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Ab initio calculation of phase boundaries in iron along the bcc-fcc transformation path
and magnetism of iron overlayers
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A detailed theoretical study of magnetic behavior of iron along the bcc-fcc~Bain’s! transformation paths at
various atomic volumes, using both the local spin-density approximation~LSDA! and the generalized gradient
approximation~GGA!, is presented. The total energies are calculated by the spin-polarized full-potential
linearized augmented plane waves method and are displayed in contour plots as functions of tetragonal dis-
tortion c/a and volume; borderlines between various magnetic phases are shown. Stability of tetragonal
magnetic phases ofg-Fe is discussed. The topology of phase boundaries between the ferromagnetic and
antiferromagnetic phases is somewhat similar in LSDA and GGA; however, the LSDA fails to reproduce
correctly the ferromagnetic bcc ground state and yields the ferromagnetic and antiferromagnetic tetragonal
states at a too low volume. The calculated phase boundaries are used to predict the lattice parameters and
magnetic states of iron overlayers on various~001! substrates.
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Iron exists in both bcc and fcc modifications and h
many magnetic phases, especially in thin films. In particu
fcc iron films exhibit a large variety of structural and ma
netic properties that depend delicately on the iron la
thickness and preparation conditions.1–3 The close competi-
tion between different magnetic states has also been
firmed by first-principles electronic structure calculations.
the case of Fe, the local spin-density approximation~LSDA!
predicts a nonmagnetic close-packed ground state instea
the ferromagnetic bcc phase found in nature.4,5 It turns out
that inclusion of nonlocal effects through the generaliz
gradient approximation~GGA! overcomes this problem an
stabilizes the bcc ferromagnetic state.5,6 This has also been
verified in a number of recent studies~see, e.g., Refs. 7–10!.

Recently, Qiu, Marcus, and Ma11 found that the behavio
of the total energy of iron along the tetragonal deformat
path at the constant volume of 11.53 Å3 is quite similar
within both LSDA and GGA. As we show in the prese
paper, the relaxation of volume brings a somewhat differ
picture of the energetics of iron and, in this way, the sim
larity mentioned in the above paper is rather a happy coi
dence. Very recently, Spisˇák and Hafner12 included also the
double-layer antiferromagnetic state (↑↑↓↓ . . . ) into their
considerations of energetics ofg-iron multilayers on
Cu~001! and found that this magnetic ordering is energe
cally favored at the lattice constant equal to the equilibri
lattice constant of Cu.

The purpose of this contribution is to perform the calc
lation of the total energy of iron along the bcc-fcc tetrago
~Bain’s! transformation path at various volumes, to ident
the stable and metastable phases, and to find the p
boundaries between various iron modifications. This pat
significant for energetics of ultrathin films at the~001! sub-
strates, as pseudomorphic epitaxy on a~001! surface of a
cubic metal usually results in a strained tetragonal struc
of the film. We include ferromagnetic~FM!, nonmagnetic
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~NM!, and both single-layer~AFM1 – ↑↓ . . . ) anddouble-
layer ~AFMD! antiferromagnetic states. The calculated to
energies are used to predict lattice parameters and the typ
magnetic ordering of iron layers at various~001! substrates.

Craievichet al.13 have shown that some energy extrem
on constant-volume transformation paths are dictated by
symmetry. Namely, most of the structures encountered al
the transformation paths between some higher-symm
structures, say between bcc and fcc at the Bain’s path, ha
symmetry that is lower than cubic. At those points of t
transformation path where the symmetry of the structure
higher the derivative of the total energy with respect to
parameter describing the path must be zero. These are
so-called symmetry-dictated extrema. However, other
trema may occur that are not dictated by symmetry and
flect properties of the specific material. Configurations c
responding to energy minima at the transformation pa
represent stable or metastable structures and may m
atomic arrangements that could be encountered when in
tigating thin films14 and extended defects such as interfac
and dislocations.15,16

We start with the bcc structure and consider it as a tetr
onal one with thec/a ratio equal to 1. Subsequently, w
perform a tetragonal deformation~uniaxial deformation
along the@001# axis!, i.e., we change thec/a ratio and the
structure becomes tetragonal. However, atc/a5A2, we ar-
rive at the fcc structure, which has again cubic symme
The pointsc/a51 andc/a5A2 correspond to the only high
symmetry structures along the tetragonal deformation p
and, therefore, symmetry-dictated extrema of the total ene
may be expected here. Let us note here that many pa
define thec/a such that the fcc structure is considered
tetragonal one with (c/a)* 51; then (c/a)* 5(c/a)/A2 and
the bcc structure corresponds to (c/a)* 5A2/2.

We calculate the total energy of NM, FM, AFM1, an
AFMD iron along the tetragonal deformation paths keep
©2001 The American Physical Society05-1
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the atomic volume constant; the region of atomic volum
studied extends fromV/Vexp50.84 until V/Vexp51.05. For
the total-energy calculation, we utilize the full-potential li
earized augmented plane waves code described in deta
Ref. 17. The calculations are performed using both the G
~Ref. 18! and the LSDA.19 The muffin-tin radius of iron at-
oms of 1.90 au is kept constant for all calculations, the pr
uct of the number ofk-points and number of nonequivale
atoms in the basis is equal to 6000, and the product of
muffin-tin radius and the maximum reciprocal space vec
RMTkmax, is equal to 10. The maximuml value for the
waves inside the atomic spheres,l max, and the largest recip
rocal vectorG in the charge Fourier expansion,Gmax, is set
to 12 and 15, respectively.

Figures 1~a! and 1~b! display the variation of total ener
gies of iron along the tetragonal deformation path for
experimental lattice volume of the FM bcc iron of 11.72 Å3

calculated using the GGA and LSDA, respectively. The N
and FM states exhibit energy extrema atc/a51 and c/a
5A2 corresponding to higher-symmetry structures~bcc and
fcc!. However, the AFM1 iron keeps its cubic symmet
only for c/a51, i.e., for the bcc structure. Atc/a5A2, the
atoms occupy the fcc lattice positions, but as the atoms w
spinsup anddownare not equivalent, the resulting symmet

FIG. 1. Variations of total energies of iron along the consta
volume bcc-fcc transformation path for experimental volumeVexp

511.72 Å3 calculated within the GGA~a! and LSDA~b! relative to
the equilibrium energyE0 of FM bcc iron.
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is tetragonal, and no higher-symmetry structure occurs h
Therefore, no symmetry-dictated extremum of total energ
c/a5A2 is to be expected. And, indeed, the total-ener
curves of AFM1 states exhibit, in general, a nonzero deri
tive at c/a5A2 ~Figs. 1 and 2!; this was also found by Qiu
Marcus, and Ma.11 The minima of the AFM1 curves are no
dictated by symmetry. As to the AFMD iron, it is neve
cubic and no symmetry-dictated extrema occur along the
tragonal deformation path.

It may be seen from Figs. 1~a! and 1~b! that the behavior
of energies calculated within the GGA and LSDA for th
experimental lattice volume is quite alike, in accordance w
the findings of Qiu, Marcus, and Ma,11 who used a slightly
different atomic volume of 11.53 Å3. In both cases, the FM
bcc iron has the lowest energy. In the region fromc/a
'1.4 till c/a'1.7, the AFMD ordering is most favorable
The shape of the energy curves corresponding to the s
type of magnetic order is remarkably similar, but their m
tual shift is somewhat different in the GGA and LSDA.

The situation is completely changed at sufficiently low
atomic volumes. Figures 2~a! and 2~b! show the total ener-
gies of iron for the atomic volume of 10.21 Å3. In the GGA,
the energy of the FM bcc state is still the lowest one,
contrast to the LSDA case where AFM1 states lie distinc
lower than the FM bcc state. For 1.4&c/a&1.8, the AFM1
states are most favorable in both cases. Here the shape o

- FIG. 2. The same as Fig. 1, but for the atomic volumeV
510.21 Å3.
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energy curves corresponding to the same type of magn
order is quite different in the GGA and LSDA.

The difference between the GGA and LSDA results
seen best in Figs. 3~a! and 3~b!, which present contour plot
of minimum energies as functions of volume andc/a.20 We
can clearly see the ‘‘horseshoes’’ dividing the plane into
AFM1, AFMD, and FM regions. Whereas the GGA repr
duces the FM bcc ground state of iron fairly well, the glob
minimum of energy within the LSDA is, with the volum
and c/a as free variables, nonmagnetic fcc, at the volu
V/Vexp50.82 and about 63 meV/atom below the FM b

FIG. 3. Total energy of iron as a function ofc/a and volume
relative to the FM bcc equilibrium state energy calculated wit
the GGA~a! and LSDA~b!. Only states with minimum energy ar
shown. The contour interval is 20 meV/atom. Thick lines show
FM/AFMD and AFMD/AFM1 phase boundaries. The straight lin
correspond to constant lateral lattice parameters of various~001!
substrates, as described in the text. The crosses composed fro
vertical and horizontal error bars centered at those straight l
represent structures of Fe films on the corresponding subst
found experimentally. One of these crosses is out of the line
stands for the experimental structure of Fe/Cu3Au(001) films found
in Ref. 27 and its center is denoted by an open circle. The other
open circles show the experimental structures where no error
were given. Smaller open circles combined with asterisks repre
theoretical results found in this work. In Fig. 3~b!, the contours with
the negative energy~relative to the FM bcc minimum! are drawn by
dashed lines.
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local minimum@this global minimum is out of the range o
Fig. 3~b!#.

The AFMD structure may be considered to be a clo
approximation of the spin-spiral state withq5(2p/
a)(0,0,0.6) found as a ground state of the fcc iron.21 It will
be a topic of future studies to show how the noncollinear
of magnetic moments changes in the (c/a,V/Vexp) plane.
We suppose that the region of noncollinear magnetism
not be too much different from the AFMD region shown
Fig. 3~a!.

Surprisingly, the positions of borderlines between in
vidual magnetic states are not very different within the GG
and LSDA. This is due to two mutually compensating e
fects: ~i! the whole ‘‘landscape’’ of the LSDA is, roughly
speaking, shifted to lower volumes with respect to the GG
one ~this shifts also the phase boundaries to lower volum!
and, ~ii ! the local minima and the energy surface in t
neighborhood of the fcc structure are shifted to lower en
gies with respect to the energy surface in the neighborh
of the bcc structure~this shifts the phase boundaries back
higher volumes!. The second effect seems to be stronger a
as a result, the phase boundaries in LSDA occur even
higher volumes than in GGA.

Figures 3~a! and 3~b! enable us to predict easily the lattic
parameters and magnetic states of iron overlayers at~001!
substrates. Let us suppose that the pseudomorphic iron o
layers adopt the lattice dimensions of the substrate in
~001! plane and relax the interlayer distance~characterized
by c/a). If the lattice constant of a fcc substrate is equal
asub, then in the coordinatesx5c/a, y5V/Vexp, and z
5E2E0, the surfaces corresponding to a fixedasub in the

~001! planes are the planesy5kx, wherek5(A2/8)(asub
3 /

Vexp). The configuration and magnetic state of iron overla
ers on a~001! substrate should correspond to the ene
minimum coinstrained to this plane provided that the eff
of the substrate/overlayer interface is not very strong.

In Figs. 3~a! and 3~b!, these planes for different values o
asub are displayed by straight lines together with availab
experimental results and our theoretical predictions. Let
discuss the GGA results first@Fig. 3~a!#.

The experimental point for Fe films on Ag~001! is taken
from Ref. 22. It corresponds to a slightly distorted bcc stru
ture and lies in the FM region, in agreement with experime
tal findings.23 Our theoretical point is within the experimen
tal limits. A similar situation takes place for Fe films o
Pd~001! ~Ref. 24! and Rh~001! ~Ref. 25!. The films exhibit
body centered tetragonal structure and the theoretical re
are not very far from the experimental ones~for Rh, we are
again within experimental limits!. The points for Fe films on
Pd and Rh substrates still lie in the FM region. The F
ordering of films on Pd was also confirmed experimentally24

as to the Rh substrate, the magnetic structure of the films
not investigated yet.25

As for the Cu3Au(001) substrate, there are two expe
mental findings for thin films. One of them26 lies at the
straight line for the Cu3Au substrate in Fig. 3~a!, and our
theoretical point is within the experimental limits. The oth
one27 is somewhat shifted from the Cu3Au line. The structure
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of the films corresponds again to a tetragonally strained
bcc phase, in agreement with experiment.27

Fe films on Cu84Al16(001) are reported to be fcc with th
volume of 12.15 Å3.28 The corresponding point lies ver
close to the phase boundary between the FM and AF
ordering in the fcc region. This is also in accordance w
experimental findings—up to a 4 ML, high-spin FM state is
reported; for higher thicknesses a low-spin and/or AF
phase was found.28 Here we do not have enough calculat
results to find out the theoretical point, but it will not b
probably too much higher than (c/a,V/Vexp)5(1.44,1.05).

Another system close to the FM/AFMD phase bound
are the Fe films on Cu~001!. This fact confirms a conclusion
of Ref. 12 that FM and AFMD phases are energetically
most degenerate along the line corresponding to the la
constant of Cu and somewhat favored over the AFM1 pha
and is closely connected with a variety of magnetic sta
found in the Fe films on Cu~001!. Our theoretical point lies
in the AFMD region and is not very far from the experime
tal result29 @see Fig. 3~a!#.

Finally, the straight line for Fe films on Ni~001! is, for
lower volumes, close to the AFMD/AFM1 phase bounda
However, the experimental point30 is distinctly in the AFMD
t

o

05240
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region, and our theoretical prediction lies again within t
experimental limits. In reality, however, magnetic polariz
tion due to FM Ni substrate may induce FM order in t
film.31

As may be seen in Fig. 3~b!, the LSDA would provide
rather wrong theoretical predictions of the lattice parame
of Fe films on metallic substrates. This is due to a consid
able shift of the energy minima to the lower volumes.

In conclusion, we have calculated the total energies
iron as a function of volume and tetragonal distortion f
various magnetic phases and found the minimum ener
both within the GGA and LSDA. The calculated conto
plots can be used for the understanding and prediction
lattice parameters and magnetic states of Fe films on var
metallic substrates. However, only the GGA gives a fav
able agreement with available experimental data.
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