and the
C-C pair binding energyR). In addition, we assess the impact of Ni magnetism upon each property. The most
energetically favorable lattice site for C is the interstitial octahedral €htesi(e), which is 1.59 eV lower in
energy than the tetrahedral sit€ 6ite). Using the nudged elastic band method, we determine that diffusion
betweerO sites proceeds viaEsite intermediate. The calculated activation enefgy=1.62 eV), is in good
agreement with experimental data from the literat{ir®4—1.71 eV. The binding of C pairs is sensitive to
magnetization effects, and is negligiblB0 eV) in the ferromagnetic state, but repulsive in the paramag-
netic state B=—0.2 eV). These results are consistent with anelastic relaxation experiments, whidh find
<0.1eV in the FM state. The calculated heat of solution in the paramagnetic Ni sty
=0.2-0.35 eV) is in reasonable agreement with high-temperature experimental vatlué€s4oéV, and the
magnitude ofAHg in the ferromagnetic state is found to be about 0.4 eV greater than in the paramagnetic
state. Lastly, we briefly assess the effect of pseudopotential choice and exchange-correlation functionals upon
the accuracy of the results.
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[. INTRODUCTION anelasticity of C pairs, in which the activation energy for
diffusion is attributed to the reorientation of a pair. Along
Carbon is commonly present in the iron-group transitionthese lines, Diamond and W&rused several techniques to
metals(Fe, Co, N) either as an impurity or as an alloying study C pair relaxation both above and bel®y; they de-
agent. As the solute in a solid solution, C occupies interstitiatermined that the effect on the diffusivity of the magnetic
sites due to its relatively small atomic sizend has been transition was negligibly small, and that the activation en-
studied extensively because of its impact on the microstrucergy for the relaxation of 1.51 eV was in good agreement
tural stability and mechanical properties of austenitic steelsyith the high-temperature data previously reported by others.
More recently, and at a much smaller length scale, eIectrodeUsing similar techniques, a more recent experiment by Nu-
posited Ni-C alloys have been proposed for use as compgpakura and co-worketsattempted to measure the C-C pair
nents in microe_lectrom_echanical syste(MEMS). In this _ binding energyi.e., clustering tendenc), and in so doing
case C enters via additives to the electrolyte solution, whichygsimate the overall pair concentration. They concluded that

act as nucleation agents for grain grovth. the binding was small, and probably less than 0.1 eV. Since

The fqndamental properties qf the Ni-C sy;tem have b.eeﬁensity functional simulations can directly evaluate the bind-
the subject of several experimental studies. The high:

temperature solubilityi.e., at temperatures a few hundred '3 €9y, We do so below for a few candidate C pair con-

. . figurations.
degrees above the Curie poifit=627 K,) has been studied . . . . L
by at least three grougsS wherein Arrhenius plots of the C Another topic of interest is the mechanisms by which in-

concentration vs inverse temperature yielded heats of solj€rstitial atoms diffu§e in polycrystalline materials by way of
tion (AH,) with respect to graphite in the range of 0.42— grain boundanesGB s). By first examining the properties of
0.49 eV. The most likely location for C in the Ni FCC lattice the pulk Ni-C system, we lay the groundwork for a future
is believed to be at octahedral interstitial sites; however, thétudy of GB diffusion and facilitate comparisons between
energetics of other possible sites have yet to be examined. diffusion in the two regimes. Furthermore, a rich experimen-
is notable that in some related systefssch as Ni-H and tal database exists for the bulk Ni-C system against which
NiCo-C) there have been reports of abrupt changes in solut@e can critically assess the accuracy of our density-
AHg, at T..%" Herein we briefly revisit this issue, which functional methods and determine the impact of computa-
was the focus of a more detailed prior investigafifon. tional parameters such as pseudopotential choice, spin polar-
The diffusion of C in Ni has also been studied using aization, and exchange correlation functionals. The large
variety of technique$*°~12poth abové°1%12and below!'  supercell sizes needed for grain boundary studies, and a rela-
T.. At high temperatures, diffusion is attributed to the mi- tive dearth of specific experimental GB data for Ni-C, make
gration of isolated C atoms. Measured activation energietesting on that system less advantageous.
(Eo) range from 1.54 to 1.71 eV. The mechanism of diffu- In addition to providing a careful comparison between
sion, however, is unknown. Because Ni has a relatively lowtheory and experiment regardiddH ¢, E,, andB for Ni-C,
Curie point, direct measurements of the diffusion of isolatedour calculations also aim to address some of the outstanding
C for T<T, are impractical due to the long time scales in-issues which are more difficult to examine experimentally.
volved. Low-temperature experiments, therefore, rely on thdhese include: the impact of Ni ferromagnetism ugdi,
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E,, andB; the optimal C interstitial site; the mechanisms TABLE I. Comparison of calculated Ni properties to experiment

and respectivéE,’s for C diffusion; andB’s for a few C-C anld Oltht?'?]b 'n'rf'c?éa‘cicsulft;ops't LDSiﬁ ref;arrsizto dsgrgiola?z?dﬂLaA
pair Conﬁgurations. calculations al elers 1o spin-polarize calculations.

Method a(A) By (GP3 Mg (ug) Econ(eV)
Il. METHODOLOGY
US-LDA 3.430 260 6.06
Our density functionaf** calculations were performed ys.| spa 3435 250 0.58 6.10

with the vasp,™ code which uses a planewave basis set fofpapw.L pa 3.421 258 6.09
expansion of the electronic wavefunctions, andpan. spa 3.427 253 0.58 6.13
pseudopotentiaté8to describe the computationally expen- LSDA PP-LAPW?®  3.44 239 0.60
sive core-valence interaction. Brillouin zone sampling was ' ' '
performed using a Monkhorst-Pack dfldof special k  US-GGA 3.525 195 4.87
points, and electronic occupancies were determined accor®S-GGS 3.533 199 0.62 4.93
ing to a Methfessel-Paxton schefhaith an energy smear- PAW-GGA 3.516 202 4.87
ing of 0.1 eV. Independerk-point convergence tests were PAW-GGS 3.522 196 0.60 4.93
conducted for each distinct supercell geometry, ranging fronGGS, PP-LAPW? 3.53 192 0.64
the primitive cell of bulk Ni up to the largest 109-atom cells FLAPW-GGS? 3.52 200 0.60

used for C clustering calculations. For the majority of this _

study we used the generalized gradient approximatiofrPeriment
(GGA) of Perdew and co-workets (PW91) for the *Reference 25
exchange-correlation energy; however, for most propertiezsl:aeference 26..
we also performed comparison calculations using the IocadReferemce 27
density approximation(LDA).**?22% For pseudopotentials '
(pp) we choose between two sets: the first is based on thg,tance of spin polarization and pseudopotential choice on
ultrasoft(US) scheme devised by Vanderbift!’ which takes e Ni-C system in the following sections.

the 4s 3d states as the valence configuration for Ni. The
second set uses Bihl's all-electron-like projector aug-
mented wave methotPAW),'8?* and additionally includes
the 3p semicore states as Ni valence. Planewave conver- In the fcc Ni lattice there are two high-symmetry intersti-
gence testing on these two sets was performed using a foutial sites available for C occupation: the octahed@) site

atom Ni conventional cell wit a C atom at an octahedral [conventional cell coordinates, (%,2)] [see Fig. 4a)], and

interstitial site. While the US set required a cutoff of only . : 11 .
290 eV to obtai a 1 meV convergence in total energy/atom,j[he te’FrahedradT) site [(_:c_)ordmat.es t.7.9)] [Fig. «d).]' We
investigated both positions using the US pp &aitially),

a cutoff of up to 700 eV was necessary for the much"’ e
“harder” PAW set. The exchange-correlation functionals uti- With @ supercell constructed from &2 x2 replication of
lized in the atomic calculations for generation of the pseudoIhe conventional Ni unit cell, resulting in a_total of 33 atoms
potentials were consistent with the functionals used in thé@‘nd a C_ conc_:gntr'c_ltlon of 3.03%. Earlier reptitS on
present Ni-C calculations. That is, pp’s generated within the® Hsol Of impurities in Al and Mg have shown that careful
LDA were used only in LDA-based Ni-C calculations, and k-point sampling was necessary to obtain converged_ results.
likewise for the GGA. Our own tests ok-point convergence and supercell-size ef-
As a first test of our methods we calculated the propertief€Cts revealed that a 33 atom cell using K(points gave
of bulk Ni in order to evaluate three parameters—A.Hsol vz_ilues con\(erged to 0.02 eV with respect to calcula-
pseudopotential choice, exchange-correlation functionaldions using 2( points or a 65-atom supercedee Table Il
spin polarization effects—and to compare with other experi_Both the mternal_ atomic coordlnates' apd the magmtude of
mental and theoretical results. Using the primitive cell geomIhe supercell lattice vectors were optimized by performing a
etry, 60 irreduciblek points and a planewave cutoff energy S€ries of constant volume calculations in which the atomic
of 260 eV (400 eV for the PAW were needed to converge coordinates for each volume were relaxed to a force toler-
the total energy per atom to within 1 meV. Results for the@nce of 0.05 eV/A per atom. This energy vs. volume data
lattice constantd), bulk modulus B,), magnetic moment Was then fit to the Murnaghan equation of .s”[%me.obtam
(us), and cohesive energyE(,) are compiled in Table I, the optimal geometry/mlnlmu_m energy configuration. _
and show that of the three factors in question, the one which Th€ heat of solution of C in Ni with respect to graphite
is of the most significance is the exchange-correlation funcWas calculated for each site according to the formula
tional: the GGA gives substantially better agreement with _ ; -~ ;
experiment than the LDA in terms @ By, andE,,,, and AHsor=Eraf Nit+C) ~[Ea N+ pic], @
also vyields slightly better values fqig. The inclusion of  whereE(Ni+ C) is the total energy of the interstitial NiC
spin polarization or use of PAW vs ultrasoft pseudopotentialsystem E(Ni) is the energy of the 32-atom Ni cell without
has only a minor impact. We also note that our results ar€, anduc is the energy per C atom in graphite. To minimize
consistent with otherab inito LAPW (Ref. 25 and errors, Eio(Ni+C) and E;(Ni) were calculated using the
all-electrorf® calculations. We will further investigate the im- same set ok points, FFT grids, etcuc was estimated by

3.52 186 0.61 4.44

Ill. HEAT OF SOLUTION
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TABLE Il. Comparison of paramagnetid@£y) and ferromag-
netic (AHEY) heats of solutior(in units of eV) calculated for dif-
ferent C sites, using different pseudopotenti&B), supercell sizes
(No. atoms, N,), k-point samplings, and exchange-correlation

(XC) functionals.

Site PP k-points  XC  Ng AHEY AHEM

O us 10 GGA 33 0.19 0.76

@] us 20 GGA 33 0.18

O us 10 GGA 65 0.20

O PAW 10 GGA 33 0.27 0.71

O us 10 LDA 33 0.19 0.59

(@) PAW 10 LDA 33 0.35 0.75

T us 10 GGA 33 1.78 2.29

Experiment 0.4220.44,P FIG. 1. Charge density difference plofAp=p(Ni+C)
0.49¢ — p(Ni bulk) — p(C)] for C in an O site showing four of the six

nearest-neighbor Ni atoms. Blackwhite) contours and white
3Reference 4. (black shading indicate charge accumulatiaiepletior), relative to
breference 3. the sum of the isolated C atomic charge density and the bulk Ni

charge density. Accumulation contours are drawn at 0.015, 0.05,
0.1, and 0.2 electronsfA depletion contours are shown for
—0.02, —0.05, 0.1, — 0.2, — 0.4 electrons/A

‘Reference 5.

subtracting the heat of formation of graphi@®025 eV/atom
(Ref. 3] from the energy per atom of diamond obtainedy,negativity, there is a net transfer of charge to the C, ap-
from a geometry-opnmlzgd primitive cell calculation tgken parently arising from the depletion of adjacentdyi orbit-

to absolute convergence in total e_ne°199§/~1 meV/atom in als, indicating an ionic interaction. In addition, there is
planewave cutoff ané-point sampling. _ _accumulation of charge along the C-Ni bond lines. This

The calculated heats of solution and available high-q 4 represent additional partially covalent bonding or sim-
temperature experimental data are reported in Table Il. In: ly be a consequence of the symmetry of the Ni-C ionic
cluded in the table are results obtained using differen ond. (A more detailed assessment of the Ni-C bonding in-
exchange-correlation functionals, pseudopotentials, and Sp action would require evaluation of mulliken populations,
states. Using the US pp set and GGA exchange correlation, 4 has not been performed here.
we first examined the relative energetics of C placed aCthe Experimental high-temperatur@ & T,) measurements of
andT sites. We find that the paramagnefitisy at theO ¢ go)pjlity in Ni have reported H,, values in the range of
site of 0.19 eV is 1.59 eV lower in energy than at heite, 45_( 49 -5 Assuming that the relevant spin state for
making theO site the preferred C positiofin the FM state o, naring to these temperatures is the PM state, the first of
the difference in energy between sites is simildihe posi- our AH,,, calculations using the GGA and US pp's gave
tive sign of AHg, indicates that the dissolution of C from , 4 |~(§f2 eV. Although agreement with experiment to
graphite into Ni as a solid solution is an end_othermic pro'aboslj)t 0.2 eV is reasonable, and earlier calculat®ifsof
CESS. Th.eO site |s_preferred because It minimizes I.ocal .Iat' Hso for Siin Al have reported similar underestimates with
tice strain; |nterst|t|gl atoms generally pr_oduce Q'Stort'onsrespect to experiment, we briefly examined whether use of a
within the surrounding Iatt|ce,'and the site, having the different set of computational parameters would improve
larger amount of free volume, is most able to accommodatg‘greement with experiment.
the C.alltom while minimizing this str-aln. This aspect can be One explanation for the underestimate could be related to
quantified by comparing the formation volum®$ of a C  ,merical difficulties in evaluating Eq1), which requires a
interstitial at each site difference between energies of subsystems calculated with

VF=V(Ni+C)—320,(Ni), ) different parameters. Secondly, our calcu!ations do not ac-

count for finite-temperature thermodynamic effects such as

here V(Ni+C) is the relaxed Ni-C supercell volume and lattice vibrations>** Other possibilities include difficulties
Q(Ni) is the volume per atom of elemental Ni. For te  with the exchange-correlation functionals or the pseudopo-
site we findVF(O site)=0.80), (0.64,) in the PM(FM) tential approximation. To assess these latter issues we per-
state. The T site exhibits a larger formation volume formed additionalAH, calculations with the LDA and the
VF(T site)=0.97), (0.92)) in the PM (FM) state. The PAW pp set; the results of these tests are listed in Table II.
relaxed Ni-C bond lengths at th® site (T site) are 1.85 Examining the US pp’s first, we find no difference between
(1.75 A. LDA and GGA calculations: Both giveAH¢,=0.19 eV.

A charge density difference contour ploAg) showing  However, switching to the PAW pp’s gives a definite im-
the redistribution of charge for C at @hsite relative to the provement over the US pp’s: The PAW LDXH,, value of
isolated C atomic charge density and the Ni bulk charge.35 eV is in the best agreement with experiment, while the
density is shown in Fig 1. Consistent with its larger elec-PAW GGA predictsAH.,=0.27 eV. The apparent superior
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accuracy of the PAW pp sets is likely a reflection of their Concentration of C Pairs vs. Total C Concentration
more realistic representation of the valence wavefunctions
within the core region. Especially in the case of interstitial

solid solutions, where the interatomic distance between sol:

ute and solvent can be quite small, an accurate descriptionc 443
the core region is advantageous. The fact that the LDA PAW
AHg, value is the largest overall is at least partially due to
the LDAs underestimation of bulk lattice constanitsee
Table ), resulting in less free volume at the interstitial sites.

As mentioned earlier, experiments on the NitRef. 6
and NiCo-C(Ref. 7) systems have found an abrupt increase
in AHg, upon passing below . ; for Ni-H the change has
been estimated to be about 0.1 eV. Here we briefly examines
whether such an effect is observable within DFT for the Ni-C &
system by comparindH, values obtained with Ni in the
ferromagnetic and paramagnetic states. A more complete ex 1¢*
planation of this effect is presented elsewHere.

Table 1l shows that, regardless of pp choice or exchange:
correlation functional, the calculateXH, in the ferromag- PR R .
netic Ni state is about 0.4—-0.5 eV larger than in the para- 10 10 10
magnetic state. By partitioning the spin-polarized charge into Total concentration (c,)
atom-centered Wigner-Seitz spheres, it is possible to obtain _ i
semiquantitative information regarding the impact of the 00_520F'CK5- (21' The mci%nltud_e of thcla\l!relagatlon dpiaﬂdZ)'ipeasEred at d
tahedral C interstitial on the Ni magnetic moments. We find ”ée to pairs In Ni, adapted from Numakura an
that the moments on the six nearest-neighbor Ni atoms ar%g'YV‘?err (data points, right ordinatecompared to the present

. ab initio calculations of C pair concentration vs total C concentra-
partially quenched to about Qug; the moments of more tion (solid line, left ordinate
distant neighbor shells are largely undisturb@the C atom ’
does not exhibit a magnetic momer&ince the demagneti- c . B
zation of the Ni is energetically unfavorable, it is likely to be — P = —exp—, 3)
at least partially responsible for the FM increaseAiH . (Co—ZCp)2 2 keT

The cost in magnetization energy to reduce the magnetignerec, is the total C concentratior, is the coordination
moment of a Ni atom from Ofg to 0.2u is about 45 meV  yymper(assuming an octahedral interstitial sites 6), and
for the PAW pp within the GGA. We note that multiplying 1 js the absolute temperature. To analyze their results, we
this number by 6(accounting for the octahedral coordina- haye calculated the C-C binding energy directly for two dif-
tion) gives 0.27 eV, which accounts for only about half of theferent ¢ pair configurations relative to isolated C atoms.
calculatedAH,, increase. Thus it appears that the increased oy clustering calculations used a large Ni supercell con-
AHsq is not solely due to demagnetization of nearestsycted from a %3x 3 replication of the conventional unit
neighbor Ni. ) _cell, resulting in a total of 108 Ni atoms, @@ C concentra-
The fact that experimentally observed changes injon of 1.8%. A supercell of this size is desirable so as to
AHg, occur at the Curie point in the related NiCo-C and minimize image-image interactions and to attaiC concen-
Ni-H systems suggests that our results predicting a change Wation close to the 1% level used in experimbAtk-point
Ni-C AHs atT, are reasonable. However, solubility experi- conyergence test found that four irreducitidepoints were
ments on Ni-C have not been conductedTer T, presum- g fficient to converge the total energy of the isolated C atom
ably because Ni has a relatively low Curie temperature r€tonfiguration to within 10 meV. Since energy differences

sulting in very slow kinetics. Therefore, we cannot currentlycon\,erge faster than total energies, this level of precision
assess whether the magnitude of the predidteld,, change

is accurate, and this issue is left as a challenge to experiment. TABLE Ill. GGA binding energiesB (in eV) of C pairs with
respect to isolated C atoms at nearest-neightd) and next-

nearest-neighbofNNN) octahedral sites. Isolated configurations
IV. C CLUSTERING are assigne®=0, and configurations witB<0 indicate a repul-
sive C-C interaction.

-2

T | —— Theory (B =0)
O Experiment /

_ 5/§

10

]

—
on
©

A

Y
o

Concentration (cp)
A/2 (arbitrary units)

S
S

In a recent experiment, Numakura and co-workenga-
sured the internal friction peatat 520 K due to anelastic
relaxation of associated C pairs in Ni as a function of CPP

C configuration

concentration(Fig. 2). Based on the slope of the peak mag- Spin state NN NNN Isolated
nitude vs C concentration, they determined that the bindingys PM -0.27 —-0.20 0
energy (B) between C atoms was small, and probably lessus FM -0.07 -0.05 0
than 0.1 eV. Using the mass-action law for the reactiorpaw PM —0.19 -0.15 0
C+C—C-C (pain, they proceeded to estimate the overall paw EM 0.01 ~0.01 0

concentration of C pairs
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2 - | - | ' | ' T is via their strain fields, which is repulsive, resulting in a

Y (negative binding energy of about-0.2 eV. However, in
RN — O-T-OPath the ferromagnetic state, corresponding to the conditions un-
der which Numakurat al. conducted their experiments, the
solute atoms partially quench the local moments of neighbor-
ing Ni atom$ and therefore further raise the total energy of
the system. Clustering of the interstitials minimizes the dis-
i ruption to the Ni's magnetism relative to when the C’s are
isolated, resulting in a smaller overall energy penalty. In fact,
. the energy savings achieved in minimizing the magnetic dis-
ruption due to clustering roughly cancels the energy cost

_.
n
I

Energy relative to O-site (eV)
I

05— n associated with the lattice strain about an interstitial, result-
ing in a binding energy of approximately zero in the FM
o/ 1 state.
/7
h ]
% 1 2 3 4
Hyperdistance along path (A) V. C DIFFUSION
FIG. 3. Activation energy for C interstitial diffusion betweén To estimate the activation energ¥y) for C interstitial
sites via two different pathways. diffusion betweerO sites, we utilized the optimized 33-atom

Ni  supercell geometry determined in theO-site
was deemed sufficient. Two C atoms were placed in eacAH, calculations combined with identical settings for
supercell in one of three different configurations: isolatedk-point sampling, FFT grids, and cutoff energy. The barrier
octahedral interstitial sitegvith the C's separated along the height and associated minimum energy pathway were evalu-
cell's body diagonal in order to maximize the distance be-ated using the nudged elastic band mettEB) of Jonsson
tween then nearest-neighbor octahedral sites, and nextand co-worker$*=3®In this method a series of system im-
nearest-neighbor octahedral sites. As done in the heat-okges span the hyperdistance between predefined, stationary
solution calculations, both the supercell lattice constant antbcal minima on the potential energy surface. The minimum
internal atomic coordinates were optimized. energy path between endpoints is then determined by mini-

The C-C pair binding energies obtained from our calcula-mizing the forces on each image normal to the local hyper-
tions are reported in Table IIl. Included in the table are dataangent between thenfln the present study the forces are
comparing both ferromagnetic and paramagnetic spin stateminimized using the “quick-min” algorithn to a tolerance
and US with PAW pp’s. Here we did not examine exchangeof 0.05 eV/A) This approach prevents so-called corner-
correlation functionals, and report only GGA values. Both ppcutting and image agglomeratidh furthermore, the forces
sets predict a repulsive C-C interaction in the paramagnetiprojected along the hypertangent at each im@age, the de-
state of roughly—0.2 eV for both pair configurations, indi- rivative of the energy vs. hyperdistan@an be used to refine
cating that isolated interstitials are preferred at high temperathe estimate of, through spline interpolation.
tures. Conversely, the ferromagnetic calculations predict a Using relaxedO-sites as the endpoin{see Fig. 4a)],
weaker, almost negligible, C-C interaction, wih=0 for the  combined(initially) with the US pp’s and GGA exchange
(presumablymore accurate PAW pp set, consistent with Nu-correlation, we investigated two different pathways assuming
makura’s estimafeof B<0.1 eV forT<T,. TakingB=0in  the paramagnetic spin state. The first pathwthe O-O
equation Eq.(2), and settingT=520 K, we compare our path, being the one that minimizes the distance betw&en
calculated concentration of C pairs with the data obtained bites, involves translating the C atom directly through the left
internal friction measuremeritin Fig. 2. We again find good edge of the starting octahedron. This path used four images,
agreement. and results in &, at the saddle point of 1.75 el$ee Fig.

The difference in clustering behavior between the PM and), occurring—not surprisingly—as the C squeezes past the
FM states can be explained in terms of a competition betwo Ni atoms at the vertices of the octahedron’s edge. How-
tween strain effects and magnetic quenching. In the paraever, our second NEB calculatignsing 16 imagesrevealed
magnetic state, the primary interaction between interstitialshat passing instead through an adjacEsite via a face of

%o
%e

(a)O-site (b)Intermediate site (c)Transition state (d)T-site

FIG. 4. The first half of the interstitiaD-T-O diffusion pathway. Grayblack) spheres represent NC) atoms. Gray bonds representing
octahedral structure of the starting configuratipanel a have been added, and for clarity only a portion of the 33-atom supercell is shown.

094105-5



DONALD J. SIEGEL AND J. C. HAMILTON PHYSICAL REVIEW B68, 094105 (2003

& | : | lation at the GGA lattice constant gave a barrier of 1.69 eV,
g 108r 7] which is in better agreement with the GGA value.

£

o 19.71 =

= | 4

2 19.6 - VI. CONCLUSIONS

% 1951 7] We have performed a density-functional study of the solu-
8 1945 : : - L : : . y bility, diffusion, and clustering of C in FCC Ni, aimed at

Hyperdistance (A) confirming the known experimental data, resolving some
outstanding issues, and assessing the accuracy of several as-
pects of our simulation methodology. In general, we find
good agreement between experiment and our calculated val-
ues. The preferred C interstitial site is the octahedral site, and
diffusion between these sites proceeds via an indirect path-
the octahedroifthe O-T-O path lowersE, by 0.13 eV, re- Wway passing through the tetrahedral site. The magnitude of
sulting in a barrier of 1.62 eV. The first half of this mecha- the energy barrier,) for diffusion (theory: 1.62 eV, experi-
nism is illustrated in Fig. 4. The energy profile vs hyperdis-ment: 1.54—1.71 e)and its insensitivity to the magnetic
tance is shown in Fig. 3; the shallow local minimum at theState of the Ni are consistent with experiment. C-C clusters
midpoint of the path corresponds to tfesite [Fig. 4(d)], in th.e ferromagnetic state were found to have a negllg|ble
with small maxima, corresponding to the transition states, of?inding energy(B) due to a cancellation between repulsive
either side[Fig. 4(c)]. While E, for both pathways agree lattice strain effects and attractive magnetic quenching inter-

reasonably well with the high-temperature experimental val2ctions; at high temperatures the C-C interaction should be
ues of 1.54—1.71 e%1%12 e believe that the indirect repulsive. Our results are in agreement with anelastic relax-

D . . o ation experiments which predi&<0.1 eV forT<T,. Our
O-T-O mechanism is more likely since iEs, is smaller and . . . :
. . calculated heat of solutionA(H¢,) in the Ni paramagnetic
slightly closer to experiment.

. : - . state falls within the range 0.19-0.35 eV depending upon
As mentioned above, internal friction experiments on th 9 P g up

) X &vhich pp or exchange-correlation functional was imple-
Ni-C system conducted by Diamond and Wetioth above  menied This is in reasonable agreement with, but slightly

and belowT, found that the magnetic state of Ni had a pejoy, the experimental values of 0.42—0.49 eV. A large in-
negligibly small effect upor, . To confirm their result we o5 imH,, of ~0.4 eV is observed in the ferromagnetic
also calculated the ferromagnetic energy barriers for botlRiaie - \which is consistent with experimentally observed
pathways, again using the GGA and US pp's. We find thajanges imH,,, at T, in the related Ni-H and NiCo-C sys-
Ea changes, at most, by only 0.02 eV for each pathway relagsmg.
_tive to the para_magnetic state, in agreement with their _find- Regarding pseudopotentiaigp), in our tests involving
ings. The re!at|ve mdependence Bf upon the magnetic AHg,, E,, andB, the values predicted by the US pp’s were,
state is consistent with the very small change we observe i}y one exception, within 0.1 eV of the PAW values. Given
the total magnetic moment of the NC supercell as a func- et rejatively modest requirements for planewave cutoff en-
tion of the C reaction coordmate. For example, along theergy, we conclude that the accuracy of the US pp set is ad-
O-T-O path the total moment is generally constant throughqate for large-scale simulations involving large supercells
out the Co migration, and decreases only about D5 and/or complicated diffusion pathways utilizing many
(roughly 1% upon approaching the saddle pofsee Fig. 5. nudged elastic band images. Differences due to exchange-
Based on the magnetization energy of Ni, a change in Magsyrrelation functional{LDA vs GGA) were also examined
netism of this size is consistent with the small, almost negs, calculations ofAH., andE,. In the case ofAH., LDA
ligible, (20 meV) change inE, . and GGA values differed by less than 0.1 eV; Ey, when
Lastly, we also briefly compared th@-O E, value cal-qing the respective calculated lattice constant of Ni, the
culated abovéwhich used the GGA and US pp'with that  GGA value was in best agreement with experiment. The

obtained using PAW pseudopotentials and within the LDA.| pa value was~0.2 eV larger, which was attributed to the
We find that the GGA, PAVE, of 1.76 eV is nearly identi- | pas 305 underestimate of the Ni lattice constant.

cal to the GGA, US value of 1.75 eV, which is somewhat
surprising considering that these pp’s yielded slightly differ-
ent AH, values. For the US, LDA combination we find a
larger E, of 1.97 eV, which is reasonable considering the This work was supported by the U.S. Department of En-
equilibrium LDA Ni lattice constant is about 3% smaller than ergy, Office of Basic Energy Sciences, Division of Materials
that predicted by the GGA. Repeating the LDA NEB calcu-Sciences, under Contract No. DE-AC04-94AL85000.

FIG. 5. Total magnetic moment of the NC supercell as a
function of NEB image for th®©-T-O diffusion path. See Fig. 3 for
the corresponding energy profile.
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