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It is by now well established that in antiferromagnetid-e, 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 irahnnitio spin-density-functional code, to search for
the magnetic and crystalline structureyefe, stabilized by different types of constraints. We show that in near
face-centered-cubig-Fe, stabilized by three-dimensional constraints, the magnetic ground state is a spin-spiral
with propagation vectog=27/ax (0.2,0,1) at an equilibrium atomic volume 6f=10.63 &, very close to
the propagation vectciexp=2w/a><(0.l,0,l), determined experimentally, but at considerably lower volume
than the atomic volume of the-Fe precipitates in Cu on which the experiments were perform@d (
=11.44 B). At these larger volumes our calculations predict an helical spin solutiortﬁ—ﬁIZw/a
X (0,0,0.6) to be the ground state. Epitaxially stabilize@re 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 O GIms.
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[. INTRODUCTION netic phase is reduced to tetragonal in the antiferromagnetic
phase 8 The coexistence of tetragonally distorted, type-I
Among the 3 elements showing itinerant magnetism, antiferromagnetic fcc Mn withe-Mn and its complex crys-
iron occupies a unique role. In the SlatereNeurve(see, for  talline and noncollinear magnetic structures is indeed a strik-
instance, Ref. Lrepresenting the exchange interaction as ang demonstration of the complex structure-property rela-
function of the interatomic distance, Fe falls close to thetionship in the itinerant antiferromagnets. A further example
node separating the antiferromagnetic metals Cr and Mis the instability of bcc type-lI antiferromagnetic Cr to the
with a nearly half-filledd band from the strong ferromagnets formation of a long-period spin-density-wave coupled to a
Co and Ni with a nearly full band. Body-centered cutiico strain-wave of half wavelength'°
a-Fe has a nearest neighbor distance sufficiently large to Experimentally,y-Fe has been produced mainly by two
stabilize ferromagnetism, but the increasing slope of thalifferent techniques(i) Annealing of dilute alloys of Fe in
Slater-Nel curve leads to strong magnetovolume effects infcc Cu leads to the formation of precipitates with the same
weakly ferromagnetiax-Fe contrasting the behavior of the structure as the parent latticéi) The epitaxial growth of
strong ferromagnets Co and Ni. Due to the higher packingultrathin Fe layers on G001) or Cu1ll) substrates is
density of face-centred cubidfcc) y-Fe, the nearest- known to stabilize the fcc structure up to a certain critical
neighbor distance is small enough so thaFe should be film thickness.
antiferromagnetic in analogy to Mn and Cr. In amorphous The structural and magnetic properties pfe precipi-
Fe, the first peak of the pair-correlation function falls close totates in Cu have been studied extensively by Tsureida.
the zero in the Slater-N# curve, leading to a competition using various techniquéd=t’ It was shown that both the
between ferromagnetic and antiferromagnetic exchange irerystalline and magnetic structures depend quite crucially on
teractions. Depending on the mean nearest-neighbor distandee diameter of the precipitatéshich is in turn a function of
between the Fe atoms, amorphous alloys with a second noithe thermal history of the sampleFor particle sizes up to
magnetic metal or a metalloidhe addition of a second ele- 150 A, below a Nel temperature of 50 K, a simple type-|
ment is necessary to allow the formation of a metastablantiferromagnetic structure with a low magnetic moment
amorphous phase at not too high quenching yatédsshow  (mg<1ug) is formed. The phase transition is second order,
asperomagnetism or speromagnetisth. the crystal structure is unchanged in this antiferromagnetic
The investigation of antiferromagnetig-Fe is compli-  y-A phase down to the lowest temperatures. For precipitates
cated by two facts(i) The fcc phase is stable only in the with diameters ranging between 150 and 1500 A, the mag-
temperature interval fronfT=1173 K andT=1660 K, i.e., netic phase transition observedTat 50— 70 K is first order
far above the expected Betemperature(ii) As antiferro-  and coupled to a structural phase transition. In the antiferro-
magnetic ordering breaks the cubic symmetry, the paramagnagneticy-B phase, the fcc lattice contracts along treis,
netic to antiferromagnetic transition is eventually coupled toin the ¢ plane the atomic positions are modulated by a long-
a structural distortion. period transverse wave propagating along [th&0] direc-
The situation could be similar to that observedainand  tion. The wavelength of the lattice modulation varies with
y-Mn—in both cases the symmetry of the cubic paramagihe diameter of the precipitates. The magnetic structure is a
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helical spin-wave with the periodicity of the lattice modula- the 19.5° corresponding a bcc overlayer on a fcc substrate. In
tion. The increase of the N&temperature compared to the regime I, a large portion of the surface of the film is covered
v-A phase signals that the lattice modulation stabilizes théy a zigzag-pattern with (<n) periodicity n=4-6. In
antiferromagnetism. For precipitates with a still larger diam-analogy with the needles found in the thicker films, this
eter (y-C phase the Neel temperature and the structural structure has been described as consisting of stripes with a
phase-transition temperature are not well defined, they sholecal bcc structure. All structures can be described as result-
a broad distribution correlating quite well with the distribu- ing from a monoclinic shearing of the fcc lattice hyl4°
tion of the measured lattice spacings. This indicates that thsuch that the local atomic configuration is very similar to that
full coherence with the Cu matrix has been lost and that thef a (110 bcc film in the Pitsch orientatiGRwith respect to
semicoherenty-Fe precipitates are surrounded by many in-the fcc (001) substrate. Films with about 3 ML, i.e., in the
terface dislocations. Both the structural and magnetic phasierromagnetic regime | show the highest content of “bcc-
transitions are coupled rather strongly to alloying and vol-like” stripes—this has been interpreted as representing a
ume effects: Alloying of Fe with Co strongly suppresses thestrong correlation between film structure and magnetism.
structural phase transition and lowers theeNemperature However, there is no evident correlation between these short-
while alloying with Cr increases the transition temperatureperiod reconstructions and the long-period modulations ob-
for both the structural and magnetic transitiomghich re-  served iny-Fe precipitates beyond the fact that both distor-
main strongly coupled This is related to two effects: on one tions are coupled to the magnetic structure.
hand, alloying with Co stabilizes the fcc phase, whereas it is Altogether the results on both precipitates and ultrathin
destabilized by addition of Cr, on the other hand, Co defilms indicate a pronounced tendency of antiferromagnetic
creases the lattice constant of the precipitdisd hence fcc Fe to form distortedmodulated crystalline and mag-
increases the lattice mismatch and reduces the transition temetic structures, with the details of this modulation depend-
peraturel whereas Cr acts in the opposite direction. How-ing in a crucial way on the constraintsvo or three dimen-
ever, the situation is extremely complex: for precipitates in asiona) stabilizing the near-fcc symmetry. The correct
dilute alloy of Cu with Au where the lattice mismatch is also theoretical prediction of the structural and magnetic ground
increased, an increase of the transition temperature has bestate of Fe proved to be a very difficult task: early first-
observed. principles calculations performed in the local-spin-density
Ultrathin y-Fe films grown on C(001) also show a very approximation(LSDA) found the nonmagnetic hexagonal
complex structural and magnetic phase diagtim® Films  lose-packed phasee{Fe) to be lower in energy, only the
with up to 3—4 monolayergsML) are ferromagnetic, the inclusion of generalized gradient corrections to the
structure is tetragonally distorted fodRefs. 19-21 and  exchange-correlation functional led to the correct result of a
shows a considerable three-dimensional lattice moduftion ferromagnetic bce ground stafsee, e.g., Ref. 30 and further
with (1X4) or (1Xx5) periodicity (region |). At thicknesses references cited therein
ranging from about 4 to 11 Miregion ll) the Fe films have LSD calculations performed in the generalized-gradient
been characterized as fcc “on average” andapproximation (GGA) also considerably contributed to
antiferromagnetié®~2° with a small net moment due to a clarify the structural and magnetic phase diagram of
ferromagnetic coupling of the enhanced moments in the sury-Fe/Cu001) films.31~3" The calculations explain the stabil-
face and subsurface layers, varying in a nonmonotonous waity of the ferromagnetic state in regime | as resulting from
with the film thickness. For films with about 6 ML a (1 the surface-induced enhanced magnetic moments and their
X 2) reconstruction has been reported. The magnetic ordetetragonal distortion as resulting from a magnetovolume ef-
ing transition has been found to be rather complex: the temfect. In the regime Il AFM high-momentnfge~2ug) Sstruc-
perature dependence of the magnetization is characterized lyres are predicted, with a bilayer sequengé |(] - - -) of
a steep increase at the Curie temperaflyeand a second the spin orientations for films with an even number of ML.
steep increase at a lower temperatlie which has been Interlayer distances between FM coupled layers are ex-
interpreted as the effective ordering temperature of the antipanded, AFM coupling leads to contracted spacings so that
ferromagnetic underlayers. Both the nonmonotonous variathe structure is fcc on average. In the course of these inves-
tion of magnetization with thickness and the two-step magdiigations it was also found that bul-Fe is instable against
netic transition have been tentatively assigned to theetragonal shear in all magnetic phade¥ The most recent
formation of a helical spin-wave in the deeper lay&#  work®>3” has demonstrated that the three-dimensional “sinu-
analogy with the modulated magnetic structure of a€e  soidal” distortion reported on the basis of LEED experiments
precipitates. Films thicker than about 10—11 ML transform toand the stripe patterns with various periodicities observed in
a bcc structure. the STM are in fact identical and accurately described by
Very recently investigations of the structure of ultrathin DFT calculations. In the course of these investigations, an
vy-Fe films using scanning tunneling electron microscopyunexpected fundamental instability of buliFe not only
have added to the complexity of this pictdfdn regime Il it against tetragonal, but also against monoclinic shearing was
was found that bcc nucleation centers appear as long needldiscovered. The shearing angle predicted for bydke cor-
like crystals which had been described also in earlieresponds exactly to the angle calculated for the stripe do-
studies’® Within the needles, atomic rows are tilted with mains on the surface of the ultrathin fiims and measured in
respect to the underlying fcc lattice but appear to be perfectliyhe STM experiments. Hence the stripe pattern can be con-
lattice matched on both sides. The tilt angle is smaller thasidered as arising from the formation of nanotwins of the
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stable bulk phase. In contradiction to the suggestion of Qiathe cross-correlations between tetragonal distortions, ortho-
et al?® it was found that helical spin waves are unstable inrhombic distortions, monoclinic shearing deformation, and
ultrathin y-Fe films and that the observed stepwise increasépin-wave magnetism.

of the magnetization at decreasing temperature is better de-

scribed in terms of decoggpled phase transitions at the surface Il. METHODOLOGY
and in the deeper layet&3°Only collinear magnetism exists
in the thin Fe films. Our calculations have been performed using the Vienna

A number of attempts have been made to investigate th@b initio simulation packagevASP),****which was recently
spin-spiral magnetism in bullg-Fe %47 assuming an ideal extended to deal with fully unconstrained noncollinear mag-

fcc lattice. All early calculations using the LSD@Refs. 40— netic structures® and which was extended further in the con-

42) confirmed the spin-spiral ground-state pfFe, but pre- text of this work to exploit the translational symmetry of

. - . helical spin structures in terms of the application of general-
dicted a wave vector off=2m/ax(0,0,0.6) instead of the ;o4 Bjoch conditions to the Hamiltoni&a® To describe

experimentally —determined gey,=27/ax(0.1,0,1) and the electron-ion interactions, VASP employs the full-
agreed on a strong sensitivity of the energy difference bepotential all-electron projector-augmented-wav@AW)
tween the spin-spiral state relative to the commensurate afinethod introduced by Blhl >*%°VASP makes no shape ap-
tiferromagnetic structure on the atomic volume.rkwg and roximation to the charge and magnetization density, nor to
Ergorf‘? showed that the use of the GGA leads to a spin spirathe electronic potential, and therefore allows not only for
with g=2=/ax(0.5,0,1), demonstrating a strong effect of interatomic but also for intra-atomic noncollinearity of the
the gradient corrections, but unfortunately also in disagreemagnetization. Accounting for the intra-atomic noncollinear-
ment with experiment. Bylander and KleinnfAradded a ity of the magnetization density and the use of the full elec-
“spin stiffness” correction to the exchange-correlation func- tronic potential, without shape approximations, were already
tional, but did not succeed in stabilizing a spin spiral with theshown to be crucial when dealing with spin spiralsyifre?’
observed wave vector. Various complex collinear antiferrofor our calculations of the spin-spiral states we used the
magnetic configurations were investigated by Jastes,”®  gradient-corrected exchange-correlation functional of Per-
Herper et al,*® and Spisk and Hafnef>3"38 Al studies  dew, Burke, and Ernzerhdf,and the spin-interpolation pro-
agree that a bilayer antiferromagnetic structure is more stablgosed by Vosko, Wilk, and Nusaif.The calculations of col-
than a single-layer antiferromagnetic configuration. So far allinear magnetic structures of Spset al.,®*3"3which we
calculations were based on the assumption of a fixed spinwill shortly discuss later on, were performed using the
quantization axis within atomic spheres—the direction ofexchange-correlation functional of Perdew and Zurfgend
magnetization changes discontinuously when passing frorthe generalized-gradient approximation of Perdeial>®
one sphere to the next. In a recent paper pffeet al*’ used  We do not expect, however, that this difference in exchange-
amodifiedaugmented spherical wayASW) method allow-  correlation potentials will taint a comparison between our
ing also for an intra-atomic noncollinearity of the spins. Forcalculations and the aforementioned studies of &pét al.
lattice constants smaller than about 3.57 A they found a The use of gradient-corrected exchange-correlation func-

wave Vecto,ﬁzzﬂ-/ax(o_la(),l) for the ground state of the tionals in connection with noncollinear magnetism deserves
Spin Spira] in agreement with experiment, a|though at a’ife\_{\/ remarks. The»gradient-corrected functionals depend on
slightly too small lattice constant. Comparing this result withn, |m|, Vn, andV|m|, i.e., the electronic density, the mag-
the earlier calculations leads to the conclusion that the fullnetization density, and their respective gradients. As such,
potential corrections to the spin density are essential for obstrictly speaking, these functionals do not apply to the case
taining the correct spiral wave vector. However, it is well of noncollinear magnetism since they do not incorporate any
known that the ASW methofhnd the closely related linear- dependence on changes in the direction of the magnetization.
ized muffin-tin-orbital(LMTO) technique likewisgtends to  We proceed by projecting the gradient of the magnetization
overestimate the equilibrium density. Hence it remains unin every point in space onto the direction of the magnetiza-
clear whether at the density of Fe precipitates in Cu, thdion at these points. This projected quantity, which can be
helical state with the correct wave vector will represent theseen as the gradient with respect to a “local” spin quantiza-
true ground state. Very recently, for the experimental densityion axis (an axis which can be different for every point in
of y-Fe a similar result was published by Luo and Y8o, space is then used in the gradient-corrected functionals.
although the technical details of this work remain a bit ob-That we may use gradient-corrected functionals despite the
scure. previous considerations is justified by the observation that on
However, so far no attempt has been made to investigatthe intra-atomic scale the magnetization density tends to be
the influence of a broken cubic symmetry on the stability oflargely collinear(the direction of the magnetization varies
the helical spin wave. The aim of our work is to complete theonly slowly).
investigation of the structure-property relationshipjir-e In all our calculations, the integrations over the first Bril-
by investigating the correlation between the broken crystallouin zone were done on a ¥313x 13 Monkhorst-Paci
line and magnetic symmetries. We shall first extend thegrid of k points, using the tetrahedron method with the cor-
structural investigations of-Fe in various collinear phases, rections proposed by Bttl.®* Our study of the stability of
turn then to the question of the stability of a helical spin statéhelical magnetic configurations with propagation vectors
in the cubic phase of varying density and finally investigatealong I'-X and X-W, against tetragonal and orthorhombic
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TABLE I. Equilibrium atomic volume(}, axial ratioc/a, mag- TABLE II. Axial ratio c/a, monoclinic shearing deformatiafy
netic momenim, and energy differencAE for fct-Fe, in the ferro-  magnetic momenin, and energy differencAE for monoclinically
magnetic (FM), bilayer antiferromagnetiqdbiAFM), and single sheared fct-Fe, in the ferromagne(i@M), bilayer antiferromagnetic

layer antiferromagnetic statdFM), as taken from Ref. 35. (biAFM), and single layer antiferromagnetic stéafd=M), as taken
from Ref. 38. The axial ratio and monoclinic deformation were
Q (A3 c/a m (ug) AE (meV) optimized at a series of fixed lattice constants. Shown here are the

results forap=3.40 A%, the equilibrium lattice constant for FM

F_M 11.59 118 2.35 20.5 fct-Fe (upper three entrigsand fora,=3.64 A3, the theoretical
biAFM 11.00 110 2.06 0.0 lattice parameter of bulk C(lower three entriés AE is given with
AFM 10.42 1.06 1.52 5.2 respect to the energy of the equilibrium structure of fct-Fe in the
biAFM state(see Table)l
distortions of the fcc structure were done using a primitiveq (A3) Config. cla S m(ug) AE (meV)
cell defined by the lattice vectoraXx(0,b/2a,c/2a), a
X (1/2,0¢/2a), andaXx (1/2p/2a,0). The monoclinic shear- 11.50 M 117 033 223 -1291
ing of the fct structure reported by Spiset al®*® was 11.20 biAFM 114 0.17 2.06 —70.9
modeled using a base-centered monoclinic primitive celll0.71 AFM 1.09 0.00 1.55 —49.2
spanned by the vectors
12.18 FM 1.01 0.26 2.44 —53.2
a [V2c11-6 a [2c 11-6 11.94 biAFM 099  0.13 2.23 -8.1
EX > a2 o | Ex a2 ) 11.70 AFM 097 000 179 49.6
and IV. SPIRAL SPIN-WAVES IN FCC FE
a Tsunodaet al*® characterized the ground state of e\
EX(O’O'D' phase(coherent fcg of Fe precipitates in Cu to be a spin-

spiral state propagating with wave vectm}expzzma
where one obtains the fcc structure éda=1 andé=0. For X (0.1,0,1). Recently Krufle et al*’ were able to reproduce
6#0 this cell describes the shearing {df11} planes along these findings in the framework of DFT calculations when

(110 directions. they found a wave vector af=2=/ax (0.15,0,1) for the
spin-spiral ground state of-Fe, at volumes up to 11.37°A
[ll. SHEAR INSTABILITY OF FCC FE IN COLLINEAR (slightly below the experimentally determined volume of
MAGNETIC CONFIGURATIONS 11.44 B). As mentioned before, however, ASW methods

tend to overestimate the equilibrium volume, and the ques-

Bef_ore we present our results for the helical sPin So.lu'tion whether DFT in principle yields the correct spin-spiral

tions, it is appropriate to discuss the structural optimizationy,, ;g state at the equilibrium volume remains therefore un-

of bulk y-Fe for several collinear magnetic configurations. 5q\vered. Considering the fact that the equilibrium volumes
Spisk et al. optimized the crystalline structure of-Fe in ¢ 10 ferromagnetic low- and high-mome(®M-LM and

the ferromagnetic(FM), single layer antiferromagnetic gy ym) states and the single layer antiferromagnetic
(AFM), anq bilayer antlferromagnet|@|AFM) states, a.nd (AFM) state of(undistorted y-Fe as calculated by Spis
found that in all three magnetic configurations bylFe is ¢ 535 using the PAW method, are considerably lower than

unstable against tetragonal distortinin the FM and bi- the equilibrium volumes determined by Kpfte et al. for
AFM magnetic state the structure is in addition to the tetragyagea magnetic configuration§FM-LM: 10.49 A3 vs

onal distortion also unstable against both tetragonal as wels 0q &2 EM-HM: 12.26 A vs 12.74 8 and AFM:
?’SbrlnonIOC“gKil shearlngl defﬁfm‘?.“%"?s offthehfcc lat.’ﬂ;.%f? 10.63 B vs 11.11 R), it is probable that DFT in general
ables | and |l summarize their findings for the equilibrium iy ot stabilize the correct spin-spiral up to the volume

structure ofy-Fe in the FM, AFM, and bIAFM magnetic ¢4 by the latter authorgThe PAW results of Ref. 35,

configuration. L ) )
. ) L incidentally, are in good agreement with the FLAPW calcu-
In the fct phase the biAFM configuration is found to be lations of Herperet al*®) We calculated the spin-spiral dis-

lower in ?nergy thalnd.both.the. FM and AF::A hsta}tes. Thepersion alongl’-X and X-W at a number of different vol-
an}ount 0 tetra%or}ath |stort|ont]ncreaslgs WE tbe tr?rtrhoml‘gghmes ranging from 10.45 to 11.69° Aand in agreement with
netic component ot the magnetic coupling. ~or bo € revious theoretical studies we find at all volumes tihm

and biAFM configurations the fct structure represents only inima: ata. — 2/ b i and d
saddle point on the potential energy surfége/a, s), i.e., callm|n|ma. atg,=2m/2x(0,0,0.6) betweed andX, an

monoclinic shearing lowers the total energy. The shear disat 2=27/aXx(0.2,0,1) betweerX and W, where the latter
tortion increases in proportion to the ferromagnetic compomore or less corresponds ﬁgxp. Figure 1 shows the spin-
nent. It is remarkable that the calculated shearing aggle spiral dispersion along’-X andX-W at a few different vol-
=arctans of 18.4° comes very close to the angle measuredimes, as calculated in the present wiorkte that the volume
in the STM studies on ultrathin Fe/@01) films.2’ of 11.44 & corresponds to the equilibrium volume of tAe
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FIG. 1. Volume dependence of the spin-spiral dispersion along
I'-X and X-W, in fcc-Fe (y-Fe). At low volumes, up toQ
=10.63 &, the magnetic configuration corresponding to the

groundstate is a spin-spiral €1§=§XW, whereas for higher vol-

umes the helical spin configuration é{=1%rx is lowest in en- L L L L
ergy. Note that at the experimental volumey#e precipitates in 34 3.45 35 35[’: 36 3.65 37
Cu (0=11.44 &), the ground-state magnetic configuration is %A

found to be the spin-spiraj;, in disagreement with the spin-spiral
ground state aﬁexpz %XW, as found in experiment.

-8.18

-8.20

FIG. 2. Total energye and magnetizatiom, versus volume, for
several important magnetic configuration in fcc-FeKe). Shown
here are the low- and high-moment ferromagnetic states, FM-LM

phase ofy-Fe precipitates in Cu as determined by TsunodaanOI FM-HM, the single layer antiferromagnetic staM), and

i i ; iong. — & 5.=2 B}

et al. (see, for instance, Ref. 1R the h;"calt srt);]n ‘;O’Q(figurﬁl;“o”ﬂl— 19r§] and gz= ?XIV\Z;. corre
As suspected, we indeed find that the experimentally de2POncNg to the fwdioca) minima in the spin-spiral dispersion

; . along I'-X-W (see also Fig. 1 Note especially thénea)y degen-
termined spiral wave vector corresponds to the ground state e . - _ : _
only at considerably lower volume than was reported in th%eiracy of the spin-spiral solutiortg andq, at their respective equi-

: 34; —
study by Kripfle et al, up to a volume of 10.63 Ainstead rium volumes of 10.63 and 10.81%Ai.e.,a,=23.49 and 3.51 A
of 11.37 &. According to our calculations the spiral solution . . .
correspond to a collinear calculation of the AFM state is not

d2 at a volume of 10.63 %\constltute_s the gIong MINIMUM. * 5 trjvial statement. It is in fact only true because the magne-
It is, however, nearly degenerate with the helical spin soluy;;ation tends to be largely collinear on the intra-atomic

tion with propagation vectar; at a volume of 10.81 A(see  scale. The noncollinearity of the magnetization of a spin-
Fig. 2). The latter spiral solution characterizes the magnetigpiral exhibits itself in the interatomic domains where the
configuration of the groundstate at volumes above 10.72 A magnitude of the magnetizations is very small. The above is
To determine the most stable helical spin configurationexemplified in Fig. 3 for a spin-spiral with propagation vec-
one should, in prmqple, Sa”?p'e the complgte_ |rredu0|b|e[0ra1_ Close to the nucleus, where the magnetization density
wedge of the Brillouin zone, instead O,f the limited searchjg large, the magnetization is almost exactly collinear. In the
alongl'-X and X-W presented here. This would be compu-j,tegiitial regions, rotations over 180° occur over very small
tationally far too demanding. We have therefore limited our-§istances—but in these regions the magnetization is close to

selves to confirming that the solutions @ and d, corre-  zero. This result underlines that the intraatomic noncollinear-
spond to trug(local) minima and not to saddle points, by ity is weak but a full-potential treatment is crucial to stabilize
establishing that taking the propagating vector away f(gm  the spin spiral with the correct propagation vector.

andq, along directions perpendicular to, respectivdlyX
and X-W, raises the total energy of the spin spiral.

In addition to theq; and q, spiral states, Fig. 2 also
shows the volume dependence of our spiral solutionE at
and X. The spin-spiral solutions &t and X correspond to, To our knowledge the only previous attempt at describing
respectively, FM and AFM states, and can be compared—téhe effects of a lowering of the cubic symmetry on the sta-
validate our implementation of the spiral symmetry—to thebility of the spin-spiral solutions in-Fe can be found in a
collinear magnetic configurations studied by $eietal.  study by Kaling and Ergorf? who calculated the dispersion

(see Table)l The equilibrium volumes of 10.54, 12.10, and alongl’-X-W-I" for c/a=0.95 and 1.05, at a lattice constant
10.63 Ae” for the low- and high_moment states ]at(mLM of 3.61 A, using the LMTO-ASA method. These authors,

~1.00ug; Myy=2.60ug), and the spin-spiral state at  however, failed to produce (ocal) minimum betweerX and
(m=1.36ug), respectively, are in good agreement with theW, and their calculations hardly constitute a comprehensive

collinear calculations of Refs. 35 and 46. search through the(Y,c/a,q) parameter space. We have cal-
That an helical spin configuration & can be taken to culated the spin-spiral dispersion of tetragonally distorted

V. SPIRAL SPIN-WAVES AT BROKEN CUBIC SYMMETRY

A. Face-centered tetragonal Fe
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FIG. 3. The magnetization field of a spin-spiral with propagation ve@{dtalong thez direction, on aayX a,y xz plane centered on an
atomic position(upper figurg, and magnified on ga,x 3a, xz plane centered between the atomic positidaser figurd. (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 figures is not
equivalent)

(fct) y-Fe along I'-Z and Z-U, where U=2x/a At volumes above 11.00 the situation is quite different.
X (1/2,0a/c) (see Fig. 4 for 0.92<c/a<1.12, at a series of Tetragonal distortions with< c/a<1.12 lower the total en-
different volumes ranging from 10.45 to 11.6§.AFigure 5 €ray of the spiral dispersion along almost the complete path
shows the spin-spiral dispersion alodigZ and Z-U for through the Brillouin zone we investigated, fromZ and
c/a= 1.02, 1.04, 1.08, and 1.12, at different volumes. To{fom Z up to approximatelys ZU. In contrast to the results
describe the influence of tetragonal distortions on the spiralor 2<11.00 & the effects are strongest aroufid and te-
dispersion it is convenient to differentiate between two vol-tragonal distortions stabilize the minimumaat even further
ume range€)<11.00 A and0>11.00 A. over the solution afj,. Actually for c/a=1.04 the minimum
_Below a volume of approximately 11-003'&‘3”&90”_""' along Z-U has already disappeared completely. St
distortions W|thc{a>1 tend to raise the energy of solutions - 11 0o A the total energy of fct-Fe is minimized for a spin
aroundI” (up to 3I"'Z) and generally lower the total energy . [ with i tah.. at | £11.18 &
of the spiral dispersion in the neighborhoodzofroughly all spira W'N propagation vectay,, at a volume ot LL.
solutions betweeB'Z-Z-1ZU). Moderate tetragonal distor- with ¢/a~1.10. The globa_l minimum, however, is located at
tions, with c/a=<1.04 stabilize the helical spin configuration < foi zstetragonal distortion of/a=1.08, at a volume of
at g, over the solution atj;, i.e., the range at whicly - -
cor?tzesponds 0 the grounglstate of the sysgtem i extgnzded 1o Table Ill lists the optimized fct structural parameters for
larger volumegup to Q0 =10.99 & for c/a=1.04; withg, e (loca) minima atl’, g,, Z, andq, (see also Fig. 5 The
=2mlax(0.1,0a/c)]. Larger tetragonal distortions how- spin-spiral dispersion relations alodgZ-U for these fct

ever shiftciz towardsZ, at c/a=1.08, the minimum along structures are depicted in Fi;q. 7. Actualti/z is not a true

Z-U has disappeared, and the ground state of the system ligcal minimum in the {2,c/a,q) parameter space of the fct

located atZ. structure, since it is unstable against small changes in vol-
ume andc/a ratio, and there is no energy barrier between the

points (10.63,1.067,) and (10.81,1.08,Z (“q,,” however,
@ obviously does represent a minimum with respect to changes
in the propagation vector, and as such it was added to Table
Il and Fig. 7) As in the previous section, the equilibrium
structures al” andZ may be compared to the collinear FM
and AFM configurations studied by Sgiset al. We find our
values for() andc/a atI" andZ to be in reasonable agree-
ment with the results listed in Table I. It is tempting to com-

pare the helical spin configuration é; (or at3I'Z) to the

biAFM (77]]) structure(see Table), and the fact that the

equilibrium volume andc/a ratio for these magnetic con-
FIG. 4. Brillouin zone of the fct structure. figurations agree quite closely would encourage one to do so.
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TABLE lll. Optimized structural parametefatomic volumeQ)
and axial ratioc/a), magnetic momenin, and energy differences

AE, for fct-Fe at fixed magnetic configuraticxfn (corresponding
collinear magnetic configurations are stated between brackets

Note that the entries for I, q;, and Z, represent truglocal)

minima in the , c/a, q) parameter space, whereas the other
configurations are stable against changeQ iandc/a only at fixed

qa Q (A% cla m(ug) AE (meV)
I (FM) 11.69 1.18 2.37 10.3
3Tz 11.18 1.12 2.10 4.2
a4 11.18 1.10 2.01 3.4
Z (AFM) 10.81 1.08 1.62 0
4 10.63 1.06 1.50 2.1

biAFM configuration, i.e., a collinear spin-density wave at
iI'Z, to correspond to the ground state in fct-Fe. The biAFM
structure is favored over the AFM structure by about 5 meV,
whereas the helical spin configuration @1 is 3.4 meV
higherin energy than the spin spiral at(which to a certain
degree corresponds to the AFM struciure

As in the previous section one can again justly argue that

the sampling oﬁ space is very limited when only consider-
ing helical spiral configurations with propagation vectors
alongl'-Z andZ-U. This situation is even compounded due
to the lowering of the symmetry, since for the fct structure

1.20 T T T T T

115 | -
1.10 |- -

c/a

1.05 |
1.00 |

240 I
2.00
1.60 |
1.20 |
0.80

m [ug]

-8.14 |

-8.16

-8.18 -

E[eV]

-8.20

-8.22

10.0 105 11.0 115 12.0 125
QA

FIG. 6. EnergyE, magnetic momenm, and axial ratioc/a
versus atomic volumg, for fct-Fe in the FM state, the single layer

These magnetic configurations, however, are quite distincAFM state, and for the helical spin configurations with propagation
from each other and calculations employing the spiral symvectorsq=2I'Z, q,, andg,. In the FM state, a discontinuous tran-
metry to a unit cell containing a single atom cannot producesition from a cubic low-moment to a tetragonal high-moment state
collinear spin-density waves. Sk et al. have shown the occurs atQ~11.0 A
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T
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FIG. 7. Spin-spiral dispersion alodityX-W for the fct structures FIG. 9. The influence orthorhombic distortiorts/4+ 1) of the
with (Q,c/a)=(11.68,1.18) dispersion along-W not calculated, fct structure on the spin-spiral dispersion, far=10.63 & with
(11.18,1.10, (10.81,1.08 and (10.63,1.08 [all volumes in &]. c/a=1.08.

The first three curves show thé@ocal) minima in the fct-Fe
(Q,cl/a,q) parameter space, g=I" (FM), q;, and Z(AFM), re- B. Orthorhombic distortions

spectively(see also Table Il The helical spin solutions away from along Z-U not

only break the cubic symmetry, but depart from tetragonal
the path froml” to Z is no longer equivalent tb'-X (as was symmetry as well. Considering the symmetry of the mag-
the case in the cubic structor&he choice to limit our study hetic configurations along-U it therefore makes sense to
almost completely to spiral configurations alofigZ (and check thg stability of fct-Fe against orthorhombic distort'ions.
the relatedz-U direction and to all but neglect to consider Since this adds yet another parameter to a computationally
spin-spirals propagating in tHe-X direction can to a certain  alréady overtaxing optimization problem we have limited
degree be justified from symmetry arguments, because abn%urselves to optimizing thf/a andb/a ratio's for the spin-
I'-Z the crystalline and magnetic structure break the cubi@Piral configurations neam, at volumes below 11.00 &
symmetry along the same axis. We have calculated the infl®ne should note here that in our calculatitria>1 denotes
ence of tetragonal distortions on the spin-spiral dispersio@®" €longation of the cubic cell in the same directioiy
along T'-X for a very limited number of volumes(Y  along which we previously found the spiral solutiap.
=10.63, 10.81, and 11.443} As is exemplified in Fig. 8, (This is nontrivial since an orthorhombic distortion breaks
y-Fe is stable against tetragonal distortions for helical spirfh® C4 symmetry, and the paté-U through the Brillouin
configurations with&>§1“x alongT-X. The effects of te- zone is no longer fourfold degenerat&mall orthorhombic

tragonal distortions on the spin-spiral dispersion betwien distortions p/a~1.02) of the fct structure do tend to lower
. i . : .__the energy of spin-spiral solutions away fratnalong Z-U
and 3T'X are similar to those described for the dispersion 9y PSP y g

) 3 with respect to the solution &, over the whole volume
betweerl” and3T"Z, where for volumes below 11.00°Ahe range we considered. Figure 9 shows how an orthorhombic
system is stable against tetragonal distortions as opposed {ftortion ofb/a=1.016 of the fct structure witk/a=1.08
the situation at volumes above 11.08 &here large tetrag- 4t 4 volume of 10.63 Rshifts the global minimum fror to

onal distortions are favored for these near FM sté&es Fig. €|2. The energy difference involved, however, is so small that

5. one may easily consider these states to be degeneede
inset in Fig. 9. Furthermore, although orthorhombic distor-
808 ¢a y tions marginally stabilize a spin-spiral solutioncgtover the
o1 L - solution atZ for the undistorted fct structure for volumes up
°r 108 L i to 10.72 &, the optimal structure of fct-Fe, i.ec/a=1.08
s12f A at a volume of 10.81 Awith q=Z (see Table Il} is actually
= stable against orthorhombic distortiofelbeit again almost
ﬁ 814 degenerate with the solution é§ for b/a=1.016).

C. Monoclinic shear deformation

We have studied the stability against monoclinic shearing
for three of the fct structures listed in Table II{i)
r X =11.69 B with c/a=1.18, (i) 0=11.18 & with c/a
FIG. 8. Spin-spiral dispersion alorig-X (perpendicular to the = +-10, andiii) (0=1081 A with c/a=1.08, (see Fig. 7,
tetragonal axisin fct-Fe, forQ=11.44 &, and varying axial ratio  i.e., the FM, SS4;, and AFM, (local) minima in the fct
cla. parameter space. Since, as before, it is intractable to perform

820 " .
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i@ e ~ -8.00 |
. 8101 0
-8.20 -

FIG. 10. Brillouin zone of the sheared fct structure, foa -7.80
=1.18 with §=0.15 (left), and §=0.35 (right).

E [eV]

-7.90
a rigorous sampling of the BZ i space, we have again
calculated the spin-spiral dispersion only along a limited -8.00
number of special lines through the BZ. The problem of 3
selecting a path through the BZ, appropriate for comparison ¥ 44,
with the fct structure, is compounded by the fact that the BZ
changes shape, and the only special points that the BZ of the
fct structure and the monoclinically sheared fct structure
have in common aré and Z. We chose to investigate the
effects of monoclinic shearing on the spin-spiral dispersion
alongI’-Z, I'-X*, andI'-Y* for fct structure(i), alongI’-Z
for structure(ii), and alond"-Z, Z-A, andZ-%, for structure

-8.20

-8.30 k=

(iii). The pointsA, X, X*, and Y* correspond to z/a -8.10

X (L4 612\2,—8122,alc), 2mlax(8/2y2,1—612\2,

alc), 2mlax(1+8/\2,—58/\2,0), and 2r/ax(8/y2,1 814

— 8/\/2,0), respectively, where fa3=0, A and reduce to S 818

U, and X* and Y* are equivalent toX (see Fig. 10 and m

compare with Fig. % 892
The results compiled in Fig. 11 demonstrate that in the

geometry optimized in the FM configuration, fct-Fe is un- -8.26

stable against monoclinic shear deformations. For spin-

spirals with propagation vectors oriented alohgX*, a -8.30 f.

shear distortion o5~ 0.30 leads to the lowest energy at all r z

wavevectors. For propagation vectors aldiy* andI'-Z,
monoclinic shearing lowers the energy only up to halfway
from the center to the boundary of the BZ, which demon-
strates again that shearing is favored by a ferromagnetic

component of the polarization. Around the atomic volume

and geometry favoring the commensurate AFM stiitg the ~ iNg appears only in combination with a appreciable ferro-
instability of fct-Fe against monoclinic shearing persistsmagnetic component in the magnetic configuration is also
from 5=F up to approximately; I'Z (see the lower panel of consistent W|t_h the results of results of Sgiset al, who_
Fig. 12. However, it is important to emphasize that for struc-Showed the bilayer AFM state to be unstable, and the single
ture (iii ) the minimum atl’ for §=0.35 is only a few meV layer AFM state to be stable against monoclinic shearing of
lower than that of the commensurate AR state in the the fct structurg(see Table i

tetragonal §=0) geometry. Upwards froraI'Z alongT-Z The lowering of the symmetryQ,,—Coy) due to the
structure(iii) is stable against monoclinic shearing. The re-shearing distortion, and the resulting inequivalence of the
sults of our calculations on the effects of shearing on thd -X* andI'-Y* paths through the BZ, are clearly visible in
spin-spiral dispersion along-Z for fct structure(ii) are not the two upper panels of Fig. 11. The stability/instability of
shown here, because they are qualitatively identical to théhe fct-structure against monoclinic shearing for helical spin
results of our calculations on structu(ié. configurations propagating alon§-Y* is (qualitatively

our limited survey of the @,c/a, & a) parameter space very similar to the effects of the shearing distortion on the

places the equilibrium structure of monoclinically shearedsr_)i""Spir"’lI dispersion g!on@—z; magnetic configurations
fct-Fe at 0=11.69 &, c/a=1.18, §=0.35, andq=T with T<q<3I'Y* stabilize the fct structure, whereas for

(FM), which is in good agreement with the calculations of 3I'Y* <q<Y* the fct structure shows a tendency to shear.

Spisk et al,*® who performed a more thorough optimization For magnetic configurations withe I'-X* , however, the fct
of 1, c/a, and é$ for the ferromagnetic statesee Table )l.  structure is unstable against monoclinic shearing along the
The observation that an instability against monoclinic sheareomplete path through the BZ. Similarly, the influence of the

FIG. 11. Spin-spiral dispersion along different symmetry lines in
monoclinically sheared fct-Fe, fd2=11.69 B, with c/a=1.18
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~7.80 TABLE IV. Summary of the optimization of the crystalline and
magnetic structure for fcc, fct, and monoclinically sheared fct Fe.
_7.90 Listed are the structural parameters, i.e., atomic voléeaxial
ratio c/a, and monoclinic shearing deformati@h and the propa-
-8.00 gation vectorﬁ of the magnetic configuration corresponding to the
3 ground state in these structures.
w
810k g Q@A) ca ) AE (meV)
-8.20 fcc 4 10.63 1.00  0.00 101.7
51 10.81 1.00 0.00 101.3
-8.30 £ = fet 4 10.81 1.08 0.00 78.0
a z z sheared T 11.69 118  0.35 0.0
-8.10
ration with propagation vectay,=2/ax (0.2,0,1). Going
-8.14 to higher volumes we find, at 10.722Aa transition in the
S 818 magnetic ordering, from the spin-spiral sta]t@into another
ﬁ helical configuration with propagation vectar,=2/a
822 % (0,0,0.6). At even higher volumes)>11.76 B (a,
=3.61 A), the system undergoes a second transition and or-
-8.26 | . ders ferromagnetically. The global minimum is found at a
' volume of 10.63 A& for a spin-spiral solution with propaga-
'8'301: ] tion vectorq,, which corresponds quite favorably with the
z

experimentally determined propagation vect@;{p:Zw/a
FIG. 12. Spin-spiral dispersion along different symmetry lines X (0.1,0,1). This solution, however, is almost degenerate in

in monoclinically sheared fct-Fe, fof2=10.81 &, with c/a  total energy with the spin-spiral staﬁal at a volume of

=1.08 10.81 & (see Table IV. (The spin-spiral dispersion between

d; andq, along'-X-W at these volumes is in fact so flat—

shearing distortion on the spin-spiral dispersion along tndhe spread is *around* 5 mev—that one could consider all
pathsZ-A andZ-3 also differ from each other. For helical States betweeq; andq, to be degenerateFurthermore, at

magnetic configuration propagating alofigh, the fct struc-  the volume ofy-Fe precipitates in CUQ:11-44_'8§ (2
ture is stable against monoclinic shearing. A continuatior=3-577 A, see, for instance, Ref.)12ur calculations pre-
along this direction beyond ends up inY* where the same dict the spin-spiral solution at|; to correspond to the
stability was found for structuré) (see Figs. 10 and 11  groundstate, in obvious disagreement with experiment.
Along Z-3, the behavior is different and as can be seen in Our results, on the other hand, are in excellent agreement
the inset of the upper panel of Fig. 12, monoclinic shearingwith previous theoretical studies of collinear magnetic con-
of structuregiii ) produces a local minimum at approximately figuration in y-Fe>*“°® which is an important observation
173 (analogous taj, alongX-W or Z-U). since it establishes the validity of our implementation of the
spiral symmetry.

fct-Fe. We have calculated the spin-spiral dispersion of
tetragonally distortedfct) v-Fe alongl’-Z and Z-U(see Fig.

We have studied the influence of structural distortions o), for 0.92<c/a<1.12, at a series of different volumes
the spin-spiral magnetism in-Fe. To this end we calculated ranging from 10.45 to 11.69 A At volumes above approxi-
the spin-spiral dispersion in fcc-Fey{Fe), fct-Fe, ortho- mately 11.00 & tetragonal distortions lower the energy of
rhombically distorted fct-Fe, and monoclinically sheared fct-spin-spiral solutions alond’-Z (more so around” than
Fe, along several directions of “high” symmetry in their re- aroundz) and stabilize the spin-spiral solutian over the
spective Brillouin zones. The results may be summarized aSo|ution atd, even stronger than already was the case for
follows. . . . . fcc-Fe. ForQ0<11.00 & tetragonal distortions raise the en-

fcc-Fe..We calculated the spln-splral dispersion ald“ng(. ergy of spiral solutions in the neighborhood Iofand lower
andX-W in y-Fe at a number of different volumes ranging them aroundZ. In the latter volume range, moderate tetrag-

from 10.0 to 12.7 A. As is shown in Fig. 2, and as was | di . d bil h iral solutic
already clear from previous theoretical studies, the magneti@n@l distortions tend to stabilize the spiral solutgy over

configuration of the ground state ip-Fe strongly depends the solution atg. However with increasing/a the mini-

on the assumed atomic volume. At volumes between 10.000um alongZ-U shift towardsZ and forc/a=1.08 the sys-
and 10.72 & (3.42<a,<3.5 A) the magnetic configuration tem orders antiferromagnetically. Our calculations yield
corresponding to the ground state is a helical spin configuthree(local) minima in the €2,c/a,q) parameter space of the

VI. DISCUSSION
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fct structure, (11.69,1.14), (11.18,1.103,), and (10.81, the observation that for propagation vectors away fiom
1.087). The total energy is minimized by the solutionzt monoclinic shearing either lowers the total energy to a much
(single layered AFNL at a volume of 10.81 Awith c/a  smaller extend than aj=T", or raises it(see Figs. 11 and
=1.08. The energy landscape around this minimum, how12), we are confident that a more thorough search through

ever, is quite flat along all parametelise., with respect to  the ((,c/a,5,q) parameter space will not yield a different

changes in volumeg/a ratio, and propagation vecforand  equilibrium configuration for monoclinically sheared fct-Fe.
there is again a multitude of structure/spin configurations

which can be considered to be degenerate. The energy dif-

fgrence between aforemeqtjoqed equilibrium  configura- VIl. CONCLUSIONS
tion(s) of fct-Fe and the equilibrium structui® of fcc-Fe,
however, is quite substantiéee Table IV. A comparison We have investigated the influence of broken crystalline

with the study of collinear magnetic configurations in fct-Fe 2nd magnetic symmetries on the stability of fec near fcg
by Spisk et al3% indicates that a bilayer antiferromagnetic y-Fe. We find that when the crystal structure is constrained
configuration [equivalent to a spin-density wave witﬁ to cubic symmetry, the magnetic gtound state is indeed a
=2m/ax(0,0,0.5)], which we did not include in the present Spin-spiral with a propagation vectap=2w/ax(0.2,0,1)
study, is probably even lower in energy than the spin-spiraVery close to the propagation vector determined experimen-
solution at(10.81,1.0). tally. The problematic point is that the atomic volume at
Orthorhombic distortions.In the case of orthorhombic Which this global minimum is found is considerably lower
distortions of the fct structure, we limited our search throughthan the atomic volume of-Fe precipitates in a Cu matrix,
the (Q,c/a,b/a,ﬁ) parameter space to the optimization of on which the experiments .have been performed. At these
¢/a andb/a for spin-spiral configurations nea}z, at vol- larger volumes, the magne}m state predicted by the calcula-
umes below 11.00 & For 0<10.72 &, small orthorhom- tONS i @ spin spiral witrg, =27/2x(0,0,0.6). The ten-
bic distortions p/a~1.02) stabilize the spin-spiral solution A€NCY of even the most accurate GGA calculations to under-

~ . _ estimate the equilibrium volume of the most stable magnetic
at g, over the solution aZ, although the energy differences q g

involved I Th iibri p . fth configurations of the itinerant magnets close to the AFM/FM
Involved are very small. The equilibrium configuration of the - 1qjtion i.e., Fe and Minseems to be a general shortcom-

fet structure, i.e.0=10.81 & with c/a=1.08 andd=Z,  ing of current LSD theory, fora-Mn as well, the atomic

however, is stable against orthorhombic distortions.  yolume at which the complex noncollinear magnetic state is
Monoclinic shearingWe have studied the stability against jn equilibrium is underestimated compared to experinfent.
monoclinic shearing for the thredocal) minima in the When a broken cubic symmetry is admitted, we find that

(Q,c/a,q) parameter space of the fct structuré$:FM, O tetragonal distortions stabilize the spin spiral wéih over

=11.69 £ with c/a=1.18 and q=T, (i) SS, &  the one withq,. At large distortions, however, a commensu-
=11.18 & with c¢/a=1.10 andg=q,, and (i) AFM, Q  rate AFM state is stabilized at low volumes, and a FM high-
=10.81 A& with c/a=1.08 andq=Z. Monoclinic shearing SPin state at larger volumes.

Strong|y lowers the energy of Spin-spira] solutions nBan Orthorhombic distortions Change this picture only margin-
all three structures, and fa~0.35 all three are predicted to ally, but monoclinic shear deformation has a dramatic influ-
order ferromagnetically. Especially structui the equilib- ~ ence on the stability of the competing magnetic configura-
rium fct structure in case of ferromagnetic ordering is af-tions: spin-spiral states are generally disfavored—this is not
fected by monoclinic shearing. Fa@=0.35, the ferromag- Surprising since the lowering of the crystalline symmetry is
netic solution in structurdi) is almost 80 meV, and more to some degree incompatible with a helical symmetry of the
than 100 meV, lower in energy than the equilibrium configu-magnetization density along a preferred axis. Even more im-
ration(s) of the fct and fcc structures, respectivébee Table portantly, we find that a monoclinic shear deformation stabi-
IV). This solution Q=11.69 & ,c/a=1.18,6= 0.35,(3:” lizes a ferromagnetic state and that in all phases the strength
has the lowest total energy of all structures considered in thef the monoclinic distortions and the partially ferromagnetic
present work. It compares quite favorably with the calcula-character are directly correlated.

tions of Ref. 37 where an extensive optimization(bf c/a, Together, our results provide a convincing explanation of
and s, for monoclinically sheared fct-Fe in the ferromagneticthe widely differing structural and magnetic properties of
state yielded an equilibrium structure given bQ) v-Fe stabilized by either the three-dimensional embedding in
=11.50 A, c/a=1.17, and5=0.33 (see Table Il. Both  an fcc matrix or the epitaxial constraint in ultrathin films. In
other structures we considerdgd,) and (iii ), show the same y-Fe precipitates, only very small deviations from cubic
instability against monoclinic shearing in the ferromagneticsymmetry are admitted. In this case the magnetic ground
state, as was found for structuii¢. The fact that our calcu- state is a spin spiral. The small deviations from cubic sym-
lations predict a value of~0.35 for all three structures, at metry could eventually tip the balance between the almost
q=TI, shows the shearing instability in case of ferromagneticdegenerate spin-spiral states. In ultrathin films, the funda-
ordering to be more or less independent from the other struanental instability ofy-Fe against both tetragonal and mono-
tural parameters, volume amda ratio. In combination with  clinic distortions leads to the formation of nanodomains of
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monoclinically sheared FM Féor film thicknesses up to 4
ML) or biAFM Fe, in thicker films, as observed in STM

PHYSICAL REVIEW B66, 224409 (2002
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