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We study the magnetic properties of transition-metal monolayks and Cr clusters deposited on(B81).
We use a self-consistent tight-binding model and the recursion technique in order to get the most stable
magnetic state for each atomic configuration. The magnetism is taken into account in the mean-field approxi-
mation. We show that for a Cr ML th@(2X2) magnetic solution is lower in energy than all the others. We find
that monolayers of V, Ni, and Co are ferromagneiidx1) on F€001) whereas the Mn ML are(2X2)
antiferromagnetic. We study also the magnetic transition occurring for Cr clusters, for an increasing Cr atoms
number, from ferromagnetic to thE2x2) order. The results of these calculations are in agreement with those
of an Ising model whose parameters are determined. Such an Ising model predicts with a good accuracy the
most stable state and the first excited states for each cluster $88163-18206)04942-9

[. INTRODUCTION 3.65uz whereas ab initio full-potential linearized
augmented-plane-wavé&LAPW) calculations by Fu, Free-
The study of the magnetic properties of surfaces, thifman, and Oguchi found 3u.* More recent tight-binding
films, and superlattices is now a very active field of researci$tudie$ found Cr magnetic moments of 2.5 and 82
in relation to the improvement of the magnetic recording. However, if all the theoretical studies agree qualitatively

This has led to an increasing number of experimental and" the values of the predicted moment, therga IS some d|s.-

theoretical studies, particularly for transition-metal systemsagr-e ement between the correspondl_ng experimental nvest-
on d ' di f off h he ai ations and also between the experimental and the theoreti-

Even if the understanding of effects such as the giant magzy) results. For exampléi) Jungblutet al8 estimated the Cr

netoresistance and the oscillatory interlayer couplings in thénoment to be equal tou for a ferromagnetic Cr monolayer
multilayers has significantly progressed, a lot of theoreticatoupled AF with Fe,(ii) a spin-polarized electron-energy-
and experimental work remains to be done to understand thiess spectroscopy study by Walketral® measured a Cr sur-
relation between the interfacial structure and the correspondace exchange splitting of 1.9 eV, indicating a very large
ing magnetic properties. The Cr/Fe system is a good exampl@agnetic moment, an(ii ) Idzerdaet al! deduced the mag-
of such a problem. It has been extensively studied botmetic moment value from soft-x-ray magnetic circular di-
theoretically® and experimentally;'* in relation with the  chroism measurements and found g@6or a Cr coverage
properties of the corresponding multilayers. However, theequal to 0.25. Finally, a recent and controversial
whole understanding of these properties is far from beingexperienc® using anin situ magnetometry technique deter-
realized. mined a magnetic moment larger thang3 Several authors

A first tight-binding study of Allaf® has pointed out that have tried to explain this disagreement. From an experimen-
a chromium(001) surface would exhibit a large magnetic tal point of view, the Cr magnetism is highly sensitive to the
moment of 2.8, which represents a very large enhance-structure of the interfaces and to the growth mode as sug-
ment as compared with the bulk magnetic moment valugyested by the study of Cr/F&01) and the coupling of the Fe
(0.59ug). Consequently, a large number of works has beerayers between a Cr layer. Moreover, the Cr magnetism is
devoted to the investigation of Cr deposited on ferromagnetextremely sensitive to the contamination and there can be
Until recently, all the theoretical investigations of a Cr doubts about the cleanliness of the Cr/Fe samples. From a
monolayer(ML) deposited on a Fe substrate were based otheoretical point of view, Blgel, Weinert, and Dederichs
the assumption that the Cr monolayer is ferromagneticallysuggested that the in-plane antiferromagnetic ofdéx2)]
ordered p(1x1)]. This assumption seems natural if we con-could be the most stable one. The full-potential linearized
sider the Cr bulk magnetism which is driven by an incom-augmented-plane-wavd-LAPW) calculations showed that
mensurable spin-density way8DW) in the (001) direction  this solution is more stable than thpg1x1) one for a Cr
of approximately 21 lattice spacings wavelentfthThis  free-standing ML and Cr monolayers deposited o0OPd),
SDW yields approximately a layered antiferromagneticAg(001), and AU001) substrateé! whereas thep(1Xx1) or-
structure where alternated planes carry opposite magnetiter is the most stable one for the (@01) surface’® The
moments. Therefore, th@01) surface plane is expected to tight-binding calculations by Vegat al® found that the
be ferromagnetically orderdd®1"~2%and a Cr ML deposited c(2x2) solution is energetically lower thgm(1x1) for a Cr
on F€00Y)) is also thought to be ferromagnetically ordered ML deposited on F@01) but such discrepancies can be un-
and antiferromagnetically(AF) coupled to Fe. In this derstood if we note that the energy differences between these
scheme, the self-consistent tight-binding calculations of Vic-solutions are small.
toria and co-workers® found a giant Cr magnetic moment of  In this paper, we investigate the possible magnetic con-
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figurations for the & transit.ion metal ML on F@®01) and for )(\:lrL—Fe: \/me 3)
some Cr clusters deposited on (6@l). We use a self-

consistent tight-binding model to determine the ground states We assume that the crystalline structure of the adsorbed
for the considered atomic configurations. We show that thesgIL is cubic and in perfect epitaxy with the iroi®01) sur-
results are consistent with those of an Ising model whiclface. Moreover, in our calculations, we do not take into ac-
allows us to get magnetic phase diagrams. Section Il is dezount the relaxation of the adsorbate relative to the Fe sub-
voted to a brief description of the tight-binding model and of strate. The total band energy for the given Hamiltonian is
the parameters we use. Section Ill summarizes our results for
the adsorbed monolayers. Surprisingly, we show that a new
ferrimagnetic solution, the(2X2) structure, is the most
stable one for Cr/R@0J). In Sec. IV, we study the Cr mag- ) ) ) i
netic transitions which must occur when very small ferro-Ni.+(€) is the local density of state on siteand the spin
magnetic cluster§3 or 4 adatomsgrow and become ferri- =11 90_r31—1 which we calculate with the recursion
magnetic. We suggest that such a transition can explain th@etho& and the Beer-Pettifdf termination. The con-
magnetism of ultrathin layers in relation with their growth. tinuous fraction is expanded up to the eighth exact level. We
We show that an Ising model is well suited for this investi- verified that extra Iev_els provide negligible variations on the
gation and predict with a good accuracy the magnetic tranvalues of the magnetic moments. o

sition. Hence, a systematic study of small two-dimensional Charge transfers must occur in the vicinity of defects such

(2D) Cr clusters is presented in Sec. V. We conclude in Sec@S surfaces. We add the variation of the Coulomb term to the
VI variation of the band energy to account for this electronic

rearrangement. The Coulomb correction relative to the bulk
valueE is given by

Eb=2 * en; ,(e)de. (4)

II. TIGHT-BINDING MODEL

In this paper, the electronic-structure calculations have __ L1 oeNL _
been done within the tight-binding scheme. Téle initio oEc % (Nixt2 ONi)oVi, ©
method is the most accurate one for the monolayer/substrateh is th . o f th
system, i.e., for a system for which the number of inequiva—W ere oV is t € symm_etry-mdependent variation of the
lent atoms on which self-consistency have to be realized igoulomb potential on site, Ni, Is th_e ban_d occupation for
small. However, in Sec. IV, we investigate large Cr clustersthe SymmetryA on sitel, and 5.NW Its variation. Here we
with 400 adatoms and the number of inequivalent atoms i'S€ the local neutrality approximati@i, oN; , =0):
such calculations is too large=1100 for these approaches.
For example, Wildbergeet al,*® in a recentab initio study, SEc=—2, N8V, (6)
investigated at most nine adatoms clusters. i

~ We use the tight-binding approximation because for tranyhich is valid when the difference between the various en-
sition metals, the cohesion is mostly ensured by itinedant ergy levels is small. Magnetism effects are treated in the
electrons. Thesp electrons are not taken into account here.ean-field approximation. The up and down spin are sepa-
Their influence on the magnetic properties has been shown {g;;a¢ by the shifty, and the magnetic momeM; is propor-
be negligibleZ*~*°In the localized orbitals bas{s\,0) (Site  tignal to the difference between the two local spin subband
I, symmetry\, spino), the one-electron tight-binding Hamil-  4ccypations. The self-consistent relation is given by
tonian can be written as

Ai=M;-1, (7)
H=_§4 i\ o) e’ (o N\ i|+ Z i\, @) B (o, .. where | is the effective exchange integral. Here we used
e AN 1,=0.42 eV,1,=0.558 eV,l,,,=0.587 eV,|,=0.618 eV,

(1) 15,=0.82 eV, and;=0.85 eV in order to recover the bulk

. o . _ magnetic momentM ,=0.6ug andM ,,=2.5ug for antifer-
The diagonal terng{” is the intrasite energy level and the romagnetic Cr and MnMg=2.2ug, Mao=1.76ug, and

off-diagonal termB;i* is the intersite hopping integral. Sev- M =0.6u5 for ferromagnetic Fe, Co, and Ni. A magnetic

eral ap'prox'imat'ior#g have been made her(ai:)" The sma]l double counting energy correction is added to the band en-
crystalline field integrals have been neglectéd, the basis (frgy the total energy becomes
a- 1

set of atomic orbitals have been assumed to be orthonorm

ized, and(iii ) only the two-center hopping integrals for near- e« liMi2

est and next-nearest neighbors are considered and are ex- E=2 eniyg(e)ds—z (Ni5Vi+ 7 +EQ.

pressed from three parametedslo,dds,dds, which are ho J=e :

only dependent of the bandwidth. Here, we use ®
(ddo,dd,dds) = (6,—4,1)dds, 7 The self-consistent calculations are done on a given site,

the other values o€{ being unchanged. We repeat this pro-
ddé is chosen to get the bulk bandwidfh.26 eV for Cr and  cess for all sites until convergence is realized. Details of this
5.34 eV for Fe. We assume that these integrals are spirprocedure can be found elsewh@r8elf-consistency is re-
independent and vary a power lav® versus the interatomic quired onn inequivalent sitesn being dependent of the sys-
distanced. In the case of hopping integrals between one Citem under study. For a Cr monolayer deposited o068,
atom and one Fe atom, we use the Shiba approxinfdtion we consider eight first Fe layefa=19 for ap(2x2) con-
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FIG. 2. Some possible magnetic configurations of the mono-
layer. Black and white circles represent positive and negative spins.
The numbers inside the circles of the periodic cell label the in-
equivalent atoms. For thg(2Xx2) structure, we show the two sim-
plest arrangements although among all the possible ones. The con-

) figuration represented at the left of the figure is referred(@%x2),,
FIG. 1. Section of a system made of a 16 adatoms square clust@fhereas the other one is labelpt2x2)5. Note that for solutions
(white circleg deposited on a bo®01) surface(gray circles. Self-  which are noninvariant when we change the sign of the adsorbates
consistent calculations are done on each of the cluster adatomgagnetic moments, sugh(1x1) [or p(2x2)], we must consider

(white circleg and of the substrate atoms located in a semiellipsoidyne configuration with more spins up and another with more spins
centered on the clusteidark gray circles whereas other atoms  gown.

(light gray circles are assumed to be nonperturbed by the cluster

adsorption. We verified that the perturbed and nonperturbed ato%nfigurations from an electronic structure point of view.
have nearly Fhe same eIgctro_nic structure and magnetic properties?his is why, anticipating the mapping of the tight-binding
the boundaries of the ellipsoid we choose. calculations on the Ising model results, we restrict our study
to those states which are stable in an Ising model assuming
figuration for examplgé In the case of a Cr cluster, the in- that only nearest and next-nearest in-plane neighiseond
plane periodicity is broken. Calculations must be done on algng third neighbors in the bulkinteractions are nonzero.
cluster sites and on all substrate sites perturbed by the agonsidering the precision of the tight-binding model, it is
sorption. The criterion we use to choosds that the sites gpvious that the study of more complex magnetic orders in-
which are the most apart from the perturbation have the saM@lving very small energy differences is out of reach. With
properties as the nonperturbed sites. In practice, we requifge previous limitations, we considered four types of mag-
self-consistency on sites located inside a semiellipsoid ceryetic configurationgFig. 2: (i) the usualp(1x1) and c(2
tered on the clustetFig. 1). For example, we studied the x2), (i) the p(2x1) where ferromagnetic rows are alter-
gdsor_ption of a 400 adatoms cluster, involving about 110Gyated antiferromagnetically, an@i) a more complexp(2
inequivalent sites. _ X 2) structure. Thep(2x1) and c(2x2) configurations are

We determine the most stable state between two dlfferergymmetric since they include as many spins up as spins
magnetic configurations by comparing the calculated energown whereap(1x1) andp(2x2) are not. According to the
gies[Eq. (8)]. The Ising interaction parameters are deducedsign of the adsorbate-Fe coupling, one can hale<1) and
from these energy differences. Note that we do not take intg)(zx 2) configurations with more spins u§ coupled to Fp
account the repulsive energy needed for the crystal cohesiog; more spins dowr(AF coupled to F& As remarked by
since it is not modified by the magnetism for a given atomicpcastelle’ it is possible to build an infinity of structures
configuration. Finally, we assume, in this paper, that all magyjith the p(2x2) elementary cell. As an example we study
netic moments are collinear. the two simplest possiblp(2x2) configurationg(Fig. 2).

Table | shows the magnetic moments and the energy dif-
ference between the magnetic configurations. Let us briefly
summarize the main results of this study:

Most of the theoretical studies concerning the magnetism (i) For the V ML, only one solution, the(1x1)! one, is
of a monolayer deposited on a substrate dealt only with thebtained where the V magnetic moments are AF coupled
p(1x1) ferromagnetic and the(2X2) ferrimagnetic solu- with Fe magnetic moments. The V moments are found to be
tions. However, the magnetic ground state can be more contarge (—2.66ug). This last result is in discrepancy with pre-
plicated. We cannot investigate all the possible magnetiwious tight-binding calculatiori$ predicting a low-spin solu-

Ill. MONOLAYERS
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tion for I,,=0.42 eV. As noted by Bouarab, Khan, and De-in-plane first(J,) and secondJ;) neighbors. On the other
mangeat the high sensitivity of the magnetism versus théand, the first term is only the sum of the interaction energies
exchange parametéris a possible explanatioi. betweenX adatoms an® surface layer first-neighbor atoms.
(ii) The most surprising result is obtained for a Cr ML on |n fact, the formalism is strictly the same as the one we use
Fe(001). We found that thep(2x2) solution is energetically if we consider a free-standing monolayer with an external
lower than all the others whereas we expected(2X2)  applied magnetic field® Physically, the three Ising param-
ground stat€:***" The energy differenc&E between the  eters represent the couplings between two atoms which are
p(2x2)! and c(2x2) solutions is smalapproximately 27  gither F(J>0) or AF (J<0). One of the main assumptions of
meV/atom but we think it is significant. On the other hand, s |sing model is that the amplitude of the moments do not

:Eere IS ?otdglubt :htat the us_mﬁxl)ﬁignflggratlo\r/l/lst Ot \ary with the magnetic configuration, which is not the case
€ most stable state since in Inis ¢ IS mevialom. — ; the itinerant magnetism framework. However, Table |

We calpulated the mean magnetic moment in the surface bé(hows that the values of most of them are very close to each
averaging the magnetic moments of inequivalent adatoms,

We find —1.9%u for the p(2x2) structure. This can ex- other when the_ considgred magnetic configuration_s do not
plain the experimental resut&12which can only measure Présent frustrations. Using the E@) for the magnetic en-
a mean surface magnetization. We studied also the two ma 1gy, we can denve thg energy dlfferenaﬁ analytically
netic configurations for which the majority of spins are F1Of €ach magnetic configuration and obtain the parameters
coupled with Fe ones. In the first cagg1x1)'] no solution ~ J1: J2, andJs when we get a sufficient number of different
was obtained whereas in the second dag@x2)'], the re- Magnetic configurations. Figure 3 shows the phase diagram
sultant magnetic moments are frustrated and are sfap#l ~ for this system versus-J,/|J,| and—J4/|J,]. The sign ofJ;
proximately 0.5ug). determines eithea F couplingp(1x1), p(2x2)'] or an AF

(iii) As previously found by Wu and Freem#fhthec(2 ~ coupling [p(1X1), p(2x2)'] for nonsymmetric magnetic
X2) solution is the most stable state for the Mrn@l)  configurations. Table Il shows thkeparameters for Cr, Mn,
system. In their study, the energy difference betwe@Xx2) and Fe. It has not been possible to deterndipandJ,, for Cr
andp(1Xx1) solutions is smal(78 meV) whereas we found it because of the lack of a sufficient number of different mag-
is larger than 200 meV. The(2x2) buckling reconstruction netic solutions. In fact, we cannot use thé&x1) solution
that they considered can be partially at the origin of thissince the positive magnetic moment on frustrated adatéms
disagreement. Another recent tight-binding sttfdyiso finds  coupled with Fg is too small and the energy values lead to
this c(2X2) solution. strong numerical errors on the Ising parameters, as seen be-

(iv) We thoughta priori that the Fe/F@01) p(1X1)'  |ow.
state is the ground state but we discovered that the energy of The Mn-Mn (J,,J5) and Fe-Mn(J,) couplings are all AF.
the p(2x2)' is lower. The energy difference is very sr_nall We verified that the Mn ground state is(2x2) with
(11 meV/atqn)n and probably of the o_rd_e_r of the uncertainty. —3,/|3,|=5 and —J4/|J,|=1.7. The case of a Fe ML is
It wquld be !nteresthg that furtheab Initio c_alculat|ons IN- " rather different, since the adlayer-substrate Fe-Fe coupling is
;/esttlrgl]ate tlhlsI[:JiZ:;Z()erri?Tgnetlc C(t)_nflguratlor:. Our resull;[s now F, the intralayer couplings always being AF. We get
or the calcwrarc magnetic moments agree With _ 5 /13,1=0.8 and—J4/|3,|=0.5, in thep(2x2)' region in

 124,25,39,40
others studie$! the phase diagrartFig. 3), very near to thep(1x1) region.

(v) Co and Ni ML present the same characteristics. : .
monolayer of Ni or Co deposited on (@81) is unambigu- A"‘_’e cannot determlr)e t.hé parameters for V, Co, and Ni
since only one solution is availablé, must be much larger

ously in ap(1x1)! magnetic state. All the other possible s
solutions are numerically unstable, except ifgx1)! solu-  than U2,J3), & consequence of the predominance ofpifte

tion for Co, the Fe magnetic moment at the interface being<1) State. ObviouslyJ,<0 for V andJ,>0 for Co and Ni.
AF coupled with others Fe moments. In this case, we can We represent in Fig. 4 the energy differences for each
conclude that the F coupling interaction between Co and F&agnetic configuration and each element. The magnetic con-
is stronger that the one between two Fe layers. figurations are plotted along the horizontal axis according to
From tight-binding orab initio calculations, we get nu- the number of spins up, from(1x1)" to p(1x1)*. One can
merical values for several physical quantities but it is oftensee clearly that the most stable state changes from one con-
difficult to explain the physical behavior in an easy way. figuration to another one along the transition-metal series.
Here, we propose to map the results we found above ofeveral major trends can be deduced from Fig. 4 and Table I:
those of an Ising model. Basically, within an Ising model, the(i) |J,| and|J5| decrease along thed3series from V to Ni.
magnetic energy of a monolayer of a transition metade-  Their values being negative for Cr, Mn, and Fe, the in-plane

posited on a substraté can be written as magnetic couplings for the first and second neighbors are
N AF. (ii) The adsorbate-substrate magnetic interaclipis
3 xey 1 X X large and negative at the beginning of the sef#®B cou-
Emag_; _UE,D hSS -3 OED 2SS pling). Then it increases in the middi&In,Fe) of the series

to become large and positive at the €Rccoupling. A set of

_ l E J stx) 9) tight-binding parameters, intermediate between those of Mn

205,720 and Fe can lead to magnetically decoupled adsorbate ML and
substrate(iii) J5 is always smaller thad, or J;. The p(2

The second and third terms on the right-hand side correx1) solution is never the most stable state. Topological de-
sponding to the in-plane monolayer interaction energies, fofects such as parallel steps may induce such a solfition.
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TABLE I. Energy differences$E in meV and magnetic moments jri for each magnetic configurations and each sysxéRre(001). SE
is the difference for one adlayer atom between this configuration and the most stable one for each system. The numbering of the magnetic
momentsM ;_; refers to the nonequivalent adatoms &g, is the Fe interface moment. The missing magnetic configurations for V, Cr, Co,
and Ni are numerically instable. Note the strong reduction of the magnetic momept2&2)! Cr/Fg001) and the spin flip of the Fe
interface moment fop(1x1)" Co/F&001).

SE M, M, M, M ke
\Y p(1x1)* 0 —2.66 1.91
Cr p(2x2)!8 0 3.08 —-2.98 -2.92 1.73
p(2x2)te 3 3.10 -3.04 —-2.90 1.73
c(2x2) 27 -2.81 2.72 1.53
p(1x1)! 53 -3.19 1.82
p(2x1) 64 —2.90 2.15 1.51
p(2x2)1® 141 -2.82 0.67 0.50 1.37
p(2x2)'8 141 -2.84 0.74 0.70 1.36
Mn c(2x2) 0 -3.26 3.15 1.53
p(2x2)t« 56 3.12 -3.18 -3.27 1.56
p(2x2)!8 59 3.16 -3.23 -3.25 1.57
p(2x1) 59 -3.25 3.22 1.52
p(2x2)l« 111 -3.19 3.17 3.16 1.39
p(2x2)'# 111 -3.19 3.16 3.16 1.39
p(1x1)* 207 —-3.03 1.64
p(1x1)! 311 2.98 1.06
Fe p(2x2)'8 0 —2.25 2.63 2.55 1.96
p(2x2)l« 1 -2.26 2.71 2.52 1.93
p(Ax1)! 11 2.63 2.05
p(2x1) 11 -2.25 2.58 1.84
c(2x2) 27 -2.31 2.37 1.66
p(2x2)\# 71 2.44 -2.15 —2.26 1.63
p(2x2)te 78 2.44 —2.23 —2.27 1.63
p(1x1)t 157 -2.23 1.49
Co p(1x1)! 0 1.64 2.60
p(1x1)! 153 -1.62 -2.17
Ni p(1x1)! 0 0.54 2.76

IV. CLUSTER-MONOLAYER MAGNETIC TRANSITIONS

We concluded in the first section that the most stable state B

for a Cr monolayer deposited on ©€1) is not thep(1x1)*
configuration but the(2x2)! one. Therefore, there must be p(2x1)

a magnetic transition inside a 2D cluster when its size in- /
creases from @(1X 1)t configuration towards thp(2><2)l

configuration. To our knowledge, it seems that no one has
studied such a transition, which is of a great interest in the p(2x2)
domain of the evolution of the magnetic properties during ¢(2x2)
the growth. Here, we investigate these magnetic transitions .

for 2D Cr clusters deposited on @81). Moreover, we will 0 1 2 5/
be able to deduce completely the Ising parameters from these p(1x1)
calculations.

In practice, we study several magnetic configurations for
two cluster types, square-shaped and diamond-shaped, with
different sizesx is the square or diamond side length in
lattice parameten, for clusters including(x+1)> adatoms FIG. 3. Phase diagram—(J,/|J;|,—Ja/|J4]) for a monolayer
(squarg or x>+ xv2+1 adatomgdiamond. We investigate  deposited on a substrate or a free-standing monolayer with an ex-
the p(1x 1)}, c(2x2), p(2x2)}, and an hybrid magnetic con- ternal magnetic fieldising mode) (Ref. 33. The sign of]; deter-
figuration with AF coupling on the borders atoms of the mines the possible solutions, i.e., eitheflx1)' and p(2x2)*
adsorbate clusters amgd2x2) magnetic configuration inside (Jj0) or p(1x1)! andp(2x2)' (J¢,0).




54 MAGNETISM OF 3d TRANSITION-METAL MONOLAYERS . .. 12 221

TABLE II. Ising parameters in meV for middle-series elements

Cr, Mn, and Fe. In case of Ci; andJ, are not determined due to A B C
some nonresolved magnetic configurations. 00000 060000 (0000
00000 el Jol 1o L J&) JOJ |
J; (meV) J, (meV) Js (MmeV) 00000 060000 OO0 00
00000 CeOeO L JOI 16X |
cr J17 926 2 0000 00000 (0000
Mn —-13 —64 —22
Fe 18 -14 -9 D E F
00000 00000 00000
[ 2o JOJ ( X JoX ¥ | J&) JOY |
this cluster(Fig. 5. We calculate the energies increasing 00000 6060060006 060060000
and compare the three latest ones with pligx 1)! one. 0000 0600060 60600
Adatoms which are F magnetically coupled with the Fe 00000 0000 0000
substrate are called “frustrated” since Cr-Fe couplings are G H
usually AF. We notice that small clusters with less- ) o . @Spin down
coordinated frustrated adatoms on their sides are numerically @ @ @ YOI ] O Spin u
unstable or energetically metastable. We expect gainsinen- ¢ @ @ @ @ YOI JOI ) L.opmup
ergy when only nonfrustrated adatoms are located on the 00 OO
cluster sides as obtained inpd1x1)! scheme. This is why o L

we consider the special magnetic geometry such as the hy-

brid Conflguratlon.. On the other hand, we saw that a Cr FIG. 5. Investigated magnetic configurations for square and dia-
monolayer deposited on Fﬁﬂl). prefers in-plane AF 1,504 2D Cr clusters deposited on(B@1). A andG arep(1x1)!,
[p(zxz)zl_l or ¢(2x2)] rather than in-plane I[=p_(l><1)l]. To B, c, andH arec(2x2), D is p(2x2)! and,E andF are hybrid
summarize, we expect a side effect proportionak tavor-  magnetic configurations. For an odd number of adatoms, there are
ing in-plane F and a surface effect proportionakfofavor- o possibilities forc(2x2) (B andC) and hybrid(E andF) con-

ing in-plane AF. Therefore, we can suggaspriori that the  figurations. One can easily verify that the analytical expressions
following expression: derived from the Ising formalism correspond to the mean of the

) energies obtained for the two possible configurations.
SE=E[p(1X1)!]—E(AF)=ax?+bx+c (10

with a>0. We checked the validity of this general expres-order to get the transition betwe@tlx1)' andc(2x2). In
sion with the Ising model and derived the energy differenceshe case of diamond cluster, we find that #@x2) struc-

for each cas¢Table Ill). _ _ ture becomes more stable than thel x1)! one and more
Figure 6 shows the total-energy differences in the case Qfickly than for square clusters. This can be qualitatively

, leaving no frustrated adatoms on the

: . ) sides. However, the transition is not exactly obtained for
the other configurations, even for very small sizes. On th‘§<=0, as predicted by the Ising expressi@rabie III). It is

other hand, 400 adatoms square cluster has been studied iyher gifficult to get precise results for very small clusters,
the Ising model being more suited for larger sizes. With

200 - these data and the fitted functions of the Table Ill; we can
150 easily deduce the three Ising parameters. WeJget—106
100 o Ni meV, J,=—111 meV, andl;=—23 meV. These values are
sol : x Co in agreement with the parameters calculated from the mono-
o—efe .
0 — , , , layer results. Moreover, the values &f andJ, confirm the
400

TABLE Ill. Total-energy differences betweep(1x1)' and
c(2x2), p(2x2)}, hybrid (squarg or c2x2 (diamond magnetic
configuration within the Ising model. The uppercase letters corre-
15 ' ‘ : ‘ : spond to the magnetic configurations represented in Fig. 2. For an

: odd number of adatoms, the difference is calculated between the

100 * : \C]f p(1x1)! total energy and the mean of tBeandC (E andF) total
sl energies in the case of a squal@x2) (hybrid) configurations.
. . ) . . " . — l _ .
o) b perh ) o sy Config. SE=E[p(1%1)*]—E(config)
Squarec(2x2)(B,C) 4(3,—3) X2+ 4(23,— ) x+4J,
FIG. 4. Energy difference in meV between each magnetic conSquarep(2x 2)!(D) 2(3;—Jp— J3)x?
figuration and the most stable one, for each element of tthe 3 Square hybrid E,F) 4(3;—3)x%+8(J,— I, — J3)x
series. The magnetic configurations on the abscissa axis are ar- +4(J3,—J,+333)
ranged from left to right increasing the number of spins down. NoteDiamondc(2x 2)(H) 4(31—Jy)x?

the change of the magnetic ground state going from Ni to V.
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FIG. 6. Total-energy differences in meV betweefix1)! and

0 . o E ¥
o c(2x2) square
@

E-E , (V)

S

three other configurationfc(2x2), p(2x2)*, hybrid] versus the
cluster sizex, x is measured in lattice parametgy unit. The sym-
bols show the results calculated with the tight-binding model and
the curves are quadratic fits. Triangles up and down correspond to ) .
the two possible(2x2) magnetic configurations for clusters made _ F!G- 7. Magnetic moments ipg of the most stable state of
of an odd number of adatoms and crosses show the arithmeticdifférent clusters of Cr deposited on (B81). The white circles
mean. Note that hybrid anp(2x2)! magnetic configurations are SNOWS negative momentsionfrustratefl and the gray circles the
always energetically lower than tiE1x1)" one whereas we must positive onegfrustrated. The arrows length is proportional to the
consider 26x20 adatoms clustex=19) in order to get the transi- moment value.
tion betweerp(1x1)' andc(2x2). )
the clusters size so that we can assume they are constant as a

trends predicted at the end of Sec. Ill. The uncertainty orfirSt @pproximation. In this section and as a first step, we
such quantities is estimated to be of the order of 5 mevjnvestigate a large number of configurations both within the
atom. tight-binding model and the Ising model. Then, in the second

For cluster size larger thanx@, we recover monolayer Step, all the magnetic configurations of compact clusters
magnetic behavior for central adatoms. The usual coordingh@de of less than 25 adatoms are systematically considered
tion rule®®*! for ferromagnetism stating that when the coor-and Monte Carlo studies allowing us to obtain the magnetic
dination is smaller then the moment is larger, works verydround states are done for larger sizes.
nicely. For a &8 p(1x1)' square cluster, the side adatoms Figure 7 shows the most stable states for some cluster
moment is equal te-3.38x5 and the edge adatoms moment Shapes as calculated from the tight-binding model. As ex-
to —3.43ug. The c(2x2) case is more interesting since in Pected, very small clusters are in-plane ferromagnetic. How-
this configuration, there are frustrated adatoms located on tHgVer. since the geometry allows us to find central adatoms
sides and on the edges of the cluster. For nonfrustrated adéfF;H-K), the clusters recover hybridi(1) and even the
toms, the coordination rule remains valid. However, in gen-P(2x2) (K) magnetic configurations. We considered a lot of
eral, the frustrated adatoms carry smaller magnetic momenfg8agnetic configurations for clusters with larger sizes but we
if they are less coordinated. We observe similar behavior foplWays found for the ground state either #x2) if pos-

p(2x2)} and hybrid magnetic configurations. sible or the hybrid one. _ _
On the other hand, we performed Ising calculations for all
V. SMALL CLUSTERS the possible magnetic arrangements and for various geom-

etries. We used the Ising parameters derived in Secs. Il and

In order to complete this study, we investigated a largdV, and we compare the results with the previous ones we
number of small Cr clusters deposited o) with both  obtained with self-consistent electronic-structure calcula-
different geometries and magnetic configurations. Althougtions. The most stable states are found to be the same in both
self-consistent tight-binding calculations are done in arcases, except for the five adatoms cluster. For this cluster, the
easier way tharab initio ones, the investigation of all the self-consistent calculations predictpélx1)! (D of Fig. 7)
possibilities is out of reach. To go beyond this limitation, we whereas the Ising model predictc&@x2) (central adatoms
tried also to use the Ising model to get easily the most stableith spin-up configuration. However, the energy differences
states. The magnetic moments do not vary strdfighjith are very small and of the order of the uncertainty due to the
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Ising parameters fit on the tight-binding results. We alsosorbed on F@®01) have been presented. In this framework,
compare the energy difference between magnetic configurave have shown that neither th1x1) ferromagnetic nor
tions for both models. If a good agreement is obtained for théhe c(2X2) in-plane antiferromagnetic configurations are the
majority of the magnetic configurations, there are some casgBost stable state's:>°We propose a magnetic solution, the
for which the Ising calculations deviates strongly from tight- P(2X2) one, which we found to be lower in energy of 27
binding results. An accurate examination of these cases rén€V per adatom than tre2x2) one. In order to understand
veals that these configurations always include in-plane firsth€ role of the Fe substrate, we investigate all these magnetic
neighbor frustrated adatoms coupled F with the substrate, tHePnfigurations for different & transition metals. These re-
discrepancy being proportional to the number of theséults confirm that a Mn monolayer deposited or{(®d) is
“bad” bonds. The energy differences between tight-bindingc(zxz) anuferromagnetﬁ?.and that thep(1x1) structure is

and Ising calculations increase nearly linearly with theirthe ground state for V, Ni, and Co monolayers or@®d).
number, about 200 meV/bond. To understand this effect, w&n Ising model is used to understand qualitatively the
must take into account the fact that, from electronic-structur@round states. lts parameters are deduced from the self-
calculations, F bonds between frustrated and nonfrustrategPnsistent calculations. We found that the in-plane first- and
adatoms are nonequivalent. In the Ising formalism, this ca§econd-neighbor interactions decrease from V to Ni. More-
be obtained by adding further terms, such X&'SfSX. ~ over, the monolayer-substrate coupling is found to be
Three different in-plane first-neighbor interactions must bestrongly AF at the beginning of the seri€g), weak in the
introduced:J3 for two adatoms coupled F between them- Middle (Mn,Fe), and strongly F at the en@i). 3
selves and coupled F with the Fe substrae for two ada- In a second part, we investigated the magnetic transitions
toms coupled F and coupled AF with the substrate, &id ~ Petween thep(1x1) and other magnetic states when we in-
for these that are AF coupled between themselves. It is vergrease the sizes of different Cr clusters deposited 600
difficult to accurately calculate these new parameters. We hese calculations allowed us to determine more precisely
estimate thatl; = —J 3 ~, assuming thad, andJ;~ play the Ising parameters. Hence we compare Ising ar_ld tlght—
the same role ad,. ThenJ; is found to be positive, the binding calculations that we did fqr sma!l clus_ters with dif-
interaction between two adatoms coupled F and coupled Aferent shapes and various magnetic configurations. We found
with the substrate lowering the magnetic energy. This simpldhat it is necessary to upgrade the Ising model to take into
improvement of the Ising model allows a better description2ccount some particular cases but that in general, the agree-

of the configurations presenting magnetic couplings betweefent is very good for solutions with low energy.
frustrated adatoms. Ab initio calculations are in progress to confirm the

X2) solution for one Cr monolayer deposited on((l).
Experimental confirmations are also expected. We think that
the Ising formalism, despite its intrinsic simplicity, may be

Tight-binding self-consistent calculations for various of great interest for studying magnetic properties of metals
magnetic configurations of transition-metal monolayers adsuch as Mn and Fe.

VI. SUMMARY AND OUTLOOK
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