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Point defects in Fe and dilute FeCu alloys are investigatedlbynitio calculations based on density
functional theory. The relaxed vacancy and interstitial and substitutional Cu atom formation energies are
determined as well as some migration energies. The binding energies of various Cu containing defects believed
to play an important role in the embrittlement of pressure vessel steels under radiation are calculated and
discussed. The results are consistent with a Cu transport via a vacancy mechanism. The introduction of a Cu
atom decreases the energy difference betwee1th& dumbbell and thé111) dumbbell configurations, and
should make the dumbbell rotation motion easier. @beinitio results are compared to the figures obtained
with empirical interatomic potentials. The convergence of the results with the simulated system size is exam-
ined.
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[. INTRODUCTION Only a fewab initio studies have been devoted to the effect
of interstitial impurities; see, for instance, the study of Mo in
Point defects(vacancies and interstitidlslirectly affect  Yb metaf or Fe in hcp metals.
the kinetics and thermodynamics of metals and intermetallic In the nuclear industry, pressure vessel steel contains sev-
alloys and it is thus very important to develop a good undereral elements; among them copper seems to play a key role
standing of their properties, i.e., their structure and mobility,in embrittlement under irradiation. In this context, FeCu al-
as well as the interactions they can have with impurities. Idoys are studied experimentally as well as by computer simu-
the case of radiation damage studies, knowledge of poiriations as model alloys.
defect properties is a crucial issue, not always available We present in this work results obtained for the relaxed
through experimental means. For instance, the displacemefdrmation, migration, and binding energies of various de-
cascades induced by the interaction of neutrons with matteiects, presumed to play an important role in the embrittle-
result in the formation of many vacancies and interstitialsment of power reactor steels. Because point defects induce
the evolution of which affects the mechanical properties oflarge lattice strain, the precise computation of the formation
the materials. Furthermore, radiation damage has been studnergies necessitates large supercells. Despite the increase in
ied using atomic scale simulatiofimolecular dynamics and computational power, it is still very difficult to simulate by
Monte Carlo methodswith empirical interatomic potentials ab initio supercells containing more than a few hundred at-
for a long time; however the results are greatly affected byoms.
the potential used in the calculatiohand it is necessary to The ab initio calculations were performed using two dif-
validate the potentials, in particular the point defect properferent method§see computational proceduyeshich com-
ties they predict. bination allows us to give a good estimate of the fully con-
However, experimental data on point defects are scarceerged property despite limitations of the supercell size. We
even for Fe which has been extensively studied because of iteave also used molecular statics and semiempirical potentials
technological importance. Indeed it is not so easy to experidesigned to simulate FeCu alloys with supercells of different
mentally determine precisely atomic quantities such as thsizes(up to a few thousand atomw assess the convergence
formation energy of a single vacancy or that of an interstitial.of the calculations with supercell size.
Furthermore, these quantities are affected by the local envi- For some defects, the influence of the supercell
ronment(for instance, the impuritiesof the defect which is  relaxation—full relaxation as opposed to constant volume or
very difficult to probe. The controversy over the vacancyionic relaxation—is examined.
migration energy in Fésee results on the monovacancy be- The paper is organized as follows: First, we present and
low) is a typical example of the influence of environmentdiscuss briefly the relative phase stabilities in pure Fe and
and the role of impuritiesAb initio calculations have there- pure Cu. We then examine the structure and energetics of
fore an important role to play. Thab initio point defect simple point defects in Fe and calculate the substitutional
calculations have been mostly dedicated to the study of thenergy and the migration energy of a single Cu atom in Fe.
vacancy in pure elements, mainly nonmagnetic. To ouMe then calculate some binding energies which appear to
knowledge, there have been almostatwinitio calculations play a crucial role in the formation of the Cu precipitates and
of the vacancy migration energy or the interstitial formationthe Cu-rich objects observed to form under neutron radiation
energies, for which accurate atomic relaxations are essentiah FeCu alloys as well as in pressure vessel steels.
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Il. METHODOLOGY B. Calculations with semiempirical potentials

A. Ab initio calculations To calculate bulk properties such as the cohesive energy,
Ab initio calculations based on den_sity funct_ic_)nal théory g:/ee: u\ll\lfhrgr? d(;JrI]lés,legrissczooré,etzgren;%pelcgi)f/elgesr(ljsec'(';; ow
(DFT) have now demonstrated their capability to treat, are them to experimental datthe problem is more
enough atoms for investigating a large field in materials,qmpjicated. The use of PBC's implies that the calculation
sc_:|ence7. Our calculations have been p8erl1‘grmed using theyj give the formation energy of a density of interacting
Viennaab initio simulation packageasp.” " The calcula-  gefects instead of that of one single defect, as the strain field
tions were performed in a plane-wave basis, using fully noncreated by the defect in its supercell will possibly interact
local Vanderbilt-type ultrasoft pseudopotentials to describeith its image strain fields. This self-interaction should be
the electron-ion interactiol.Exchange and correlation were weak for defects which do not perturb the crystal too
described by the Perdew-Zunger functiotfaidding a non-  strongly. This should be the case when replacing one atom
local correction in the form of the generalized gradient ap-by another atom with similar atomic radius, i.e., an Fe sub-
proximation(GGA) of Perdew and Want? All the calcula-  stitution by a Cu atom; to a lesser extent, it should also be
tions except when mentioned in the text were done in théhe case for vacancies which strain fields are isotropic in
GGA. The pseudopotentials were taken from thep li- most cases. However, for self-interstitials, which induce
brary. For Fe, six 8 electrons are considered as valencestrong local distortions of the crystal, the strain field interac-
ones together with two g (the reference state is more pre- tions may be more important. To avoid such a problem, very
cisely 3d%2s!®). For Cu, 11 valence electrons are used: ondarge supercells containing a few thousand atoms should be
4s and ten 3 (reference 4!3d%. The energy cutoff for the used. However, at the present time, even the most powerful

plane-wave basis set used throughout this work was 350 e§PMPuters cannot handab initio calculations in such large
for atomic and cell relaxation calculation and 240 eV for SUPercells. This is particularly true if magnetism is taken into

relaxation of the atomic position at constant volume. Theaccount in the caIchanns.. .
In order to examine the influence of the supercell size on

supercell approach with periodic boundary Condltlorlsthe energy convergence, the defect energies were also deter-

h Brilloui 57 i f d usi nined using a semiempirical interatomic potential and the
ph ai/les'kh” ou'Fr: Ziné b )nllséamp 'Eg was piar orme :JS'Ing classical molecular dynamics codemMoka.'® Semiempir-
the Monkhorst-Pack schemeFor the pure element calcula- 5| interatomic potentials enable one to simulate very large

tions, where small supercells can be used, the convergenggherceligup to a few 16 atoms for which the formation or
within 1 meV per atom with respect to the discrete BZ sam+inging energies are fully converged with the system size.
pling was achieved using lapoint density around 6008,  The casual embedded atom meth&hM) interatomic po-
whereV, is the Fe atomic volume. Forces were computediential developed by Ludwigt al® was used as a cohesive
using the method derived by Feynmirvolume and ions  model for Fe and FeCu. This potential has been characterized
relaxations were performed using the standard conjugaten detail?’ The vacancy and interstitial formation energies, as
gradient algorithms implemented in thasp code. During  well as the vacancy and Cu migration energyiie, were

the relaxation runs, the BZ integration was achieved using @etermined as a function of the supercell size using an en-
Methfessel-Paxton smearing of=0.2 eV;® and once the ergy minimization method algorithm called quench molecu-
relaxation was completed, accurate total-energy calculationar dynamics(QMD).?

were performed without smearing using the tetrahedron In all the tables presented below, the “number of atoms”
method!’ In order to calculate local quantities such as theis more precisely the number of sites in the perfect supercell.
local density of states or the local magnetic moment, it is

necessary to introduce atomic radii to proceed to local pro- C. Bulk moduli calculations

jections on some orbitalss( p, andd). The values adopted ) ) » )
throughout this work are the recommended ones, 1.302 and Elastic properties are very sensitive to the choice of data

1.312 A for Fe and Cu, which correspond approximately tgPoints and the equatio_n of state used in the fit of_the energy-
their atomic radii. The defect calculations were also perYolume curve. To obtain the bulk modul@s small isostatic

formed at constant volume, thus relaxing only the atomiccompressions were applied to small supercells. The applied
position in a supercell dimensioned with the equilibrium lat-Strainse have to be high enough to minimize the error, but
tice parameter for Fe. This allows one to use a smaller pland®W €nough so as to remain in the elastic regime. The strains
wave cutoff radius of 240 eV. These calculations will be laterin our calculations were no larger than a few tenths of a
referred to as the constant volume relaxation. We checkeRercent0.4% or 0.5%. The bulk modulus is then given by
that the error induced by this lower cutoff radius is negli- 5

gible. For instance, we found it to be around 5 meV for the B 1 IEro

binding energies calculated with supercells containing 54 at- 90, 42 '

oms. In all the results presented here, the numbérpafints

is the total number ok points(not the number of irreducible where (), is the atomic volume. In practice, we calculated
k pointg. We will show that relaxation at constant volume the total energ¥;,, for 10—20 values of the strain and fit the
can be achieved with a po&mpoint density without affecting total-energy versus strain curve to a second-order polyno-
the energies very much. mial.
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D. Defect formation volume calculations Joubert® the magnetization is overestimated by @g¥atom
To calculate the defect formation volume, Kanzaki forcesCOmpared to the experimental resdfts. _
were used? except when indicated in the text. Kanzaki ¥-~€ can be stabilized by precipitation in a Cu matrix or

' E)y epitaxial growth on Cu substrates. It has been investigated

forces are forces that when applied to a perfect harmonimtensivel because of its complex magnetic structure and
lattice produce the same displacements that the defect does. Y P g

They thus, to a first approximation, represent the forces Witl?ne well known Invar effect. Krafetal. [using the linear

. i o : . uffin tin orbital (LMTO) in the local spin density approxi-
which the defect Interacts with its _nelghbc_)rng atoms. Wemation(LSDA)] found that when fcc Fe is constrained to the
followed the procedure derived by Simonadtial=*> The cal-

A X . Cu lattice constant in thé001) plane and remains cubic,
culation procedure is as follows: once the lattice has bee@rowth in the antiferromagnetiAFM) phase is expected.
fully relaxed, the d.efec(the two atoms forming the dumb- Hzglund using LMTO methods and the fixed-spin-moment
bell or the vacancyis removed from the supercell and an Fe (eS\) procedure observed that both the GGA and the LSDA
atom is introduced in the central positidre., in the perfect  pagict the existence of two ferromagnetieM) states? The
lattice sitg. A region (hereby called region)laround that | spA however, favors the nonmagnetisM) state, while
central atom is defined: it is the core region where the anhaine gga predicts the high-spifHS) state to be the most
monic behavior occurs. In this region, the atoms are restoregyp|e. Krasko, using the Stoner model for itinerant ferro-
to their orig.inall position. A'second regiamhich contains magnetism in combination with non-spin-polarized LMTO,
the harmonic displacementis defined, small enough so as found three different ferromagnetic states stable at the same
not to include the defect self-interactions from the imageyojyme32 put additional calculations showed that they were
supercell and large enough so that the forces on the atomgstaple with respect to tetragonal shear deformafidns.

outside that region can be neglected and the dipolar tensor i?xperiments have shown that theFe ground state most
converged. In what follows, region Il contains both region 'Iikely consists of a noncollinear, spiral magnetic

and the “harmonic” region. The forces on all the atoms be'structurez;“'s*r’ this being confirmed by Uhét al®® and Ka-

Ionging to region Il are then calculated: these are the Kanﬁng and co-workerd’ using the LMTO in the atomic sphere
zaki forces. . . approximation(ASA), but we cannot with the/Asp code
The d|po_|ar tensoP is obtained frc_)m these forcm_eﬁ’.“ﬁ explore such configurations. We have thus calculated the en-
=3RIKL with j in region Il whereK is the Kanzaki force ergetics of the two AFM statefantiferromagnetic double-
on atomj in the g direction andR;" is theath component of  |ayer (AFMD) and the more common AFM-| with alternat-
the vector joining atonj and the central atom. The defect ing layers of up and down spihshosen by Herpeet al. as
relaxation volume is given by the trace of the dipolar tensorbeing representative of the magnetic spacehe GGA pre-
AV=Tr(P)/3B, whereB is the bulk modulu$’ The vacancy dicts that the AFMD is the most stable and that both ferro-
formation vqumeQL is given blef):AV-l" QOp, where€)y  magnetic phases have tetragonal structures. Our results com-
is the atomic volume of the perfect lattice. The interstitial pare well with other author’s results. Herper and co-workers,
formation volumeQ/ is given byQ/=AvV—Q,. using full potential linear augmented-plane-wave method
(FP-LAPW) within the GGA also find that the AFM structure
is the most stable; however, they cannot distinguish between

IIl. RESULTS both AFM ph_ase%‘.3 By using pulsed laser deposition to pro-
duce isotropic AFM fcc Fe on C(L1]) films to their struc-
A. Fe structure tural perfection, Sheet al. measured a magnetic moment of

Fe, because of its technological importance, has beefiore than Zug. The values obtained in the GGA agree very
studied extensively, and its phase diagram under atmosphenéell with these experimental findings.
pressure is well known. Fe crystallizes into a ferromagnetic Our calculations predict that the most stable hcp structure
body_centered_cubiu‘(bcc) structure a-Fe at ambient tem- is ferromagnetic. This is in contrast with the FP-LMTO work
perature; thex phase transforms into a face-centered-cubicof YOO et al.which predicts that it should be nonmagnéfic.
(fcc) phasey-Fe above 1200 K, then to another bcc phase The data for pure FetaD K are summarized Table I.
5-Fe above 1700 K. Experimental work has shown that a bcAll the energies are given relative to the most stable structure
to hexagonal-close-packethcp transition takes place at €nergy, i.e., the energy of the magnetie-Fe phase
pressures of 10-15 GPa at room temperattitender ex-  (5.153 eV
treme conditionghigh temperatures and high pressiyes-
other phase can be stabilized, which structure is still debated:
double hcp® or orthorhombic® The stability of the different B. Cu structure
phases versus volum@nd thus strainis beyond the scope Cu is a noble metal. It crystallizes under a nonmagnetic
of this work, and we have just examined the most stabldcc structure at ambient temperature. Table Il presents the
configurations or some configurations found in the literaturgesults obtained in the GGA as well as in the LDA. In the
for each structure: bcc, fcc, and hcp, taking into accounGGA the lattice parameter is overestimated by 10%, while it
magnetism. is underestimated by only 2% in the LDA.

At 0 K, our calculations predict the ground state of Fe to In the first stages of precipitation of Cu in Fe, the Cu
be magnetic bcc as is observed experiment@lly, e  precipitates are coherent with the matrix and therefore have a
=1043 K (Ref. 28]. However, as observed by Kresse andbcc structuré® We have for this reason studied the stability
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TABLE I. Relative total energiegeV), bulk modulusGP3, and TABLE Il. fcc Cu cohesive energyeV) and bulk modulus
magnetic moment g /atom) for different structures of Henag-  (GPa.
netic (M), nonmagneti¢NM), low spin(LS), high spin(HS), anti-
ferromagneticAFM), common AFM(AFM-I), and AFM double- Volume Econ B
layer (AFMD)]. (A3 (eV/atom (GPa
Volume  AE., B P GGA 12.07 3.763 140
(A3 (eV/at) (GPa (ugl/at) LDA 11.01 4.753 190
Expt.2 11.66 3.49 137
a-Fe
dReference 28.
11.65 0 160 2.32
Expt.® 11.70 B 168 2.22 C. Defects structure in a-Fe
y-Fe 1. Monovacancy
NM 10.37 0.255 280 The monovacancy formation energyables IV and V
NM FPLAW P 10.34 287 has been determined for supercells as large as 128 dtbhens
NM PP-GGA® 246 values were not corrected for the residual pregsdree va-
cancy formation volume for the fully relaxed calculations
:2 LMTO-FSM¢ 12.26 0.122 155 22'163 (Table IV) was obtained by subtractingN(1)(}, to the
o : volume of the supercely, where(), is the atomic volume
HS FPLAW 12.03 0.154 168 2.57 of the perfect lattice an®l the number of atoms in the su-
HS expt.® 12.11£0.04 percell. The energy obtained bssp is in good agreement
LS 10.89 0.222 f 1.36 with the_ experimental data available. It appears that all the
LS FPLAWY 10.62 207 1.02 calculaﬂo_ns(EAM, fully relaxed or cons'tant volumecon—
verge quickly with the supercell size. Figure 1 displays the
AFMD 11.63 0.098 145  *£2.32 evolution of the monovacancy formation energy versus su-
AFMD FPLAW ° 11.02 0.101 125 1.80 percell size for(a) the EAM potential andb) the constant
volume simulations. As can be seen, the energy converges
AFM-I b 11 0.147 180 +1.83 rather quickly and is almost converged with 53 atoms. Fur-
AFM-1 FPLAW 10.69 0101 190 130 thermore, with 53 atoms and only onepoint, the atom
AFM expt.® 11.30£0.04 positions are almost correct. Indeed, for a 53-atom supercell,
AFM expt.9 0.7 we determined the relaxed configurations obtained with 1
hcp single k point and that obtained with 126 points. We then
calculated, using 12k points, the energy of both configura-
M 12.36 0.166 2.60 tions and found that the energy difference is only 2%. This
NM 10.31 0.18 amount is small compared to the energy change due to relax-

%Reference 28.
bReference 38.
‘Reference 42.
dreference 31.

ation which represents 15% of the formation energy. With
the 8k-point relaxed configuratiorfinstead of 1 singlek
point), the energy difference is 0.04%.

The dipolar tensor eigenvalues depend on the size of re-
gion Il (see aboveas can be seen Fig. 2; however, a value of

*Reference 41, obtained by extrapolating 4 K experimental data 5 A give converged results. Table V displays the vacancy

about Fe fcc alloys.

formation energy and the vacancy formation volume ob-

It was not possible to determine precisely the LS bulk modulusgined with this radius for the constant volume calculations.

because of a phase transformation that took place.
9Reference 34.

of bcc Cu(Table Ill). The GGA and LDA predict a similar

The results are very similar to those of the fully relaxed
calculations.

The relaxation of the nearest-neighbor shells is isotropic
(Table VI) and very important for the first three shells in

energy difference between the two Cu phases which appeacentrast with group-V transition metals or group-VI transi-
to be underestimated as compared to the experimental resutisn metals’® This leads to a substantial energy difference

and to the full potential calculation of Kraét al** However,

between nonrelaxed and relaxed configurations as can be

they both predict that the bcc phase lattice parameter iseen in Table IV.

slightly larger than that of bcc Fe and therefore that a Cu Figure 3 displays the neighbor shell relaxations around
precipitate small enough to remain in the bcc structurghe vacancy for the EAM calculations as well as for the
should induce compressive stresses in the lattice. This is irconstant volume ones. The relaxation oscillates: the first-

deed what is observed by Phythiahal. who estimate the
lattice strain to be of the order of a few percéhin agree-
ment with Kraftet al** and Luet al.*® we did not find any
stable body-centered-tetragonal phase.

neighbor shell relaxes towards the vacancy, the second out-
wards, the third inwards, etc. This is typical of body-centered
structures* The relaxation of the fourth-nearest-neighbor
shell is close to 0.1% for the EAM calculations with 2000
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TABLE IlI. Stability of bcc Cu: lattice parametd), cohesive energyeV/atom, bulk modulus(GP3,
energy difference between the fcc and the bcc strudeiéaton), and volume difference between the two

structureg%).
bcc Cu Volume Econ B AEjccbee Qcy .~ Qcu,. Qrey.™ Oy,
Q Q

(A3 (eViatom  (GPa  (eV/atom Clitee Febec
GGA 12.12 3.727 160 0.036 —-0.41% —4.03%
LDA 11.06 4,712 180 0.041 —0.45% —5.03%
FP-LMTO? 0.007 —4.3%
LAPW P 0.049 -0.8%
PP-GO° 11.82 3.81 185 0.02
Expt. ¢ 12.07 —3.5% —3.2%

dReference 44.

bReference 45.

‘Reference 46, PP-GO: pseudopotentials with local orbital basis consisting of Gaussians.

YReference 47, the experimental result is the lattice parameter of bcc Cu precipitates found to form under
electron irradiation with a fluence of 0.6 Ccrhat 300°C in Fe 1.5 wt% Cu.

atoms. This indicates that a good estimate of the vacancygomes very likely from the difficulty to obtain very pure Fe
formation energy can be obtained using a supercell includingrystals. Impurity atoms, even in very small amounts, trap
up to the fifth or sixth neighbors. This is indeed the case bythe vacancies and thus decrease the vacancy diffusion coef-
ab initio calculations: the formation energies obtained with aficient. Indeed the much smaller value of 0.55 eV was mea-
54-atom supercell do not vary much from that obtained withsured for a high-purityr-Fe>®
the 128-atom supercell. The migration energy was calculated as follows. For the
There has been some controversy about the experimentBIAM potential, a static approach was used. A single Fe atom,
vacancy migration energy: for instance Schaeétml®  nearest neighbor to the vacancy, is moved step by step along
found a value of 1.28 eV, while Vehane al. published a  the 3(111) vector joining the two sites. After each move, the
vacancy migration energy of 0.55 @¥This data scattering whole lattice is allowed to relax according to the QMD al-

TABLE IV. Vacancy formation energyeV) and formation voluméper atomic volumgobtained by fully
relaxed calculations. For the EAM potential the formation volume was obtained using Kanzaki forces with a
radius of 5.5 A for region Il and restoring only the central atom to its initial position; i.e., region | contains
only one atom. The value of the bulk modulRss equal to 160 GPa for thab initio calculations and to 180
GPa for the EAM calculationgas predicted by the interatomic potential from Ref. 1

Ef . E nonrelaxed Eion. relaxed  a alia,
(eV) (ev) (eV) (R)
Fully rel. 16 atomq1000k pointg 2.01 221 2.842 0.82
Fully rel. 27 atomg216 k pointy 1.93 2.24 2.846 0.81
Fully rel. 54 atomg125k pointg 1.95 2.24 1.94 2.852 0.90
EAM potential 16000 atoms 1.63 1.79 2.867 0.82
LSGF® 2.25¢ 0.55
FP-LMTOY 2.18
Expt. 1.5382f 0.959

&The difference between the fully relaxed value and the ionic relaxed value falls in the error range expected
from calculations with 54 atoms. This explains why the fully relaxed value appears to be slightly higher than
the ionic relaxed energy.

PReference 53.

‘Data obtained with a locally self-consistent Green’s function including electrostatic multipole corrections to
the atomic sphere approximation. The effects of local lattice relaxations were neglected, but volume relax-
ation was taken into account. As our work shows that the local lattice relaxation contributes the most and by
far to the energy decrease, we interpret Korzhavyi res®e&d. 53 as being nonrelaxed energies.

YReference 48.

*Reference 49.

Reference 50.

9Reference 51.
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TABLE V. Vacancy formation energieV) and vacancy forma- 1.652 TR
tion volume obtained with constant volume calculations with a lat- < 165} +
tice parametem=2.854 A. The vacancy formation volume was L qe4a8}
obtained using Kanzaki forces with a radius of 5.5 A for region Il B 1646 |
and restoring only the central atom to its initial position; i.e., region % 1'644 I
| contains only one atom. The value of the bulk moduiis equal s
to 160 GPa for theab initio calculations and to 180 GPa for the T 16427
EAM calculations(as predicted by the interatomic potential from § 1.64 |
Ref. 1). > 1638 |
j
; ; g 1.636 | +
Evac @V)  Q/Qq > 1634 | + 1
+ + B
Const. vol. 16 atom§216 k po!nts) 2.05 1.632 ] T 100 1000 10000
Const. vol. 16 atom$343 k ponnts) 2.05 (@) Number of atoms
Const. vol. 54 atom$l k point) 2.09
Const. vol. 54 atom$8 k point9 1.96 21 54 doms +
Const. vol. 54 atom§27 k points 1.89 S ol x x  128atoms X
Const. vol. 54 atom$64 k pointg 1.96 = +
Const. vol. 54 atomé125k points 1.93 0.64 g 10l . *
Const. vol. 128 atomél k point) 1.51 2
Const. vol. 128 atoméB k points 2.02 2 18
Const. vol. 128 atom&7 k points 2.02 0.58 g
= 47t
EAM potential 54 atoms 1.65 0.85 ?
EAM potential 128 atoms 1.63 0.82 S 16t
EAM potential 2000 atoms 1.63 0.82 = "
s 0 1000 2000 3000 4000 5000 6000 7000
Number of atoms * Number of Kpoints
gorithm to find the minimum energy of the configuration. (b)

During the relaxation the coordinate of the “displaced” atom s ¢ Vacancy formation energy vs supercell si: semi-

is fixed along 111] while the other two coordinates can relax empirical EAM potential results angh) vas constant volume cal-
in the (111) plane. The migration energy is then given by the cylations with a 240 eV energy cutoff radius.
height of the energy barridthe saddle point For thevasp
calculations prese_nted here, only the ggddle point ener m has been discussed in the literaté@nd seems to be a
value was determined. The atom is positioned at the saddlg ) :

. ; . . . _consequence of the range of the many-body interatomic po-
point, the structure is relaxed using the conjugate gradie ntial
algorithm, and the energy is determined. The results are pre- X

7 . The energy difference between th&10 and the(111)
sented Table VII. The migration energy obtained by the cony,mphel| is important for the study of interstitial and inter-

stant volume calculations appears to be well converged Witliyitia| cluster stability and diffusion. Indeed computer simu-

respect to thek point density and close to the experimental |ations show that thél10) dumbbell motion involves on-site
result for extremely pure F&,as well as to the results of the rotation to the(111) dumbbell configuratiori’*® The energy

fully relaxed calculations. difference between the two configurations is thus important
to determine the amount of time the dumbbell spends in each
2. Self-interstitials configuration even if it does not give all the information

_ . about the energy path the dumbbell has to follow to rotate

In metals, the most stable interstitial defects are dumb(i_e_, the saddle point Table VIII shows that the EAM po-
bells: two atoms sharing one lattice site. We have calculateghntial underestimates this value compared to dbeinitio
the relaxed formation energy of the three possible types ofesylts. This is also the case for another shorter-range EAM
dumbbells. The relaxeq111) dumbbell configuration is potential which stabilizes the110) dumbbell®® This general
more precisely a crowdion, i.e., four atoms sharing three latunderestimation of the energy difference between the two
tice sites. The results are presented Table VIII. The converdumbbell configurations could be a possible explanation for
gence with the supercell size has also been examined andtise difference observed between the experimental interstitial
displayed Figs. 4 and 5. It is unexpectedly fast, even for thenigration energy{0.3 eV (Ref. 27] and the molecular dy-
(111) dumbbell. The most stable defect predicteddfyini-  namics determined interstitial migration enerd.023 eV
tio calculations is the dumbbell alond10), in agreement (Ref. 59].
with experiments? To our knowledge, no experimental val-  The constant volume value results appear to be systemati-
ues are available for the interstitial formation energies. ltcally close to 0.5 eV larger than the fully relaxed data. This
must be noticed that the EAM potential used in this workis not so surprising. In a large system, the subsystem corre-
predicts theg111) crowdion to be the most stable. This prob- sponding to the simulated supercell is in equilibrium with the
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FIG. 2. Dipolar tensor eigenvalues for the vacancy obtained FIG. 3. Nearest-neighbor shell relaxation around the vacancy
using the Kanzaki forcesee abovevs region Il radius to calculate  (%): (&) semiempirical EAM potential results arid) vasp constant
the Kanzaki forcegvalue of the bulk modulu8 equal to 180 GPa volume calculations.
for the EAM calculations and 160 GPa for tlad initio calcula-
tions): (a) semiempirical EAM potential results ar{tl) vasp con-  give the interval in which to find thab initio value obtained
stant volume calculations with a 240 eV energy cutoff radius. for a supercell of infinite sizécomparable to a real bulk

materia). For the vacancy, no distortion and only small vol-

rest of the material and the presence of a defect results in ame change$0.2% for a 54-atom supercglare observed
nonzero equilibrium pressure on the subsystem borders amd the fully relaxed and constant volumes calculations give
well as some local atomic displacements, i.e., volumeaesults very close to each other and to the experimental data.
changes. In the fully relaxed simulations, the supercells unFor the dumbbells, big distortior(for example, an angle of
dergo very large volume changes and some distortion tshear of 0.3° for thg/110) dumbbel) and large volume
equilibrate the pressure to zero. Such volume changes arwhanges(4.0% for a 54-atom supercgltake place in the
distortion would be partly impeded by the surrounding mat-fully relaxed calculations and the difference with the con-
ter in a real material. In the constant volume calculationsstant volume simulations are therefore more importélit.
however, no volume change and no cell distortion at all isshould be added that the shearing of the supercell has almost
allowed to take place. no effect on the energy of the system and can be neglected.

In a bulk material, the volume of the subsystem repre-The formation energy of Frenkel pairs in Fe has been deter-
sented by the supercell is therefore between the nonrelaxedined experimentally and found to be around 6.3, 6.6%V.
volume and the fully relaxed volume. The two methods thusThe fully relaxed calculations predict a value of 1393.41

TABLE VI. First fifth-neighbor shell relaxatiofi%) around the vacancy for thab initio calculations.

First neigh. Second neigh. Third neigh. Fourth neigh. Fifth neigh.

Fully rel. 27 atomg216 k pointg —-3.9% +1.2% —0.8% - -

Fully rel. 54 atomg125k pointg —4.02% +1.38% —0.36% +0.05% —0.06%
Const. vol. 54 atom§125k pointg —4% +1.3% —0.37% +0.03% —0.04%
Const. vol. 128 atom&7 k pointy  —3.9% +1.4% —0.39% —0.10% —0.16%
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3.8

TABLE VII. Vacancy migration energie6n eV).

> T ' EAM  +
. > 378t
mig. S
EM? (eV) S
: S 376 |
Fully rel. 27 atomd64 k pointg 0.45 S a4
Fully rel. 54 atomg125k points 0.65 *g T+
E 372t
Const. vol. 16 atom$125k point9 0.66 2
Const. vol. 54 atomé125k points 0.64 3 87y +
Const. vol. 128 atom&7 k pointg 0.65 E 368}
]
EAM potential 2000 atoms 0.67 S 366 e,
- +
v 364 : : :
Expt? 0.55 10 100 1000 10000 100000
*Reference 55 (@) Number of atoms
3 48 ' ' ' ' Bdatoms  +
=5.34 eV, while the constant volume ones predict a value %,: 6 128 atoms X
of 2.02+3.94=5.96 eV. Theab initio predictions are quite g
comparable to the experimental results for which no error 2 a4l
estimate was found. 2 ' .
To gain some insight into the strain field induced by the E 451
defects and compare to experimental data, we calculated the 2
dipolar tensor using Kanzaki forcésFor the interstitials, 2 4l x + 4
anharmonic effects extend over a large region, and to obtain § + %
converged results for the EAM potential, we had to include 3 38t
the fifth-neighbor shell in region | and use a radius of 11-12 E y
A for region II, which makes the estimation of the dipolar " 3-60 1000 2000 3000 4000 5000 6000 7000
tensor unrealistic for thab initio calculations if one wants to Nurnber of atoms * Number of Kpoints
compare them to the experimental data. Table 1X thus pre- (®)

sents the dipolar tensor eigenvalues, as well as the relaxation
volumes which can be obtained from the dipolar tensor tracg |
for the EAM potential only. We must add that the dipolar
tensor eigenvalues frorab initio calculations can be very
useful even if not close to the experimental results because of

the limited supercell size, if one wants to build semiempir-bell atoms is 1.905 A for 54 aton{64 k points, i.e., 0.771
ical potentials as they can be used as fitting parametersearest-neighbor unit.

However, this particular point is not the purpose of the The analysis of the local magnetic properties in the vicin-
present article. The distance between the t@®0 dumb- ity of the interstitial defects shows that the interstitial mag-

FIG. 4. Convergence of thet10) dumbbell formation energy vs
percell sizefa) semiempirical EAM potential results arfld) vasp
constant volume calculations.

TABLE VIII. Self-interstitial defect formation energiggV).

El100 E{119 El11y AE11- 110

(eV) (ev) (eV) (eV)
Fully rel. 27 atomg64 k pointy 4.59 3.84 4.64 0.8
Fully rel. 54 atomg27 k pointy 4.28 3.37 4.06 0.69
Fully rel. 54 atomg125k point9 4.37 341 4.11 0.7
Const. vol. 54 atomsl k point) 5.57 4.75 5.13 0.38
Const. vol. 54 atom$8 k pointg 5.48 4.28 5.06 0.81
Const. vol. 54 atom$27 k pointg 4.99 3.86 4.67 0.81
Const. vol. 54 atom$64 k pointg 5.11 4.03 4.79 0.76
Const. vol. 54 atom§125k point9 5.07 3.96 4.75 0.79
Const. vol. 128 atomél k point) 4.92 3.63 5.23 1.6
Const. vol. 128 atom€3 k point9 5.08 4.00 4,71 0.71
Const. vol. 128 atom&27 k pointy 5.04 3.94 4.66 0.72
EAM potential 2000 atoms 4.57 3.67 3.54 -0.13
Short-range EAM potentidl - 4.87 5.00 0.13

%Reference 56.
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FIG. 5. Convergence of thg11) dumbbell formation energy vs
supercell sizeta) semiempirical EAM potential results arfl) vasp
constant volume calculations.

netic moment is reduce(Fig. 6). For the(110» dumbbell,

the moment is even antiferromagnetic with respect to the rest
of the crystal. The local moment on the dumbbell first neigh- ©)

bors is also slightly decreased. The results agree with the

model of Ono and Mateta which predicts a decrease in the FiG. 6. Local magnetic moment on the interstitials and their

local magnetic moment of the interstitial atom and its neighmeighborgin 4B): (a) (100 dumbbell,(b) (110) dumbbell, andc)
bors because of the pressure from the surrounding atbms. (111) dumbbell.

TABLE IX. Dipolar tensor eigenvalue8n eV) and formation voluméin atomic volumesfor the (110)
and(111) dumbbells calculated using Kanzaki fordg®nstant volume calculatiopsThe eigenvectors are
(110)(110)(001) for the(110) dumbbell and (111)(10)(112 for the (111) dumbbell. The formation
volume and the dipolar tensor eigenvalues were obtained using Kanzaki feezeabovewith a radius of
12 A for region Il and including the fifth-neighbor shell in region I. The value of the bulk modBluss
taken equal to 180 GPa.

Ef = P, Py Ql1Q,
(eV) (ev) (ev) (ev)
(110 EAM 2000 atoms 3.67 18.7 10.8 145 0.11
(1100 EAM 16000 atoms 3.67 18.6 10.7 145 0.11
(110 Expt? 17.3 7.3 16.4 0.1
(111) EAM 2000 atoms 3.54 23.3 11.2 11.2 0.15
(111) EAM 16000 atoms 3.54 23.3 11.2 11.2 0.15

%Reference 51.
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TABLE X. Substitutional energy of Cu in Fén eV). TABLE XII. Migration energy of a single Cu atom im-Fe
(in eV).
Esup E nonrelaxed a _
V) (eV) (A) ECP (eV)
Fully rel. 16 atomg512k pointg 0.44 2.878  Fully rel. 54 atomg27 k points 0.64
Fully rel. 27 atomg216k pointy ~ 0.55 2.871  Fully rel. 54 atomg125k pointsg 0.53
Fully rel. 54 atomg125k pointg 0.50 0.53 2.864 Const. vol. 54 atomg125k points 0.56
Const. vol. 16 atom$343k pointg 0.52 0.53 2.854 Const. vol. 128 atom&7 k pointg 0.55
Const. vol. 54 atom$l25k pointy 0.54 2.854 .
EAM potential 2000 atoms 0.22
Const. vol. 128 atom&7 k pointy  0.55 2.854 P
EAM 16000 atoms 0.50 0.56 2.867

4. Migration energy of Cu in Fe
Expt? 0.59 g o

Table Xl presents the migration energy of a single Cu
CALPHAD" 0.412 atom in ana-Fe matrix. The procedure is similar to the one
used to determine the vacancy migration energy except that
the atom which is moved towards the vacancy is a Cu atom
in the EAM, while in thevasp calculations, it is a Cu atom
which is positioned at the saddle point.
3. Substitutional Cu atom In that case also, we checked that the energy convergence

We have computed the substitutional enery,, of versus supercell .size is similgr to_that of Fig. 4 or 5. For the
a single Cu atom in ar-Fe matrix(Table X). Eg,, is given ab initio calculations, the migration energy appears to be
by [E(nFet1Cu)pec—[n*E(Fe)o]—E(Cu)ied] where well converged at constant volume relaxation with respect to

E(nFe+1Cu)y,, is the energy of a supercell containinge the k point density. The Cu migration energy is lower than

. : the vacancy migration energy in agreement with the semi-
atoms and 1 Cu at.onE(Fe)bcc 1S the cohesive energy of empirical potential results. No experimental data are avail-
a-Fe, andE(Cu);.. is the cohesive energy of fcc Cu. The

: able to compare to our results.
results appear to be converged with respect to the supercell

size and agree very well with the experimental data. Here o )
also, we observe a very quick convergence of the substitu®: Plvacancy, V-Cu, Cu-Cu, and dumbbell Cu binding energies
tional energy versus supercell size with the EAM potential.  Computer simulatiorf8®* have shown that small
Table Xl displays the neighbor relaxation around the Cumixed-Cu objects form during or right after displacement
atom. The relaxation of the fifth-neighbor shell is surpris-cascades in FeCu alloys. The relative stability of these ob-
ingly high from what could be expected of the small sizejects depends among other aspects on their binding energies,
difference between the Cu atom and the Fe atom and couliér which almost no experimental data can be found. We thus
indicate a need for very large supercells for such calculatry in this work to determine some of these binding energies.
tions. This however does not seem to affect the substitutional The binding energies between two entities in a bcc iron
energy as can be seen Table X. The neighbor shell relaxatiamatrix are calculated as follows. The binding enelgyAB)
in the ab initio calculations oscillates in a pattern similar to is defined as the difference of the two system energies
that of the vacancyexcept that the signs are different; i.e., andE,, system 1 wheré andB do not interact and system
the first-neighbor shell relaxes outwards around the Cu aton® whereA andB interact. The distance betweérandB may
while it relaxes inwards around the vacajpclfor the EAM  be the first-nearest-neighbor distance, second-nearest dis-
potential, the relaxation scheme appears to be different.  tance, and so on. The binding enefgy(AB) is the differ-

8Reference 62.
bReference 63.

TABLE XI. First fifth-neighbor shell relaxatiolt%) around the Cu atom.

First neigh. Second neigh. Third neigh. Fourth neigh. Fifth neigh.

Fully rel. 27 atomg216 k pointg +0.4% —0.04% 0.0% - -

Fully rel. 54 atomg125k pointg +1.18% —0.38% +0.11% —0.20% +0.34%
Const. vol. 54 atom$l25k pointy  +0.92% —-0.23% +0.13% —0.20% +0.34%
Const. vol. 128 atom&7 k pointy  +0.93% -0.13% +0.05% —0.04% +0.28%
EAM potential 54 atoms +0.91% +1.03% -0.13% +0.09% +0.18%
EAM potential 128 atoms +0.92% +1.13% —0.10% +0.14% +0.17%
EAM potential 2000 atoms +0.95% +1.15% —0.08% +0.16% +0.19%
EAM potential 16000 atoms +0.94% +1.15% —0.08% +0.16% +0.19%
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TABLE XIll. Relaxed binding energiesH},) (in eV) for the divacancyV-Cu, and Cu-Cu in thex-Fe matrix obtained by method I.

V-V V-Cu Cu-Cu
First neigh.  Second neigh.  First neigh.  Second neigh.  First neigh. = Second neigh.
(eV) (eV) (eV) (eV) (eV) (eV)
Fully rel. 54 atomg125k pointg 0.06 0.15 0.11 0.10 0.17 0.09
Const. vol. 54 atom$64 k point9 0.01 0.11 0.05 0.10 0.18 0.07
Const. vol. 54 atom$125k pointy 0.01 0.11 0.05 0.09 0.18 0.07
Const. vol. 128 atom§3 k pointg 0.14 0.28 0.17 0.18 0.16 0.04
Const. vol. 128 atom&7 k pointg 0.15 0.29 0.16 0.18 0.14 0.03
EAM potential 4000 atoms 0.16 0.21 0.19 —0.03 0.2 -0.02
ence between the two system total enerdig$AB)=E; The defects studied in that paragraph are bigger and in-
—E,. duce larger strain fields and distortions than the monova-

The relaxed binding energies obtained with this procedurgancy or the substitutional Cu atom, hence the bigger differ-
are given Table XIII for the divacancy, thé-Cu, and the ence between the fully relaxed and constant volume
Cu-Cu systems. The calculations predict that the most stabl§imulations. Furthermore, the values determined here are
relaxed configurations are the first nearest neighbors for themall and the relative errors are therefore more important.
Cu-Cu and the Ci# system and the second nearest neigh- Because of the relatively small supercell sizes one may
bors for theV-V system. The divacancy binding energy is anyse, it is rather difficult to make sure that the two entities in
important parameter for the formation of vacancy C|U5terssystem 1 do not interact even when they are as far as the
and voids. Unfortunately, no experimental data are availablgnercell size allows. Another method can be used to deter-
to compare to. Masuda investigated the properties Ofyine the binding energies which consists in subtracting the

vacancy-type lattice defects in bcc transition metals using Rner ;
. ol . ; gy of system PwhereA andB interac}, the energy of a
tight-binding-type electronic theofy. His results show that system containing\ (calculated with a supercell with a size

the most stable relaxed configuration for the divacancy in: .
" . . 5|{n|lar to that of system )2 as well as that of a system
transition metals is when the vacancies are second neares

neighbors. This is also observed experimentally inf1eur cr:)ntalnlngB”(ob_t?neq r:Ne:\h S|mB|Ia;r::oan|t:jq|jmnd that 0;
results agree with this observation. the supercell with neit nor . 1he binding energy 0b-

The experimental value for the-Cu binding energy is tained with this approach will be referred to as the indirect
indirect

0.14 eV(Ref. 67 or 0.11 eV(Ref. 68; however, the relative Pinding energyEy, (AB). For a supercell containiniy
positions of the Cu and thé are unknown. Our results lie in  atoms, it is obtained a&y“"*°(AB)=E(N—2+A+B)
that experimental range. The strong first-neighbor \Cu- —E(N—1+A)—E(N—1+B)—E(N), where E(N) is the
binding energy combined with the low value of the Cu mi- energy of the supercell withoud and B, E(N—1+A)
gration energy is consistent with Cu transport by a vacancyE(N—1+B)] is the energy of the supercell with[B] and
diffusion mechanism, as is observed in kinetic Monte CarloE(N—2+ A+ B) is the energy of the cell containing both
simulations®* andB, i.e., the energy of system 2 in the previous method. If

TABLE XIV. Relaxed binding energieén eV) for the divacancyV-Cu, and Cu-Cu in thex-Fe matrix
obtained with the two methods described above. The number of atoms in the first row is the number of atoms
in the perfect supercell. The calculations were done at constant volume.

Fully rel. 54 atoms  Const. vol. 54 atoms  Const. vol. 128 atoms

Eb Eibndirect Eb Eibndirect Eb Eibndirect

(eV) (eV) (eV) (eV) (eV) (eV)
V-Cu first neigh. 0.11 0.14 0.05 0.17 0.16 0.17
V-Cu second neigh. 0.10 0.20 0.09 0.21 0.18 0.19
V-Cu noninteracting 0 by def. 0.09 0 by def. 0.12 0 by def. 0.01
Cu-Cu first neigh. 0.17 0.17 0.18 0.15 0.14 0.14
Cu-Cu second neigh. 0.09 0.09 0.07 0.04 0.03 0.03
Cu-Cu noninteracting 0 by def. —0.01 0 by def. 0.03 0 by def. 0.01
V-V first neigh. 0.06 0.14 0.02 0.10 0.15 0.15
V-V second neigh. 0.15 0.23 0.11 0.20 0.29 0.29
V-V noninteracting 0 by def. 0.08 0 by def. 0.09 0 by def. —0.01
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TABLE XV. Relaxed binding energieg,, (in eV) for Cu(110 and(111) dumbbells in thex-Fe matrix
obtained by method I.

Ep (eV)
(110 dumb. (110 dumb. (111) dumb.
Cu inside Cu first neighbor Cu inside
54 atoms fully rel.(125 k pointg -0.22 +0.16 +0.2
Const. vol. 128 atom§3 k pointg —-0.36 +0.11 +0.17
Const. vol. 128 atom&7 k pointy —-0.43 +0.10 +0.13

the system is large enough, both methods should lead to th@®n energy between 4.4 and 5 eV. These values are globally
same result. Table XIV compares the results obtained by theonsistent with the experimental results and demonstrate the
two methods described above. With 128-atom supercellsability of ab initio calculations as predictive tools for study-
similar binding energies are obtained, thus giving us confiing point defects.
dence that the energy calculations are converged with respect The 0.7 eV energy difference between thel0) and
to the supercell size. (111) configuration is larger than the value typically ob-
For the binding energy of Cu with dumbbells, we found tained with empirical potentials. This could explain the dis-
that, as can be seen in Table XV, the Cu atom prefers to berepancy between the experimental dumbbell mobility and
first-neighbor to thé 110 dumbbell[Fig. 7(a)] or part of the  that obtained in MD simulations.
(111) dumbbell (Fig. 7). The second method confirms the  The substitutional energy of a Cu atom is found to be
trends of Table XV. The C¢110) binding energy is found to around 0.50 eV. The Cu migration energy in pure Fe is pre-
be of the same order of magnitude as the\Chinding en-  dicted to be lower than the vacancy migration energy. The
ergy. Maury and co-worke?$ found a weak but positive binding energies of defects believed to play an important role
binding between solute and interstitial atoms in FeCu. Theyn the embrittlement of pressure vessel steel under radiation
observed that mixed dumbbells form at low temperat@28s are in agreement with the experimental data, when available.
K), which, however, are not stable above 100 K. To examin&’he strong CW binding energy combined with the lower
this particular point, we ran molecular dynamics simulationsCu migration energy is consistent with a Cu transport mecha-
with two semiempirical potentials found in the literatth&®  nism through vacancies. It is also found that the presence of
for 150 p at 300 and 800 K. The starting configuration was a
mixed dumbbell in a pure Fe lattice. After a few steps, the
dumbbell released the Cu atom and travelas a pure Fe
dumbbel) in the array. The Cu atom thus remained in the
neighborhood of its initial position and was not transported
anywhere. Interstitials may nevertheless still play a role in
Cu atom transport. Thab initio results show that the pres- "
ence of a Cu atom in thi€l 100 dumbbell increases its energy
while for the(111) dumbbell the opposite is observetable
XV). The energy difference between #fL0) and the(111)
configurations is therefore decreased in the presence of a Cu
atom and it is thus easier to go from one configuration to
another. These results agree with these of Maeigal. who
studied by semiempirical molecular dynamics the effect of

P
(@)

Cu on self-interstitials and interstitial cluster migrati®n. <
/

<110>

Qﬁ.

They used the EAM potential derived by Ackland and
co-workers® and observed that Cu solute atoms enhance the
dumbbell rotation.

)\

<110>
IV. CONCLUSIONS

We have calculated using aab initio approach(vasp
code the properties of point defects in pure Fe as well as
FeCu dilute alloys. The pure element ground states as well as
some of their other typical structures agree with known ex-
perimental results. The calculations predict a relaxed va- (b)
cancy formation energy around 1.9 eV and a vacancy migra-
tion energy around 0.65 eV. They also predict {160 FIG. 7. Schematic drawing &) Cu atom first neighbor to the
dumbbell as the most stable dumbbell with a relaxed forma¢110» dumbbell andb) Cu atom inside thé110 dumbbell.
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a Cu atom decreases the energy difference betwegiifll? = EAM potential predictions were not very far from ttado
dumbbell and(111) dumbbell configurations, thus making initio calculations. The effect of other solute elements and
the dumbbell rotation easier. impurities is under study.

These defects calculations were done using two different
methods which combination allows to obtain a good estimate
of the property to be determined despite the limitations of the ACKNOWLEDGMENTS
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