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Boron solution and distribution in a-Fe: Application to boron steel
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Formation-energy formalism for a general interface is developed and applied to a-Fe host with boron (B)
impurities. In bulk «-Fe, B impurities prefer to be located at substitutional position rather than at interstitial.
The estimated formation energy of substitutional B is lower than that of interstitial B by 0.10 eV in the dilute
impurity limit. At the surface, however, the interstitial site is found to be preferred, and B impurities on top of
the surface are the most stable as compared to those in the subsurface positions. The stability of B impurities
increases as they get close to the free surface, indicating that B impurities tend to segregate toward the free
surface. This surface segregation of B impurities is found to be the direct reflection of the surface-energy
minimization of Fe-B system. Based on the first-principles band calculations, it is deduced that the dominant
B diffusion behavior near the free surface is described by the interstitial-to-interstitial diffusion mechanism.
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I. INTRODUCTION

It is well known that the hardenability of steels can be
greatly enhanced by the addition of trace boron (B) to
steels.!? This effect is related to the thermal diffusion and
segregation of boron to the grain boundaries in the cooling
process.>™ However, along with the positive and negative
aspects of boron addition in ferritic steels,*% a long debate
over the occupation type of boron solution in a-Fe is unre-
solved yet and understanding of diffusion mechanism is still
missing. There are three different proposals on the boron
solution in a-Fe: (i) boron exists in a substitutional type,”'
(ii) boron exists in an interstitial type,'>~'® and (iii) boron
solution can be both types'” and stabilized with other impu-
rity elements such as Ni, C, and N.'®!° The experimental
difficulties in figuring out the boron-solution-type arise
mainly from the low solubility of boron and other impurity
contribution such as O and C to the measurements. These
two factors are inevitably related to the purity of examining
Fe-B alloys.!? In the geometrical analysis, the atomic dimen-
sion of B is in the midway between the host atom and other
alloying elements such as C and N, and so it is possible to
explore its effects as both interstitial and substitutional im-
purities during alloying formation. In fact, although B is just
beside C in the periodic table, its behaviors in Fe host and
the entailing physical properties are totally different from C.
However, the reason of its distinct behaviors is not resolved
yet.

In this paper, we have addressed the issues of boron so-
lution, distribution, and diffusion behaviors in boron steel.
For this purpose, we have theoretically investigated various
boron solutions in a-Fe, checking the boron formation ener-
gies both in the bulk and at the (100) surface. For compari-
son, we have also studied the physical properties of C and N
impurities in «-Fe. General formalism for the formation-
energy calculation in slab geometry is developed and applied
to the estimation of boron formation energy. In the formula,
the slab formation energy is reinterpreted in relation with
surface energy and bulk formation energy. We shifted the
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interpretation of surface stability from the viewpoint of for-
mation energy to that of surface energy. The formalism is
general and applicable to arbitrary interfaces such as a grain
boundary. We show that boron inside the bulk prefers the
substitutional position but the preferential position changes
when the free surface is introduced. In bulk a-Fe, the effect
of competition between geometry and chemical bonding on
impurity solution type and its solubility is discussed. In slab
a-Fe, the effect of geometrical pressure and its relaxation
induced by the free surface on B impurity is discussed. Fur-
ther, both bulk and surface magnetism of Fe-B alloy systems
are investigated.

II. COMPUTATIONAL METHOD

To simulate the boron distribution in a-Fe, we employed
the full-potential linearized augmented plane-wave band
method®® implemented in WIEN2K package.’! The general-
ized gradient approximation’? is used for the exchange-
correlation potential. The muffin-tin (MT) radii of Fe, B, C,
and N atoms are chosen as 1.8 a.u., 1.4 a.u., 1.2 a.u., and 1.2
a.u., respectively. Wave functions inside the muffin-tin
spheres are expanded in spherical harmonics up to /=10, and
Fe 3s and 3p semicore local orbitals are included in the basis
set. The wave function in the interstitial region is expanded
with plane waves up to K max=3.5 and 3.2 a.u.”! for bulk
and surface slab calculation, respectively. The charge densi-
ties are described with plane waves up to G max=16yRy.
The equilibrium lattice constant of a=5.35 a.u. (2.83 A)
from the primitive cell calculation was used for the supercell
construction. For the bulk calculations, 2\5 X 2\5 X 3 super-
cells with 48 Fe atoms were considered. For (100) surface
calculations, 2 X 2 supercell with 15 layers were constructed.
The thickness of inserted vacuum corresponds to four atomic
layers. In all calculations, the atomic relaxations are termi-
nated when the forces in all atomic sites are less than 2
mRy/a.u.
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FIG. 1. (Color online). Decomposition of the formation energy
of Fe, X slab system into the surface contribution plus bulk forma-
tion energy. Filled rectangle and circle represent bulk Fe host and X
impurity inside it. Each thick line represents the surface with or
without impurity.

III. FORMALISM

From general consideration, the formation energy E' of
bulk () and slab (s)Fe,X,, system with n Fe and m X impu-
rities can be written as

E" = E"(Fe,X,,) - E"(Fe,) - mE(X), (1)

where E”S(Fe,X,,), E"*(Fe,), and E(X) are the total energies
of corresponding systems in their ground states. Although
computational procedure of E looks straightforward with
this formula, it is not the case for slab system with substitu-
tional impurities. For example, when we consider Fe,_ ;X
slab system with one substitutional impurity, construction of
the slab supercell for E*(Fe,_;) will fail to be accomplished
because the surface sets the geometrical constraints for pos-
sible atomic arrangement. To overcome this obstacle, we de-
compose E*(Fe,X,,) and E*(Fe,) into their surface and bulk
contributions,

E’(Fe,X,) =T"+ E’(Fe,X,,),

E*(Fe,)) =T+ E’(Fe,), )

where I’ and I" are the surface energies of Fe,X,, and Fe,
slabs, respectively. The surface area, A, of given supercell is
absorbed in I'" and T'. It should be noted that the impurity
effect on the surface energy is included in I but not in T'.
The decomposition of Eq. (2) can be applied to both inter-
stitial and substitutional impurities with arbitrary m and large
n. Hence, by substituting Eq. (2) into Eq. (1), the slab for-
mation energy can be analyzed into surface-energy differ-
ence plus bulk formation energy,

EFS=[I" -T]+E". (3)

In Fig. 1, a schematic of this decomposition is provided for
an intuitive understanding. Equation (3) can be extended
with generality to an arbitrary interface geometry such as a
grain boundary, for which the interface formation energy can
be obtained from the sum of the interface energy difference
and the bulk formation energy.

When m impurities are introduced at interstitial sites in
Fe, host system, the total number of host atoms remains n
while that becomes n—m when m X impurities are substitu-
tional. More specifically for the substitutional impurities,
E*(Fe,_,)=I'+E"(Fe,_,) and E'(Fe,_,)=(n-m)/n
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FIG. 2. (Color online). Surface-energy equality of two slab sys-
tems, Fe, and Fe,_,,. With large n, the thickness difference of two
slabs is negligible, and the surface energies of two systems are
equal.

X E*(Fe,). Since the surface energies of two slab systems,
Fe, and Fe,_,,, are equal with a large n as depicted in Fig. 2,

= Es(Fen) - Eb(Fen) = ES(Fen—m) - Eb(Fen—m) ’ (4)

the ground-state energy of Fe,_,, slab system can be rewrit-
ten as
E*(Fe,_,,) =T + E"(Fe,_,)
=I"+ (n—m)/n[E*(Fe,) - I']

=(m/n)I" + (n — m)/nE*(Fe,). (5)

—m

Therefore, our final expression of formation energy for the m
substitutional impurities in a slab system becomes

E = E‘Y(Fen—mxm)
—[(m/n) X T+ (n—m)/n X E*(Fe,)] - mE(X).
(6)

In the dilute limit of a large n, the first term in the square
bracket can be ignored. However, in usual slab calculations
where the total number of atoms is comparable to 10% in
order of magnitude, this extra term is non-negligible. For
example, the total surface energy of 11-layered slab with 99
Fe atoms is about 14.4 eV (1.6 eV/surface atom). Then, the
contribution of the extra term to the formation energy
amounts to 14.4/(99/2)=0.29 eV per impurity, which is sig-
nificant in size.

IV. RESULT AND DISCUSSION
A. Bulk result

We have calculated formation energies for various types
of impurities in bulk a-Fe. Here, the formation energies are
obtained by replacing the ground-state energy of impurity X,
E(X), in Eq. (1) by the atomic energy of corresponding im-
purity. This replacement gives rise to only a constant energy
shift. When we use the true ground-state energy for each
impurity, the formation energies become positive for all B,
C, and N impurities, implying that the solubility is zero at
T=0 K. For C, the positive formation energy is consistent
with existing report.”* To determine true solubility, one must
consider configurational (mixing) and thermal (vibrational)
entropy,!”-?* which lower the total free energy at the expense
of internal energy increment. However, we can still derive
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TABLE I. Formation energies (electron volt), Ef * and Eg’b, and
formation-energy difference, AE =E'sP b —Ef ’b, between substitu-
tional and interstitial sites for X=B,C,N impurities in Feyg bulk
host. S and I represent substitutional and interstitial, respectively.

X B C N
Ef? -5.20 -5.94 -2.65
EL? -5.37 -3.85 0.04
Present -0.17 2.09 2.69
AE Ref. 17 -0.13 2.26
Ref. 26 2.37 2.89

physically meaningful result at low-temperature limit from
the difference of formation energies between substitutional
and interstitial sites, AE =E§’b - I’b . This allows us to deter-
mine relative stability between the two sites for impurity to
reside in. Here we denote the substitutional and the intersti-
tial (octahedral site) case by S and I, respectively. Tetrahedral
site is excluded due to its less stability than octahedral site.?’

Estimated formation energies and AE values are summa-
rized in Table 1. Note that AE is negative for B, distinctly
from positive AE’s for C and N, implying that the B impu-
rities favor substitutional sites while C and N impurities fa-
vor interstitial sites. AE’s for B, C, and N are —0.17 eV, 2.09
eV, and 2.69 eV, respectively. The different feature of B from
C and N is understandable by considering that the atomic
radius of B is much larger than those of C and N:ry
=0.94 A, 0.77 A, and 0.72 A for X=B, C, and N, respec-
tively. A larger atomic size of B impurity entails the larger
displacements of the neighboring Fe atoms. Hence, as can be
deduced, the substitutional occupancy of boron seems rea-
sonable due to its relatively large size. The above-mentioned
AE values are obtained from Fe,g supercell calculation.
When we used a smaller (larger) Fe,, (Feq,) host supercell,
we obtained slightly different values of AE=-0.26
(=0.15) eV for B impurity, reflecting the finite supercell size
effect. In overall, with increasing the supercell size, the ab-
solute value of AE decreases with the same negative sign. An
extrapolation with inverse proportional function?” results in
AEy=-0.10 eV in the dilute limit of B impurity correspond-
ing to the experimentally observed parts per million level
concentration.>!%2® Therefore, at low concentration, the sub-
stitutional B is more stable than the interstitial B by 0.10 eV.

This finding, however, does not necessarily mean that,
inside the bulk, the substitutional-to-substitutional diffusion
mechanism is more effective than the interstitial-to-
interstitial diffusion mechanism.!” In fact, the substitutional
diffusion can hardly occur if the neighboring site is not va-
cant, and hence the vacancy concentration plays a crucial
role in determining the dominant diffusion mechanism. The
vacancy concentration is a still sensitive and controversial
issue. However, employing the estimated vacancy
concentrations,'$1° 1077-107%, it is thought that the substitu-
tional diffusion cannot be ignored and both diffusion mecha-
nisms should be considered inside the bulk.

Figure 3 shows the lattice volume effect on the formation
energy of B impurity in a-Fe. Noteworthy is that, just above
the equilibrium lattice constant 2.83 A, AE becomes posi-
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FIG. 3. (Color online). Formation energies, Ef > and Eg’b Vs
lattice constant, and formation-energy difference, AE =E§’}’—EfF b vs
lattice constant for B impurity in a-Fe. I and S represent interstitial
and substitutional, respectively. The equilibrium lattice constant is
at the vertical line.

tive, indicating that the interstitial B becomes more stable
than the substitutional B. This feature can be understood in
terms of the enlarged interstitial space with lattice expansion
at which B can be located. Consequently, it is implied that
the interstitial-to-interstitial diffusion can be more probable
than the substitutional-to-substitutional diffusion at elevated
temperature.

To understand detailed bonding characteristics, we pro-
vide the partial density of states (PDOS) for B, C, and N
impurities in a-Fe at the equilibrium lattice constant in Fig.
4. The PDOSs manifest that the hybridizations between
Fe 3d and X 2p (X=B,C,N) states are larger for the inter-
stitial X than for the substitutional X. The blue dashed lines
in Figs. 4(a)-4(c) show that the energy ranges of strong hy-
bridizations between Fe 3d and X 2p (X=B,C,N) states de-
crease in B-C-N order. The hybridization bondings are
prominent for the interstitial B, C, and N for the energy
ranges of —-7——4 eV, —-8—-5 eV and -9--6 eV, respec-
tively. By these hybridizations, small portions of Fe 3d states
are shifted toward the lower-energy ranges, thereby lowering
the total energies of Fe-X systems. In fact, the bonding
strength is found to become larger in B-C-N order, as indi-
cated by the decreasing X-Fe (X=B,C,N) distance from
3.39, 3.28 to 3.25 a.u.. Hence, for the interstitial case, the
available energy gain for B-Fe bonding is much smaller than
those for C-Fe and N-Fe bonding. This explains that the
solubility of the interstitial impurity X increases in B-C-N
order in a-Fe, that is, Fe does not like B so much as C and N.
On the other hand, for the substitutional cases, these energy
ranges of strong hybridizations do not appear as shown in
Figs. 4(d)-4(f). The X-Fe (X=B,C,N) distance are found to
be 4.52, 4.46 to 4.47 a.u., and so the hybridization bondings
are much less than those for the interstitial cases.
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FIG. 4. (Color online). (a) PDOS for interstitial B in a-Fe. (b) PDOS for interstitial C in a-Fe. (¢c) PDOS for interstitial N in a-Fe. (d)
PDOS for substitutional B in a-Fe. (¢) PDOS for substitutional C in a-Fe. (f) PDOS for substitutional N in a-Fe. Blue dashed lines in (a),
(b), and (c) show the energy ranges of strong hybridizations between Fe 3d and X 2p (X=B,C,N) states.

The bond charge density (valence charge density minus
superposition of atomic charge densities) in Fig. 5 exhibits
the similar bonding characters. The bond charge density
arises from the charge transfer between compositional atoms
when formed in solids, and so represents the effective bond
density. It is clearly seen that the positive bond densities
around the interstitial X are still more populated than those
for the substitutional X, indicating that interstitial X-Fe bond-
ings are much stronger than substitutional X-Fe bondings. As
expected, the contour deformation of positive bond density
around interstitial B is larger than those for interstitial C and
N due to relatively big size of B impurity. As going from B
to N, more positive bond densities are populated, implying
that X-Fe bonding strength increases in B-C-N order. It is
noteworthy that the positive bond density of substitutional B
is localized at its core region whereas those of substitutional
C and N are more or less delocalized in the interstitial re-
gion. This feature implies that the substitutional B in bulk Fe
exhibits totally different behavior from C and N.

A bit larger bonding strengths and smaller sizes of C and
N than B would induce the larger displacements of neighbor-
ing Fe atoms, resulting in more formation energy loss for
substitutional C and N than for substitutional B impurity.
That is why C and N impurities favor the interstitial sites
while B favors the substitutional sites. These analyses sug-
gest that the stability of impurity is effectively determined by
the structural geometry of the host and the atomic dimension
of impurity itself. The specific chemical configuration of the
impurity is not a dominant factor. When impurities are dis-
solved into host system, the dual properties of geometry and
chemical bonding always compete. The structure of host ma-
terial and atomic dimension of impurity are geometrical fac-
tors, and the number of valence electrons and electronegativ-
ity are chemical bonding factors. The impurity solution type
is prominently determined by geometrical factors and, once

it is determined, the impurity solubility is cooperatively de-
termined by geometrical and chemical factors. As studied
above, B, C, and N impurities in Fe host comply with this
rule.

B. Surface result

To examine the boron distribution at the surfaces of a-Fe,
we have considered a boron impurity in the 15-layer Fe slab
with (100) surface orientation. The formation energies and
surface energies, which are obtained from the formulas de-

(a) B Interstitial (C) N Interstitial
, S e

Q// 4 "“4% N
)

(e) C Substitutional

FIG. 5. (Color online). (a) Bond charge density (valence charge
density—superposition of atomic charge densities) for interstitial B.
(b) Bond charge density for interstitial C. (c) Bond charge density
for interstitial N. (d) Bond charge density for substitutional B. (e)
Bond charge density for substitutional C. (f) Bond charge density
for substitutional N. Solid (orange) and dashed (blue) lines stand for
positive and negative bond densities, respectively.
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TABLE II. E{* and Ef* are the formation energies (electron
volt) and y{(=I'[/A) and y{(=T'§/A) are the surface energies per
unit area (joule per meter square) for 15-layer Fe slabs with inter-
stitial and substitutional B impurity, respectively. AE:Eg’S—EIF s
and Ay'=vy{—v{. Formation energies are referenced from that for
substitutional B at slab center by setting it zero.

B position Surface Third layer Fifth layer Center
EF* -1.65 -0.28 0.00 0.02
ES* -1.51 -0.02 0.00 0.00
AE 0.13 0.26 0.00 -0.02
¥ 2.44 3.12 3.26 331
Y4 2.59 3.34 3.35 3.35
Ay 0.15 0.22 0.09 0.04

rived in Sec. III, are provided in Table II. Differently from
the bulk case, we have obtained the positive AE values for B
impurity near the surface, that is, the preferential B position
near the surface is interstitial rather than substitutional. In
addition, we have found that the formation energies at the
surface are lower by 1.52 eV and 1.67 eV than in bulk, for
substitutional and interstitial B impurities, respectively. For
both interstitial and substitutional cases, the formation en-
ergy decreases as the B position gets close to the surface.
Accordingly, the substitutional B impurities in bulk have a
tendency to segregate into the interstitial positions at the sur-
face, which is in agreement with recent neutron autoradiog-
raphy experiment.”® These findings can also be interpreted in
terms of interface energy instead of formation energy. The
surface energies, 71’ and 7&, exhibit exactly the same behav-
iors as their corresponding formation energies, £} * and E%*.
For both interstitial and substitutional cases, the surface en-
ergies decrease as B impurities get close to the free surface.
This analysis indicates that segregation of B impurities is the
direct reflection that B impurities minimize the surface en-
ergy as they come out to the free surface. This result seems
reasonable because the surface energy is already included in
the total energy and thus in the calculation of formation en-
ergy. However, it is a noticeable result in the sense that the
boundary energy determines the stability of total system.
Combining the bulk and the surface results for B impuri-
ties in «-Fe, it is deduced that both substitutional-to-
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FIG. 6. (Color online). (a) PDOS for interstitial B at (100) sur-
face in a-Fe. (b) PDOS for substitutional B at (100) surface a-Fe.
(c) Bond charge density for interstitial B at (100) surface in «a-Fe.
(d) Bond charge density for substitutional B at (100) surface in
a-Fe. Dotted (blue) lines in (a) and (b) indicate the center of Fe 3d
up and down bands. Solid (orange) and dashed (blue) lines in (c)
and (d) stand for positive and negative bond densities, respectively.

substitutional and interstitial-to-interstitial diffusion mecha-
nism coexist inside the bulk but the interstitial-to-interstitial
diffusion becomes dominating near the free surface. In this
process, it is thought to be possible that the dissociative
diffusion,'8 namely, the dissociation of a substitutional B into
an interstitial B plus a vacancy, occurs.

Plotted in Fig. 6 are the PDOSs and the bond charge den-
sities for B impurity at (100) surface in a-Fe. As compared
with the bulk PDOSs, the strong B-Fe hybridization is much
weakened and the spin imbalance between Fe 3d majority
and minority bands are much enhanced for interstitial B. In
contrast, for substitutional B, the weak B-Fe hybridization is
still retained, and the spin polarization is almost unchanged
as can be seen from the fixed valley of Fe 3d minority band
at Fermi level. It is clearly seen that the interstitial B in Fig.
6(c) is displaced from the surface toward the vacuum

TABLE III. Magnetic moment [ug] inside Fe MT sphere (M), number of Fe 3d electrons inside MT
sphere for up and down spin (d,, and dgy), Fe 3d band center (electron volt) for up and down spin (&, and
Ean)> and the difference of Fe 3d band centers (AS=Ey,~&,p). Fey 1, and Fey, g stand for the nearest Fe atoms
for interstitial and substitutional B in Bulk a-Fe, respectively. Fe; p, Fe, 1, and Fe; g stand for Fe atom at (100)
surface in pure «-Fe, and the nearest Fe atom for interstitial and substitutional B at (100) surface,

respectively.

M dyp dgn Eup Ein A€
Fey 1.67 3.52 1.85 -1.55 0.51 2.07
Fey s 2.09 3.70 1.61 —-1.54 0.95 2.49
Fe, p 2.79 4.02 1.26 -2.47 0.82 3.29
Fe,; 2.54 3.90 1.37 -2.32 0.90 3.22
Fe g 2.01 3.65 1.63 -1.35 1.18 2.53
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FIG. 7. (Color online). (a) Magnetic moment inside Fe MT
sphere, M vs the difference of Fe 3d band centers, AE=Ey,~ &, as
presented in Table III. (b) Number of Fe 3d electrons inside MT
sphere, d, and dg, vs AE, as presented in Table IIL

whereas the substitutional B in Fig. 6(d) from the surface
toward the subsurface layer. In consequence, the B-Fe dis-
tance for the interstitial B is enhanced from 3.39 to 3.90 a.u.
whereas that for the substitutional B is reduced from 4.52 to
3.93 a.u. As the free surface is introduced, the geometrical
pressure on interstitial B impurity is much relaxed and the
B-Fe bonding strength is determined under this relaxed geo-
metrical constraint. On the other hand, the geometrical asym-
metry induced by the free surface provides substitutional B
impurity with more degrees of freedom to move toward the
subsurface layer. Figure 6(c) shows that the positive bond
density of interstitial B is extended to the nearest Fe core. In
contrast, for the substitutional B in Fig. 6(d), the positive
bond density of its nearest Fe is more or less isolated inside
the negative bond density and directed toward its neighbor-
ing Fe atoms along the contour valleys of negative bond
density. This implies that the interstitial B-Fe bonding is still
stronger than the substitutional B-Fe bonding as indicated by
the B-Fe distances.

To understand the surface magnetism of Fe-B alloy sys-
tem, we provide the magnetic moment of Fe atoms, the num-
ber of Fe 3d electrons, and the Fe 3d band centers in Table
III. The band center represents the center of gravity and ap-
proximately indicates the energy level at which the delta
peaklike atomic energy levels are broadened when atoms
form solids and their orbitals are overlapped. Hence, the dif-
ference between up and down band centers effectively de-
scribes the exchange energy splitting AE, which corresponds

PHYSICAL REVIEW B 81, 144101 (2010)

to the magnetic moment, M, times the intra-atomic
exchange-correlation interaction, Iy~ of Fe 3d electrons. In-
deed, as shown in Fig. 7, it is clearly seen that the magnetic
moment inside Fe MT sphere is proportional to A€ and the
corresponding Iy is evaluated to be 1.23 eV. The magnetic
moments of the nearest Fe atoms of interstitial and substitu-
tional B at (100) surface are found to be 2.54uy and 2.01 ug,
respectively. These correspond to 52.1 % enhanced and 3.8
% reduced values from the corresponding magnetic moments
in bulk a-Fe. On the other hand, these surface magnetic mo-
ments correspond to 9.0% and 28.0% reduced values from
the magnetic moment, 2.79ug, of Fe at (100) surface in pure
a-Fe. For interstitial B, the magnetic-moment enhancement
by the increased spin imbalance and the localization of Fe 3d
state at the surface overcomes the magnetic-moment reduc-
tion by the B-Fe hybridization. In contrast, for substitutional
B, those effects on Fe 3d state are much weakened by the
screening of other Fe atoms at the surface, and the B-Fe
hybridization contribution to the magnetic moment becomes
more effective.

V. CONCLUSION

New formalism for the formation-energy calculation in a
general interface is developed and applied to «-Fe with B
impurities. We have found that B impurities in a-Fe prefer
the substitutional position inside the bulk but the interstitial
position near the surface. Both formation and surface ener-
gies of Fe-B system are found to decrease as B impurities get
close to the free surface. It is thus expected from thermody-
namic energetics that B impurities will segregate toward the
free surface, thereby realizing the surface stability in boron
steels. In bulk a-Fe, the solution type of B impurity is deter-
mined by the geometrical factors rather than the chemical
bonding factors. In slab a-Fe, the geometrical pressure in-
duces B impurities to segregate toward the surface. In this
process, the boundary energy determines the stability of total
system.

Embracing the bulk and the surface results, it is deduced
that, deep inside the bulk a-Fe, both substitutional-to-
substitutional and interstitial-to-interstitial diffusion coexist
while, near the free surface, interstitial-to-interstitial diffu-
sion becomes dominating. In the intermediate region,
substitutional-to-substitutional diffusion can undergo a tran-
sition to interstitial-to-interstitial diffusion, and thereby it is
thought that the dissociation of a substitutional B into an
interstitial B plus a vacancy can effectively occur.
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