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Structural properties of Fe crystals
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We calculate the structural and magnetic properties of iron crystals with body-centered-cubic and
face-centered-cubic structures using an approach that combines the tight-binding formalism with
the Stoner model of itinerant ferromagnetism. We determine the Slater-Koster parametrization
of the tight-binding Hamiltonian using ab initio density-functional band-structure calculations for
bulk Fe. Our Hamiltonian gives the bcc structure of Fe as the equilibrium phase, and correctly
reproduces structural energy differences between bcc and fcc Fe, as well as the stable magnetic
states. The predicted lattice constant, cohesive energy, bulk modulus, and magnetic moment are in

good agreement with experimental data.

Iron, one of the most important metals, has been
the subject of extensive experimental and theoretical re-
search for many years. Its most interesting properties,
namely, strong directional bonding and ferromagnetism,
make it one of the toughest materials for predictive calcu-
lations. Available ab initio local spin-density approxima-
tion (LSDA) calculations' ™2 typically underestimate the
lattice constant, and give too large cohesive energies and
bulk moduli in comparison to experimental data for Fe.4
More important, most of these calculations incorrectly
suggest the face-centered-cubic phase to be more stable
than the observed body-centered-cubic structure of Fe.
This may be indicative of a fundamental deficiency of
the LSDA formalism to describe magnetic interactions
in bulk Fe with adequate precision.!»2

The importance of iron as a structural material calls
for a computationally tractable formalism which not only
predicts the correct ground-state equilibrium structure,
but which is efficient enough to be used in molecular dy-
namics calculations of the elastic response at nonzero
temperatures. In this paper we develop a formalism
which addresses the essential physics in the system with-
out large computational overhead and which can be
used in low-symmetry geometries. We show that our
Hamiltonian, based on a carefully parametrized tight-
binding model which is combined with magnetic interac-
tion terms, can correctly reproduce the equilibrium struc-
ture and other structural, elastic, and magnetic proper-
ties of Fe.

Our approach is based on the work of Krasko® who
combined ab initio density-functional calculations with
the Stoner theory of itinerant ferromagnetism.® Using
this approach, Krasko not only obtained the correct en-
ergetics of different iron phases, but also showed that fer-
romagnetism stabilizes the bce versus fcc phase of iron.
Since the ab initio approach cannot handle low-symmetry
geometries and large unit cells easily, we decided to de-
velop a sensible parametrization of the band structure
instead. Our parametrization is inspired by the previous
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success of the one-electron tight-binding Hamiltonian to
determine the electronic density of states and magnetic
properties of iron.” We expect this formalism to be ap-
plicable to a large variety of magnetic materials.

Following Krasko, we separate the total energy of the
system into two parts. The first energy contribution is
determined by mapping ab initio band structures for the
solid onto a tight-binding Hamiltonian. In this procedure
we keep the essential information about the electronic
structure and many-body effects in the system. The sec-
ond contribution is the magnetic energy of the system,
which is evaluated within the Stoner model. We can now
write the cohesive energy of the system (with respect to
isolated atoms) as a sum of the band structure, repulsive,
and magnetic energy, as

—Licoh = Eband + Erep + Emag . (1)

The one-electron band-structure energy is given by

Ep
FEband = Z ( /_ EN;(E)dE — Zni,aea) . (2

Here, the summation extends over all atomic sites i,
N;(FE) is the local electronic density of states, and Ep
is the Fermi energy which is a global quantity. The ref-
erence energy of an isolated atom is expressed in terms
of the energy levels ¢, and the corresponding occupation
numbers n; o, which satisfy the condition

E Nio =
(o3

With this definition, Epang is zero for both empty and
full bands.

E:ep in Eq. (1) is a repulsive interaction. It contains
not only the internuclear repulsion, but also all nonmag-
netic corrections to Epang such as closed-shell repulsion,
exchange-correlation, and energy double-counting correc-

Ep
Ni(E)dE . 3)

—O0Q

95 ©1993 The American Physical Society



96 W. ZHONG, G. OVERNEY, AND D. TOMANEK 47

tions. We approximate F., by a sum of pairwise repul-
sive Born-Mayer potentials, as

Erep = Z E,ePris (4)
i<y

where E,. and p are constants.

As we mentioned above, the stabilization of the bcc
versus fcc phase of Fe is a consequence of the magnetic
interaction energy FEmag. It is easiest to introduce this
energy for a single crystal of fcc or bcc iron, where
all the atoms are equivalent, so that N;(E) = N(E)
and n;, = no. The magnetic interaction in this sys-
tem can be obtained using the Stoner theory of itiner-
ant ferromagnetism.® This theory describes the electronic
structure of the magnetic system by a rigid shift of the
spin-up and spin-down states as

Ni(E)=N(E + AEy),

(5)
N,(E)=N(E — AE)).

Here, N;(E) and N|(E) are the densities of states for
spin-up and spin-down electrons corresponding to major-
ity and minority subbands, respectively, and N(E) is the
density of states for the nonmagnetic state. The energy
shifts AF; and AE| of N;(E) and N (FE) with respect
to N(E) are constrained by the charge conservation

Er EF+AET
/ N(B) = / N(E). ©6)
Ep—AE, Ep

The total magnetic moment is given by u = mupg, where
m is the number of unpaired electrons and pp is the Bohr
magneton. m can be obtained by counting the electrons
in the spin-up and spin-down subbands, taking care of
the charge neutrality given by Eq. (6), as

Er
m= [ INi(B) - Ni(B)dE

_ /EF [N(E + AE;) — N(E — AE,)|dE

— 00

Er+AE;
—2 / N(B)dE . )
Er

The energy difference between a nonmagnetic and a
ferromagnetic state has two parts. The first part is the
increase in kinetic energy due to the spin flip of electrons
near the Fermi level. The second part is the exchange en-
ergy contribution which depends on the Stoner exchange

TABLE L.

parameter I. Hence we can write the magnetic energy as

Er+AE;
Finag = / (E - Ep)N(E)dE — 1Im? . (8)
Er—AE,

A self-consistent solution of Egs. (7) and (8), combined
with the stationary requirement 8Emqag/dm = 0, is now
used to determine the magnetic moment x4 and the mag-
netic energy Emag. The criterion for the occurrence of a
stable ferromagnetic state is IN(Er) > 1.

We base our parametrization of the effective one-
electron tight-binding Hamiltonian on an ab initio cal-
culation of Fe(bcc) and Fe(fcc) crystals using the
density functional formalism within the local density
approximation.8 The LDA formalism has been very suc-
cessful in predicting the electronic structure of non-
magnetic transition metals in agreement with experi-
mental data.? In our calculation we use first-principles
pseudopotentials,'® the Hedin-Lundqvist parametriza-
tion of the exchange-correlation potential,!! and a lo-
cal Gaussian basis. At each site we consider s, p, and
d orbitals with four Gaussian decays each, i.e., we rep-
resent each Fe atom by 40 totally independent Gaussian
orbitals. We use an energy cutoff of 169 Ry in the Fourier
expansion of the charge density in order to ensure com-
plete convergence of the LDA spectrum and the total
energies. Our results agree very well with previous LDA
calculations, but differ from experimental data. We find
the calculated lattice constant of Fe(bcc) a = 2.75 A to
be 4% smaller than the observed value aeyp; = 2.87 A,12
and the bulk modulus B = 262 GPa to be 56% higher
than the experimental value Beypy = 168 GPa.!? More
important, the LDA calculation energetically favors the
fce versus bee phase by 0.25 eV per atom.!3 As mentioned
above, these discrepancies are mainly due to the neglect
of magnetic interactions which are addressed in Enag.

We find that the cohesion of bulk Fe is mainly due
to the hybridization of the localized 3d orbitals, whereas
the delocalized 4s and 4p electrons play a less impor-
tant role. The dominance of localized states suggests
that the electronic density of states N(E) of Fe can be
described by a tight-binding Hamiltonian. In construct-
ing this Hamiltonian we adopt the parametrization of
Slater and Koster.1 We include 4s and 3d orbitals only,
since the 4p orbital lies high above the Fermi level and
its limited effect can be modeled by considering a hy-
brid 4sp band. The Slater-Koster parameters are the
on-site energies of 4s and 3d electrons, E; and Eg4, and
the hopping integrals sso, sdo, ddo, ddm, and ddé. We
consider first and second nearest-neighbor interactions

Slater-Koster tight-binding parameters for Fe. The hopping integrals are listed for the

nearest-neighbor distance in bulk Fe(bcc), 7o = 2.383 A, and obey a power-law distance dependence

as t(r) = t(ro)(r/ro)™.

Hopping integrals

On-site energies

8so sdo ddo ddm ddé E; — E4
Value (eV) —1.0581 0.6424 —0.6702 0.5760 —0.1445 2.221
Exponent n 2.5 1.8 3.0 4.0 4.0 —
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TABLE II. Exchange parameter I and parameters E, and
p of the Born-Mayer repulsive potential for Fe.
I (eV) E, (eV) P
0.632 0.4314 10.00

only, and use a power law for the distance dependence of
the corresponding hopping integrals, t(r) = t(ro)(r/ro)".
In the mapping procedure from LDA to tight binding,
we consider all LDA eigenvalues in the energy range
—o00 < E < Er +5 eV at 14 special k points!® in the ir-
reducible Brillouin zone of Fe(bcc). The exponent n has
been extracted from the LDA results obtained at differ-
ent lattice constants. The Slater-Koster parameters and
their distance dependence are listed in Table I.

As mentioned above, magnetic terms are required in
the total energy expression to dilate the lattice, reduce
the bulk modulus, and stabilize the bcc phase with re-
spect to the fcc structure. When calculating En,g using
Eq. (8), we keep the exchange parameter I constant, i.e.,
independent of the structure and lattice constant. I is
closely linked with the bulk magnetic moment u(bulk)
and the density of states at the Fermi level. We chose
a value of I which closely reproduces the observed mag-
netic moment in bulk Fe, and which is in fair agreement
with the value given in Ref. 5. The calculated value of
I is listed in Table II, together with the parameters E,
and p for the repulsive energy Eiep.

In Fig. 1 we show the band structure of a Fe(bcc) crys-
tal as obtained using the tight-binding and the ab ini-
tio LDA method. We find that the agreement between
these two calculations is very good, especially in the en-
ergy range close to the Fermi level Er, which is crucial
for the magnetic and electronic properties of the solid.
Our tight-binding and LDA results for the correspond-
ing total electronic density of states N(E) of Fe(bcc) are
displayed in Fig. 2(a), again in very good agreement with
each other. The density of states is dominated by a large
peak near the Fermi level which is responsible for a sta-
ble ferromagnetic phase of Fe(bcc). The corresponding
exchange splitting of the spin subbands for this structure
is shown in Fig. 2(b).
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FIG. 1. Band structure of Fe(bcc) obtained using the
tight-binding method (solid lines) and LDA (fancy diamonds).
The Fermi energy is shown by the dotted line.
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FIG. 2. (a) Nonmagnetic density of states for Fe(bcc) ob-
tained using the tight-binding (solid line) and LDA method
(dashed line). (b) Spin density of states for Fe(bcc) using the
tight-binding method. The Fermi level is indicated by the
dotted line.

The total energy of Fe in the fcc and bec phases, ob-
tained using Eq. (1), is shown in Fig. 3 as a function of the
atomic volume. Our results indicate that the bcc struc-
ture is more stable than the fcc structure, in agreement
with experiment. We find that the magnetic moments in
the stable ferromagnetic phase of Fe(bcc) increase with
increasing lattice constant. Fe(fcc), on the other hand,
is nonmagnetic near equilibrium, but switches to a fer-
romagnetic state at large lattice constants. Compared
to the fcc phase, the stable bce phase of Fe has a much
smaller bulk modulus. The equilibrium atomic volume
of Fe(bcc) is slightly larger than that of the fcc phase,
which is mainly due to the lower packing fraction in the
bce structure.

The calculated structural, elastic, and magnetic prop-
erties of Fe(bcc) and Fe(fcc) are listed in Table III, to-
gether with available experimental data. We find the dif-
ferences between our results and experimental data for
the lattice constant, cohesive energy, and the bulk mod-
ulus to be on a few percent level. Much more important
is that we correctly determine the bce phase to be most
stable. We also obtain the correct value for the struc-
tural energy difference,'® which will be critical for future
molecular dynamics calculations. In Table III we show
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FIG. 3. Cohesive energy of bulk Fe with the bcc (o) and

fcc (o) structure as a function of the atomic volume. Solid
and dashed lines are cubic polynomial fits to the data points
for the bee and fec lattices, respectively.

that our Hamiltonian also gives the correct value for the
pressure derivative of the bulk modulus, 8B/8p, which
depends on the third-order derivative of the total energy
with respect to the lattice constant. This is a very impor-
tant quantity which affects quantities such as the melting
temperature and the thermal expansion coefficient.

As discussed previously,»2 the local density and spin
density functional formalism have failed to determine re-
liably the structural properties of magnetic materials due
to the neglect of long-range correlations. The Stoner
model we use here addresses these long-range correla-
tions, and has been successful in determining the ground-
state magnetic ordering and magnetic moments in tran-
sition metals. We find that a combination of a one-
electron band picture with the Stoner model of itinerant
ferromagnetism contains the essential physics governing
the cohesion in iron. Our formalism also provides inter-
esting information such as the electronic density of states
and the magnetic structure as by-product of the total en-
ergy calculation.

The tight-binding Hamiltonian, which we use to de-
scribe the electronic structure, correctly addresses the
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many-body nature of metallic binding. Unlike the n-
body interaction potentials,'® it describes the resilience
of structures to volume and shape deformations by
the distance-dependent interatomic interactions and the
anisotropy of the intersite hopping integrals. This
anisotropy, which is crucial when studying the stability
of open phases such as Fe(bcc), is ignored in more sim-
plified techniques such as the embedded atom method
(EAM)?° or the many-body alloy (MBA) Hamiltonian.?!
This is the reason why these techniques typically favor
the highly coordinated structures such as the fcc phase.

A very strong advantage of our approach is its com-
putational efficiency. Calculations based on the tight-
binding formalism are much easier to perform than anal-
ogous ab initio calculations. Large unit cells and low-
symmetry situations can be handled without many dif-
ficulties. Even in the absence of symmetry, the tight-
binding Hamiltonian can be used to determine the local
density of states from a moment expansion, using the
recursion technique.?2 In this case, the computational ef-
fort in determining the total energy is proportional to the
number of atoms N, in contrast to standard total energy
calculations based on the diagonalization of a Hamilton
matrix, which scales as N3. We believe that this fact will
prove to be a strong advantage when performing molecu-
lar dynamics calculations on massively parallel comput-
ers.

In conclusion, we have used an approach to calculate
the total energy and magnetic properties of Fe, a proto-
type bulk ferromagnetic. Our calculation is based on a
combination of the tight-binding model and the Stoner
theory of itinerant ferromagnetism. Our total energy ex-
pression addresses the most important aspects pertinent
to the cohesion of ferromagnetic materials, namely, the
itinerant nature of electrons, anisotropic interactions due
to partly filled 3d orbitals, and long-range spin correla-
tions. We applied this method to Fe crystals, where pre-
vious ab initio local density and local spin density calcu-
lations have failed to give the bcc phase as the ground-
state structure. The results of our calculation for the
stable structure, lattice constant, cohesive energy for dif-
ferent structures, bulk modulus, and magnetic ground
state are in good agreement with experimental data. Due
to its computational efficiency, our method can be ap-

TABLE III. Calculated and observed properties of bulk Fe.
Lattice Cohesive Bulk Pressure Magnetic
constant energy modulus coeff moment Reference
a(4) Econ (eV) B (GPa) 0B/6p v (kB)
bee (theory) 2.90 4.46° 165.0 4.78 2.15 This work
2.76 6.56 - 2.06 2
2.858 - 168.9 7.20° 2.22 17
bee (expt) 2.87 4.28 168.3 2.22 12
5.28-5.96 17
fcc (theory) 3.593 4.420 202.4 4.782 0 This work
3.642 - 231.7 - 0 3

2Reference 16.
bDerived from Fig. 6 in Ref. 3.
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plied easily to extended systems with low symmetry. An
implementation of our method to determine structural
and elastic properties of magnetic materials at elevated
temperatures using molecular dynamics simulations is in
progress.?3
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Errata

Erratum: Structural properties of Fe crystals
[Phys. Rev. B 47, 95 (1993)]

W. Zhong, G. Overney, and D. Tomanek

Equation (8) in our manuscript should read
Ep+AE, o,
EmangEF—AEl |E—EF|N(E)dE_TIm . (8)

All results have been obtained using the correct expression.
0163-1829/93/48(9)/6740(1)/$06.00 ©1993 The American Physical Society

Erratum: Critical behavior at the extraordinary transition: Temperature singularity
of surface magnetization and order-parameter profile to one-loop order
[Phys. Rev. B 47, 5841 (1993)]

H. W. Diehl and Martin Smock

Due to a sign error made in the numerical computation of the d =3 (e=1) scaling functions P, ({), the curves shown
in Figs. 1 and 2 are incorrect. Below we provide the corrected Figs. 1 and 2. These extrapolations for d =3 were ob-
tained as follows. To ensure that they have the correct short-distance behavior ~z ~#/%, we used the € expansion
P.({,€)=P.({,e=0)+€d.P.({,e=0)+0(€) of our paper to expand the InP, (£) in P.(&)=exp[InP,(£)] to order e.
Then we set €=1 in the resulting expression P, (§,e)=P,({,e=0)exp{e[d.LP.(§,e=0)]/P.(§,e=0)}. Of course,
there are other possibilities of extrapolating to d =3. However, for the purpose of seeing whether the profiles decrease
in a physically reasonable monotonic fashion, this particularly simple extrapolation method is most convenient.

Further, the following misprints should be corrected.

(a) In Eq. (45a) the factor 7 /4 should be replaced by —2m; i.e., Eq. (45a) should read

} }e —¢,
(b) In Eq. (39), £ means £%.
(c) In Egs. (A7a) and (A7b) the minus sign on the left-hand side should be replaced by a plus sign.
(d) In Eq. (B3), the right-hand side should be multiplied by 8.
(e) In the abstract, “i.e., the extraordinary transition.” should be inserted after . . . vanishing surface field A ,;”.
(f) At the end of the first paragraph, “positive-c transition” should be replaced by “ordinary transition”.
(g) In Eq. (A5a), 31y* should be replaced by Zy*.
(h) In Eq. (A7b), Ly should be replaced by 3 y*.
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