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Epitaxial Bain path of tetragonal Fe
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The epitaxial Bain path€EBP’s) of tetragonal Fe are found by minimizing the total energy with respect to
¢ 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-l phase,
called here AF1, and a phase in which pairs of ferromagnetically codpet 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(@) 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[010Q] shears in th€001) plane, but is stabilized by epitaxy on @@1). The AF2 phase is indicated
to be the phase of the bulk of epitaxial Fe films on(@1). The bulk structure of Fe films on @@01) 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 tf@@1Zwhe ferromagnetic
phase is found to be more stable than AF2.
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I. INTRODUCTION calculated EBP’s to indicate the phase of the film.
Noncubic tetragonal equilibrium states are important for

Most theoretical studies of the electronic structure of bulkFe, especially for antiferromagneti&F) states, which do
Fe considered just bce and fee structures and varied the voRot have cubic symmetry. But even the ferromagnéfigl)
ume per atonV.! A few studies found the electronic struc- states, which can have cubic symmetry, such as the energy
ture for tetragonal atomic structufeisually at constari¥ as ~ minimum for FM bcc Fe, has a noncubic tetragonal equilib-
a function of aspect ratio/a. One previous studylooked at ~ rium state atc/a=1.18 (using face-centered-tetragonal lat-
the electronic structure at @l and ¢ values, and found the tice parametejs A reliable description of the magnetic be-
states of minimum energy in bothandc for three phases of havior of bulk Fe cannot be obtained from calculations on
Fe, including an antiferromagnetic phaé&F2) in which  cubic structures.
pairs of ferromagnetically couple@®01) layers alternate in The phase AF2 with moment sequericil| on succes-
moment sign. The present work also considers tetragonaiive (001) planes, called bilayer antiferromagnetic in Ref. 3,
states at alk andc, finds the states of minimum energy for was found initially in several publications to be the lowest-
four phases of Fe, and in addition considers the stability oenergy state of fcc F&Ref. 4 and then was found to be the
the dominant AF2 phase leading to a conclusion that it idowest in ultrathin Fe films, especially those with an even
macroscopically unstable, but that epitaxial films in thatnumber of layers.The general tetragonal analysis in Ref. 3
phase can be stabilized. showed that AF2 was the lowest-energy tetragonal equilib-

Tetragonal calculations at constant volume give approxifium state at/a values around the fcc value ofa=1. Here
mate values ot/a and energyE at the minima ofE with ~ we show that along the EBP, the AF2 phase dominates the
respect taa andc if V is chosen near the correct values, buthigh-c/a range from the equilibrium state at=3.407 A to
do not givea, ¢ andV separately. The calculations here find the Cu lattice constant 3.615 A, but that at 3.657 A and
the epitaxial Bain patfEBP) in each phase by finding the above the FM phase has the lowest energy. We also examine
minimum of E(c) at eacha. The minima alondgE®®7(a) are  the stability of the AF2 phase at equilibrium determined by
then minima with respect to bothandc and will be referred  its six tetragonal elastic constants. One of the four stability
to as tetragonal equilibrium states. These states are stai#@nditions is violated, but we show that epitaxial constraint
with respect to tetragonal deformations, but may be unstablen cubic(002) surfaces stabilizes an epitaxial film in the AF2
with respect to deformations that break the tetragonal symphase.
metry. Hence it is necessary to distinguish these states when
unstable in this way from true equilibrium states that are
stable against all deformations, which are then either the
overall ground state or metastable states. The EBP curves First-principles full-potential linearized-augmented-plane-
found here are also useful in checking low-energy electrowave (FLAPW) calculations with thewieng7 codé were
diffraction (LEED) values of the bulk structure of epitaxial used to find the EBP’s of four Fe phases: the nonmagnetic
films, since the curves give all epitaxially strained stategNM), the ferromagneti¢FM), the type-I antiferromagnetic
from the tetragonal equilibrium states. The measured LEERAF1), and the antiferromagnetic with moment sequence on
structure of Fe films on GQ001) is compared later with the (001) planes?|| (AF2). The Kohn-Sham equatiohsvere

Il. CALCULATION PROCEDURES AND RESULTS
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FIG. 1. (a) The EFB”(c/a)-E, curves of tetragonal Fe in the
NM, FM, AF1 and AF2 phases from the GGA-REL calculations,
whereE, is the energy per atom in the bcc FM ground stéi.
The {VEB?V }(c/a) curves of tetragonal Fe in the NM, FM, AF1,
and AF2 phases from the GGA-REL calculations, wheges the
theoretical volume per atom in the ground state, 11.87The data
point with error bar is the experimental value \6fV, againstc/a
from the studies(Ref. 9 of Fe films on C@001), where V,
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FIG. 2. TheEEBR(a)-E, curves of tetragonal Fe in the FM, AF1,
and AF2 phases in the range @%3.3—3.7 A from the GGA-REL
calculations, wher€&, is the energy per atom in the bcc FM ground
state. The solid and dashed lines interpolate between the calculated
points.

1(b) shows the corresponding reduced volume per atom
(VIVy) along the EBP, wher&, is the theoretical volume
per atom of the bcc FM ground state, 11.57. Ahe experi-
mental value o¥//V, againstc/a from the LEED studiebof

Fe films on Cg00Y) is also plotted in Fig. (), whereV,
=11.77 A is the measured ground-state volume per atom.
Figure 2 shows the energy along the EBP as a function of the
lattice parametes from the GGA-REL calculations. There is

a dashed vertical line at the @D1) value ofa and vertical
lines at the minima oEFBP for the AF1, FM, and AF2 phases
to indicate the tetragonal equilibrium states. Table | gives
c/a, a, relativeE values and local magnetic moments at the
equilibrium states found in the GGA-REL calculation with
WIEN97 to compare with the values found in Ref. 3, which
used the same potential as GGA-REL, but a different band
structure program calledasp.

=11.77 A is the measured ground-state volume per atom. The Since the AF2 phase is shown in Figgéa)land 2 to be the

solid and dased lines interpolate between the calculated poifds in
and (b).

solved using the local spin-density approximati®uSDA)
with generalized gradient approximati@@GA) and relativ-
istic correctiongcalled here GGA-REL A two-atom tetrag-
onal unit cell was used for the NM, FM, and AF1 calcula-
tions and a four-atom cell for the AF2 calculation. The

detailed procedure for finding the EBP’s is given in our pa-

per on tetragonal MA.

The WIEN97 calculations used a plane-wave cutoff

RytKmax=9, Ryr=1.7 a.u.,Gna=14, and 360k points in
the irreducible wedge of the Brillouin zone. Thespace in-
tegration was done by the modified tetrahedron mefhaidl.

lowest-energy phase over a rangeadhat includes the AF2
equilibrium valuea=3.491 A and AF2 at the G001) value
a=3.615A, which is imposed on epitaxial films of Fe on
Cu(001), it is of interest to test the stability of the AF2 phase.
Stability conditions can be given in terms of the six elastic
constants of a tetragonal structdfehey express the positive
definiteness of the strain energy with respect to all small
deformations of the lattice. These four conditions are

2
(€11t C1p)C33>2CT5, Ces>0.

(€

Evaluation of thec;; of AF2 at the equilibrium point re-
quires six second derivatives &f with respect to particular

C11>C1dl, C44>0,

the calculations were highly converged. Tests with larger badeformations. These relations are given in terms of the mag-
sis sets and different Brillouin-zone samplings yielded onlynitudes of the body-centered-tetragonal lattice vectors

very small changes in the results.

b’, c, wherea’=b’=a/v2, and the angles between the lat-

Figure Xa) shows the energy along the EBP of each phasegice vectors 6.y, 0y, 0.4. The relations, evaluated at equi-

as a function ot/a from the GGA-REL calculations. Figure

librium, are
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TABLE |. Lattice parameters, relative energies and magnetic moments at the minima®ft&héc/a)
curves of tetragonal Fe in the NM, FM, AF1 and AF2 phases in the region ofdimlvalues. Energies are
in mRy/atom.E, is the energy per atom in the bcc FM ground state.

FM AF1 AF2 NM

GGA-REL cla 1.176 1.088 1.093 1.00
a(h) 3.449 3.447 3.491 3.480
SE=E—E(AF2) 0.976 1.104 0 7.939
SE=E—E, 7.400 7.528 6.424 14.363
m(ug /atom) 2.332 1.569 2.075 0
Reference 3 cla 1.18 1.06 1.10
a(h) 3.40 3.40 3.42
AE=E—E(AF2) 1.51 0.38 0

m(ug/atom)

2.35 1.52 2.06
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In Eq.(2) onlya’ varies andb’ is fixed at the equilibrium

value, whereas in Eq3), a’ and b’ are kept equal and
varied together. In Eq(5) the calculated=F®%(a’) curve is

Ill. DISCUSSION

The EBP’s of Fe in Figs. 1 and 2 tell us that antiferromag-
netism dominates just the higher rangecté for Fe, unlike
Mn where antiferromagnetism dominates almost the entire
range ofc/a. In that higher range, we see from Fig. 2 that
the AF2 phase has the lowest energy both at equilibrgum
=3.491 A and for Fe epitaxial on Q@01) at a=3.615A,
but the FM phase is lower fa=3.657 A.

Table | shows that the equilibrium values ©fa and the
local magnetic moments for the FM, AF1, and AF2 phases
from the GGA-REL calculations agree closely with the equi-
librium values found in Ref. 3. Also, the energies found here
for the FM and AF1 minima relative to the AF2 minimum
differ from Ref. 3 by less than 1 mRy/atom. Herpeiral?
find E(c/a) for tetragonal Fe in the NM, FM, and AF phases,
which show minima of these phasescaa=1.0, 1.16, and
1.06 to compare with the results in Table lada=1.0, 1.18,
and 1.09, respectively. However, the calculations of Herper
et al. differ from our calculations and that of Spis and
Hafnef in two ways: they findE(c/a) at constant volumes
taken from fcc calculations, and hence cannot find the correct
volumes or energies of the tetragoflaigh c/a) equilibrium
FM and AF phases. They find the AF1 and AF2 phases to
have identicalE(c/a) curves, whereas we and Sgksand

used. In the numerical evaluations generally five points ar¢iafnef find the AF2 phase distinctly lower in energy and

used att1% and=+2% deviation from the equilibrium value,

and a best-fit cubic is found for the five points. Thgvalues
for the AF2 phase in the equilibrium state at3.491A
(a’=2.469A) andc=3.816 A are

€11=3.082 Mbar, ¢,,=0.400 Mbar, c3=1.142 Mbar,
C33=3.092 Mbar, c,4,=3.003 Mbar,

Ces= — 65.41 Mbar.

The first three stability conditions in Egd.) are satisfied,
but not the fourth conditiormgg> 0.

with slightly different lattice parameters.

Since the AF2 phase has the lowest energy aat
=3.615A, the GGA-REL calculations indicate that the bulk
of Fe films on C@001) will be in the AF2 phase if the film is
thick enough to have layers of bulk and, especially, if the
number of layers is even.

The AF2 phase appears to be the closest approximation by
a collinear spin description to the flat spin spirals of the
noncollinear ground stafé, as noted in Ref. 3, when the
changes of successive layers in spin orientation in AF2 are
0°, 180°, 0°, 180°,.... These changes are replaced in a non-
collinear description by 90°, 90°, 90°, 90°(or, when opti-
mized, by values close to 90°and it is plausible that the

The lattice constant of the bcc FM phase is found fromadditional degree of freedom will lower the energy.

the EBP minimum of the GGA-REL calculations to le

Measurements by quantitative LEED of the structure of

=4.031A (@’'=2.850A), which is 0.6% smaller than the Fe films on C@001) thick enough to have layers with bulk

experimental valué a’ =2.866 A.

elastic behavior(e.g., eight or ten layeys(Ref. 9 give a
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=3.615A, ¢=3.54-0.06A, cc/a=0.98-0.02, V
=11.56 A%, and V/V,=0.98+0.02, whereV, is the mea-
sured ground-state volume per atom, 11.77 Bhe LEED
point and error ling(due just to errors irc) are plotted on _ ) _
Fig. 1(b) using reduced quantitié#/V, andc/a (which re- ~ prevent such shears and film growth should be possible. This
move some of the absolute error in the calculatiohe  9rowth of AF2 should also be possible on (G01, where
GGA-REL EBP curve for the AF1 phase is closest to thethe phase is under 3.5% epitaxial tensile strain from equilib-
LEED point; the EBP for the AF2 phase is farther away. In"Um (straln_ed fron}\a=3.491 to 3.615 A Unlike the FM
general, the GGA corrections overestimate the magnetic mhase a@=3.615A, the AF2 phase is not in a state of
ments and corresponding increase in volume per atom, Whicg?tragonal instability. However, the fact that AF2 at equilib-

could account for the LEED point lying below the AF1 and UM is unstable with respect tp100] and [010] shears
AF2 EBP’s in Fig. 1b). means that a free-standing crystal would not be stable. Thus

Figure 2 shows that a substrate with 3.49 A would be the epitaxial film is not a true metastable phase even at equi-
the most favorable substrate dimension to grow the Apgibrium, but might be galled a constrame_d metastablle phase.
phase epitaxially with least strain. This value afs rather Note that the calculation Of_ any constrained phase is a con-
small; diamond(001) with a=3.56 A may be the substrate strained ground-state solution of the Kohn-Sham equations,

that is closest, and Fe has been successfully grown on di&€: it is not an excited-state calculation. I insteadogf
mond (001).2* Substrates witha=3.65A or larger, which <0 the stability violation were,,<0, then the AF2 phase

may favor growth of the FM phase, are easier to fiiud Rh ~ Would be unstable with respect {d01] and [011] shears
a=3.80A, fcc Ira=3.87A, fcc Pda=3.89A). Then the ~ CO'responding to changes éig; andf.. In this case epitaxy
GGA-REL calculations predict a FM bulk for such Fe epi- which fixes the(001) plane would not inhibit the instability

taxial films if they can be grown with 5.8% epitaxial strain "M developing, and we would expect that films thick
(stretched froma=3.45 to 3.65 A. There is some experi- ©nough to have bulk layers could not be grown.
mental evidence for a FM phase at laxg@ values. In two There appears to be experimental evidence for the shear

recent papers on Fe/Pd multilayéf<®such FM phases are nstability of Fe grown epitaxially on fcc surfaces. After a
reported. At the lattice constant of Pd, epitaxial films of FeCetain thickness of such Fe films is achieved, thick enough

would be in the range in which the FM phase has the lowest have bulk layers, but depending strongly on growth con-

energy. Both papers measure magnetic moments greater thdions, a transitiqn toa bc‘? structure takes pl_ace. In the work
the bcc Fe ground state, as is found for the FM phase if?" (Eg/Pd_} multilayers with variable .Fe thlpkne%é,the
Table I. Both papers state the structure is fcc, whereas odfansition is shown to occur essentially without volume
FM phase is tetragonal. But both papers deal with thé:hange', which is consistent W't.h ashgar strain. A sttidg
Pd111) surface, whereas our results would primarily applynucleation centers of bce Fe in Fe films on(Q0) also
to the Fe structure on Fap1). shows that the transition to the bcc structure conserves vol-
Two kinds of instability have been found: thus from Fig. YMe:
2 the FM phase a2=3.657 A is lowest in energy, but ap-
pears to be in an unstable rangecdé for tetragonal struc-
ture since it is near the energy maximumo/a in Fig. 1(a).
This instability means that changes @fand c are possible
which preserve tetragonal structure and redHcélowever,
an epitaxial film of Fe witha clamped at 3.615 A will still be
stabilized in the FM phase becauBeis a minimum with
respect toc at thata; hence, a change af alone cannot
reduceE.

The other instability is shown by the AF2 phase at equi-
librium, where the calculation of elastic constants above
givescge<0. This condition means instability with respect to
[100] and[010] shears in th€001) plane. Again, epitaxy will
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