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Noncollinear magnetic states in clusters havifyg 43 atoms are studied by using the single-band Hubbard
Hamiltonian within the fully unrestricted Hartree-FoddHF) approximation. The spin and charge degrees of
freedom<§,) and(n,) at every cluster atom are treated as independent variables. A variety of qualitatively
different self-consistent solutions is obtained as a function of cluster size, structure, number of valence elec-
trons v, and Coulomb interaction strength/t. This includes inhomogeneous density distributions, paramag-
netic solutions, magnetic solutions with collinear moments, and noncollinear spin arrangements that show
complex antiferromagneticlike or ferromagneticlike orders. The environment dependence of the magnetic
properties is analyzed giving emphasis to the effects of antiferromagnetic frustrations in compact structures
close to half-band filling. Electron correlation effects are quantified by comparing UHF and exact results for
the local magnetic moments, total spin, spin-correlation functions, and structural stability of 13-atom clusters.
Goals and limitations of the present noncollinear approach are disciS€863-18209)06131-7

[. INTRODUCTION half-band filling and the presence of triangular loops in com-

Clusters may show specific phenomena that do not havpact structures generates magnetic frustrations that may eas-
an equivalent in the thermodynamic limit and that are thereily yield complex arrangements of the local magnetic mo-
fore of interest in both basic and applied science. Moreovemnments. Moreover, the reduction of local coordination
the evolution of their physical properties with increasingnumbers at the surface of clusters removes constraints be-
cluster size provides new perspectives for understanding thgveen the local moments and could favor the development of
microscopic origin of condensed-matter propertids.this  Jow-symmetry spin polarizations. In solids, noncollinear
context, the study of magnetism in metals is a particularlymagnetic structures have been identified experimentally and
interesting and challenging problem, since the properties ofheoretically already for a long time!! In contrast, very
magnetic metals often change dramatically as the electrongtle is known at present in the case of finite systéfs?
of an isolated atom become part of a cluster of several atomsully unrestrictedab initio calculations of noncollinear spin
and delocalize. It is therefore of fundamental importance tQarrangements have been performed only recently for very
understand how itinerant magnetism, as found for example iBmall Fg, clusters:* The investigation of magnetic phenom-
3d transition-metal(TM) solids, develops starting from lo- ena of this kind requires a symmetry unrestricted approach in
calized atomic magnetic moments. The strong dependence @fich noa priori assumptions are made concerning the rela-
the magnetic behavior as a function of size, structure, anglve orientation of the local magnetic moments, thereby en-
composition opens up, in addition, the possibility of usinglarging the number of degrees of freedom of the problem.
clusters to tailor new magnetic materials for specific techno- The possibility of developing noncollinear magnetic
logical purposes. Consequently, the relation between locatructures in small clusters should also have direct implica-
atomic environment, cluster structure, and magnetism alsgons for the comparison between theory and experiment.
has implications of practical interest. _ Stern-Gerlach deflection measurements indicate that the av-

Most theoretical stud|e§ of itinerant cluster magnetlsmer(,i(‘:]e magnetic momeruqu in Cry and i, clusters are very
have been performed using Hartree-Fa¢k-) and local L —

small, eventually vanishingun=<0.7ug for Cry and W

spin-density (LSD) methods’® Exact many-body calcula- \ . s
tions are presently limited to simple models, such as tthEf' 19]. State of the art collinear-spin calculatidngeld

Hubbard model, and to systems containing a small numb prae local 'magnet|c mpmenpa showmg AF order. .In spite
of sites?® Within mean-field approximationéHF or LSD) of the partial cancellations between differgnt implied by

the self-consistent spin polarizations are usually restricted tgntiferromagnetism, the obtained by these methods are
be collinear, i.e., the direction of all local magnetic momentsgenerally larger than the experimental valtiett. would be

is assumed to be the same. However, the well-known sensiberefore of interest to investigate to what extent the forma-
tivity of itinerant magnetism to the local environment of the tion of noncollinear magnetic arrangements yields a more
atomé? suggests that other instabilities towards spiral-likecomplete cancellation among the local spin polarizations,
spin-density waves(SDW’s) or even more complex mag- thus reducinguy .

netic structures should also be possible in general. For ex- The main purpose of this paper is to investigate the char-
ample, the tendency to antiferromagnd#d-) order close to  acteristics of noncollinear magnetic states in finite compact
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clusters. We consider the single-band Hubbard model an
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rhatrix elementSp“,,“,/=(C,T(,c|,,/) of the density matrix,

determine the ground-state magnetic properties in the fullyhere (---)=(UHF|---|UHF) implies self-consistency.
unrestricted Hartree-Fock approximation. The theoretical apThe distribution of the electron density is given by

proach, outlined in Sec. Il, is applied to clusters havitg
<43 atoms. The results presented in Sec. Il analyze nonco

linear magnetic behaviors for a few representative compact _ L
structures. Several examples are given that illustrate the largghd the spin polarizatiotS)= (S5, Sf) by
variety of three-dimensional magnetic arrangements obtained

in the self-consistent calculations as a function of the Cou
lomb repulsion strengthl/t, band filling »/N, and structure.

In Sec. IV we compare the UHF results with exact diagonal-

ization calculations forN=13 atoms(Lanczos methodf

The role of quantum fluctuations beyond the mean field and

the consequences of the often artificial breaking of spin sym
metry implied by the formation of the noncollinear local mo-

I- (n)=pirirtpi, (2.3
- (S)Y=(p111,+pi1.11)12,
(SH=—i (pir1,—p11.11)/2, (2.9

_ <SIZ>:(pIT,IT_P|l,|L)/2.

Notice that the local magnetic momer{&) are collinear if

ments are discussed. Taking into account that approximags ,—=0 V |.
tions such as UHF are unavoidable for larger clusters and for The UHFE energy can be rewritten as

more realistic model Hamiltonians, it is of considerable in-

terest to test the validity of these methods in order to im-
prove the interpretation of the approximate results and to
obtain a more accurate description of magnetic phenomena

in clusters.

Il. THEORETICAL METHOD
The single-band Hubbard Hamiltonf&ris given by

S

{I,m),o

H Cl Cmet U Nypny 2.0
|

wherec| (c,,) is the creatior{annihilation operator of an
electron at sitd with spin -, andn,,=c/.c,, is the corre-

sponding number operaton,==,n,,). The first sum runs
over all pairs of nearest neighbdiidN) and the second over
all sites. The model is characterized by the dimensionles
parametetJ/t, which measures the relative importance be-
tween kinetic and Coulomb energies, by the cluster structu
which defines the kinetic energy operator, and by the numb
of valence electrons. The variations olJ/t can be associ-
ated with a uniform relaxation of the interatomic distance
(e.g.,tmRi]5 for TM’s) or with changes in the spatial exten-

sion of the atomiclike wave function, as in different elements

within the same group. Different’s correspond to different
band fillings v/N that may be associated qualitatively with
the variations ofv/N across a TMd series. In spite of its
simplicity, this Hamiltonian has played, together with related

models, a major role in guiding our understanding of the

many-body properties of metals and of low-dimensional

magnetism. It is the purpose of this work to use it to inves-
tigate the properties of noncollinear itinerant magnetism inO

small compact clusters.
In the unrestricted Hartree-Fock approximatidnis re-
placed by the single-particle Hamiltonfatt*?
T
HUHF:_.':“;> ClTocma'—i_UIE (pla,lo C|_C|zr

o

—Plots C1=Ciy), 2.2

from which a single-determinant approximatipdHF) to
the ground state is obtained. In E®Q.2), p, ,» are the

r‘grglete, independent rearrangement of the charge and spin

S

£33 (WU (S
(2.9

One observes that the Hartree-Fock Coulomb energy
ERF—the sum of the second and third terms in E25—
favors a uniform density distribution and the formation of

local momentgS,). Due to the local character of Hubbard'’s

Coulomb interaction, the relative orientation of differ¢s)
does not affecEl" . It is therefore the optimization of the
kinetic energy that eventually leads to the formation of com-

plex magnetic structures witHS,)- (Sy)|#1 or to nonuni-
form density distributiongn,).

The UHF equations often allow multiple self-consistent
solutions which correspond to different magnetic behaviors.
Ist is therefore important to ensure that the final results cor-
respond to the true UHF ground state. The situation is par-

ticularly delicate in our calculations since we allow a com-

Eynr=—t |2 Plo,mo

(I,m),o

degrees of freedom at every atomic site and since in low-
symmetry clusters the spin structure is very difficult to infer
a priori. In practice, several random spin arrangemeétyisi-
cally, 5—10Q are used as starting points of the self-consistent
procedure for each considered valuelbft. Moreover, the
different solutions are followed as a functionldfwith small
incrementsAU (depending on the situatiga U|/t=0.01-
0.1). Finally, the corresponding UHF energies are compared,
in case of multiple solutions for a givaw/t, and the numeri-

cal stability of the results is verified.

As a consequence of the tendency to avoid double orbital
ccupancies, the UHF solutions often correspond to states of
roken symmetry: spin-density wavg$SDW'’s), charge-
density wavegCDW'’s), or both. The spin-rotational invari-
ance of Eq(2.2) implies that the energy is unchanged after a

rotation of the whole spin arrangemef(S)), 1=1,... N}.

Therefore, if<§|>¢0 one has a set of linearly independent
congruent solution$UHFk) (k=2) which have the same

average energi e and which differ from each other only

by the orientation of the spin polarizations relative to the
cluster structure. The illustrations of spin arrangements
shown in Sec. Il correspond to one of these SDW'’s, which
is chosen only for the sake of clarity. The set of UHF solu-

0
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T ] For largerU/t, ut decreases rapidly, eventually with some
discontinuities and a few oscillations reaching values close
to u=0 for U/t=5-6 (U/t=9 for N=43). At this inter-
mediate range ofJ/t, the u, increase more rapidly, ap-
proaching saturation at the/t for which w1 is minimum
(m1=0.40-0.45). The opposite trends shown dyand wt

are a clear indication of the expected onset of strong AF-like
order at half-band filling. We shall see in the following that
this corresponds in fact to noncollinear spin arrangements. If
U/t is increased beyontl/t=5-6 (beyondU/t=9 for N
=43) the local moments do not vary significantly. The total
momentu either does not change very mucN=19) or
increases monotonically witbl/t (N=13 and 43 remain-

ing always smaller than 1/2.

The almost complete cancellation of rather large local
moments is qualitatively in agreement with experiments on
TM'’s having a half-filled or nearly half-filled band, such as
Cr and V. Stern-Gerlach measureméntsdicate that Gy
and \, clusters show very small, eventually vanishing, av-

erage magnetic moments per atom&0.7ug). In contrast,

the local moments are expected to be significantly enhanced
with respect to the bulk, particularly in the case of Cr, as it is
known to be the case at the surfaces of the Sdlidis worth

un noting that if the spins are restricted to be collinear, one

FIG. 1. Magnetic moments as a function of the Coulomb repul-genera”y qbtains larger values pfy, since Fh_e sublattice.
sion strengthU/t for fcc-like clusters havinga) N=13, (b) N magnetizations often do not cancel out in a finite cluster with

=19, and(c) N=43 atoms at half-band filingUHF approxima- an open surfacglt would be very interesting to extend the

tion). Local momentsu, =|(S)| are shown for the central atom  Present study by performing realistieband model calcula-

=1 (dashed} its first NN's (=2-13, dottel] second NN's [  tions allowing noncollinear spin arrangements in TM clus-

=14-19, dashed-dottgdand third NN's {=20-43, short dashed  ters, particularly close to half-band filling.

In (b) and(c) w, refers to the shell average. The total momert The changes i, and ut as a function ofu/t are the

=|=($)| is given by the solid curves. result of qualitative changes in the magnetic order. As an
example we show in Fig. 2 the self-consistent spin arrange-

tions may be used to restore the symmetry appropriate to tH@ents obtained in fcc clusters with=13 atoms for repre-
exact ground state¥ ;) thereby improving the approximate Sentative values ofu/t (»=N).” For small U/t (U/t
wave functiont’:18 <3.7) one finds a collinear AF order with smal, [Fig.

In order to quantify the role of electron correlations and to2()]. Here we observe a charge- and spin-density wave at
assess goal and limitations of the UHF approximation in apthe cluster surface that is related to degeneracies in the
plications to finite clusters, we shall also compare some ofingle-particle spectrum &t=0. The atoms belonging to the

our results with those obtained by applying exact diagonalcentral(001) plane[shown in gray in Fig. &)] have much
ization method4:-6 larger moments than the atoms at the upper and g0

planes. For example, fag/t=0.5, u;=0.13ug at the central
plane, while the other surface moments arg=0.005ug

(see Fig. 1 The central atom has a small spin polarization
(u1=0.002ug for U/t=0.5). Notice that the magnetic order

A. Antiferromagnetic clusters within the upper and lowei001) planes is ferromagneticlike
(with small &) and that the surface moments belonging to

- i successive001) planes couple antiferromagnetically. Thus,
moments s, = (S)| and the total magnetic momentr  he magnetic moments at the surface of the central plane are
=|2(S)| of fcc-like clusters having=13, 19, and 43 at- not frustrated since all its NN's are antiparallel to them. This
oms at half-band filling ¢=N). These clusters are formed explains qualitatively the largew, found at this plane. In

by adding to a central atonh<€ 1) the successive shells of its contrast, unavoidable frustrations are found for the smallest
first NN's (N=13), second NN’'s {l=19), and third NN's magnetic moments at the central site and at the atoms of the
(N=43). Several common properties are observed as a funecypper and lowef001) planes[see Fig. 2a)].

tion of U/t. Starting from the uncorrelated limit=0), the The crossover from the smadll/t to the larged/t regime

total momentut remains approximately constant far/t takes place as a succession of noncollinear spin arrangements
=<3-4. In the weakly interacting regime, the local momentswhich attempt to minimize the magnetic frustrations among
m; do not depend strongly o/t and are generally small. the increasing local moments. A representative example is
Notice that forN=43, w7 is not minimal at smalU (wr  shown in Fig. 2b). While in this case the spin arrangement is
=3/2) due to degeneracies in the single-particle spectrurmoncollinear, all the spin moments still lie in the same plane.

IIl. NONCOLLINEAR MAGNETIC ORDER
IN COMPACT CLUSTERS

In Fig. 1 UHF results are given for the local magnetic
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FIG. 3. lllustration of the local magnetic momentS;) in a
43-atom fcc-like cluster at half-band filling andl't=10 (Ref. 20.

As in Fig. 2c), the plane of the figure is perpendicular to thé1)
direction. The atoms are represented by circles using different sizes
and gray tones for differer(il11) layers. The latter are denoted by
A, B, C, and A starting from above. The arrows show the projec-
tion of (S) onto the(111) plane. At the central atortS,)||(111).

The spin structure is three-dimensional with off-plane components
of (§|) that alternate sign on different shells around the central
atom. For the 13 innermost atoms the magnetic order is similar to
the one shown in Fig.(2).

spin ordering that minimizes the energy of a classical AF
Heisenberg model on the surface shell, i.e., ignoring the in-
teractions with the central site. In fact, if the central atom
were removed or if it carried no local moment—as it is the
case forr=12—the surface momen¢§,) would point along

the medians of one of the triangles at the surface and they
FIG. 2. lllustration of the UHF magnetic order in fcc-like clus- would lie all within the same plane. The magnetic interac-

ters havingN=13 atoms,»=N=13 electrons, and representative tions with the central spinS,) in the 13-atom cluster induce
values ofU/t (Hubbard modsl(Ref. 20. (a) U/t<3.7: the surface a small tilt(S) of the surface spin polarizations that is op-

atgms in gray have larger local magnetic momentsposite to(§1> (<§1>||2 for v=N=13). The(S?) component
(S)|=0.16-0.18 and less electron densty)=0.88-0.90 than s the same for all surface sites and depends moderately on
the other surface atoms for whici{S)|=0.02—-0.03 and(n,) U/t (](Sf)|=0.023-0.056 folJ/t=5.1).

=1.05-1.12. The spin arrangement is collingby.4.8<U/t<5.1: Similar magnetic structures are also found in larger sym-
the plane of the figure is perpendicular to #1d1) direction. The  metric fcc clusters. In Fig. 3 the self-consistent spin configu-
arrows show the local spin polarizatiofS;) which are all within  ration forN=43 andU/t= 10 is illustrated ¢=N). The mo-

the (111 plane.(c) U/t=5.1: the plane of the figure is perpendicu- ment(§1> of the central site points along tii&11) direction

lar to the(112) direction. Th how the projection(& . g .
ar to the(111) direction. The arrows show the projection() on (L to the plane of Fig. B?° The other(S,,) lie aimost in the

to the (111) plane. At the central ator(S;)||(111). The off-plane plane of the figure with only small componer(&.) along

components ofS) at the surface atoms are antiparallel to the cen- N _ 2\ i
tral spin and have all the same valugs)|=0.023-0.056 for t[he (11:.[) dlrec.tlorl. As forN ,131 (St ,IS induced by the
=2-13. interactions with(S;). In fact, if (S;) vanished, all the spins

would be in the plane of the figuréS;,) is the same for all
The very small values gfi; shown in Fig. 1 for intermediate atoms in a given NN shell, and changes sign as we move
U/t indicate that there is an almost complete cancellatiorirom the center to the surface of the cluster. For example, for
among the(S;). However, this type of spin arrangement is u/t=10, costy=—0.22 form belonging to the first shell,
unstable if the strength of Coulomb interactions is furtherc0Sim=0.25 formin the second shell, and cég,=0.01 for
increased. AtU/t=5.1 the cluster adopts a fully three- min the third shell (co#,,=(S)-(SW/KS)I(Sw])- Notice that
dimensional spin structure which remains essentially unthe spin ordering of the innermost 13 atoms is very similar to
changed even in the strongly correlated liffitg. 2(c)]. The  the one found in fcc clusters witN= 13 [Fig. 2(c)]. While
spin arrangement can be viewed as a slight distortion of théhese trends hold for symmetric fcc clusters, it is worth re-
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000 rrrrrrrTTTTYTTTTT cerns the correlationsy;, between the first and second
_0.02 l\’_j\(a).' atomic shells forN=19 and 43. Here we observe thgat,
004 [ ] changes sign upon going frofd=19 to N=43 (U/t>5).

) D -\ . Moreover, once the local moments are formegl, decreases
= -0.06 \ ] for N=19 [y0,(19)<0] and increases foN=43 asU/t
-0.08 | \\ . increaseq y41(43)>0]. This behavior can be qualitatively
010 F N_13 S~ i understood by comparin.g the surfaces of these clusterg. For
0.00 Y i a e N=19 the outermost spinshell 2 are free to couple anti-
ot JEARRREEDT RN ( ') ferromagnetically with their NN's(shell 1. However, the
—0.02 1 presence of an additional atomic shell fér=43, which has
-0.04 | NN'’s belonging to both the first and second shells, forces a
= —0.06 | parallel alignment of the spins in shells 1 and 2 in order to
& -0.08 - allow AF coupling with the third shell. In fact, as shown in
-0.10 | Fig. 4(c), y13andy,; are the strongest AF correlations in the
-0.12 | 43-atom cluster. The same conclusions are drawn by com-

0.15 u paring the relative orientations of the spin polarizati@fg.

3). One observes that the anglés between NN spin polar-

0.05 }F izations at shells 2 and 3 are the largest in averagg (

=17).
S 0.05 f e e
_015 F B. Band filling and structural effects
In order to investigate the effect of changing the number
025 e T e e 0 of valence electrons close to half-band filling we have per-

Uit formed calculations for fcc-like 13-atom clusters having
=N-1=12 electrons. One observes thatd4& increases
FIG. 4. Spin correlation$S - S, in fcc-like clusters having magnetism sets in, showing first a collinear-spin state with
=13-43 atoms as a function d&f/t. Results are given for the small local moments/t<4.9). This corresponds to a spin-
average spin correlationg,; between the central site and its first density wave along thé01) direction with significant frus-
NN's (solid), ;1 between NN sites on the first shedlashedl vy, trations at triangular faces. As the local moments increase,
between NN sites on the first and second sfudshed-dotted y13  for largerU/t, the spin arrangement develops an increasing
between NN sites on the first and third shlotted, andy,3be-  degree of noncollinearity. Fdd/t>4.9 the moments at the
tween NN sites on the second and third shieliver thin curve in  triangular faces point along the medians just as in the clas-
©]J sical antiferromagnetic ground state of an isolated triangle,
marking that strong modifications of the magnetic order genyi€lding a strictly vanishing total momenr.** Notice that
erally occur if the symmetry of the cluster is lowered. Forin SPite of the three-dimensional geometry of the cluster, the
instance, folN=14—an atom added to the closed-shell 13-SPin structure is two-dimensionédll magnetic moments lie
atom cluster—one obtains a ferromagneticlike coupling be®n the same planeQualitatively, these trends are similar to
tween the central atom and some of its first neighbors ( the »=13 case(Fig. 2. The main difference concerns the
=N andU/t=10) % behavior at the_central ;lte which remains unpolarized as a
A more detailed account of the spin correlations in the'eSult of frustrations. As in the=N case(Fig. 1), the small
UHF ground state of fcc clusters at half-band filling is pro- Valué of the total momenky is the result of noncollinear

vided by the expectation valuéélém). In Fig. 4 the aver- arrangements of rather large local moments.

- = , , The topology and symmetry of the cluster structure are
age of (S-Sy) between NN atoms at different shells is \nown to play a major role in determining the magnetic cor-

shown. In most cases we observe @t S,)<0 (AF cor- relations within the cluster. It is therefore interesting to con-
relations and that|(S -S| increases with increasing/t.  sider different geometries and to compare their magnetic be-
A particularly important increase of AF correlations is ob- havior. In Fig. 5 the UHF magnetic order in a 13-atom
served for intermediate)/t when the local momentg, are  icosahedral cluster having=12 electrons is illustrated for
formed U/t=4.5-5.5 forN=13 and 19, see also Fig).1 representative values &f/t. As a result of degeneracies in
This is consistent with the already discussed decreage of the single-particle spectruntJ(=0) a noncollinear, coplanar
and the onset of AF order. There are, however, two exceparrangement of the local magnetic moments is found at the
tions to this trend. The correlationg,, between the central surface already for very small/t [see Fig. %a) for 0.8

site and the surface shell fdi=13 increase somewhat for <U/t<5.5]. At the central atonfnot shown in the figune
U/t=5 (y0,<0), implying that these AF correlations first the magnetic moment,; =0, as in the fcc 13-atom clusters
tend to be less important when tpgincrease. This indicates Wwith »=12. Notice that significant magnetic frustrations are
that, as a result of frustrations, the more important increaspresent for smallJ/t. In some triangles the spin polariza-
of AF correlationsy;; among the surface NN'’s is done at the tions point along the medians just as in the classical Heisen-
expense of the correlations between the central atom and tierg model, while in others two spins are parafled., fully
surface. A similar behavior is found in exact calculations, adrustrated [see Fig. %)]. For larger values ofJ/t (U/t

it will be shown in Sec. IV. Another interesting case con->5.5) a less frustrated solution is favored by the antiferro-
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FIG. 5. lllustration of the magnetic order at the surface of an i
icosahedral 13-atom cluster with=N—1=12 electron§UHF ap- 0.0 i A A A
proximation (Ref. 20. (a) 0.8<U/t=<5.5: all local magnetic mo- 70 5 10 15 20 25

ments(é), represented by the arrows, are parallel to the plane of Ukt

the figure.(b) U/t>5.5: the arrows show the projections((ﬁ) on ) ] ] .
the plane of the figure. At site=2, <§1> is perpendicular to the FIG. 6. Magnetic moments in a fcc-like 13-ato_m cluster with
. . = oo v= 14 electrons as a function tf/t (UHF approximatioh (a) total
plane of the figuréalong thez axis). The(S,) at sitesl =3-7 have . s <§|>| d(b) local . |<§‘>| tth
. o 2 @y & N momentu,= |2, an ocal momentsu, = at the cen-
antiparallel projection  to (S) [cos_ez_, (S <S%>)/(|<S>”.<SZ>.| tral site (dashed lingand at the surfacéotted ling.
=—0.45)]. If brought to a common origin, the spin polarizations

(S} form a perfect icosahedron. Notice that the positions of the

atoms in the lower pentagonal rings have been expanded along tfierromagnetic states. In fact, recent first-principles calcula-

polar radius in order to ease the visualization. tions on Fg (N=<5) have revealed new noncollinear spin
states than in some cases are more stable than the usually

magnetic correlations as shown in Fig(bs This corre- considered collinear oné8In order to investigate this prob-

sponds to a truly three-dimensional arrangement of the sutém We have performed calculations for the band filling
face moments which follows the topology of the cluster=N+1 thatis known to develop a FM ground state in the

geometry {1 =0). The spin structure is such that if the sur- imit of large U/t.%%In Fig. & results are given fqu anduy
face spin polarization$§|> are brought to a common origin in an fcc 13-atom clus_ter withy=14 gle_ctrons. In this case
. . > we observe an essentially monotonic increasg-pthat re-

they form an icosahedron. The magnetic MOMEI®$ on  fects the progressive development of a fully polarized ferro-
pentagonal rings present a small component that is perpeRsagnetic state. Close to the threshold for the onset of ferro-
dicular to the plane' containing the atoms and thgt is a”t',parr'nagnetism (45U/t<6.5) the changes of the AF-like spin
allel to the magnetic moment of the atom capping the ring g rangement produce small oscillationsof (see the inset
The projections ofS;) on to the plane of the ring are ordered of Fig. 6). The approximately steplike behavior resembles at
in the same way as in an isolated pentagon. Once more, Vefist sight the results obtained in collinear mean-field
small (in this case strictly vanishinguy is obtained as a calculations® However, in the present case the physical pic-
result of noncollinear arrangements of rather large local moture behind the formation of a FM state is quite different.
ments(é). The increase ofi close to the steps involves a succession of

noncollinear spin arrangements with increasing degree of
] ) ) parallel moment alignment. Moreover, notice that the local
C. Ferromagnetic clusters with noncollinear moments moments increase much more rapidly thap approaching

Strong ferromagnetic systems are described quite comsaturation f;=0.40—0.45% for values ofU/t at which ut is
rectly in the framework of collinear approaches. In weakstill small. Thus, the increase @i+ with U/t is the result of
(unsaturatedferromagnets the electronic correlations oftena progressive parallel alignment of already existing local mo-
result in more complex behaviors. Magnetic instabilities to-mentsy, . In contrast, in collinear Hartree-Fock calculations
wards noncollinear spin arrangements can be therefore exhe increase ofut is associated with the formation of the
pected in small clusters, particularly in cases of low symmeiocal moments themselves, singg is approximately pro-
try or close to a transition from nonmagnetic to portional tou,.”> Comparison with exact calculations shows
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that the present noncollinear picture is qualitatively closer to
the actual ground-state magnetic properties, at least for the
single-band Hubbard model. Indeed, we have computed the
local momentsu?=(S?) and the total spir$ of the same fcc
13-atom cluster = 14) as a function o)/t by using Lanc-

zos exact diagonalization methot Starting from the un-
correlated limit[ x3(U=0)=0.28 andu?(U=0)=0.36 for
|=2-13 u? increases rapidly withU/t reaching values
close to saturation already fat/t=10 [,u,i(U=lO)=O.56

and x4(U=10)=0.64 while x2(U=c)=0.56 and x2(U X —

=00)=0.70 forl =2-13]. In contrast the ground-state sgfn %

remains equal to zero up 1d/t=40. This implies that for -0.05 [rSSRIIIIN W
v=N+1=14 the local moments are formed well before FM 040 i Koo

order sets in, as given by the noncollinear UHF approach o= | v X T
(Fig. 6). Notice, however, that the situation could be differ- 015 | " "xx i
ent for other band fillings where ground-state ferromag- - Yoo
netism is found at much small&t/t or whereSis a nonmo- -0.20 b b
notonous function ob)/t [e.g., forv=15—18(Ref. 6]. UHF I .( ) o
yields larger local magnetic moments at the cluster surface in 025 0 2 4 6 8 10
agreement with the exact results but it underestimates se- Ui

verely both the Coulomb repulsiod/t above which
Y P all FIG. 7. Comparison between UHF and exact results for a fcc-

>1/2 as well as th&J/t for reaching saturation. . - .

The present nonsaturated ferromagnetic behavior Wiﬂlr{rz(gntlss{gg;)n;tclﬁztegeitrgf Eltbealr: 1flllggs?elaozilrvr223:§t:t rtrLoe-
the resue recently abtained for smallesters (1) CLster sfacelC-2-13, ol curves (1) Averagey; of the spir
the framework of an unrestricted local Spin-densitycorfelatlon functiong'S;- S, petween the central site ar?d its first
approximationt* We have performed calculations using the NN's at the surface £o;, solid curves and between. NN's at the
Hubbard model and UHF for some of the cluster geometrie%féfsas(;es sgﬁgflgr’]diﬁsgfguﬂ::r)v?:szﬂse curves with(withouy
considered in Ref. 14 for lge In the linear trimer N=3 and P '
v=4) and in the trigonal bipyramidN=5 andr=6) the
magnetic order changes with increasidgt from collinear . .
AF, over noncollinear weak FM, to collinear saturated FM,the difference between surface and inner moments for large
in a Sim“ar Way as in the previous|y discusg@d: 13 C|uster U/t are COI’reCtly giVen. HOWeVer, UHF underestimates the
(v=14). For intermediate values &f/t we obtain the non- increase ofuf for U/t<3.7 and anticipates the tendency to
collinear spin arrangements reported in Figs) And 1c) of  localization with increasingy/t. This results in a much more
Ref. 14. The collinear solutions of Ref. 14 are obtained forrapid crossover from weak to strong interacting regimes than
small U/t [AF as in Fig. 1b)] or largeU/t [FM as in Fig. in the exact solution.
1(d)]. This is remarkable, taking into account the significant The quantitative differences are more important in the

differences between the first-principles approach and thg;ge of spin correlation functior(éléﬂ), particularly for

present one. It suggests tha the rg;yggi'g;ea;rgnt)Z%T;trigI;:tia-rgeU/t [Fig. 7(b)]. Here we find that UHF underestimates
. - ’ he strength of AF spin correlatio at the surface. This
to the cluster topology. Finally, it should be recalled that— g b ML

despite the improvements provided by the fully unrestricted®" be interpreted as a consequence of the formation of per-

description—the breaking of spin symmetry and the forma_n;aner:;t]lo;:al momenltjtha:bloclgst_(lqlugn;c)urphsSmeIucguatlonts
tion of a permanent SDW are artifacts of the mean-field ap2'©"9 the transversal directions. Still, in bo and exac

proximation, as demonstrated by exact diagonalization Stuo(;alculatlons, the increase of AF correlations at the surface

ies for the Hubbard modésee the Sec. IV and Refs. 5 and 6, (increase of y1) is done at the expense of a decrease of the
for example. spin correlations with the central atofdecrease ofyo|).

AF correlations among the larger surface magnetic moments
become more dominant, while the AF couplings between the
IV. COMPARISON BETWEEN UHF AND EXACT central atom and the different surface atoms tend to cancel
RESULTS out. The discrepancies between UHF and exact results for
A. Spin correlations N =13 show the limits of mean-field and give us an approxi-
. . mate idea of the corrections to be expected in correlated
In Fig. 72 UHE and exgct results.are given for the local 5 cu1ations on larger clusters. As expected, UHF yields bet-
momentsu; =(Sy) and spin correlationsS - Sy,) in a fcc- ter results for properties like the local moments, that are
like 13-atom cluster. The UHF values @i’ are quantita- related to the spin density distribution, than for the correla-
tively not far from the exact ones. Not only the uncorrelatedtion functions. Nevertheless, since the trends given by UHF
limit (U=0) is reproduced, but good agreement is also obare qualitatively correct, one can be reasonably confident on
tained in the larg&)/t regime. Main trends such as the larger the validity of the conclusions derived in previous sections
w? at the cluster surface for small/t and the reduction of for larger clustergFigs. 1 and %
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B. Structural stability 0.8

SFM| SFM
BCi

The determination of the structure of magnetic clusters is FCC

a problem of considerable importance since structure anc
. . . _ . 0.7

magnetic behavior are interrelat&d. Moreover, since most a
calculations of cluster structures are based upon mean-fiel ico
approximations, it is very interesting to evaluate the role 4 ¢ HCP
played by the electronic correlations. We have therefore de-
termined the relative stability of a few representative cluster
structures as a function of band filling/N and Coulomb 05
repulsion strengthl/t in the framework of the UHF approxi-
mation to the Hubbard model and we have compared the\S
results with available exact calculatiohBour different sym- + 04 Icos
metries are considered: icosahedral clusters, which maximiz@, C
the average coordination number, face-centered-c(fb@ )
and hexagonal-close-packédcp) clusters, as examples of 0.3
compact structures which are found in the solid state, anc
body-centered-cubitbco) clusters, as an example of a rather :
open bipartite structure. These cluster geometries are repre ~ 0-2fzZ= — i,
sentative of the various types of structures found to be the NM o é
most stable in rigorous geometry optimizations foe 8> ICOS 1 | BC

The results fotN=13 are summarized in the form of a 0.1 ney . FCC Her |
magnetic and structural diagram shown in Fig. 8. A qualita- we

SFM

FC

NM
SFM

NCFM

NCFM

WFM
NCFM

HCP|

NI

NC

N

tive description of the type of magnetic order obtained in the 0.0 % /
self-consistent calculations is indicated by the different shad- Y6 7 8 91011121314151617181920 21 22 23

ings. One may distinguish three differecdllinear spin ar- vV
rangements: nonmagnetic solutiof§M), nonsaturated or
weak ferromagnetic solutiondVFM) and saturated ferro- FIG. 8. Magnetic and structural diagram of clusters havihg

magnetic solutiongSFM). The NM case includes paramag- =}3 atoms as obtained by using_ the_ Hubbard model in the unre-
netic states in which the total moment is minimal (ut stricted Hartree-FockUHF) approximation. Four different types of
=0 or 1/2. Concerning theoncollinearspin arrangements structures are considered: icosahedt&lOS), face-centered-cubic
we distinguish two cases: noncollinear nonmagnetic state§CO: hexagonal-close-packetHCP), and body-centered-cubic
(NC) in which nonvanishing(eventually largg local mo- (BCO). The Iow&_ast-energy structur_e is given as a function of the
mentsx, sum up to an approximately minimal total moment C0UloMb repulsion strengtb, hopping integrat, and number of
. . electronsy. The bold lines indicate the structural transitions. For

ut<1, and noncollinear ferromagnetic stal®CFM) that

h t tizati ~1 The NC states include all v<6 the lowest-energy structure is icosahedral andvfer23 it is
show a net magnetizatioar=1. 1he states include all .. e corresponding UHF magnetic orders are indicated by dif-

sort of frustrated antiferromagneticlike spin structures, forgg on shading patterns: nonmagnetiio shading, NM, collinear
Qxample, those illustrated in Flgs._ 2-and 5. In order to quangeak ferromagneti¢diagonal lines, WFN| saturated ferromagnetic
tify the effect of electron correlations the results should b‘;crossed lines, SFM noncollinear with total moment;<1 (hori-

compared with the corresponding magnetic and structuralontal lines, NG, and noncollinear with total momept;=1 (ver-
diagram as recently obtained by using exact diagonalizatiogicg| lines, NCFM.

methods(see Fig. 12 of Ref. 6

For smallU/t (U/t<10) the UHF results for the most larly above half-band filling, which often disagrees with the
stable of the considered structures are in very good agreexact result§.Consequently, the optimal structure is missed
ment with the exact calculatioisompare Fig. 8 of this pa- rather frequently in the limit of larg&)/t. For example, for
per and Fig. 12 of Ref.)6 The icosahedral cluster yields the »=19 andU/t>18, UHF predicts the fcc structure with a
lowest energy in the low carrier-concentration regime ( SFM ground state, while in the exact calculation the icosa-
<6) as could have been expected, taking into account thdtedral cluster withS=1/2 is the optimum. Similar draw-
the largest coordination number is favored for smafl In backs are seen for other band fillings suchvas7, 10, 21,
this case, the kinetic energy dominatesicorrelated limit  and 22(large U/t). Still, in the event that the true ground
and therefore the structure with the largest bandwidth is stastate does show strong ferromagnetism, UHF succeeds since
bilized. Asv is increased several structural transitions occurthe ground state is the superposition of single-particle states.
For smallU/t, both exact and UHF calculations present theExamples of this kind are=12, 14, and 20 for larg&/t.
same structural changes: from icosahedral to fcc structure dtese are rather exceptions since the presence of a FM
v=11, from fcc to hcp av=17, and from hcp to bcc at ground state in the exact solution is in general much less
=20. At largerU/t (U/t>12) the interplay between the frequent than predicted by UHF. Around half-band filling
kinetic and Coulomb energies introduces important correlaUHF reproduces qualitatively well the transition from fcc or
tions that cannot be accounted for within UHF and that playhcp to icosahedral structure with increasidgt as well as
a central role in the determination of the magnetic and strucnontrivial reentrant effectsi(= 13-18. However, UHF un-
tural properties. A main source of discrepancy is the toaderestimates the value bfft at which the structural changes
strong tendency of UHF to yield SFM ground states, particu-occur(see Fig. 8 and Fig. 12 of Ref).6
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V. SUMMARY AND OUTLOOK The role of electron correlations on the magnetic behavior

Th i " ¢ ¢ clust h b has been quantified by comparison with exact diagonaliza-
. € magnetic properties of compact ClUSIers have Deefl, g forN=13 atoms. Despite some quantitative discrepan-
investigated using the single-band Hubbard model and thgies theU/t and environment dependences of the local mag-
fully unrestricted HF approximation that allows the forma- '

. ; li s of the local i netic moments and spin correlation functions given by UHF
ion of noncoflinear arrahgements of the local Magnetic Moyq j, good qualitative agreement with the exact results. This

ments(S;). AF clusters in the relevant interaction regime syggests that UHF with noncollinear spin arrangements is a
(U/t>5) show large(S;) forming complex spin arrange- valid starting point for working on larger clusters and more
ments that attempt to minimize the effects of frustrations incomplex multiband models. It would be very interesting to
the compact(nonbipartite¢ structure. The resulting cluster extend the present approach to realistiband models in

magnetizationu = |2|<§|>| is in general very small or van- order to allow a direct comparison with experiments and first
ishing. This is a significant improvement with respect to col-Principles calculations on TM clusters. Noncollinear effects
linear studies and agrees qualitatively with exact results. Thare expected to be particularly important for TM's showing a
details of the magnetic order are found to be very sensitive téendency to antiferromagnetism such ag € Vy, Mny,*®
the topology of the cluster geometry. or (FeCr;_,)n,** as well as for weak FM systems such as

A new physical picture has been obtained for the develRhy . Deviations from collinearity should also play a role as
opment of ferromagnetism in small clusters with increasingfinite-temperature spin excitations in the more conventional
U/t. In contrast to previous collinear calculations—whereFM materials (Fg, Coy, and Nj).
the local moments and ferromagnetism deve|op Improvements on the UHF wave function could be intro-
simultaneousl’—the FM state is built up by the progressive duced by restoring the broken spin symmetry as proposed in
alignment of already existing local moments= |<§|>|- The Refs. 17 and 18. However, the success of such an approach is
validity of this interpretation is supported by exact results for!IKélY to depend on the geometry of the cluster. For example,
N=13 and »=14 which shows that local moments are N low symmetry structures UHF tends to exaggerate the for-
present at values dfi/t far smaller than those required for

mation of spin- and charge-density redistributions. This may
the formation of a FM ground-stat&£ 1). A similar behav- be far from the actual exact solution and can be difficult to
ior is expected for more realistic multiband models and for

correcta posteriori In such cases a Jastrow-like variational
other low-dimensional systems. ansatz on res_tricted _Hartree-Fock states would seem more
Concerning the structural stability, we have shown tha@PPropriate. Finally, it ShO_UId be recglled tha_t the Hubbard
UHF fails to reproduce the exact phase diagram in detailmodel for small clusters w_|th one orbital per site is probably
the most extremely low-dimensional system one may con-

particularly in some of the most interesting AF or weak FM ider. Theref fuctuati q lati ffect
regimes. Structural transitions are sometimes missing and pder. Theretore, fluctuations and correiations €efiects are ex-
ected to be here more drastic than in larger clusters or in

other cases changes of structures appear artificially. NevePEclied _ ) .
theless, it is also fair to say that UHF yields a good accounfeaIIStIC multiband models, more apprapriate for the descrip-

of the relative stability between the considered structurest,'On of TM’s.

even well beyond the weakly interacting regirfug to U/t
=16), and that it also explains the larger stability of ferro-
magnetism above half-band filling. In the limit of very strong  This work has been financed in part by CONACyT
interactions the validity of UHF breaks down and correlation(Mexico) and CNRS(France. M.A.O. acknowledges sup-
effects beyond the single-determinant wave function are inport from CONACyYT (Mexico) and FAI (UASLP). G.M.P.
dispensable in order to obtain the ground-state structure armtknowledges support from the J. S. Guggenheim Memorial
magnetic behavior reliably. Foundation.
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