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Doubling of the orbital magnetic moment in nanoscale Fe clusters
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Magnetic circular dichroism has been used to study the orbital and spin moments in supported nanoscale Fe
clusters depositeth situ from a gas aggregation source onto highly oriented pyrolitic graphite in ultrahigh
vacuum. Mass-filtere(2.4 nm, 610 atomsand unfiltered1-5 nm, 40—-5000 atomslusters at low coverage
have an orbital magnetic moment about twice that of bulk Fe. With increasing coverage the orbital moment of
the unfiltered clusters converges to the bulk value. There is no detectable change in the spin moment as a
function of coverage. Mass-filtered clusters show an increase in the magnetic dipole moment which we ascribe
to distortion resulting from their higher impact energy. An increasing magnetic remanence with coverage is
found.[S0163-18209)02225-0

Nanoscale clusters in the size range 1-5 @©-5000 taining more than about 500 atoms, the bulk value was ob-
atoms mark the boundary between molecular and solid stateserved but in all three metals the moment was found to
systems and have properties distinct from both. The recenhcrease with decreasing size and was up to 36% higher than
surge of interest in them is due to their novel behavior and dhe bulk value in the smallest clustgf20 atoms. There are
growing awareness of their enormous potential in the crefew results for supported clusters but magnetic moments
ation of new materials by deposition from intense mass30% larger than the bulk value have been reported for nano-
selected cluster beamsThis can be done in coincidence scale colloidal Co clusterd. In contrast, a recent
with a molecular beam of another material so that the clusealculatiort* has predicted that very small Ni clusters on
ters form a separated three-dimensional assembly within graphite are nonmagnetic.
matrix. In films produced this way, there is independent con- We present her@ situ x-ray magnetic circular dichroism
trol of the size, volume filling fraction, and even the shape(XMCD) measurements oexposechanoscale clusters sup-
(by adjusting the impact velocityof the clusters allowing a ported on a surface in ultrahigh vacuutdHV) deposited
great deal of flexibility in the formation of “designer” ma- cleanly from a UHV compatible gas aggregation source. An
terials. important advantage of studying adsorbed clusters is the ac-

This is especially true of magnetic clusters since magneeurate control over the temperature and the possibility of
tism is highly sensitive to the particle size due to severakooling to low cryogenic values which is difficult in the case
effects. These include the increase in the valence band ewnf free clusters. In addition it is possible to accumulate suf-
ergy level spacing to a value significant relative to the Zeeficient densities on the surface to study the effect of interac-
man energy ugH,? the perturbation of the many-body tion. On the other hand, they are not subjected to the large
screening response of the valence electron®gas] the re-  stress imposed by a surrounding matrix. We demonstrate a
duction in the average atomic coordination. The enhancedoubling of the orbital magnetic moment in Fe clusters rela-
proportion of low coordinated atoms at the surféoeinter-  tive to the bulk and the power of XMCD as a highly sensi-
face), which varies from 15 to 75% in the size range consid-tive in situ probe of orbital and spin magnetic moments.
ered here, causes a narrowing of the valeshd@and and an XMCD in L, 3 edge absorption has become an important
increase in the density of states at the Fermi level whictool in the study of the magnetic properties of transition met-
increases the spin magnetic momemt) towards the high- als, especially in thin films and surfaces. The technique is
spin atomic limit. This has been identified as the cause of thelement specific and sensitive to films of less than one mono-
observed increase of the magnetic moment in free Fe, Cdayer thickness. Application of the sum rutés® allows a
and Ni cluster§” and the discovery ofdimagnetism in Rh  quantitative and independent determination of both orbital
particles® In addition, an enhanced orbital momemn} is  and spin magnetic moments andmg. Despite a number of
expected due to spin-orbit coupling and the reduced symmeheoretical and experimental problefis? experiments have
try at the surface which leads to a less effective quenching adhown that realistic values ofi andmg can be obtained with
the orbital moments by the crystal field. An orbital momentvery high sensitivity:51’
of up to four times the bulk value, depending on the bond Here we report XMCD measurements w§ and mg in
length, has been predicted for fausters in a rhombohedral exposed Fe clusters supported on highly oriented pyrolitic
arrangement. graphite(HOPGQ with sizes in the range 1-5 nfd0—-5000

The total magnetic moment in free Fe, Co, and Ni clustersatomsg as a function of their density on the surface. The
was determined as a function of size by measuring their deexperiment was conducted on beamline ID 12B of the ESRF,
flection in a Stern-Gerlach fieftf.” For large clusters, con- Grenoble on a helical undulator sour¢¢elios-) producing
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intense radiation of selectable helicity with an®83% de- 60
gree of circular polarization at the Reedge'® The mono-
chromatic light was obtained with a dragon type monochro- = 204
mator operated at an energy resolution of 0.2 eV. The é 40
measurements were madea 7 T cryomagnet with a base 8
pressure 0ok 2x 10™ °mbar. § 304
HOPG surfaces were prepared by cleaving in air and heat- 2
ing to ~250°C in a UHV sample preparation chamber with 2 204
a base pressure ofx110 *°mbar, before transferring into 2
the magnet. An earlier photoemission study has shown that 10~
any measurable contaminants can be removed by this )
techniquet® Fe cluster films were deposited on the substrates 06'95 B e s
in situ using a portable, UHV-compatible gas-aggregation (@) Photon energy (V)

cluster source, described elsewh&tattached to the magnet.
The substrate temperature was maintained at 10 K during the

film growth and all subsequent measurements. In some depo- 5] - 100
sitions, the clusters were size selected using a quadrupole

filter, axial with the beam, and capable of filtering masses up 07 -0 g
to 32 000 amu with a resolving power of up to 1(rrans- = 54 100 |
mission electron microscopyand scanning tunneling mi- [ &
croscopy(STM) (Refs. 21 and 2Rstudies of Fe and Mn § -10 - -200 %
particles deposited by this source have shown that the unfil- s 15 J
tered beam has an asymmetric log-normal size distribution 8 300 §
with the peak at 2.3 nm and a median diameter of 3.1 nm. 204 400 &
The cluster density on the surface could be determined by 254

integrating the drain current from a grid placed in the beam -500

T 1 1 I 1
during deposition, and from the XAS signal-to-background 695 705 715 725 135 745 755

ratio (edge jump. In the following, using a previous calibra- (b) Photon energy (eV)
tion, we have converted the integrated current to the equiva-
lent thickness, in A of a continuous Fe film. The random
error in the thickness measurement is 1% and the systematic
error is 15%. Results are presented for thicknesses in the
range 0.25 to 11.3 A which for 2.3 nm clusters corresponds
to a cluster coverage between approximately 2 and 90% as-
suming a close-packed layer.

The XAS spectra were obtained by measuring the total
sample drain current with the sample normal and applied
magnetic field parallel to the photon beam direction, thus
minimizing saturation effectS. Dichroism measurements
were taken by reversing either the field directidnor the

L; Intensity difference (arb. units)

photon spin polarizatiom. The data were flux normalized, 7082 7084 7086 7088 709 7002

and scaled to the same edge jump after subtraction of a linear ©) Photon Energy (V)

background, so that the measured dichroism is “per

atom.” 23 FIG. 1. (a) XAS spectra foM and ¢ antiparallel(full line) and

Normalized XAS spectrd(w) for parallel I,(w) and  parallel(broken ling, for a 1.1 A thick Fe cluster film. Also shown
antiparallell; | (w), H and o taken from a low densityl.1 s the step function used for background subtraction in the spin-
A) cluster film without mass-selection, are shown in Fig.averaged spectrurth) L3, XMCD spectrum and integrated XMCD
1(a). No shoulders, characteristic of contamination in thesignal, for 1.1 A(solid lines and 11.3 A(broken lines Fe cluster
clusters, are visible. Also, even at the lowest coverages studifms. (c) L3 XMCD spectra for a 0.25 A mass-selected fifsolid
ied (0.25 A), the spectra are smooth, lacking the detailedline), and for two unfiltered depositions with effective thicknesses
structure expected for an atomiclike ground Sfété’he of 1.1 A(dashed line, squar)eand 11.3 A(dashed line, CirC|QSTO
branching ratio(ratio of the L5 intensity to the totall facilitate the comparison thie; peak positions have been shifted to
+L, intensity averaged over both configuratipress well as ~ the same value.
the total intensity[proportional to the number of valence
band holes,, (Ref. 29], are constant to within 1 and 5%, branching ratio of thé 5 to theL, XMCD intensity is largest
respectively, with coverage. for low coverages, characteristic of an increased orbital to

Figure Xb) showsL , 3 XMCD spectra together with their spin magnetic moment ratio.
integrals, after normalizing the spectra as described earlier. Figure 1c) comparesL; XMCD spectra normalized to
Data is shown for unfiltered Fe cluster films at the minimumthe L, edge, for a cluster film with mass selection and two
and maximum densities studied and it is clear that thaunfiltered depositions. The size range in the mass-selected



474 K. W. EDMONDS et al. PRB 60

0.30 b L 2.00 coalesce into larger particles. We have confirmed this in a
T T _g _____________________ o' previousin situ STM study of Fe clusters on exposed and Ag
0.25-T &0 1 L terminated Si111) surfaces in collaboration with the Univer-
ot ! - 1.50 sity of Nottinghan?? The images show that in dense films
0.20_1 T\‘ B the clusters do not coalesce into fewer, larger entities.
;‘f I “-El 100 A Rather, touching particles distort so that they have flat areas,
£ o4l e ' E containing a significant proportion of the surface atoms, in
G % contact. A boundary line between them is, however, clearly
T g (o050 visible so that they can be considered as strongly interacting
0'10'___a B but separate grains. Further evidence that the clusters do not
form larger particles after landing is that the diameters of the
0.05 ; r ; ; 0.00

deposited particles measured from the STM imagafter
) correction for the tip radiyshave the same size distribution
coverage (A) as that measured in the free cluster beam by the massfilter.
FIG. 2. Orbital (squares and spin(circle9 moments obtained Although no |mages Wer.e taker! for .Fe.cIUfsters on HOPG
for the Fe cluster films. The filled points at 0.25 A coverage corre there was no difference in the size distribution between the

spond to a mass-selected deposition. The dashed lines are to aid ¥P0sed and Ag terminated($11) surface and we assume it

eye. Lines marked andb are them, andm, obtained for a thick Fe IS also the same in the present system.

film in Ref. 15. The value of (ns+7my) for the unfiltered cluster depo-
sitions increases slightly with coverage. If this were due to

film was restricted to 2.15 to 2.91 ni@41—1096 atons the spin mon.]ent. it would imply, contrar){ to all expectations
with a median diameter of 2.4 ni610 atoms The two for Ipw coqrdlnatlon systems, that the spin moment was Iow'-
unfiltered depositions show an identical line shape while tha@st in the isolated clusters. It is possible that the change is
of the mass-filtered sample is clearly narrower which wedue to a variation in the number of valence band halebut
ascribe to the reduced size range. Although this result doeas Stated earlier the total absorption cross section per atom
not reveal any magnetic information it is still important since (proportional ton,) remains constant with coverage to within

it is independent evidence that there is some difference in the% while the spir-dipole term changes by 10%. Our
morphology of the cluster films between unfiltered and massfavoured interpretation is that the increase ¢ 7my) is
filtered depositions. due to a decrease in the dipole mom@rposite to the spin

Absolute values fom; andmg can be obtained by appli- with mg remaining constant. We know from the previous
cation of the XMCD sum rules. For the calculation of the STM study? that in the unfiltered assemblies, 94% of the
intensity of [1;(w)+1; (»)] an integral step function particles are larger than 500 atoms, in which the spin mo-
[shown in Fig. 18)] was fitted to the spectrum to remove the ment in free clustefs’ has attained the bulk value. Thus
edge jumps. A value of 6.61 was used for ttie@&cupation  even for the isolated clusters the data is expected to show the
numberny,, as in Ref. 16. This is a reasonable choice al-bulk m, value. For the F@01) surfacé the dipole moment
though the clusters are likely to possess a modified banchas a magnitude of about 10% of the spin moment so, if our
structure compared to bulk Fe which affects the value,of  interpretation is correct, the magnitude of the change seen in
The white line intensity(proportional tony,), however, is  Fig. 2 would be produced by the dipole moment varying
constant to within 5% with increasing coverage and so thdrom the F¢001) surface value to almost zero. Since the
uncertainty inn, can only contribute a systematic error. An dipole moment is expected to be highest in low coordinated
extra term Ty, wheremy=—(T,)ug/h, occurs in the spin atoms, the change, as with the orbital moment, reflects the
sum rule(T,) being the expectation value of the magneticincreasing proportion of clusters in contact thus increasing
dipole moment. Although this term is negligible for systemsthe average atomic coordination. Previous electron yield
possessing cubic symmetry, it can become important at suXMCD measurements from continuous Fe filf$2>have
faces and interfacéd,and so must be considered for the Feyielded values of the ratim, /(ms+ 7my) comparable to the
cluster films. result reported here for the 11.3 A cluster film.

Figure 2 shows hown, and (ns+7ms) vary as a func- For the mass-filtered samples, the filter window was set to
tion of coverage in cluster films grown without mass selec-the range 2.15-2.91 nif#41-1096 atoms This wide set-
tion. Also shown are transmission XMCD data for thick Feting was in order to deposit a measurable quantity of material
films.1® The magnitude ofn, is very high at the lowest cov- in a short time to avoid contamination. The filtering function
erage and shows a significant variation as the density is ins a top hat so that the size distribution cuts off abruptly at
creased. For the 1.1 A film, the average cluster separation the limits of 441 atoms and 1096 atoms. Within this range
~12 nm so that the particles can be considered as isolated. the most probable size is 2.3 nfas in the unfiltered distri-
this sample the value ofy is a factor of 2 larger than in the bution) and the median size is 2.4 n(@10 atomg Another
11.3 A film in which the average separation+2 nm and important difference between the unfiltered and mass-filtered
the clusters are touching. Clearly the cluster-cluster interacdeposition is that in the latter case, the clusters are ionized
tions cause a quenching of the orbital moment and we asand accelerated to about 20 €Ref. 19 whereas the unfil-
cribe this to an increase in the average atomic coordinatiotered neutrals land with thermal energy. The free jet expan-
as clusters come into contact. It has been sHawat above  sion in our source is too weak to significantly accelerate the
a critical size, the clusters stay as separate entities and do ndusters.

0 25 5 75 10 12.5



PRB 60 DOUBLING OF THE ORBITAL MAGNETIC MOMENT IN . .. 475

The measured values of, and (ms+ 7my) for the mass-
selected film are shown in Fig. 2. The orbital moment is
smaller than in the lowest density unfiltered film which we
ascribe to the absence of small clusters below 440 atoms. It
is reasonable to assume that the enhancemant over the
bulk value is proportional to the fraction of surface atoms 0.2
which increases approximately as the inverse of the cluster T
diameter in the size range studied here. Removing the small- T l'[
est clusters will thus tend to lower the average valuenpf

Themg+ 7m; term measured for the mass-selected film is 0.15 ll
around 15%smallerthan the average value obtained for the
unfiltered samples. The clusters in this film are sufficiently ' J T I T
large that again, the spin moment will not be measurably
larger than the bulk Féor the dense cluster filprvalue. It is Coverage (A)
possible that a decrease in the spin moment occurs as a result ) o ,
of a structural change in the particles, for example to the fcg_ F'G- 3- Remanence to saturation magnetization ratio versus
or hep phase induced by the higher impact energy. We rul |cknes_s qf unfiltered Fe cluster fllms_, measure_d using XMCD.
this out however since if it occurred we would measure %Oot;eg line: M, /Ms measured for a thick MBE film grown on
significantly different XAS line shape compared to the unfil- '

tered clusters rather than the slight narrowing observed. A§ 3 \m is 1 K assuming the bulk Fe anisotropy constant

in the case of the unfiltered films we ascribe the change ire4_5>< 10* Jm™3) or 8 K using the published value for nano-

ms+7my to be due to the dipole moment. _ scale Fe grains in AD; (10°Jm3).28 If all the particles
The changes imy andm, when comparing low density \yere this size and were noninteracting, therefore, we would

mass-filtered and unfiltered depositions is in contrast to thosg expect to measure a remanent magnetization at 10 K. We
observed for increasing density unfiltered films. In the lattefyg ieye the remanence arises from the fact that there is a size
case the variation in the orbital and dipole moments Withyigyripytion and as the coverage is increased the larger clus-
coverage is due to the increasing average atomic coordingars which are below their blocking temperature, will inter-
tion which decreases the value of both moments. In the, ¢ ith and magnetizéby the exchange interactipsmaller
mass-selected deposition we detect, relative to the loweglsiers which, if isolated, would be above their blocking
density unfiltered film anncreaseddipole moment and & (emperature. An alternative explanation is that the perpen-
decreasedrbital moment. This detracts from the possibility §icyiar remanent magnetization is due to the roughness-
that the changes are due to an increased mobility and coalegsjateq anisotropy of the cluster-generated film. A previous
cence of the mass-selected ions Since in that case we WOUtiagnetic linear dichroism experimé@hthich measured the
expect both moments to decrease as in the case of the high§rjane remanence as a function of cluster coverage showed
density neutral depositions. We therefore ascribe this chang@e same trend as in Fig. 3. The result is therefore indepen-
to the increased impact energy producing exira distortion OQent of the magnetization direction and we rule out the alter-
landing which will increase the average asymmetry of the,ative model.
crystal field around_the_ atoms without s_|gn|f|c§1ntly affec_:tlng In conclusion we have demonstrated that isolated nanos-
the average coordination. The result is an increase in thg;ie Fe clusters. either size-selectedh nm or with a log-
magnetic dipole term producing the low valueraf+7mr - 5ma| size distribution peaking at 2.3 nm, supported on
but not the orbital moment. This is a significant finding sinceopg have an orbital magnetic moment a factor of two
it indicates that by varying the impact energy we can havey eater than the bulk value. This decreases with cluster den-
independent control of attributes such as the dipole mome ity on the surface and converges to the bulk value when the
. . i e Riusters are in contact. The measured spin momgrior the
is able to probgT,) with a high sensitivity in a system of itered clusters is, to within experimental error, indepen-
randomly oriented particles. Methods which meastife)  gent of coverage. We thus attribute the increased value of
d|rec§ly wo_uld require that the clusters all had the same oriyy 5 |ess effective quenching by the crystal field due to the
entation with respect to the substrate. reduced average atomic coordination. The mass-filtered film
Hysteresis curves can be measured using XMCD, by me&spq\ys 4 lower value ah,+ 7my than the unfiltered deposi-

suring the XAS intensity at thes edge as a function of the ionq \which we ascribe to an increase in the magnetic dipole
applied field strength, at a fixed photon polarization. Out-of-y,o ment due to the higher energy of the ions producing a

plane hysteresis loop§.e., measured with the sample sur- greater distortion on impact with the surface. The cluster

face normal to the photon beamave a similar shape for all g exhibit remanence which increases with cluster density
cluster films, with the magnetization saturating=e T and 54 js a result of larger clusters below their blocking tem-

a coercivity of less than 0.1 T. perature interacting with and magnetising smaller clusters

The ratio of remanence to saturation magnetization, meggpic if isolated would be above their blocking temperature.
sured in the out-of-plane direction, is shown in Fig. 3, for

various cluster film densities. All unfiltered depositions stud- We gratefully acknowledge EPSRC support on Grant No.
ied during this experiment showed a small but measurabl&R L 88931 for the transport of the cluster source to
remanence, which increases per atom with coverage. Th@renoble and the expert technical assistance provided by
blocking temperature of isolated clusters with a diameter oKenneth Larsson during the experiment.
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