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Epitaxial Bain path of tetragonal Fe
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The epitaxial Bain paths~EBP’s! of tetragonal Fe are found by minimizing the total energy with respect to
c at eacha using first-principles total-energy calculations with the local-spin-density approximation plus a
generalized gradient approximation and relativistic corrections. The energy minima along the EBP’s give the
equilibrium states of the ferromagnetic, nonmagnetic and two antiferromagnetic phases—the type-I phase,
called here AF1, and a phase in which pairs of ferromagnetically coupled~001! layers alternate in moment,
called here AF2. The AF2 phase is found to be lower in energy than AF1 when each is in equilibrium and also
when the~001! plane lattice constant is strained to the Cu~001! lattice constant. Calculations of the six elastic
constants of AF2 at equilibrium inserted in the four tetragonal stability conditions show that it is unstable for
@100# and@010# shears in the~001! plane, but is stabilized by epitaxy on Cu~001!. The AF2 phase is indicated
to be the phase of the bulk of epitaxial Fe films on Cu~001!. The bulk structure of Fe films on Cu~001! found
by quantitative low-energy electron diffraction analysis is shown to be close to the EBP’s of the AF1 phase, but
farther from the AF2 phase. On substrates with slightly larger lattice constants than Cu~001!, the ferromagnetic
phase is found to be more stable than AF2.
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I. INTRODUCTION

Most theoretical studies of the electronic structure of b
Fe considered just bcc and fcc structures and varied the
ume per atomV.1 A few studies found the electronic struc
ture for tetragonal atomic structure,2 usually at constantV as
a function of aspect ratioc/a. One previous study3 looked at
the electronic structure at alla and c values, and found the
states of minimum energy in botha andc for three phases o
Fe, including an antiferromagnetic phase~AF2! in which
pairs of ferromagnetically coupled~001! layers alternate in
moment sign. The present work also considers tetrago
states at alla andc, finds the states of minimum energy fo
four phases of Fe, and in addition considers the stability
the dominant AF2 phase leading to a conclusion that i
macroscopically unstable, but that epitaxial films in th
phase can be stabilized.

Tetragonal calculations at constant volume give appro
mate values ofc/a and energyE at the minima ofE with
respect toa andc if V is chosen near the correct values, b
do not givea, c, andV separately. The calculations here fin
the epitaxial Bain path~EBP! in each phase by finding th
minimum of E(c) at eacha. The minima alongEEBP(a) are
then minima with respect to botha andc and will be referred
to as tetragonal equilibrium states. These states are s
with respect to tetragonal deformations, but may be unsta
with respect to deformations that break the tetragonal s
metry. Hence it is necessary to distinguish these states w
unstable in this way from true equilibrium states that a
stable against all deformations, which are then either
overall ground state or metastable states. The EBP cu
found here are also useful in checking low-energy elect
diffraction ~LEED! values of the bulk structure of epitaxia
films, since the curves give all epitaxially strained sta
from the tetragonal equilibrium states. The measured LE
structure of Fe films on Cu~001! is compared later with the
0163-1829/2001/64~10!/104431~5!/$20.00 64 1044
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calculated EBP’s to indicate the phase of the film.
Noncubic tetragonal equilibrium states are important

Fe, especially for antiferromagnetic~AF! states, which do
not have cubic symmetry. But even the ferromagnetic~FM!
states, which can have cubic symmetry, such as the en
minimum for FM bcc Fe, has a noncubic tetragonal equil
rium state atc/a51.18 ~using face-centered-tetragonal la
tice parameters!. A reliable description of the magnetic be
havior of bulk Fe cannot be obtained from calculations
cubic structures.

The phase AF2 with moment sequence↑↑↓↓ on succes-
sive ~001! planes, called bilayer antiferromagnetic in Ref.
was found initially in several publications to be the lowe
energy state of fcc Fe~Ref. 4! and then was found to be th
lowest in ultrathin Fe films, especially those with an ev
number of layers.5 The general tetragonal analysis in Ref.
showed that AF2 was the lowest-energy tetragonal equ
rium state atc/a values around the fcc value ofc/a51. Here
we show that along the EBP, the AF2 phase dominates
high-c/a range from the equilibrium state ata53.407 Å to
the Cu lattice constant 3.615 Å, but that at 3.657 Å a
above the FM phase has the lowest energy. We also exam
the stability of the AF2 phase at equilibrium determined
its six tetragonal elastic constants. One of the four stabi
conditions is violated, but we show that epitaxial constra
on cubic~001! surfaces stabilizes an epitaxial film in the AF
phase.

II. CALCULATION PROCEDURES AND RESULTS

First-principles full-potential linearized-augmented-plan
wave ~FLAPW! calculations with theWIEN97 code6 were
used to find the EBP’s of four Fe phases: the nonmagn
~NM!, the ferromagnetic~FM!, the type-I antiferromagnetic
~AF1!, and the antiferromagnetic with moment sequence
~001! planes↑↑↓↓ ~AF2!. The Kohn-Sham equations7 were
©2001 The American Physical Society31-1
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solved using the local spin-density approximation~LSDA!
with generalized gradient approximation~GGA! and relativ-
istic corrections~called here GGA-REL!. A two-atom tetrag-
onal unit cell was used for the NM, FM, and AF1 calcul
tions and a four-atom cell for the AF2 calculation. Th
detailed procedure for finding the EBP’s is given in our p
per on tetragonal Mn.8

The WIEN97 calculations used a plane-wave cuto
RMTKmax59, RMT51.7 a.u.,Gmax514, and 360k points in
the irreducible wedge of the Brillouin zone. Thek-space in-
tegration was done by the modified tetrahedron method.6 All
the calculations were highly converged. Tests with larger
sis sets and different Brillouin-zone samplings yielded o
very small changes in the results.

Figure 1~a! shows the energy along the EBP of each ph
as a function ofc/a from the GGA-REL calculations. Figure

FIG. 1. ~a! The EEBP(c/a)-E0 curves of tetragonal Fe in th
NM, FM, AF1 and AF2 phases from the GGA-REL calculation
whereE0 is the energy per atom in the bcc FM ground state.~b!
The $VEBP/V0%(c/a) curves of tetragonal Fe in the NM, FM, AF1
and AF2 phases from the GGA-REL calculations, whereV0 is the
theoretical volume per atom in the ground state, 11.57 Å3. The data
point with error bar is the experimental value ofV/V0 againstc/a
from the studies~Ref. 9! of Fe films on Cu~001!, where V0

511.77 Å3 is the measured ground-state volume per atom. T
solid and dased lines interpolate between the calculated points i~a!
and ~b!.
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1~b! shows the corresponding reduced volume per at
(V/V0) along the EBP, whereV0 is the theoretical volume
per atom of the bcc FM ground state, 11.57 Å3. The experi-
mental value ofV/V0 againstc/a from the LEED studies9 of
Fe films on Cu~001! is also plotted in Fig. 1~b!, whereV0
511.77 Å3 is the measured ground-state volume per ato
Figure 2 shows the energy along the EBP as a function of
lattice parametera from the GGA-REL calculations. There i
a dashed vertical line at the Cu~001! value ofa and vertical
lines at the minima ofEEBP for the AF1, FM, and AF2 phase
to indicate the tetragonal equilibrium states. Table I giv
c/a, a, relativeE values and local magnetic moments at t
equilibrium states found in the GGA-REL calculation wi
WIEN97 to compare with the values found in Ref. 3, whi
used the same potential as GGA-REL, but a different ba
structure program calledVASP.

Since the AF2 phase is shown in Figs. 1~a! and 2 to be the
lowest-energy phase over a range ofa that includes the AF2
equilibrium valuea53.491 Å and AF2 at the Cu~001! value
a53.615 Å, which is imposed on epitaxial films of Fe o
Cu~001!, it is of interest to test the stability of the AF2 phas
Stability conditions can be given in terms of the six elas
constants of a tetragonal structure;10 they express the positive
definiteness of the strain energy with respect to all sm
deformations of the lattice. These four conditions are

c11.uc12u, ~c111c12!c33.2c13
2 , c44.0, c66.0.

~1!

Evaluation of theci j of AF2 at the equilibrium point re-
quires six second derivatives ofE with respect to particular
deformations. These relations are given in terms of the m
nitudes of the body-centered-tetragonal lattice vectorsa8,
b8, c, wherea85b85a/&, and the angles between the la
tice vectors,uab , ubc , uca . The relations, evaluated at equ
librium, are

e

FIG. 2. TheEEBP(a)-E0 curves of tetragonal Fe in the FM, AF1
and AF2 phases in the range ofa53.3– 3.7 Å from the GGA-REL
calculations, whereE0 is the energy per atom in the bcc FM groun
state. The solid and dashed lines interpolate between the calcu
points.
1-2
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TABLE I. Lattice parameters, relative energies and magnetic moments at the minima of theEEBP (c/a)
curves of tetragonal Fe in the NM, FM, AF1 and AF2 phases in the region of highc/a values. Energies are
in mRy/atom.E0 is the energy per atom in the bcc FM ground state.

FM AF1 AF2 NM

GGA-REL c/a 1.176 1.088 1.093 1.00
a ~Å! 3.449 3.447 3.491 3.480

dE5E2E(AF2) 0.976 1.104 0 7.939
dE5E2E0 7.400 7.528 6.424 14.363
m(mB /atom) 2.332 1.569 2.075 0

Reference 3 c/a 1.18 1.06 1.10
a ~Å! 3.40 3.40 3.42

DE5E2E(AF2) 1.51 0.38 0
m(mB /atom) 2.35 1.52 2.06
a
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In Eq. ~2! only a8 varies andb8 is fixed at the equilibrium
value, whereas in Eq.~3!, a8 and b8 are kept equal and
varied together. In Eq.~5! the calculatedEEBP(a8) curve is
used. In the numerical evaluations generally five points
used at61% and62% deviation from the equilibrium value
and a best-fit cubic is found for the five points. Theci j values
for the AF2 phase in the equilibrium state ata53.491 Å
(a852.469 Å) andc53.816 Å are

c1153.082 Mbar, c1250.400 Mbar, c1351.142 Mbar,

c3353.092 Mbar, c4453.003 Mbar,

c665265.41 Mbar.

The first three stability conditions in Eqs.~1! are satisfied,
but not the fourth conditionc66.0.

The lattice constant of the bcc FM phase is found fro
the EBP minimum of the GGA-REL calculations to bea
54.031 Å (a852.850 Å), which is 0.6% smaller than th
experimental value11 a852.866 Å.
10443
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III. DISCUSSION

The EBP’s of Fe in Figs. 1 and 2 tell us that antiferroma
netism dominates just the higher range ofc/a for Fe, unlike
Mn where antiferromagnetism dominates almost the en
range ofc/a. In that higher range, we see from Fig. 2 th
the AF2 phase has the lowest energy both at equilibriuma
53.491 Å and for Fe epitaxial on Cu~001! at a53.615 Å,
but the FM phase is lower fora>3.657 Å.

Table I shows that the equilibrium values ofc/a and the
local magnetic moments for the FM, AF1, and AF2 phas
from the GGA-REL calculations agree closely with the eq
librium values found in Ref. 3. Also, the energies found he
for the FM and AF1 minima relative to the AF2 minimum
differ from Ref. 3 by less than 1 mRy/atom. Herperet al.2

find E(c/a) for tetragonal Fe in the NM, FM, and AF phase
which show minima of these phases atc/a51.0, 1.16, and
1.06 to compare with the results in Table I ofc/a51.0, 1.18,
and 1.09, respectively. However, the calculations of Her
et al. differ from our calculations and that of Spisˇák and
Hafner3 in two ways: they findE(c/a) at constant volumes
taken from fcc calculations, and hence cannot find the cor
volumes or energies of the tetragonal~high c/a! equilibrium
FM and AF phases. They find the AF1 and AF2 phases
have identicalE(c/a) curves, whereas we and Spisˇák and
Hafner3 find the AF2 phase distinctly lower in energy an
with slightly different lattice parameters.

Since the AF2 phase has the lowest energy ata
53.615 Å, the GGA-REL calculations indicate that the bu
of Fe films on Cu~001! will be in the AF2 phase if the film is
thick enough to have layers of bulk and, especially, if t
number of layers is even.

The AF2 phase appears to be the closest approximatio
a collinear spin description to the flat spin spirals of t
noncollinear ground state,12 as noted in Ref. 3, when th
changes of successive layers in spin orientation in AF2
0°, 180°, 0°, 180°,... . These changes are replaced in a
collinear description by 90°, 90°, 90°, 90°,...~or, when opti-
mized, by values close to 90°!, and it is plausible that the
additional degree of freedom will lower the energy.

Measurements by quantitative LEED of the structure
Fe films on Cu~001! thick enough to have layers with bul
elastic behavior~e.g., eight or ten layers! ~Ref. 9! give a
1-3
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53.615 Å, c53.5460.06 Å, c/a50.9860.02, V
511.56 Å3, and V/V050.9860.02, whereV0 is the mea-
sured ground-state volume per atom, 11.77 Å3. The LEED
point and error line~due just to errors inc! are plotted on
Fig. 1~b! using reduced quantitiesV/V0 andc/a ~which re-
move some of the absolute error in the calculations!. The
GGA-REL EBP curve for the AF1 phase is closest to t
LEED point; the EBP for the AF2 phase is farther away.
general, the GGA corrections overestimate the magnetic
ments and corresponding increase in volume per atom, w
could account for the LEED point lying below the AF1 an
AF2 EBP’s in Fig. 1~b!.

Figure 2 shows that a substrate witha53.49 Å would be
the most favorable substrate dimension to grow the A
phase epitaxially with least strain. This value ofa is rather
small; diamond~001! with a53.56 Å may be the substrat
that is closest, and Fe has been successfully grown on
mond ~001!.13 Substrates witha53.65 Å or larger, which
may favor growth of the FM phase, are easier to find~fcc Rh
a53.80 Å, fcc Ir a53.87 Å, fcc Pda53.89 Å!. Then the
GGA-REL calculations predict a FM bulk for such Fe ep
taxial films if they can be grown with 5.8% epitaxial stra
~stretched froma53.45 to 3.65 Å!. There is some experi
mental evidence for a FM phase at largec/a values. In two
recent papers on Fe/Pd multilayers,14,15 such FM phases ar
reported. At the lattice constant of Pd, epitaxial films of
would be in the range in which the FM phase has the low
energy. Both papers measure magnetic moments greater
the bcc Fe ground state, as is found for the FM phase
Table I. Both papers state the structure is fcc, whereas
FM phase is tetragonal. But both papers deal with
Pd~111! surface, whereas our results would primarily app
to the Fe structure on Pd~001!.

Two kinds of instability have been found: thus from Fi
2 the FM phase ata>3.657 Å is lowest in energy, but ap
pears to be in an unstable range ofc/a for tetragonal struc-
ture since it is near the energy maximum vsc/a in Fig. 1~a!.
This instability means that changes ofa and c are possible
which preserve tetragonal structure and reduceE. However,
an epitaxial film of Fe witha clamped at 3.615 Å will still be
stabilized in the FM phase becauseE is a minimum with
respect toc at that a; hence, a change ofc alone cannot
reduceE.
er

, J

T
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The other instability is shown by the AF2 phase at eq
librium, where the calculation of elastic constants abo
givesc66,0. This condition means instability with respect
@100# and@010# shears in the~001! plane. Again, epitaxy will
prevent such shears and film growth should be possible. T
growth of AF2 should also be possible on Cu~001!, where
the phase is under 3.5% epitaxial tensile strain from equi
rium ~strained froma53.491 to 3.615 Å!. Unlike the FM
phase ata53.615 Å, the AF2 phase is not in a state
tetragonal instability. However, the fact that AF2 at equili
rium is unstable with respect to@100# and @010# shears
means that a free-standing crystal would not be stable. T
the epitaxial film is not a true metastable phase even at e
librium, but might be called a constrained metastable pha
Note that the calculation of any constrained phase is a c
strained ground-state solution of the Kohn-Sham equatio
i.e., it is not an excited-state calculation. If instead ofc66
,0 the stability violation werec44,0, then the AF2 phase
would be unstable with respect to@101# and @011# shears
corresponding to changes inuac andubc . In this case epitaxy
which fixes the~001! plane would not inhibit the instability
from developing, and we would expect that films thic
enough to have bulk layers could not be grown.

There appears to be experimental evidence for the s
instability of Fe grown epitaxially on fcc surfaces. After
certain thickness of such Fe films is achieved, thick enou
to have bulk layers, but depending strongly on growth co
ditions, a transition to a bcc structure takes place. In the w
on (Fe/Pd)n multilayers with variable Fe thickness,15 the
transition is shown to occur essentially without volum
change, which is consistent with a shear strain. A study16 of
nucleation centers of bcc Fe in Fe films on Cu~001! also
shows that the transition to the bcc structure conserves
ume.
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