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Broken symmetries in the crystalline and magnetic structures ofg-iron

M. Marsman and J. Hafner
Institut für Materialphysik and Center for Computational Material Science, Universita¨t Wien, Sensengasse 8, A-1090 Wien, Austria

~Received 12 June 2002; published 16 December 2002!

It is by now well established that in antiferromagneticg-Fe, stabilized in the form of precipitates in a Cu
matrix or by epitaxial growth on an appropriate substrate, magnetic and/or crystalline symmetries are broken.
Little is known, however, on the physical effects driving the symmetry reduction, and on the interplay of
crystalline and magnetic symmetry breaking. We have used a recently developed unconstrained vector-field
description of noncollinear magnetism, implemented in anab initio spin-density-functional code, to search for
the magnetic and crystalline structure ofg-Fe, stabilized by different types of constraints. We show that in near
face-centered-cubicg-Fe, stabilized by three-dimensional constraints, the magnetic ground state is a spin-spiral

with propagation vectorqW 52p/a3(0.2,0,1) at an equilibrium atomic volume ofV510.63 Å3, very close to

the propagation vectorqW exp52p/a3(0.1,0,1), determined experimentally, but at considerably lower volume
than the atomic volume of theg-Fe precipitates in Cu on which the experiments were performed (V

511.44 Å3). At these larger volumes our calculations predict an helical spin solution atqW 52p/a
3(0,0,0.6) to be the ground state. Epitaxially stabilizedg-Fe is found to be unstable against both tetragonal
distortion as well as monoclinic shear deformation, and the structural distortions suppress the formation of
spin-spiral states, in agreement with experimental observations on Fe/Cu~100! films.

DOI: 10.1103/PhysRevB.66.224409 PACS number~s!: 75.25.1z, 75.30.Fv, 71.15.Mb, 61.66.2f
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I. INTRODUCTION

Among the 3d elements showing itinerant magnetism
iron occupies a unique role. In the Slater-Ne´el curve~see, for
instance, Ref. 1! representing the exchange interaction a
function of the interatomic distance, Fe falls close to t
node separating the antiferromagnetic metals Cr and
with a nearly half-filledd band from the strong ferromagne
Co and Ni with a nearly full band. Body-centered cubic~bcc!
a-Fe has a nearest neighbor distance sufficiently large
stabilize ferromagnetism, but the increasing slope of
Slater-Néel curve leads to strong magnetovolume effects
weakly ferromagnetica-Fe contrasting the behavior of th
strong ferromagnets Co and Ni. Due to the higher packi
density of face-centred cubic~fcc! g-Fe, the nearest
neighbor distance is small enough so thatg-Fe should be
antiferromagnetic in analogy to Mn and Cr. In amorpho
Fe, the first peak of the pair-correlation function falls close
the zero in the Slater-Ne´el curve, leading to a competitio
between ferromagnetic and antiferromagnetic exchange
teractions. Depending on the mean nearest-neighbor dist
between the Fe atoms, amorphous alloys with a second
magnetic metal or a metalloid~the addition of a second ele
ment is necessary to allow the formation of a metasta
amorphous phase at not too high quenching rates! will show
asperomagnetism or speromagnetism.2–4

The investigation of antiferromagneticg-Fe is compli-
cated by two facts:~i! The fcc phase is stable only in th
temperature interval fromT51173 K andT51660 K, i.e.,
far above the expected Ne´el temperature.~ii ! As antiferro-
magnetic ordering breaks the cubic symmetry, the param
netic to antiferromagnetic transition is eventually coupled
a structural distortion.

The situation could be similar to that observed ina- and
g-Mn—in both cases the symmetry of the cubic param
0163-1829/2002/66~22!/224409~13!/$20.00 66 2244
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netic phase is reduced to tetragonal in the antiferromagn
phase.5–8 The coexistence of tetragonally distorted, type
antiferromagnetic fcc Mn witha-Mn and its complex crys-
talline and noncollinear magnetic structures is indeed a st
ing demonstration of the complex structure-property re
tionship in the itinerant antiferromagnets. A further examp
is the instability of bcc type-I antiferromagnetic Cr to th
formation of a long-period spin-density-wave coupled to
strain-wave of half wavelength.9,10

Experimentally,g-Fe has been produced mainly by tw
different techniques.~i! Annealing of dilute alloys of Fe in
fcc Cu leads to the formation of precipitates with the sa
structure as the parent lattice.~ii ! The epitaxial growth of
ultrathin Fe layers on Cu~001! or Cu~111! substrates is
known to stabilize the fcc structure up to a certain critic
film thickness.

The structural and magnetic properties ofg-Fe precipi-
tates in Cu have been studied extensively by Tsunodaet al.
using various techniques.11–17 It was shown that both the
crystalline and magnetic structures depend quite crucially
the diameter of the precipitates~which is in turn a function of
the thermal history of the sample!. For particle sizes up to
150 Å, below a Ne´el temperature of 50 K, a simple type
antiferromagnetic structure with a low magnetic mome
(mFe<1mB) is formed. The phase transition is second ord
the crystal structure is unchanged in this antiferromagn
g-A phase down to the lowest temperatures. For precipita
with diameters ranging between 150 and 1500 Å, the m
netic phase transition observed atT;50270 K is first order
and coupled to a structural phase transition. In the antife
magneticg-B phase, the fcc lattice contracts along thec axis,
in the c plane the atomic positions are modulated by a lon
period transverse wave propagating along the@110# direc-
tion. The wavelength of the lattice modulation varies w
the diameter of the precipitates. The magnetic structure
©2002 The American Physical Society09-1
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helical spin-wave with the periodicity of the lattice modul
tion. The increase of the Ne´el temperature compared to th
g-A phase signals that the lattice modulation stabilizes
antiferromagnetism. For precipitates with a still larger dia
eter (g-C phase! the Néel temperature and the structur
phase-transition temperature are not well defined, they s
a broad distribution correlating quite well with the distrib
tion of the measured lattice spacings. This indicates that
full coherence with the Cu matrix has been lost and that
semicoherentg-Fe precipitates are surrounded by many
terface dislocations. Both the structural and magnetic ph
transitions are coupled rather strongly to alloying and v
ume effects: Alloying of Fe with Co strongly suppresses
structural phase transition and lowers the Ne´el temperature
while alloying with Cr increases the transition temperatu
for both the structural and magnetic transitions~which re-
main strongly coupled!. This is related to two effects: on on
hand, alloying with Co stabilizes the fcc phase, whereas
destabilized by addition of Cr, on the other hand, Co
creases the lattice constant of the precipitates~and hence
increases the lattice mismatch and reduces the transition
peratures!, whereas Cr acts in the opposite direction. Ho
ever, the situation is extremely complex: for precipitates i
dilute alloy of Cu with Au where the lattice mismatch is al
increased, an increase of the transition temperature has
observed.

Ultrathin g-Fe films grown on Cu~001! also show a very
complex structural and magnetic phase diagram.18–25 Films
with up to 3–4 monolayers~ML ! are ferromagnetic, the
structure is tetragonally distorted fcc~Refs. 19–21! and
shows a considerable three-dimensional lattice modulatio22

with (134) or (135) periodicity~region I!. At thicknesses
ranging from about 4 to 11 ML~region II! the Fe films have
been characterized as fcc ‘‘on average’’ a
antiferromagnetic,23–25 with a small net moment due to
ferromagnetic coupling of the enhanced moments in the
face and subsurface layers, varying in a nonmonotonous
with the film thickness. For films with about 6 ML a (
32) reconstruction has been reported. The magnetic or
ing transition has been found to be rather complex: the t
perature dependence of the magnetization is characterize
a steep increase at the Curie temperatureTc and a second
steep increase at a lower temperatureTe which has been
interpreted as the effective ordering temperature of the a
ferromagnetic underlayers. Both the nonmonotonous va
tion of magnetization with thickness and the two-step m
netic transition have been tentatively assigned to
formation of a helical spin-wave in the deeper layers,26 in
analogy with the modulated magnetic structure of theg-Fe
precipitates. Films thicker than about 10–11 ML transform
a bcc structure.

Very recently investigations of the structure of ultrath
g-Fe films using scanning tunneling electron microsco
have added to the complexity of this picture.27 In regime II it
was found that bcc nucleation centers appear as long ne
like crystals which had been described also in ear
studies.28 Within the needles, atomic rows are tilted wi
respect to the underlying fcc lattice but appear to be perfe
lattice matched on both sides. The tilt angle is smaller th
22440
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the 19.5° corresponding a bcc overlayer on a fcc substrate
regime I, a large portion of the surface of the film is cover
by a zigzag-pattern with (13n) periodicity n54 –6. In
analogy with the needles found in the thicker films, th
structure has been described as consisting of stripes w
local bcc structure. All structures can be described as res
ing from a monoclinic shearing of the fcc lattice by614°
such that the local atomic configuration is very similar to th
of a ~110! bcc film in the Pitsch orientation29 with respect to
the fcc ~001! substrate. Films with about 3 ML, i.e., in th
ferromagnetic regime I show the highest content of ‘‘bc
like’’ stripes—this has been interpreted as representin
strong correlation between film structure and magnetis
However, there is no evident correlation between these sh
period reconstructions and the long-period modulations
served ing-Fe precipitates beyond the fact that both dist
tions are coupled to the magnetic structure.

Altogether the results on both precipitates and ultrat
films indicate a pronounced tendency of antiferromagne
fcc Fe to form distorted~modulated! crystalline and mag-
netic structures, with the details of this modulation depe
ing in a crucial way on the constraints~two or three dimen-
sional! stabilizing the near-fcc symmetry. The corre
theoretical prediction of the structural and magnetic grou
state of Fe proved to be a very difficult task: early firs
principles calculations performed in the local-spin-dens
approximation~LSDA! found the nonmagnetic hexagon
lose-packed phase (e-Fe! to be lower in energy, only the
inclusion of generalized gradient corrections to t
exchange-correlation functional led to the correct result o
ferromagnetic bcc ground state~see, e.g., Ref. 30 and furthe
references cited therein!.

LSD calculations performed in the generalized-gradi
approximation ~GGA! also considerably contributed t
clarify the structural and magnetic phase diagram
g-Fe/Cu~001! films.31–37The calculations explain the stabi
ity of the ferromagnetic state in regime I as resulting fro
the surface-induced enhanced magnetic moments and
tetragonal distortion as resulting from a magnetovolume
fect. In the regime II AFM high-moment (mFe;2mB) struc-
tures are predicted, with a bilayer sequence (↑↑↓↓•••) of
the spin orientations for films with an even number of M
Interlayer distances between FM coupled layers are
panded, AFM coupling leads to contracted spacings so
the structure is fcc on average. In the course of these in
tigations it was also found that bulkg-Fe is instable agains
tetragonal shear in all magnetic phases.35,36 The most recent
work35,37has demonstrated that the three-dimensional ‘‘si
soidal’’ distortion reported on the basis of LEED experimen
and the stripe patterns with various periodicities observed
the STM are in fact identical and accurately described
DFT calculations. In the course of these investigations,
unexpected fundamental instability of bulkg-Fe not only
against tetragonal, but also against monoclinic shearing
discovered. The shearing angle predicted for bulkg-Fe cor-
responds exactly to the angle calculated for the stripe
mains on the surface of the ultrathin films and measured
the STM experiments. Hence the stripe pattern can be c
sidered as arising from the formation of nanotwins of t
9-2
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stable bulk phase. In contradiction to the suggestion of Q
et al.26 it was found that helical spin waves are unstable
ultrathin g-Fe films and that the observed stepwise incre
of the magnetization at decreasing temperature is better
scribed in terms of decoupled phase transitions at the sur
and in the deeper layers.38,39Only collinear magnetism exist
in the thin Fe films.

A number of attempts have been made to investigate
spin-spiral magnetism in bulkg-Fe,40–47 assuming an idea
fcc lattice. All early calculations using the LSDA~Refs. 40–
42! confirmed the spin-spiral ground-state ofg-Fe, but pre-
dicted a wave vector ofqW 52p/a3(0,0,0.6) instead of the
experimentally determined qW exp52p/a3(0.1,0,1) and
agreed on a strong sensitivity of the energy difference
tween the spin-spiral state relative to the commensurate
tiferromagnetic structure on the atomic volume. Ko¨rling and
Ergon43 showed that the use of the GGA leads to a spin sp
with qW 52p/a3(0.5,0,1), demonstrating a strong effect
the gradient corrections, but unfortunately also in disagr
ment with experiment. Bylander and Kleinman44 added a
‘‘spin stiffness’’ correction to the exchange-correlation fun
tional, but did not succeed in stabilizing a spin spiral with t
observed wave vector. Various complex collinear antifer
magnetic configurations were investigated by Jameset al.,45

Herper et al.,46 and Spisˇák and Hafner.35,37,38 All studies
agree that a bilayer antiferromagnetic structure is more st
than a single-layer antiferromagnetic configuration. So far
calculations were based on the assumption of a fixed s
quantization axis within atomic spheres—the direction
magnetization changes discontinuously when passing f
one sphere to the next. In a recent paper Kno¨pfle et al.47 used
a modifiedaugmented spherical wave~ASW! method allow-
ing also for an intra-atomic noncollinearity of the spins. F
lattice constants smaller than about 3.57 Å they found
wave vectorqW 52p/a3(0.15,0,1) for the ground state of th
spin spiral in agreement with experiment, although a
slightly too small lattice constant. Comparing this result w
the earlier calculations leads to the conclusion that the f
potential corrections to the spin density are essential for
taining the correct spiral wave vector. However, it is w
known that the ASW method@and the closely related linear
ized muffin-tin-orbital~LMTO! technique likewise# tends to
overestimate the equilibrium density. Hence it remains
clear whether at the density of Fe precipitates in Cu,
helical state with the correct wave vector will represent
true ground state. Very recently, for the experimental den
of g-Fe a similar result was published by Luo and Yao48

although the technical details of this work remain a bit o
scure.

However, so far no attempt has been made to investig
the influence of a broken cubic symmetry on the stability
the helical spin wave. The aim of our work is to complete t
investigation of the structure-property relationship ing-Fe
by investigating the correlation between the broken crys
line and magnetic symmetries. We shall first extend
structural investigations ofg-Fe in various collinear phases
turn then to the question of the stability of a helical spin st
in the cubic phase of varying density and finally investig
22440
n

e
e-
ce

e

-
n-

l

e-

-

le
ll
n-
f
m

r
a

a

l-
b-
l

-
e
e
ty

-

te
f
e

l-
e

e
e

the cross-correlations between tetragonal distortions, or
rhombic distortions, monoclinic shearing deformation, a
spin-wave magnetism.

II. METHODOLOGY

Our calculations have been performed using the Vien
ab initio simulation package~VASP!,49,50which was recently
extended to deal with fully unconstrained noncollinear ma
netic structures,51 and which was extended further in the co
text of this work to exploit the translational symmetry
helical spin structures in terms of the application of gene
ized Bloch conditions to the Hamiltonian.52,53 To describe
the electron-ion interactions, VASP employs the fu
potential all-electron projector-augmented-wave~PAW!
method introduced by Blo¨chl.54,55VASP makes no shape ap
proximation to the charge and magnetization density, no
the electronic potential, and therefore allows not only
interatomic but also for intra-atomic noncollinearity of th
magnetization. Accounting for the intra-atomic noncolline
ity of the magnetization density and the use of the full ele
tronic potential, without shape approximations, were alrea
shown to be crucial when dealing with spin spirals ing-Fe.47

For our calculations of the spin-spiral states we used
gradient-corrected exchange-correlation functional of P
dew, Burke, and Ernzerhof,56 and the spin-interpolation pro
posed by Vosko, Wilk, and Nusair.57 The calculations of col-
linear magnetic structures of Spisˇák et al.,35,37,38 which we
will shortly discuss later on, were performed using t
exchange-correlation functional of Perdew and Zunger58 and
the generalized-gradient approximation of Perdewet al.59

We do not expect, however, that this difference in exchan
correlation potentials will taint a comparison between o
calculations and the aforementioned studies of Spisˇák et al.

The use of gradient-corrected exchange-correlation fu
tionals in connection with noncollinear magnetism deser
a few remarks. The gradient-corrected functionals depend
n, umW u, ¹n, and¹umW u, i.e., the electronic density, the mag
netization density, and their respective gradients. As su
strictly speaking, these functionals do not apply to the c
of noncollinear magnetism since they do not incorporate
dependence on changes in the direction of the magnetiza
We proceed by projecting the gradient of the magnetizat
in every point in space onto the direction of the magneti
tion at these points. This projected quantity, which can
seen as the gradient with respect to a ‘‘local’’ spin quanti
tion axis ~an axis which can be different for every point
space!, is then used in the gradient-corrected functiona
That we may use gradient-corrected functionals despite
previous considerations is justified by the observation tha
the intra-atomic scale the magnetization density tends to
largely collinear~the direction of the magnetization varie
only slowly!.

In all our calculations, the integrations over the first Br
louin zone were done on a 13313313 Monkhorst-Pack60

grid of k points, using the tetrahedron method with the c
rections proposed by Blo¨chl.61 Our study of the stability of
helical magnetic configurations with propagation vecto
along G-X and X-W, against tetragonal and orthorhomb
9-3
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distortions of the fcc structure were done using a primit
cell defined by the lattice vectorsa3(0,b/2a,c/2a), a
3(1/2,0,c/2a), anda3(1/2,b/2a,0). The monoclinic shear
ing of the fct structure reported by Spisˇák et al.37,38 was
modeled using a base-centered monoclinic primitive c
spanned by the vectors

a

A2
3SA2

2

c

a
,
1

2
,
12d

2 D ,
a

A2
3SA2

2

c

a
,2

1

2
,
12d

2 D ,

and

a

A2
3~0,0,1!,

where one obtains the fcc structure forc/a51 andd50. For
dÞ0 this cell describes the shearing of$111% planes along
^110& directions.

III. SHEAR INSTABILITY OF FCC FE IN COLLINEAR
MAGNETIC CONFIGURATIONS

Before we present our results for the helical spin so
tions, it is appropriate to discuss the structural optimizat
of bulk g-Fe for several collinear magnetic configuration
Spišák et al. optimized the crystalline structure ofg-Fe in
the ferromagnetic ~FM!, single layer antiferromagneti
~AFM!, and bilayer antiferromagnetic~biAFM! states, and
found that in all three magnetic configurations bulkg-Fe is
unstable against tetragonal distortion.35 In the FM and bi-
AFM magnetic state the structure is in addition to the tetr
onal distortion also unstable against both tetragonal as
as monoclinic shearing deformations of the fcc lattice.37,38

Tables I and II summarize their findings for the equilibriu
structure ofg-Fe in the FM, AFM, and biAFM magnetic
configuration.

In the fct phase the biAFM configuration is found to b
lower in energy than both the FM and AFM states. T
amount of tetragonal distortion increases with the ferrom
netic component of the magnetic coupling. For both the F
and biAFM configurations the fct structure represents onl
saddle point on the potential energy surfaceE(c/a,d), i.e.,
monoclinic shearing lowers the total energy. The shear
tortion increases in proportion to the ferromagnetic com
nent. It is remarkable that the calculated shearing anglw
5arctand of 18.4° comes very close to the angle measu
in the STM studies on ultrathin Fe/Cu~001! films.27

TABLE I. Equilibrium atomic volumeV, axial ratioc/a, mag-
netic momentm, and energy differenceDE for fct-Fe, in the ferro-
magnetic ~FM!, bilayer antiferromagnetic~biAFM!, and single
layer antiferromagnetic state~AFM!, as taken from Ref. 35.

V (Å3) c/a m (mB) DE ~meV!

FM 11.59 1.18 2.35 20.5
biAFM 11.00 1.10 2.06 0.0
AFM 10.42 1.06 1.52 5.2
22440
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IV. SPIRAL SPIN-WAVES IN FCC FE

Tsunodaet al.15 characterized the ground state of theg-A
phase~coherent fcc! of Fe precipitates in Cu to be a spin
spiral state propagating with wave vectorqW exp52p/a
3(0.1,0,1). Recently Kno¨pfle et al.47 were able to reproduce
these findings in the framework of DFT calculations wh
they found a wave vector ofqW 52p/a3(0.15,0,1) for the
spin-spiral ground state ofg-Fe, at volumes up to 11.37 Å3

~slightly below the experimentally determined volume
11.44 Å3). As mentioned before, however, ASW metho
tend to overestimate the equilibrium volume, and the qu
tion whether DFT in principle yields the correct spin-spir
ground state at the equilibrium volume remains therefore
answered. Considering the fact that the equilibrium volum
of the ferromagnetic low- and high-moment~FM-LM and
FM-HM! states and the single layer antiferromagne
~AFM! state of~undistorted! g-Fe as calculated by Spisˇák
et al.35 using the PAW method, are considerably lower th
the equilibrium volumes determined by Kno¨pfle et al. for
these magnetic configurations~FM-LM: 10.49 Å3 vs
12.00 Å3, FM-HM: 12.26 Å3 vs 12.74 Å3, and AFM:
10.63 Å3 vs 11.11 Å3), it is probable that DFT in genera
will not stabilize the correct spin-spiral up to the volum
found by the latter authors.~The PAW results of Ref. 35
incidentally, are in good agreement with the FLAPW calc
lations of Herperet al.46! We calculated the spin-spiral dis
persion alongG-X and X-W at a number of different vol-
umes ranging from 10.45 to 11.69 Å3, and in agreement with
previous theoretical studies we find at all volumes two~lo-
cal! minima: atqW 152p/a3(0,0,0.6) betweenG andX, and
at qW 252p/a3(0.2,0,1) betweenX and W, where the latter
more or less corresponds toqW exp. Figure 1 shows the spin
spiral dispersion alongG-X andX-W at a few different vol-
umes, as calculated in the present work@note that the volume
of 11.44 Å3 corresponds to the equilibrium volume of theA

TABLE II. Axial ratio c/a, monoclinic shearing deformationd,
magnetic momentm, and energy differenceDE for monoclinically
sheared fct-Fe, in the ferromagnetic~FM!, bilayer antiferromagnetic
~biAFM!, and single layer antiferromagnetic state~AFM!, as taken
from Ref. 38. The axial ratio and monoclinic deformation we
optimized at a series of fixed lattice constants. Shown here are
results for a053.40 Å3, the equilibrium lattice constant for FM
fct-Fe ~upper three entries!, and for a053.64 Å3, the theoretical
lattice parameter of bulk Cu~lower three entries!. DE is given with
respect to the energy of the equilibrium structure of fct-Fe in
biAFM state~see Table I!.

V (Å3) Config. c/a d m (mB) DE ~meV!

11.50 FM 1.17 0.33 2.23 2129.1
11.20 biAFM 1.14 0.17 2.06 270.9
10.71 AFM 1.09 0.00 1.55 249.2

12.18 FM 1.01 0.26 2.44 253.2
11.94 biAFM 0.99 0.13 2.23 28.1
11.70 AFM 0.97 0.00 1.79 49.6
9-4
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BROKEN SYMMETRIES IN THE CRYSTALLINE AND . . . PHYSICAL REVIEW B66, 224409 ~2002!
phase ofg-Fe precipitates in Cu as determined by Tsuno
et al. ~see, for instance, Ref. 12!#.

As suspected, we indeed find that the experimentally
termined spiral wave vector corresponds to the ground s
only at considerably lower volume than was reported in
study by Knöpfle et al., up to a volume of 10.63 Å3 instead
of 11.37 Å3. According to our calculations the spiral solutio
qW 2 at a volume of 10.63 Å3 constitutes the global minimum
It is, however, nearly degenerate with the helical spin so
tion with propagation vectorqW 1 at a volume of 10.81 Å3 ~see
Fig. 2!. The latter spiral solution characterizes the magne
configuration of the groundstate at volumes above 10.723.

To determine the most stable helical spin configurat
one should, in principle, sample the complete irreduci
wedge of the Brillouin zone, instead of the limited sear
alongG-X andX-W presented here. This would be comp
tationally far too demanding. We have therefore limited o
selves to confirming that the solutions atqW 1 and qW 2 corre-
spond to true~local! minima and not to saddle points, b
establishing that taking the propagating vector away fromqW 1

and qW 2 along directions perpendicular to, respectively,G-X
andX-W, raises the total energy of the spin spiral.

In addition to theqW 1 and qW 2 spiral states, Fig. 2 also
shows the volume dependence of our spiral solutions aG
and X. The spin-spiral solutions atG and X correspond to,
respectively, FM and AFM states, and can be compared—
validate our implementation of the spiral symmetry—to t
collinear magnetic configurations studied by Spisˇák et al.
~see Table I!. The equilibrium volumes of 10.54, 12.10, an
10.63 Å3, for the low- and high-moment states atG (mLM
'1.00mB ; mHM52.60mB), and the spin-spiral state atX
(m51.36mB), respectively, are in good agreement with t
collinear calculations of Refs. 35 and 46.

That an helical spin configuration atX can be taken to

FIG. 1. Volume dependence of the spin-spiral dispersion al
G-X and X-W, in fcc-Fe (g-Fe!. At low volumes, up toV
510.63 Å3, the magnetic configuration corresponding to t

groundstate is a spin-spiral atqW 25
2
5 XW, whereas for higher vol-

umes the helical spin configuration atqW 15
6

10GX is lowest in en-
ergy. Note that at the experimental volume ofg-Fe precipitates in
Cu (V511.44 Å3), the ground-state magnetic configuration

found to be the spin-spiralqW 1, in disagreement with the spin-spira

ground state atqW exp5
1
5 XW, as found in experiment.
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correspond to a collinear calculation of the AFM state is n
a trivial statement. It is in fact only true because the mag
tization tends to be largely collinear on the intra-atom
scale. The noncollinearity of the magnetization of a sp
spiral exhibits itself in the interatomic domains where t
magnitude of the magnetizations is very small. The abov
exemplified in Fig. 3 for a spin-spiral with propagation ve
tor qW 1. Close to the nucleus, where the magnetization den
is large, the magnetization is almost exactly collinear. In
interstitial regions, rotations over 180° occur over very sm
distances—but in these regions the magnetization is clos
zero. This result underlines that the intraatomic noncolline
ity is weak but a full-potential treatment is crucial to stabili
the spin spiral with the correct propagation vector.

V. SPIRAL SPIN-WAVES AT BROKEN CUBIC SYMMETRY

A. Face-centered tetragonal Fe

To our knowledge the only previous attempt at describ
the effects of a lowering of the cubic symmetry on the s
bility of the spin-spiral solutions ing-Fe can be found in a
study by Körling and Ergon,62 who calculated the dispersio
alongG-X-W-G for c/a50.95 and 1.05, at a lattice consta
of 3.61 Å, using the LMTO-ASA method. These autho
however, failed to produce a~local! minimum betweenX and
W, and their calculations hardly constitute a comprehens
search through the (V,c/a,qW ) parameter space. We have ca
culated the spin-spiral dispersion of tetragonally distor

g

FIG. 2. Total energyE and magnetizationm, versus volume, for
several important magnetic configuration in fcc-Fe (g-Fe!. Shown
here are the low- and high-moment ferromagnetic states, FM-
and FM-HM, the single layer antiferromagnetic state~AFM!, and

the helical spin configurations,qW 15
6

10GX and qW 25
2
5 XW, corre-

sponding to the two~local! minima in the spin-spiral dispersion
along G-X-W ~see also Fig. 1!. Note especially the~near! degen-

eracy of the spin-spiral solutionsqW 1 andqW 2 at their respective equi-
librium volumes of 10.63 and 10.81 Å3 ~i.e., a053.49 and 3.51 Å!.
9-5



res is not

M. MARSMAN AND J. HAFNER PHYSICAL REVIEW B66, 224409 ~2002!
FIG. 3. The magnetization field of a spin-spiral with propagation vectorqW 1 ~along thez direction!, on aa03a0 xz plane centered on an
atomic position~upper figure!, and magnified on a12 a03

1
2 a0 xz plane centered between the atomic positions~lower figure!. ~The length of

the vectors and the shading of the planes correspond to the magnitude of the magnetization, n.b., the shading in the two figu
equivalent.!
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~fct! g-Fe along G-Z and Z-U, where U52p/a
3(1/2,0,a/c) ~see Fig. 4!, for 0.92<c/a<1.12, at a series o
different volumes ranging from 10.45 to 11.69 Å3. Figure 5
shows the spin-spiral dispersion alongG-Z and Z-U for
c/a5 1.02, 1.04, 1.08, and 1.12, at different volumes.
describe the influence of tetragonal distortions on the sp
dispersion it is convenient to differentiate between two v
ume rangesV,11.00 Å3 andV.11.00 Å3.

Below a volume of approximately 11.00 Å3 tetragonal
distortions withc/a.1 tend to raise the energy of solution
aroundG ~up to 1

3 GZ) and generally lower the total energ
of the spiral dispersion in the neighborhood ofZ ~roughly all
solutions between13 GZ-Z-1

3 ZU). Moderate tetragonal distor
tions, withc/a<1.04 stabilize the helical spin configuratio
at qW 2 over the solution atqW 1, i.e., the range at whichqW 2
corresponds to the ground state of the system is extende
larger volumes@up to V510.99 Å3 for c/a51.04; with qW 2
52p/a3(0.1,0,a/c)]. Larger tetragonal distortions how
ever shiftqW 2 towardsZ, at c/a>1.08, the minimum along
Z-U has disappeared, and the ground state of the syste
located atZ.

FIG. 4. Brillouin zone of the fct structure.
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At volumes above 11.00 the situation is quite differe
Tetragonal distortions with 1,c/a<1.12 lower the total en-
ergy of the spiral dispersion along almost the complete p
through the Brillouin zone we investigated, fromG-Z and
from Z up to approximately1

2 ZU. In contrast to the results
for V,11.00 Å3 the effects are strongest aroundG, and te-

tragonal distortions stabilize the minimum atqW 1 even further

over the solution atqW 2. Actually for c/a>1.04 the minimum
along Z-U has already disappeared completely. AtV
.11.00 Å3 the total energy of fct-Fe is minimized for a sp

spiral with propagation vectorqW 1, at a volume of 11.18 Å3,
with c/a'1.10. The global minimum, however, is located
Z, for a tetragonal distortion ofc/a51.08, at a volume of
10.81 Å3.

Table III lists the optimized fct structural parameters f

the ~local! minima atG, qW 1 , Z, andqW 2 ~see also Fig. 6!. The
spin-spiral dispersion relations alongG-Z-U for these fct

structures are depicted in Fig. 7. Actually,qW 2 is not a true
local minimum in the (V,c/a,qW ) parameter space of the fc
structure, since it is unstable against small changes in
ume andc/a ratio, and there is no energy barrier between
points ~10.63,1.06,qW 2) and ~10.81,1.08,Z!. ~‘‘ qW 2,’’ however,
obviously does represent a minimum with respect to chan
in the propagation vector, and as such it was added to T
III and Fig. 7.! As in the previous section, the equilibrium
structures atG andZ may be compared to the collinear FM
and AFM configurations studied by Spisˇák et al.We find our
values forV andc/a at G andZ to be in reasonable agree
ment with the results listed in Table I. It is tempting to com
pare the helical spin configuration atqW 1 ~or at 1

2 GZ) to the
biAFM (↑↑↓↓) structure~see Table I!, and the fact that the
equilibrium volume andc/a ratio for these magnetic con
figurations agree quite closely would encourage one to do
9-6
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BROKEN SYMMETRIES IN THE CRYSTALLINE AND . . . PHYSICAL REVIEW B66, 224409 ~2002!
These magnetic configurations, however, are quite dist
from each other and calculations employing the spiral sy
metry to a unit cell containing a single atom cannot produ
collinear spin-density waves. Spisˇák et al. have shown the

FIG. 5. Spin-spiral dispersion in fct-Fe, forV510.45, 10.63,
10.81, and 11.44 Å3.
22440
ct
-
e

biAFM configuration, i.e., a collinear spin-density wave
1
2 GZ, to correspond to the ground state in fct-Fe. The biAF
structure is favored over the AFM structure by about 5 m
whereas the helical spin configuration atqW 1 is 3.4 meV
higher in energy than the spin spiral atZ ~which to a certain
degree corresponds to the AFM structure!.

As in the previous section one can again justly argue t
the sampling ofqW space is very limited when only conside
ing helical spiral configurations with propagation vecto
alongG-Z andZ-U. This situation is even compounded du
to the lowering of the symmetry, since for the fct structu

TABLE III. Optimized structural parameters~atomic volumeV
and axial ratioc/a), magnetic momentm, and energy differences

DE, for fct-Fe at fixed magnetic configurationqW ~corresponding
collinear magnetic configurations are stated between brack!.

Note that the entries for ‘‘G, ’’ qW 1, and Z, represent true~local!

minima in the (V, c/a, qW ) parameter space, whereas the oth
configurations are stable against changes inV andc/a only at fixed

qW .

qW V (Å3) c/a m(mB) DE ~meV!

G ~FM! 11.69 1.18 2.37 10.3
1
2 GZ 11.18 1.12 2.10 4.2

qW 1
11.18 1.10 2.01 3.4

Z ~AFM! 10.81 1.08 1.62 0

qW 2
10.63 1.06 1.50 2.1

FIG. 6. EnergyE, magnetic momentm, and axial ratioc/a
versus atomic volumeV, for fct-Fe in the FM state, the single laye
AFM state, and for the helical spin configurations with propagat

vectorsqW 5
1
2 GZ, qW 1, andqW 2. In the FM state, a discontinuous tran

sition from a cubic low-moment to a tetragonal high-moment st
occurs atV'11.0 Å3.
9-7
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M. MARSMAN AND J. HAFNER PHYSICAL REVIEW B66, 224409 ~2002!
the path fromG to Z is no longer equivalent toG-X ~as was
the case in the cubic structure!. The choice to limit our study
almost completely to spiral configurations alongG-Z ~and
the relatedZ-U direction! and to all but neglect to conside
spin-spirals propagating in theG-X direction can to a certain
degree be justified from symmetry arguments, because a
G-Z the crystalline and magnetic structure break the cu
symmetry along the same axis. We have calculated the in
ence of tetragonal distortions on the spin-spiral dispers
along G-X for a very limited number of volumes (V
510.63, 10.81, and 11.44 Å3). As is exemplified in Fig. 8,
g-Fe is stable against tetragonal distortions for helical s

configurations withqW . 1
3 GX along G-X. The effects of te-

tragonal distortions on the spin-spiral dispersion betweeG
and 1

3 GX are similar to those described for the dispers
betweenG and 1

3 GZ, where for volumes below 11.00 Å3 the
system is stable against tetragonal distortions as oppose
the situation at volumes above 11.00 Å3 where large tetrag-
onal distortions are favored for these near FM states~see Fig.
5!.

FIG. 7. Spin-spiral dispersion alongG-X-W for the fct structures
with (V,c/a)5(11.68,1.18) dispersion alongX-W not calculated,
~11.18,1.10!, ~10.81,1.08!, and ~10.63,1.06! @all volumes in Å3].
The first three curves show the~local! minima in the fct-Fe

(V,c/a,qW ) parameter space, atqW 5G ~FM!, qW 1, and Z ~AFM!, re-
spectively~see also Table III!.

FIG. 8. Spin-spiral dispersion alongG-X ~perpendicular to the
tetragonal axis! in fct-Fe, forV511.44 Å3, and varying axial ratio
c/a.
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B. Orthorhombic distortions

The helical spin solutions away fromZ along Z-U not
only break the cubic symmetry, but depart from tetrago
symmetry as well. Considering the symmetry of the ma
netic configurations alongZ-U it therefore makes sense t
check the stability of fct-Fe against orthorhombic distortion
Since this adds yet another parameter to a computation
already overtaxing optimization problem we have limit
ourselves to optimizing thec/a andb/a ratio’s for the spin-
spiral configurations nearqW 2 at volumes below 11.00 Å3.
One should note here that in our calculationsb/a.1 denotes
an elongation of the cubic cell in the same directionZ-U
along which we previously found the spiral solutionqW 2.
~This is nontrivial since an orthorhombic distortion brea
the C4 symmetry, and the pathZ-U through the Brillouin
zone is no longer fourfold degenerate.! Small orthorhombic
distortions (b/a'1.02) of the fct structure do tend to lowe
the energy of spin-spiral solutions away fromZ along Z-U
with respect to the solution atZ, over the whole volume
range we considered. Figure 9 shows how an orthorhom
distortion ofb/a51.016 of the fct structure withc/a51.08
at a volume of 10.63 Å3 shifts the global minimum fromZ to
qW 2. The energy difference involved, however, is so small t
one may easily consider these states to be degenerate~see
inset in Fig. 9!. Furthermore, although orthorhombic disto
tions marginally stabilize a spin-spiral solution atqW 2 over the
solution atZ for the undistorted fct structure for volumes u
to 10.72 Å3, the optimal structure of fct-Fe, i.e.,c/a51.08
at a volume of 10.81 Å3 with qW 5Z ~see Table III! is actually
stable against orthorhombic distortions~albeit again almost
degenerate with the solution atqW 2 for b/a51.016).

C. Monoclinic shear deformation

We have studied the stability against monoclinic shear
for three of the fct structures listed in Table III:~i! V
511.69 Å3 with c/a51.18, ~ii ! V511.18 Å3 with c/a
51.10, and~iii ! V510.81 Å3 with c/a51.08, ~see Fig. 7!,
i.e., the FM, SS-qW 1, and AFM, ~local! minima in the fct
parameter space. Since, as before, it is intractable to perf

FIG. 9. The influence orthorhombic distortions (b/aÞ1) of the
fct structure on the spin-spiral dispersion, forV510.63 Å3 with
c/a51.08.
9-8
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BROKEN SYMMETRIES IN THE CRYSTALLINE AND . . . PHYSICAL REVIEW B66, 224409 ~2002!
a rigorous sampling of the BZ inqW space, we have agai
calculated the spin-spiral dispersion only along a limit
number of special lines through the BZ. The problem
selecting a path through the BZ, appropriate for compari
with the fct structure, is compounded by the fact that the
changes shape, and the only special points that the BZ o
fct structure and the monoclinically sheared fct struct
have in common areG and Z. We chose to investigate th
effects of monoclinic shearing on the spin-spiral dispers
alongG-Z, G-X* , andG-Y* for fct structure~i!, alongG-Z
for structure~ii !, and alongG-Z, Z-D, andZ-S for structure
~iii !. The pointsD, S, X* , and Y* correspond to 2p/a

3( 1
2 1d/2A2,2d/2A2, a/c), 2p/a3(d/2A2,1

2 2d/2A2,
a/c), 2p/a3(11d/A2,2d/A2,0), and 2p/a3(d/A2,1
2d/A2,0), respectively, where ford50, D andS reduce to
U, and X* and Y* are equivalent toX ~see Fig. 10 and
compare with Fig. 4!.

The results compiled in Fig. 11 demonstrate that in
geometry optimized in the FM configuration, fct-Fe is u
stable against monoclinic shear deformations. For sp
spirals with propagation vectors oriented alongG-X* , a
shear distortion ofd;0.30 leads to the lowest energy at a
wavevectors. For propagation vectors alongG-Y* andG-Z,
monoclinic shearing lowers the energy only up to halfw
from the center to the boundary of the BZ, which demo
strates again that shearing is favored by a ferromagn
component of the polarization. Around the atomic volum
and geometry favoring the commensurate AFM state~iii !, the
instability of fct-Fe against monoclinic shearing persi
from qW 5G up to approximately12 GZ ~see the lower panel o
Fig. 12!. However, it is important to emphasize that for stru
ture ~iii ! the minimum atG for d50.35 is only a few meV
lower than that of the commensurate AFM~Z! state in the
tetragonal (d50) geometry. Upwards from1

2 GZ alongG-Z
structure~iii ! is stable against monoclinic shearing. The
sults of our calculations on the effects of shearing on
spin-spiral dispersion alongG-Z for fct structure~ii ! are not
shown here, because they are qualitatively identical to
results of our calculations on structure~i!.

Our limited survey of the (V,c/a,d,qW ) parameter space
places the equilibrium structure of monoclinically shear
fct-Fe at V511.69 Å3, c/a51.18, d50.35, and qW 5G
~FM!, which is in good agreement with the calculations
Spišák et al.,38 who performed a more thorough optimizatio
of V, c/a, andd for the ferromagnetic state~see Table II!.
The observation that an instability against monoclinic she

FIG. 10. Brillouin zone of the sheared fct structure, forc/a
51.18 withd50.15 ~left!, andd50.35 ~right!.
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ing appears only in combination with a appreciable fer
magnetic component in the magnetic configuration is a
consistent with the results of results of Spisˇák et al., who
showed the bilayer AFM state to be unstable, and the sin
layer AFM state to be stable against monoclinic shearing
the fct structure~see Table II!.

The lowering of the symmetry (C4h→C2h) due to the
shearing distortion, and the resulting inequivalence of
G-X* andG-Y* paths through the BZ, are clearly visible i
the two upper panels of Fig. 11. The stability/instability
the fct-structure against monoclinic shearing for helical s
configurations propagating alongG-Y* is ~qualitatively!
very similar to the effects of the shearing distortion on t
spin-spiral dispersion alongG-Z; magnetic configurations
with G,qW , 1

2 GY* stabilize the fct structure, whereas fo
1
2 GY* ,qW ,Y* the fct structure shows a tendency to she
For magnetic configurations withqW PG-X* , however, the fct
structure is unstable against monoclinic shearing along
complete path through the BZ. Similarly, the influence of t

FIG. 11. Spin-spiral dispersion along different symmetry lines
monoclinically sheared fct-Fe, forV511.69 Å3, with c/a51.18
9-9
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M. MARSMAN AND J. HAFNER PHYSICAL REVIEW B66, 224409 ~2002!
shearing distortion on the spin-spiral dispersion along
pathsZ-D and Z-S also differ from each other. For helica
magnetic configuration propagating alongZ-D, the fct struc-
ture is stable against monoclinic shearing. A continuat
along this direction beyondS ends up inY* where the same
stability was found for structure~i! ~see Figs. 10 and 11!.
Along Z-S, the behavior is different and as can be seen
the inset of the upper panel of Fig. 12, monoclinic shear
of structure~iii ! produces a local minimum at approximate
1
5 ZS ~analogous toqW 2 alongX-W or Z-U).

VI. DISCUSSION

We have studied the influence of structural distortions
the spin-spiral magnetism ing-Fe. To this end we calculate
the spin-spiral dispersion in fcc-Fe (g-Fe!, fct-Fe, ortho-
rhombically distorted fct-Fe, and monoclinically sheared f
Fe, along several directions of ‘‘high’’ symmetry in their re
spective Brillouin zones. The results may be summarized
follows.

fcc-Fe.We calculated the spin-spiral dispersion alongG-X
andX-W in g-Fe at a number of different volumes rangin
from 10.0 to 12.7 Å3. As is shown in Fig. 2, and as wa
already clear from previous theoretical studies, the magn
configuration of the ground state ing-Fe strongly depends
on the assumed atomic volume. At volumes between 10
and 10.72 Å3 (3.42,a0,3.5 Å) the magnetic configuration
corresponding to the ground state is a helical spin confi

FIG. 12. Spin-spiral dispersion along different symmetry lin
in monoclinically sheared fct-Fe, forV510.81 Å3, with c/a
51.08
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ration with propagation vectorqW 252p/a3(0.2,0,1). Going
to higher volumes we find, at 10.72 Å3, a transition in the
magnetic ordering, from the spin-spiral stateqW 2 into another
helical configuration with propagation vectorqW 152p/a
3(0,0,0.6). At even higher volumes,V.11.76 Å3 (a0
53.61 Å), the system undergoes a second transition and
ders ferromagnetically. The global minimum is found at
volume of 10.63 Å3 for a spin-spiral solution with propaga
tion vectorqW 2, which corresponds quite favorably with th
experimentally determined propagation vectorqW exp52p/a
3(0.1,0,1). This solution, however, is almost degenerate
total energy with the spin-spiral stateqW 1 at a volume of
10.81 Å3 ~see Table IV!. ~The spin-spiral dispersion betwee
qW 1 andqW 2 alongG-X-W at these volumes is in fact so flat—
the spread is around 5 meV—that one could consider
states betweenqW 1 andqW 2 to be degenerate.! Furthermore, at
the volume ofg-Fe precipitates in Cu,V511.44 Å3 (a0
53.577 Å, see, for instance, Ref. 12!, our calculations pre-
dict the spin-spiral solution atqW 1 to correspond to the
groundstate, in obvious disagreement with experiment.

Our results, on the other hand, are in excellent agreem
with previous theoretical studies of collinear magnetic co
figuration in g-Fe,35,46 which is an important observatio
since it establishes the validity of our implementation of t
spiral symmetry.

fct-Fe. We have calculated the spin-spiral dispersion
tetragonally distorted~fct! g-Fe alongG-Z and Z-U~see Fig.
4!, for 0.92<c/a<1.12, at a series of different volume
ranging from 10.45 to 11.69 Å3. At volumes above approxi-
mately 11.00 Å3 tetragonal distortions lower the energy
spin-spiral solutions alongG-Z ~more so aroundG than
aroundZ) and stabilize the spin-spiral solutionqW 1 over the
solution atqW 2 even stronger than already was the case
fcc-Fe. ForV,11.00 Å3 tetragonal distortions raise the en
ergy of spiral solutions in the neighborhood ofG and lower
them aroundZ. In the latter volume range, moderate tetra
onal distortions tend to stabilize the spiral solutionqW 2 over
the solution atqW 1. However with increasingc/a the mini-
mum alongZ-U shift towardsZ and forc/a>1.08 the sys-
tem orders antiferromagnetically. Our calculations yie
three~local! minima in the (V,c/a,qW ) parameter space of th

TABLE IV. Summary of the optimization of the crystalline an
magnetic structure for fcc, fct, and monoclinically sheared fct
Listed are the structural parameters, i.e., atomic volumeV, axial
ratio c/a, and monoclinic shearing deformationd, and the propa-

gation vectorqW of the magnetic configuration corresponding to t
ground state in these structures.

qW V (Å3) c/a d DE ~meV!

fcc qW 2
10.63 1.00 0.00 101.7

qW 1
10.81 1.00 0.00 101.3

fct Z 10.81 1.08 0.00 78.0
sheared G 11.69 1.18 0.35 0.0
9-10
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BROKEN SYMMETRIES IN THE CRYSTALLINE AND . . . PHYSICAL REVIEW B66, 224409 ~2002!
fct structure, ~11.69,1.18,G!, ~11.18,1.10,qW 1), and ~10.81,
1.08,Z). The total energy is minimized by the solution atZ
~single layered AFM!, at a volume of 10.81 Å3 with c/a
51.08. The energy landscape around this minimum, ho
ever, is quite flat along all parameters~i.e., with respect to
changes in volume,c/a ratio, and propagation vector!, and
there is again a multitude of structure/spin configuratio
which can be considered to be degenerate. The energy
ference between aforementioned equilibrium configu
tion~s! of fct-Fe and the equilibrium structure~s! of fcc-Fe,
however, is quite substantial~see Table IV!. A comparison
with the study of collinear magnetic configurations in fct-
by Spišák et al.35 indicates that a bilayer antiferromagnet

configuration @equivalent to a spin-density wave withqW

52p/a3(0,0,0.5)], which we did not include in the prese
study, is probably even lower in energy than the spin-sp
solution at~10.81,1.08,Z).

Orthorhombic distortions.In the case of orthorhombic
distortions of the fct structure, we limited our search throu

the (V,c/a,b/a,qW ) parameter space to the optimization

c/a and b/a for spin-spiral configurations nearqW 2, at vol-
umes below 11.00 Å3. For V,10.72 Å3, small orthorhom-
bic distortions (b/a'1.02) stabilize the spin-spiral solutio

at qW 2 over the solution atZ, although the energy difference
involved are very small. The equilibrium configuration of th

fct structure, i.e.,V510.81 Å3 with c/a51.08 andqW 5Z,
however, is stable against orthorhombic distortions.

Monoclinic shearing.We have studied the stability again
monoclinic shearing for the three~local! minima in the

(V,c/a,qW ) parameter space of the fct structures:~i! FM, V

511.69 Å3 with c/a51.18 and qW 5G, ~ii ! SS, V

511.18 Å3 with c/a51.10 andqW 5qW 1, and ~iii ! AFM, V

510.81 Å3 with c/a51.08 andqW 5Z. Monoclinic shearing
strongly lowers the energy of spin-spiral solutions nearG in
all three structures, and ford'0.35 all three are predicted t
order ferromagnetically. Especially structure~i!, the equilib-
rium fct structure in case of ferromagnetic ordering is
fected by monoclinic shearing. Ford50.35, the ferromag-
netic solution in structure~i! is almost 80 meV, and more
than 100 meV, lower in energy than the equilibrium config
ration~s! of the fct and fcc structures, respectively~see Table
IV !. This solution (V511.69 Å3,c/a51.18,d50.35,qW 5G)
has the lowest total energy of all structures considered in
present work. It compares quite favorably with the calcu
tions of Ref. 37 where an extensive optimization ofV, c/a,
andd, for monoclinically sheared fct-Fe in the ferromagne
state yielded an equilibrium structure given byV
511.50 Å3, c/a51.17, andd50.33 ~see Table II!. Both
other structures we considered,~ii ! and ~iii !, show the same
instability against monoclinic shearing in the ferromagne
state, as was found for structure~i!. The fact that our calcu-
lations predict a value ofd'0.35 for all three structures, a
qW 5G, shows the shearing instability in case of ferromagne
ordering to be more or less independent from the other st
tural parameters, volume andc/a ratio. In combination with
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the observation that for propagation vectors away fromG,
monoclinic shearing either lowers the total energy to a mu

smaller extend than atqW 5G, or raises it~see Figs. 11 and
12!, we are confident that a more thorough search thro

the (V,c/a,d,qW ) parameter space will not yield a differen
equilibrium configuration for monoclinically sheared fct-F

VII. CONCLUSIONS

We have investigated the influence of broken crystall
and magnetic symmetries on the stability of fcc~or near fcc!
g-Fe. We find that when the crystal structure is constrain
to cubic symmetry, the magnetic ground state is indee

spin-spiral with a propagation vectorqW 252p/a3(0.2,0,1)
very close to the propagation vector determined experim
tally. The problematic point is that the atomic volume
which this global minimum is found is considerably low
than the atomic volume ofg-Fe precipitates in a Cu matrix
on which the experiments have been performed. At th
larger volumes, the magnetic state predicted by the calc

tions is a spin spiral withqW 152p/a3(0,0,0.6). The ten-
dency of even the most accurate GGA calculations to und
estimate the equilibrium volume of the most stable magn
configurations of the itinerant magnets close to the AFM/F
transition~i.e., Fe and Mn! seems to be a general shortcom
ing of current LSD theory, fora-Mn as well, the atomic
volume at which the complex noncollinear magnetic state
in equilibrium is underestimated compared to experimen6

When a broken cubic symmetry is admitted, we find th

tetragonal distortions stabilize the spin spiral withqW 1 over

the one withqW 2. At large distortions, however, a commens
rate AFM state is stabilized at low volumes, and a FM hig
spin state at larger volumes.

Orthorhombic distortions change this picture only marg
ally, but monoclinic shear deformation has a dramatic infl
ence on the stability of the competing magnetic configu
tions: spin-spiral states are generally disfavored—this is
surprising since the lowering of the crystalline symmetry
to some degree incompatible with a helical symmetry of
magnetization density along a preferred axis. Even more
portantly, we find that a monoclinic shear deformation sta
lizes a ferromagnetic state and that in all phases the stre
of the monoclinic distortions and the partially ferromagne
character are directly correlated.

Together, our results provide a convincing explanation
the widely differing structural and magnetic properties
g-Fe stabilized by either the three-dimensional embeddin
an fcc matrix or the epitaxial constraint in ultrathin films.
g-Fe precipitates, only very small deviations from cub
symmetry are admitted. In this case the magnetic gro
state is a spin spiral. The small deviations from cubic sy
metry could eventually tip the balance between the alm
degenerate spin-spiral states. In ultrathin films, the fun
mental instability ofg-Fe against both tetragonal and mon
clinic distortions leads to the formation of nanodomains
9-11
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monoclinically sheared FM Fe~for film thicknesses up to 4
ML ! or biAFM Fe, in thicker films, as observed in STM
experiments. The observed geometry in these domains ag
quantitatively with that deduced from our calculations. O
new results demonstrate that these structural distortions
press the formation of spin-spiral states in ultrathin film
Hence precipitates and ultrathin films must be considere
two different phases ofg-Fe.
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