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Noncollinear magnetic ordering in small chromium clusters
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We investigate noncollinear effects in antiferromagnetically coupled clusters using the general, rotationally
invariant form of local spin-density theory. The coupling to the electronic degrees of freedom is treated with
relativistic nonlocal pseudopotentials and the ionic structure is optimized by Monte Carlo techniques. We find
that small chromium clustersN(=13) strongly favor noncollinear configurations of their local magnetic
moments due to frustration. This effect is associated with a significantly lower total magnetization of the
noncollinear ground states, ameliorating the disagreement between Stern-Gerlach measurements and previous
collinear calculations for Gy and Cr 5. Our results further suggest that the trend to noncollinear configurations
might be a feature common to most antiferromagnetic clustel63-18289)10929-9

. INTRODUCTION maximal spin alignment in the atom ¢%4s?): all valence
electrons have parallel spins, i.e., the total magnetization is

Magnetic properties of transition-metal clusters have beS=3. This leads to a variety of unique effects including an
come the subject of intensive research, both from thainusually short dimer bonding length or a repulsion for FE
experimentdi* and theoretical point of view:® One of the ~ coupling at small distancés.The other reason why we
most interesting and challenging aspects of that field is thehose chromium is the possibility to compare with the thor-
subtle interplay between geometric structure and magnetieugh ab initio study of Cr clusters by Cheng and Waffg.
ordering that has mostly been investigated for ferromagnetid hese authors recently employed the conventional LSDA for
3d clusters and d clusters. Finite-size effects and a reducedN,=15, finding all clusters to be antiferromagnetically
dimensionality often lead to a significantly different mag- coupled. Their structures can serve as a benchmark to check
netic behavior from the bulk with clusters having enhancedur computations concerning the restriction to collinear
atomic moment&;1° larger anisotropy energiéd,or an al-  configurations—an aspect that is crucial to extract the impor-
tered temperature dependence of the magnetiz&tion. tance of noncollinear effects.

Almost all theory to date employed the local spin-density In Sec. Il we outline the fundamentals of our theoretical
approximation(LSDA) with the assumption that the spin- approach and briefly motivate the structure optimization.
density matrix is diagonal in some particular frame. In thatThis involves the rotationally invariant LSDA to find the
special case, the spins are automatically collinear along @lectronic ground state and a relativistic, nonlocal pseudopo-
fixed quantization axis. The only generalized spin-densitytential for their interaction with the ions. In Sec. Ill we dis-
calculation for clusters that treats the electron spin as a veguss some numerical tests and present our results. We find
tor observable and a function of position has recently beemoncollinear spin configurations for all investigated clusters.
performed by Car and co-worket$They have shown that We demonstrate the influence of noncollinearity on the ge-
noncollinear configurations exist in Fand Fg, although ometry and on the total magnetic moment and discuss how
the effect on structure and energetics of these ferromagnettbis reduces the discrepancy concerning the magnetization of
(FE) clusters is not very pronounced. On the other hand, asome chromium clusters between the experiment by Bloom-
unconstrained orientation of the quantization axis is knowrfield and co-worke’s and some previous theoretical
to play a key role in describing various nonferromagneticreSU|'E52-2’24
systems like they phase of bulk irort? disordered systends,
or ultrathin Fe films with a partial antiferromagnefidF) Il. THEORETICAL AND NUMERICAL BACKGROUND
coupling®® Furthermore, the work on Fe/GRef. 17 and _ . o
Ag/Cr multilayer¢® demonstrated how the competition be- The density-functional theory in its most general form, as

tween AF ordering and frustration of the Cr moments leadgleveloped by Barth and Hedffi,allows the orientation of
to noncollinear arrangements in the form of a spin-densityaCh spin to vary with position. The wave functions are de-
wave. Although the importance of frustration in AF systemssScribed by complex two-component spind¥s= (¥, ,¥ ),
seems to be evident and was discussed in detail for embe¥thereo ando’ denote the spin indices, and the degrees of
ded Cr clusters by Pastor and co-workErand more gener- freed_om are the elements of the single-particle spin-density
ally by Manninen and co-workef8,the possibility of non- ~matrix
collinear effects has not yet been considered for AF clusters.

In this paper, we present a general local spin-density cal- > o Ap* (f
culation for clusters of AF materials. Besides the motivation p‘”'(r)_Ei VoW (1) @
given above, we have decided to explore noncollinear effects
in chromium clusters for two reasons: First, chromium isAssuming this matrix to be diagonal, the usual local spin-
particularly challenging amongst thel 3lements due to its density functionals are parameterized in terms pof(r)
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::PT(F) and PLL(F)::Pi(F) only. In that special case, the atoms has a negligible eff_ect on thg orientation of their mag-
spins are necessarily collinear along the chosen quantizatidietic moment, although its magnitude becomes somewhat
axis and the exchange-correlation potential is obtained vi&igger. Due to the varying integration radius, however, mag-
V¥ JE"p;.p,1/dp,. However, rotational invariance re- nitudes of local magnetic moments from different clusters

quires that the true variables are the eigenvalugs) and carAnot be clzompareld easily.h I I i
n,(F) of the spin-density matrig,,,(7). We can thus apply s usual, we only treat the valence electrons explicitly,

standard local spin-density function&ge chose the formula takif‘g care of the ionic core V\{it.h a pseudopotential' approxi-
of Perdew and Warf§) by evaluating the potential in a lo- mation. We use the relat|V|_st|c pseL_ldopotentlaI from
cally diagonal frame. The transformation is carried out fol- Go€decker and co-workef§ which contains a local part

lowing the work of Kibler et al2’ who used the spin-1/2 plus a sum of separable Gaussians, optimized to represent a
rotation matrix transferable nonlocal pseudopotential on a coordinate mesh.

The multiplication of the wave functions with the nonlocal

6(r) . o) - part can be limited to a small region around the ions as the
cosTe(' )4(r) smTe("/z)q’(’) radial projectors fall off rather quickly. However, 20 integra-
0(r)= ) ) 2) tions within the covalent radius of each atom nee_d to be
() (26 o(r) (=200 pgrformed to correqtly account f_or nonlocal e_ffects_ in chro-
—smTe COSTG mium. The energetics at small ionic separations inside the
clusters further requires us to include the &d 3 semi-
to locally diagonalize the spin-density matrix: core electrons into the variational space. Our pseudopotential
also includes spin-orbit terms that fix the orientation of the
2 Uao(Npaer(NUL (1) = 8apNa(r). (3)  total magnetizatioM to the ionic structure, thus giving rise
oo’ to magnetic anisotropy. The implementation of theS op-

By working in this representation we expre#=</dp,,, by erator is not too costly because we have to deal with a com-
oo . . .
EX/on, plus the introduction of local spin rotation angles plex spinor structure anyway. Spin-orbit effects enable us to

¢(F) and 0(?) that are the local azimuthal and polar anglest(aSt the validity of the usually applied atomic-sphere ap-

o i roximation by studying the intra-atomic dispersfon.
of the magnetization denslty vector. They are compu_ted fron? We have carried out an unconstrained structural search by
Eqg. (3) through the requirement of vanishing off-diagonal N . N
fully optimizing electronic and ionic degrees of freedom. To

elements as find the ground state and stable isomers, the ionic positions
- were computed via Monte Carlo sampling applying the tech-
- _,Impy (1) . £ simul . .

(r)=—tan 1 ————", nique of simulated annealing. After some Metropolis steps,

Rep; (1) the electronic wave functions are updated with Kohn-Sham

iterations. The optimization of the ionic geometry involves a

. _12{[RePTi(F)]2+[|m pN(F)]Z}UZ minimization of the one-ion energies and is explained in de-

6(r)=tan = = . (4 tailin Ref. 30. The static Kohn-Sham equations are solved in
P11(1)=py(r) a combined coordinate and momentum space representation

These new degrees of freedom complicate the mean-fielly using an efficient damped gradient iterat?éri.ocql op-
equations and lead to an exchange-correlation potevitfal €rators are applied on coordinate space wave functions while
in the form of a complex matrix in spin space the kinetic energy and the action of the sp|_n-0rb|t operator
are computed in momentum space applying fast Fourier
1 AL techniques. The Poisson equation is solved via the FALR
VIRV L+ S (V= V) o-d, (5  (Fourier analysis under special consideration of long range
terms method®! As it is more convenient for most physical
whered is a position-dependent unit vector along the direc-observables, electronic wave functions and densities are
tion of the VeCtor[RepH(F),|mpH(I?),pTT(I?)—pu(I7)]. stored on a three-dimensional coordinate space mesh. We

The presence of the second term in the exchange-correlati rforrzn our calgulations in a.SUbi9 box with "; rg.esh spacing
potential allows a general coupling of the up and down com®! 0-32 a.u. and up to 64 grid points in each direction. \We
ponents of the spinor wave functions. To interpret the magg:hecked that the mesh size was big enough to avoid artifacts

netic properties, we compute the vector magnetization derfrom the boundaries. A detailed description of our numerics

L= . . . . can be found in Ref. 32.
sity m(r) by expressing the spin-density matrix in the form

\'\/XCZE(
2

p(r)=04n(r)1+m(r)-o]. (6) lll. RESULTS AND DISCUSSION
We associate magnetic moments with individual atoms by pgafore discussing our results, we mention some of the

integrating each component oi(r) within a sphere centered various tests we performed in order to increase our confi-
on the ions, giving us the local magnetic moment vectorsience in the Hamiltonian and its numerical implementation.

Wa. The integration radius is chosen to be one half of theThe dimer plays a key role in the description of small chro-

smallest interatomic distance in each cluster to avoid overlapium clusters. It is known that its subtle electronic proper-

and the resulting spheres contain about 80—90 % of the madjes demand a high accuracy of the Cr-Cr interactions and the
netization density. Taking a larger radius for more distanthumerical representatici. By applying the pseudopoten-
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FIG. 1. Geometric and magnetic structures for the energetically lowest noncollinear configuratiogs 8c0N<6. The local magnetic
moments, including their angles with respect toxttendz axes, are indicated by arrows. The interatomic distances are shown in atomic units

and the magnitudes of the local magnetic moméntg (in units ug) are given in brackets.

tial in the semicore version, our binding energ98 eV}  figurations of small chromium clusters C(3<N<6) are
and bonding lengthdo=3.25 a.u.) for the antiferromagnetic presented in Fig. 1. All structures except the one of Cr
ground state were in good agreement with experimental reepresent ground states. The corresponding total magnetiza-
sults (1.56 eM:0.3 eV, dey,=3.19 a.u.) and previous all- tjon is shown in Table I. Our geometric and magnetic struc-
electron or pseudopotential calculatidisThe correct ener-  tures are obtained by performing up to 50 full Monte Carlo
getic order of the single-particle levels as a function of the
intramolecular distance, the symmetry of the wave functions, o . .

TABLE I. Total magnetization per atori 4 (in units ug) for

and the properties of the ferromagnetic coupling ( the ground states of Grand gain in binding energE, (in units

=5.2 a.u.) could be reproduced as well. The same holds foéV/atorr) with respect to their collinear counterparts. In case of a
the bonding length of the CrO molecule that deviated from .

h . | It by 1.3%. Additi I hi dcoIIinear ground state, the result for the energetically lowest non-
the experimental result by 1.5%. itionally, we achieve collinear isomer is given in parentheses. The last column shows the

0 - . . . . .
degeneratel states up to a level of 1% and the correct ener corresponding magnetization from the collinear calculation of

getic order of & and 4s levels in the chromium atom. The cheng and WangRef. 22.
rotationally invariant spin-density theory was checked by let-

ting the FE configuration of the dimer relax to the AF ground N, Type M., AE,, M 4 (Ref. 22
state. As in the collinear theory, all spins were initially re-

stricted to point in thez direction. The wave functions and 2 Collinear 00 ¢) 00 () 0.0
energies of the final result turned out to be identical with the 3~ Noncollinear 0.69 0.083 2.0
ground state as computed in a separate collinear approach4 Collinear 0.0(1.33 0.0(0.12 0.0
although the quantization axis of both atoms had rotated by 5  Noncollinear 0.53 0.054 0.93
+90° during the iteration. This confirms the degeneracy of 6  Noncollinear 0.0 0.022 0.33
the electronic properties with respect to the orientation of 7 Noncollinear 0.13 0.019 0.29
their spin. Furthermore, we have been able to verify the re- 9 Noncollinear 0.09 0.015 0.22
sult of Car and co-worket$ concerning the noncollinear 12  Noncollinear 0.81 0.011 1.67
spin arrangement of ke 13 Noncollinear 0.60 0.008 1.06

Our results for the energetically lowest noncollinear con
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FIG. 2. Three-dimensional plot of the polar rotation anglén degreesfrom Eq. (4) within the plane defined by the ionic coordinates
of Cr; (see Fig. 1L We also show the corresponding contour lineséawith a step size of 10°. The ionic positions are at the center of the
dashed squares.

runs per cluster starting from arbitrary ionic coordinates. AAF coupling and frustration. This can be seen easily with the
few thousand Kohn-Sham iterations are usually necessary {@ry simple HamiltoniarH :ﬁ§i3<j(}i . ‘;i for three spins on
completely relax the electronic degrees of freedom. This i$, equilateral triangle. Herg is negative for AF coupling.
pecause the numerical convergence with respect to the diregs 4 collinear restriction, the lowest-energy state formed by a
tion c_>f the local moment_igpverned by competing inter- product wave function is7(]]) with an energy expectation
atomic exchange interactionss much slower than with re- H)= . Taking instead the state with 120° angles between
spect to their tmaglg_itude, which is determined by stronge§he spiﬁ directions gives a lower energy(&t)=3/28. For
intra-atomic interactions. . . . . o

The principle effect that leads to noncollinear arrange"9Ner atomic spingas they occur in our numerical compu-

tationg the preference of the noncollinear configuration

ments in chromium clusters can best be demonstratedsin Cr d of b 4 due to the |
Our calculation restricted to collinear spins gives a trimer/VOU!d, O COUrSe, bECOME more pronounced due to the larger

that basically consists of a dimer plus a loosely attached thirumber of exchange interactions. .
atom, very similar to the result of Cheng and Wa&Adt is In Fig. 2 we show the rotation angtr) in thex-z plane
obviously impossible for the atoms to couple antiferromag_Of the trimer, including its contour lines in steps of 10°. The
netically with all their neighbors at a time so that a FE inter-azimuthal angleg(r) is zero at any grid point due to the
action between two atoms becomes inevitable—a situatiomagnetic anisotropy energy although this quantity is rather
that we refer to in the following as frustration. The repulsivesmall. But it seems that even a difference of a few meV per
effect of the FE coupling at smaller distances pushes onatom is enough to keep the magnetization inside the plane of
atom away and results in a large interatomic distance of 4.9the trimer, an observation that agrees with the findings of
a.u. If the noncollinear channel is accessible, however, th®ef. 11. The orientation of the magnetization density vector
trimer is free to achieve the closest to AF-like coupling it canis remarkably uniform in the regions surrounding the ions:
by rotating two local magnetic moments in the plane(see  §==74° for the ions ak= +1.645,z= —1.64, andd=0°
Fig. 1). As the frustration is now reduced, the third atom for the third ion atx=0,z=1.64. Besides a small oscillation
comes much closerd=3.67 a.u.) and enables a buildup of of A#=+10° in these regionsg varies significantly only
molecular orbits that enhances the total binding inside theight between them where the charge density is essentially
trimer significantly. The associated reduction |Q:fatj to  zero. This is why a smaller integration radius only influences
2.29ug for the formerly isolated atom results in a decrease othe magnitude ofu, and not its orientation. The rapid
Mg from 2up to 0.69ug. The energy difference with re- change fromd=—90° to §=90° (indicated by a very high
spect to the collinear ground stalé, . is 0.083 eV per atom density of the contour lingss related to a spin flip in these
(see Table)l, which amounts to 7.8% of the binding energy interatomic regions. We find an intra-atomic spin dispersion
of Crs. A look at the interatomic distances and the tilted localof around 6° that partly comes from spin-orbit coupling. But
moments suggests that the dimer lost its dominant rolethe dispersion is also induced by the trend to an AF coupling
However, the fact that the ground state is not an equilaterakith the neighbors. The same especially holds for the varia-
triangle with angles of 120° between the local magnetic mo4ion of the spin direction close to the domains of other atoms.
ments(this would equal the best possible AF-like coup)ing The change of at the ionic positiongdashed squargss an
indicates that some trace of the strong dimer binding fromartifact of the pseudopotential approximation. A detailed
the collinear calculation still persists. Unlike the situation inanalysis further shows that these features are common to all
Fe;, the linear isomer of Grdid not favor noncollinear spins. investigated chromium clusters.

The noncollinear spin structure of £can be understood The collinear ground state of £mwas found to have a
as a compromise between the energetically very favorableectangular structurénot shown with bonding lengths of
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3.35 a.u. and 4.62 a.u. The double dimer structure of this
geometry appears to be resistant to noncollinear effects a
the distance of two atoms with parallel moments is very
large(5.7 a.u). But in the case of the lowest isomer, a rhom-
bus, frustration becomes important again resulting in noncol-
linear spins(see Fig. 1L The argumentation follows the case
of Crs, the triangles in Gr are very similar and have only :

slightly larger bonding lengths. A higher total magnetization | ! (2.08) 225
of M= 1.33ug leads to an energy gain of 0.12 eV per atom () 34), iol=45 oi=30° 1% @ |

(O @43), 10=43; IoI=34°

with respect to the corresponding collinear state of the rhom- i .
bus and halves the energy difference to the rectangula.m“)’ 0. 10174
ground state. The isomer of £is unique in that the ener- o
getically favored noncollinear configuration has a bigger to-
tal magnetization than its collinear counterpart. The magni-

tudes of,&at, however, were similar in both cases. It is also
noteworthy that the rhombus structure provides angles be- FIG. 3. Geometric and magnetic structure of the noncollinear
tween the local moments of almost exactly 120°, althougtground state of Gs. The notation follows the one from Fig. 1. The

the bondings are not equivalent. This seems to be relatemdagnetic moments of the lighter-colored atoms show a dispersion

with the larger moments of the furthermost atonas lzad in Fhe_positivez dir_ectioh, Whereas the darl_<er atoms almost exactly
=0.5ug). point in the negative direction. We also display the absolute val-

The properties of the noncollinear ground state of @mn ues of the azimuthal and polar angles as well as the magnitudes of
for all four groups of atoms.

be understood if one considers the pentamer as consisting §#
three triangles. Although the bonding lengths are bigger, o )
each of these triangles exhibits the same basic features,as ¢§r@dually smaller with rising cluster size. Further calcula-
and the local moments are again arranged in such a way thipns for C; and Cg confirm this trend and predict that the
the best possible AF-like coupling is achieved. We observéoncollinear geometries essentially equal the collinear ones

that the magnitude of.,, decreases with increasing coordi- for No=6. On the other hand, our results so far show that
. 9 at 9 .nhoncollinear spin configurations considerably reduce the to-
nation number, as can be seen from the center atom wit

- _ | magnetization of the ground states although it might not
| ad =1.91up. Note that the reflection symmetry of the ge- pe reflected too much in the binding energy. This can be
ometry is the same as the symmetry of the magnetizationyngerstood in terms of the competing interatomic exchange
The gain in binding energy with respect to the best collineagnteractions that involve only small energy changes during
state is 0.054 eV per atom=3.7% of the binding energy  the rotation of local momentsee above
which is less than for the trimer. But the total magnetization \ye shall finally discuss how noncollinear effects might
is again clearly reduced from 1.03 to O/53per atom. The  provide a way to ameliorate the disagreement between the
lowest isomer is a bipyramid with a noncollinear spin struc-measured total magnetic moments of, CN=9) by Bloom-
ture as well andM,=0.79ug . Its energy difference of 0.6 field and co-workerS and previous theoretical resufs®*
eV to the ground state is 0.25 eV higher than in the collineafrhe Stern-Gerlach experiment extracted an upper bound for
case. (4 is the only cluster we found where the noncollinearMat, M <0.77ug, assuming a superparamagnetic behavior
and collinear geometries differ by more than just a variationyf the chromium clusters. Earlier calculations, however, re-
of the bonding lengths. Our lowest collinear state looks simi-port values for the magnetization of some clusters that are
lar to the geometry of Cheng and Wang and has/as¢m-  mych highe?* The values from Cheng and Wang for,&r
metry. However, its total magnetization of 1/05is some- (M= 1.67ug) and Ciz (M= 1.06ug) also exceed the ex-
what higher than their result of 0.23. perimental limit. The trend from smaller clusters gives one
The shape of Gt on the other hand, resembles the col-the hope that noncollinear effects might reduce the differ-
linear one very closely. Gris the smallest cluster that dis- ence. However, an unconstrained simultaneous optimization
plays a fully three-dimensional geometric and magneticof electronic and ionic degrees of freedom surpasses our
structure in the grOUnd Stai(é_-lg 1) It consists of three Computationa| resources for clusters as |arge aigl.(]n_
dimers distributed over two triangles in which frustration Stead' we start the Optimization procedure from the geom-
sets in. Each of thécat is exactly antiparallel to the moment etries of Cheng and Wang. This is a reasonable approach in
of its partner atom in the dimer. The azimuthal angles arehe light of the very good agreement with our collinear struc-
¢==19° for the atoms in the foreground agig=0° for the  tures and the small changes in geometry that are induced by
ones in the background that are slightly closer. The bondingoncollinear spins. Our final magnetic and geometric con-
lengths in the triangles are about 6% shorter than in the colffiguration of Cg, is shown in Fig. 3. The free relaxation
linear case and the dimer distances are somewhat bigger. Itisads to a shortening of the bonding lengths between the
important to note that in spite of a vanishing total magneti-corner atoms of about 5% and slightly bigger distances of the
zation and although the dimer seems to recover a certaicapping atoms but the bulklike bcc structure of the collinear
influence, tilted spins are still energetically favored. How-geometry clearly persists. The components of the local
ever, the gain oAE,.=0.022 eV per atom only accounts for magnetic moments vary on alternatirgy planes, but only
1.4% of the binding energy of grThis indicates that the the moments of the corner atoms have significarind y
impact of noncollinear effects on the energetics becomesomponents. All the spins of the lightest-colored corner at-

¢=0°6=180°
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oms point inside the cube towards the central atom, wheredterations that update the wave functions simultaneously.
the spins of the slightly darker corner atoms point outside Our collinear configurations, which we use in order to
and away from the next atom. This dispersion is related t@xtract the effect of noncollinear spins, agree very well with
some frustration of the corner atoms in connection with thehe results of Cheng and WafAgWe find that all investi-
preferred AF coupling to the moments of their nearest neighgated chromium clusters show a pronounced trend to noncol-
bors(darker atoms A magnetic arrangement like that can be linear spin configurations. This is caused by a subtle inter-
seen as a precursor to the bulk behavior in form of a spinplay between the preferred magnetic order and frustration, a
density wave that is achieved by an almost antiparallel ordesituation that can in principle occur in all clusters of ele-
between neighboring layers. It should be noted that morenents that favor antiferromagnetic spins. Therefore our con-
compact and thus more frustrated structures different fronsiderations appear to be of a more general nature although
the bcc-like geometry might result in a very different mag-the special properties of chromium indicate that noncollinear
netic behavior. This question is presently being investigatedeffects could be less dramatic in other transition metals. The
The tilted spins of the corner atomsp€ =43°, 6= results forN,=13 show that the influence of noncollinearity
+34° and = *=45°, #==*+30°) have pairwise oppositke  on various observables becomes gradually smaller with ris-
andy components so that the sum of their net moments iring cluster size. Induced changes of the cluster geometry are
positive z direction is reduced. The moments of the darkergenerally restricted to an alteration of the bonding lengths,
atoms, however, show almost no dispersion in negative with the exception of Gt However, we observe a universal
direction. All this results in a much smaller total magnetiza-reduction of the total magnetization that is significant even in
tion of M ;=0.81ug, which is now very close to the experi- those clusters for which a variation of the magnetic distribu-
mental limit (although the geometry is almost identical to thetion is not clearly reflected in the binding energy any more
collinear casp The remarkable reduction ofAM,  (Cry and Ciq). This effect is related to the small energetic
=—0.86ug is associated witlAE,.=0.011 eV per atom, changes that occur during the rotation of local moments, an
which equals only 0.5% of the binding energy of,£rA  aspect that makes a proper convergence of the Kohn-Sham
very similar situation leads td1,=0.60ug in the case of iteration very time consuming. Furthermore, our findings
Cry3, a value that is even below the experimental limit. Theshow that tilted spins due to frustration can even be favored
noncollinear gain amounts WE,.=0.008 eV per atom un- when the total magnetization vanishes {)Cor the corre-
derlining the trend to a gradually decreasing influence ofsponding ground state is collinear like in,CThe free varia-
noncollinear effects on the binding energy. We can concludéon of the spin quantization axis finally leads to a better
from our analysis that the total magnetization of,and  agreement with the experiment concerning the total magne-
Cr,3 as obtained with the general LSDA represents a considtization of Cr, and Cgs. It can be concluded that noncol-

erable improvement with respect to the experiment. linear effects appear to be an important ingredient for a
deeper understanding of the subtle magnetic properties in
V. CONCLUSIONS transition-metal clusters.

We present a study of noncollinear effects in antiferro-
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