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Magnetic structures in ordered and disorderedy-FeMn alloys: Ordering due to disorder
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We present calculations of the magnetic properties of ordered and disord&eldn using a self-consistent
tight-binding linearized muffin-tin orbital approach allowing for noncollinear spin structures. In an ordered
compound FgsMng 5 we find a ground state with parallel Fe moments and canted Mn moments forming an
angle of 128°. If substitutional disorder is present in the system, a uniform collinear antiferromagnetic order
builds up. A possible explanation of this result is proposed.

[. INTRODUCTION of magnetic momentd.However, in the latter study only
nearest and next-nearest interactions in the localized model
v-FeMn alloys with a face-centered-culiftc) structure  were taken into account and it was concluded that the short-
have been investigated for a long time mainly as a systemange interaction cannot explain the measured isotropic spin
from which the magnetic properties of pure, at room tem-dispersion relation.
perature unstable, fcc-Fe and fcc-My-Fe andy-Mn) could In order to understand the complex magnetic behavior of
be extrapolated. Because FeMn alloys do not form any intery-FeMn  alloys several theoretical studies were
metallic compound, they can be studied over a wide range gberformed’~* Most of them considered an ordergeFeMn
temperature and composition. In an early papebng-range  intermetallic compound with a cubic unit cell of the AuCu-I
antiferromagneti¢éAFM) order iny-FeMn was detected and type with four atoms in the basis. The investigation of the
two alternative magnetic structures were suggested, whictiolume dependence of the magnetic properties of collinear
conform to the neutron-diffraction data for polycrystals, buty-FeMn revealed that the ground state within the local spin-
cannot be discriminated—a collinear type-I AFM configura-density (LSD) approximation is a phase with nonzero AFM
tion [cf. Fig. 1(@)] and a configuration with unit cell of four Mn moments and no Fe moments, with a lattice constant
atoms with the magnetic moments pointing towards the celB.1% smaller than the experimental valueterestingly, at a
center, i.e., along111) directions[cf. Fig. 1(e)]. It was con- larger volume a different equilibrium magnetic structure with
cluded that the nearest-neighbor interactions betweenonzero FM Fe moments and larger ferrimagnetic Mn mo-
Mn-Mn and Mn-Fe atoms are antiferromagnetic and that thenents forms. Fe moments are formed at densities about half-
Fe-Fe interactions cannot be strongly ferromagné&®l).  way between the theoretical LSD-equilibrium density and
On the basis of Mssbauer and neutron-diffraction measure-the experimental density. Hence the failure to predict the
ments the magnetic phase diagram pfFeMn,_, was formation of Fe moments ig-FeMn is directly related to the
constructed, with three different types of antiferromagnetic overbinding characteristic of the LSD approximation. We
structures. At the Mn-rich end witk<0.3 ay-Mn-like col-  should also note that the LSD approximation fails to predict
linear AFM structure is stabilized, at the Fe-rich ernd ( the correct magnetic ground state for both(Ref. 12 and
=0.8) ay-Fe-like AFM structure was found. In the interme- Mn.*** The LSD-approximation ground state of Fe is non-
diate region a distinctly different noncollinear ordering magnetic hcp, fory-Mn nonmagnetic AFM and FM states
should develop with a remarkable change of theelNem-  are energetically almost degenerate. Generalized gradient
perature and the average magnetic moment in opposite direcerrections to the LSD approximation favor the magnetic
tions. The magnetic moment reaches its minimum of abouover the nonmagnetic states and lead to an expansion of the
1ug at the equiatomic composition, while the éléempera- magnetic phaseglarge magneto volume effect™* First
ture a maximal value of 520 K at that composition. Some-total-energy calculations allowing for a noncollinear spin ar-
what larger estimates of the average zero-temperature maggngement were performed by Kler et al® They found a
netic moments of (m)=1.2+0.2ug, |Mmy,—Mg=0.3 noncollinear ground state with large momentsng(
+0.3ug were reported by Ishikawa and Enddlt.is to be  =1.41ug, my,=2.05u5, but the collinear AFM configura-
noted, however, that quite different magnetic moments magion lies only 0.25 mRy/atom higher in energy. The draw-
reside on Fe and Mn atoms, since the hyperfine field actinpack of their approach is the inclusion of only the spin-
on the Fe nuclei is much smaller that expected from théndependent part of the effective potential in the Sdimger
average moment and the temperature and composition dequation. Similar self-consistent calculations for several pos-
pendences of the Fe and Mn moments are substantiallgible collinear and noncollinear spin orderings carried out by
different®* These facts contradict the picture of a uniform Fujii et al® predict the spin structure shown in Figidl as
spin structure supported also by the absence of a broadeniitige most stable one. Again the Mn moments were predicted
of the magnetic diffraction peaks typical for random all8ys. to be substantially larger than the Fe moments. Effects of the
The spin-wave spectra obtained by inelastic neutron scattesubstitutional disorder on the magnetic properties of
ing were attributed either to a collinear type-l AFM y-FeoMns, were investigated in the first-principle calcula-
structure> or to the itinerant rather than localized charactertions by Johnsoet al° using the Korringa-Kohn-Rostocker
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FIG. 1. Spin configurations considered in the calculations for ordgrEdMn. Smaller spheres denote Fe atoms, larger spheres represent
Mn atoms.

coherent-potential approximatioKKR-CPA). The calcu-
lated magnetic moments on the Fe and Mn sites are antipar-
allel, namelyme,=1.64ug and my,=—1.04ug. Note the + VARLaSRLR'L'URa,rRYY FJ;/%R/B\/AR’L’[%
inversion of the magnitudes of magnetic moments compared (1)

to the results for the ordered compounds. It was also inferred

that some unspecified type of ordered AFM state could noexpressed in terms of the structure constahend the po-

be ruled out. Recently the variation of the magnetic moment¢ential parameters of the LMTO methdad, A which are

as a function of composition in disordered fcc and bccevaluated in the nearly orthogonal representatfot. The
FeMn;_, was studied by Kulikov and Demangtawithin ~ potential parameters depend on the solution of the radial
KKR-CPA. Most surprising result was the existence of aSchralinger equation at an arbitrary fixed energy, chosen in
stable solution with vanishing Fe and Mn moments near théhe energy region of interest. The lalfeldenotes the atomic
equiatomic concentration. The conclusion is that evidentlyposition, L=(I,m) the angular momentum, and the greek
the disorder has a strong influence on the magnetic grouniétters spin indices. The matridg signifies a (2<2) rota-
state. However, the prediction of Mn moments that are subtion matrix in a spin space,

stantially smaller than the average Fe moments, or of an

almost complete quenching leading to the conclusion thatr(®r. Ir)

single-site theories do not yield a correct description of mag-

H RLa,R’L'B™ CRrLaORR/OLL 5043

netism in concentrated Rdn; _, alloys. O (1 O [ )

In this paper we address the issue of the true ground state cos?ex 2 ¥R sm7ex 2 ¥R
of orderedy-FeMn compound within LSD and gradient cor- = 5 i 5 i , (2)
rected LSD approximations without any constraint on mag- _SmTReX'{EQDR) cosTRexp( — §¢R)

nitude or direction of the magnetic moments. To compare

our results with the previous conclusions, a few magnetighat determines the transformation between a common global

structures with the orientation of the magnetic moments kepframe of reference and a local one with the spin-quantization

fixed during self-consistent calculation are included. Besidesyxis defined by angle8g and ¢ with respect to the global

the variation of the magnetic moments and the total energy.ame of reference. We adopt the conventional atomic sphere

with the angle between the Mn and Fe moments aqd re|a“V§pproximation(ASA) and the assumption that within each

to some chosen axes was explored. The effect of disorder aghhere the magnetization density field is collinear. Only if

the magnetic structure was studied and discussed. magnetic moments in all atomic spheres are collinearithe

reduce to unit matrices and because the structure constants

are spin independent and the matrices of potential parameters

are diagonal the Hamiltonian given by Ed) becomes di-
The extension of density-functional theory to a treatmen@gonal in the spin space. _ _ _

of noncollinear magnetic structure was formulated byoku Each step of a self-consistent calculation begins by setting

et al,?1% where the details related to the implementation inUP the Hamiltonian matrix given by Ed1) for an input

the augmented spherical-wave method were given as welflistribution of magnetic moments. From the eigenvalues and

This formalism was used by several groups to allow for non£igenvectors of this Hamiltonian the matrix of spherically

collinearity within the linearized muffin-tin orbitdLMTO) azlee)raged local spin-polarized densities of sta®¥dS)

method'®~*8and plane-wave cod€. Nklo,rLp (geNerally nondiagonal in spin spacand the re-
Here we shall shortly outline our approach to self-lated integrals over the DOS matrix

consistent electronic structure calculations for systems with .

noncollinear magnetic moments. It is based on the two- G)  _ F (G)

center tight-binding LMTO Hamiltonian IRaRs EL: f kLo rup(E)OE ®

1. COMPUTATIONAL DETAILS
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TABLE I. Total energies relative to the energy of spin configuration shown in Fd).dnd magnitudes
of magnetic moments on Fe and Mn sites for spin arrangements in Fays1(g) and the ground statin).
For the configuratiorib) both Mn moments are given. The results in parentheses are taken fronetFaijii
(Ref. 9. The results were obtained within LSD and LEBGC approximations.

Configuration Stability AE (mRy/atom Mee (1g) Myn (#g)
Fe-Fe Mn-Mn Fe-Mn LDA GGC LDA GGC LDA GGC

(@ 11 I 7 stable 0.41 0.88 138 1.54 1.81 2.08
(0.40 (.17 (1.97

(b) N Tl Nl stable 0.87 123 116 1.35 1.57/2.24 1.84/2.57

(c) ™ Nl 11 stable 1.60 251 146 1.71 1.47 1.76
(1.70 (1.39 (1.62

(d) 11 11 —7 stable 0.00 0.00 155 1.74 1.89 2.17
(0.00 (1.23 (1.99

(e) noncoll. unstable 0.10 0.08 1.65 1.85 1.81 2.12
(0.35 (1.39 (1.9)

(f) noncoll. stable 0.50 0.79 160 1.79 1.71 2.01
(0.62 (1.38 (1.89

(9 T 11 -7 unstable 0.46 035 121 1.46 2.04 2.38

(h) noncoll. stable —-0.84 —-094 142 1.60 2.06 2.37

are computed. The superscri@) indicates the global refer- spheres neutral. Since the excess charge in the system with
ence system. There is always a similarity transformatiorequal Wigner-Seitz radii is moderaté).08 electron/Fe
which diagonalizesS) rp at each siteR, atom), the ratio of neutral sphere radii converged to about
' Ir'ee/rwn=0.98, almost independent of the magnetic order.
S U © Ut —qb_ 5 @ The exchange-correlation functional in the scalar relativ-
o Ra,RYURy,R6YR5,RE™ URa,RBOap - istic Schralinger equation is due to von Barth and Hédias
’ parametrized by Jan&R.The calculations performed with
generalized gradient correctiof&GC) to the exchange-
correlation potential use the form proposed by Perdew and
ang?® The core atomic charge densities are treated fully
relativistically. A minimal basis set is adopted, which in-
cludes 3, 4s, and 4 orbitals. For the Brillouin-zone inte-
gration the Methfessel-Paxt@hsmearing method on a grid
of (20X 20X 20) special points was used, corresponding to

Hereq) g, is the total number of valence electrons with
up (e=1) and down @=2) spins with respect to a local
frame of reference in the atomic sphere around an atom
positionR. Inserting Eq(2) to Eq.(4) leads to the following
expressions for the angles; and 9g:*°

(G)
=_ Imqﬂ 1000k points in the irreducible Brillouin zone.
taneg ) )
Redrir2
©) I1l. RESULTS AND DISCUSSION
|qR1,R2|
tandg=2 ©) , (6) A. Ordered y-FeMn

P
q q .
RIRLHR2R2 The results presented here were obtained for the ordered

which define the output distribution of magnetic moments.y-FeMn compound with AuCu-I structure and an experimen-
The partial densities of statasﬁ)a’m s are subsequently tal lattice constant extrapolated to zero temperatare
transformed to the local frame of reference by means of an=3.6 A ! The magnetic anisotropy energy due to spin-orbit
equation analogous to E¢4), and the new charge and spin coupling was not considered, because for cubic crystals it is
densities, interaction potentials, and potential parameters ard the order of JuRy/atom, which is far below energy dif-
calculated for each atomic sphere. This procedure is repeatderences obtained in this study. In Fig. 1 three colliréar
until self-consistency is attained, i.e., both magnitudes andc)] and four noncollineaf(d)—(g)] spin configurations are
directions of the magnetic moments are equal to their respediustrated, for which the computations with fixed directions
tive input values. Some calculations in this paper were peref the magnetic moments were performed. The total energies
formed with the fixed prescribed directions of magnetic mo-and magnitudes of magnetic moments are summarized in
ments. Although these calculations are not fully self-Table I. As can be seen, among the chosen configurations the
consistent, yet they provide the transverse components abnfiguration(d) with AFM order on the Fe-Fe and Mn-Mn
magnetic moments from which the stability of a prescribedsublattices and a perpendicular orientation of Fe and Mn mo-
magnetic order can be concluded. ments possesses the lowest energy. The configur@&gon

It is a common problem within ASA, that the electrostatic with the magnetic moments along th&l1) directions, pro-
energy contribution from the charge density in the overlapposed on the basis of the neutron-diffraction data, has an
ping volumes in incorrec® In order to reduce this contribu- excess energy of only 0.1 mRy/atom. On the other hand, an
tion we adjust the Wigner-Seitz radii to make the atomicimposed ferromagnetic interaction between Mn moments



11572 D. SPISAK AND J. HAFNER PRB 61

[configuration(c)] or perpendicular arrangement of Mn mo- E= Eo—2Jre—re— 2IMn—Mn COS 20+ 8J¢e_ pn COSE,
ments[configuration(f)] results in unfavorable high-energy 7
states. These facts confirm the AFM character of the Mn-M

Interactions. In the conﬁggraﬂon labelen) in Fig. 1 asym- means that the interaction between Fe and Mn magnetic mo-
metric anUparaIIgI magnetic moments develop on Mn atomsp g s s antiferromagnetic but smaller than that between Mn
The Mn magnetic moments parallel to FM-coupled Fe mo-,oments.
ments decrease, while the moments in the opposite directions pecayse the energy differences in Table | are relatively
assume large values, indicating that the Mn-Fe magnetic ingmall, different LSD functionals could influence the energet-
teraction is of AFM nature. From the nonvanishing trans-ics of the system. This is known to happen, for example, in
verse components of the magnetic moments in the locabulk fcc Fe, where the LSD approximation without and with
frame of reference we find that the configuratiéelsand(g)  gradient corrections to the exchange-correlation functional
are unstable, i.e., the systems would be driven away froneads to various spin-spiral-density-wave ground stHt€sr
their states, if a rotation of the moments would be allowedthis reason we repeated the calculations for all configurations
The results in parentheses in Table | refer to the values olyreated previously in the LSBGGC approximation. The re-
tained by Fujiiet al’ A good agreement in the relative en- sults collected in Table | show that both the energy differ-
ergies is obvious, but our values of Kén) magnetic mo-  ences and magnetic moments are larger, but the sequence of
ments are systematically somewhat larg@nallej than the  the configurations by an energy remains the same. The
cited values. ground-state configuratiofin) obtained by a free rotation of
The next conclusion can be drawn from the comparison ofnagnetic moments has the same arrangement of the mag-
the configurationsa) and(d). These two configurations dif- netic moments, the angle between two nearest Mn moments
fer only by the relative orientation of the moments on the Fepeing 2p=129°.
and Mn sublattices and may be transformed into each other
by a global rotation of the moments in one of the sublattices.
It is easy to show that a pairwise Heisenberg Hamiltonian of
the localized atomic moments is unable to explain the energy All known experimental facts about-FeMn alloys were
difference 0.41 mRy/atom between the two configurationspbtai”ed on substitutionally disordered samples, therefore it
Evidently, the Fe-Fe and Mn-Mn interactions are the same ifs important to discuss the effects of disorder. Previabs
both cases and the overall Fe-Mn interaction is canceled iffitio calculations, in which the configurational averaging is
configuration(a) by equal number of parallel and antiparallel @chieved by a single-site CPA with one Fe and one Mn atom
moments of the opposite type in every shell, in configuratiorPer unit cell, give either magnetic moments ofic,
(d) the Fe-Mn interaction is zero because of orthogonality of= 1.64ws, Myn=—1.04ug,*® or small magnetic moments
Fe and Mn moments. Hence within a pairwise Heisenberdre<0.12ug, My,<0.29ug.™* In Ref. 10 also another so-
model the two configurations are energetically degenerate. lution corresponding to a paramagnetic disordered local mo-
In Figs. 2a)—(d) the variation of the total energy and ment (DLM) state was investigated. For this purpose the
magnetic moments during a transition from configuration two-component alloy F#in;_, was treated as four-
— (@), @ — (@), (b) — (9, () — (9), respectively, is component modelFe, &, sl Mg Mng 11— - In the para-
shown. In the pictogram illustrating the process of momenimagnetic phase symmetry arguments require the same mag-
rotations in each panel the bolthin) arrows represent Mn nitudes and probabilities of up and down moments. In the
(Fe) moments. The most notable result presented in Fig). 2 DLM state amplitudegmgo|=1.48ug and |my,|=0.97ug
is a deep minimum of the total energy which lies lower thanof the magnetic moments were determined. Clearly, the so-
the energy of all configuration®)—(g) discussed above. Fur- lution with small magnetic moments obtained in a two-
ther, an energy difference of about 2.4 mRy/atom is observedomponent CPA is related to the DLM state solution, but
when the Mn moments change their orientation from parallewith no restriction on the sizes of the magnetic moments.
to the energetically most favorable canted configurdiig. The CPA results can be compared with our results if the
2(d)], whereas when the Fe moments are rotfkegs. 2a)— projections of magnetic moments on an axis along the total
(c)] this difference shrinks to 0.4 — 0.9 mRy/atom. Hence itmagnetization are computed. This leadsmpg.=1.42ug,
can be concluded that the strength of the Mn-Mn exchangel, yp=—0.91ug  (LSD  approximatiof, or m,r,
interaction is three to six times stronger than that between Fe1.60ug, M, y,=—1.02ug (LSD+GGC approximation
moments. The good agreement of our and the CPA values indicates
Up to now all results were obtained from calculationsthat a conceivable spin structure in a disordered FeMn alloy
with fixed directions of the magnetic moments. If this con-could be one with more or less parallel Fe moments and
straint is removed the ground state corresponding to the eanted Mn moments with transverse components distributed
ergy minimum in Fig. 2d) and given in Table | as the con- in a plane perpendicular to the average Fe moment, a con-
figuration (h) is obtained. The Fe moments are alignedfiguration not dissimilar to a spin-flop phase of a uniaxial
parallel to each other and the Mn moments on the neighbomntiferromagnet in a magnetic field. However, the question
ing sites make an angle ofg2=128° with the resulting glo- can be raised whether the ferromagnetic Fe-Fe interaction,
bal Mn magnetization antiparallel to the Fe moments. Undeestimated to be rather weak, is able to sustain the Fe mo-
the simplifying assumption of dominant nearest-neighbor iniments parallel to each other.
teractions (although the pairwise Heisenberg model was To check this conjecture we performed an unconstrained
shown to be an oversimplificatipithe magnetic energy per noncollinear calculation for a unit cell containing 108 sitas
atom reads 3X3x3 fcc lattice occupied randomly by Fe and Mn at-

r]eading to a rough estimate fdge_ yn=~0.5JIpn_mn- This

B. Disordered y-FeMn
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FIG. 2. Variation of the total energy and of magnetic moments as a function of the orientation of the magnetic moments on the Fe
sublattice relative to the fixed direction of the Mn momefais-(c), and of the orientation of the Mn moments relative to a fixed direction
of the Fe momentg$d). Mn moments are represented by triangles, Fe moments by full(#dtshand scalg energy differences by open
squaregright-hand scale In the pictograms defining the angtebold arrows represent the direction of the Mn moments, thin arrows those
of Fe moments. Diagrarte) describes the transition of configuratidn) from Fig. 1 into configuratior(d): transition from FM to AFM
Fe-Fe coupling accompanied by a change from parallel to perpendicular Fe-Mn coupling. Diagdascribes the transitiof@ — (d):
global rotation of Fe moments, while maintaining AFM Fe-Fe coupling. Diagi@ndescribes the transitiofib) — (g): global rotation of
Fe moments, while maintaining FM Fe-Fe coupling. Diagraihdescribes the transitioft) — (g): transformation from FM to AFM
Mn-Mn coupling, accompanied by a change from parallel to perpendicular Fe-Mn coupling.

oms. The initial magnetic configuration was generated rannearly ideal collinear layered AFM structure of type I. The
domly and to every FéMin) atom a small positivénegative  transverse components are smaller than ©g29This result

z component was added, in order to impose a global magneseems quite unexpected because usually a symmetry-
tization similar to the ground state of the ordered FeMn combreaking disorder in an antiferromagnet gives rise to more
pound. In thek-space integration fouk points were used. competing interactions and this leads to a magnetic structure
During the self-consistency cycle we observed after an initialvith lower symmetry. Nevertheless, it was pointed out some
stage with decreasing moments, a phase characterized byne ago, that in many vector spin systems with competing
strong rotations of the magnetic moments leading to the forexchange interactions nontrivial continuous degeneracies of
mation of large magnetic moments distributed over a rathethe ground state may develép.Quantitative predictions
narrow interval and with almost exactly parallel and antipar-based on spin-wave analy&isand numerical simulatioR$

allel orientations(see Fig. 3. The resulting magnetic struc- were obtained for aiXY square-lattice antiferromagnet with
ture is plotted in Fig. 4. The presence of disorder stabilizesecond-nearest-neighbor interactions. Bex —0.5J,| the
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FIG. 3. Evolution of thez components and magnitudes of the local magnetic moments in a 108-atom supercell representing substitu-

tionally disordered FeMn alloy during the self-consistent iterati@fstex?.

ground state breaks up into two decoupled penetrating squaretic interactions is substantial for producing a highly sym-

sublattices, each ordered antiferromagnetically. The fluctuametric AFM ground state in a disordergdFeMn alloy.

tions always present in real systems lift this degeneracy and
they select specific magnetic states. It was found that thermal IV. CONCLUSIONS
fluctuations favor collinear states whereas a dilution by non-

magnetic atoms selects noncollinear states. Because substitu- 1 NiS paper presents a thorough analysis of magnetic struc-
tional disorder produces random fields of a character similafires in ordered and disordergdFeMn alloys using first-

to thermal fluctuations, a collinear state is preferred. Thdrinciple total-energy calculations and allowing for a noncol-
distribution of magnetic moments is shown in Fig. 5. Thelinear magnetic structure. In contrast to previous theoretical
average magnitude of Fe magnetic moments is almost urfesults for an ordered compound, which discerned only be-
changed compared to the ordereg-FeMn, (|mgg/)  tWeen a few highly symmetric spin configurations such as
—1.46ug, but that of the Mn moments decreases toAFM type-I order or a noncollinear arrangement with mo-
(|Myal)=1.62u5. We believe the homogenization of the ments along111) direqtions,_ we found a completely differ-
magnetic structure, i.e., the structure with nearly same magght ground-state solution with parallel Fe moments and the

netic moments on every site, resulting in quite isotropic magMn moments tilted in opposite direction by 64° with respect
to the direction opposite to the Fe moments. Within a model

of localized moments, we estimated the Mn-Mn interaction

to be antiferromagnetic and the strongest oneyifreMn.
The Mn-Fe magnetic interaction is weaker and still of anti-
ferromagnetic character, the ferromagnetic Fe-Fe coupling

16 | —
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©
T

il

[ 1Fe
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FIG. 4. The ground-state magnetic structure obtained in a unit

cell with 108 atoms. Bright spheres represent Fe atoms, the dark FIG. 5. The histograms present the distribution of Fe

spheres denote Mn sites. magnetic moments in a model of 108 atoms.

1.9

and Mn
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representing the weakest pair interaction. Besides, we cometic state of the disordered system cannot at all be inferred
cluded that a traditional pairwise Heisenberg Hamiltonianfrom the knowledge of the magnetic structure of its ordered
does not lead to a correct description of the magnetic ordecounterpart, at least not for the system studied here. It is
Hence either many-body interactions must be considered orargued that the ordering of magnetic structure is driven by
vector model of localized moments is inappropriate forthe random substitutional disorder in the alloy composition, a
y-FeMn. phenomenon known as ordering due to disorder.

If the disordered nature of-FeMn is taken into account,
a collinear AFM type-lI magnetic arrangement with nearly
equal magnetic moments on Fe and Mn atoms was deter-
mined. These results are in accordance with one of the ex- This work has been supported by the Austrian Ministry
perimentally suggested ground states and with the observéer Science and Transport within the project “Magnetism on
tions that the broadening of the magnetic diffraction peakgshe nanometer scale ” and through the Center for Computa-
typical for random alloys is missing. We note that the mag-tional Materials Science.
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