RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 59, NUMBER 2 1 JANUARY 1999-11

Theoretical suggestion for experimental detection of magnetism in atomic clusters
by photon scattering
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We suggest that the large magnetic moments carried by atomic clusters of man@anesemple, 25 bohr
magnetons for Mg cluste) may be detected by means of polarized optical spectroscopic methods even on a
semiconducting substrate. Our estimate for the magnetic part of the cross section; fdusder is of the order
of 1078, including possible resonance contribution from states near the highest occupied molecular orbital
state of the cluster. This appears to be well within the accuracy of current spectroscopic techniques.
[S0163-182609)50402-5

Ever since the first suggestion by Platzman and Tzoarciple, one expects changes in the geometry and magnetic
almost three decades ago that magnetic structures may Istructure of the clusters when the clusters are deposited on a
experimentally observed by means of x-ray scattefgym-  substrate. Only when the magnetic clusters have large mag-
chrotron radiation much progress has been made in makingnetic moments when formed on a substrate we would have
this a quantitative tool in experimentally studying a variety interesting possibilities for practical application of such sys-
of magnetic structures such as spiral, antiferromagnetic, an@ms. The reader should note this caveat concerning the mag-
ferromagnetic spin arrangements on crystal lattices. This ig§€tic structure of clusters formed on semiconductor surfaces.

largely due to the subsequent experimental and theoreticl view of the growing interest in processing such large mag-
works of de Bergevin and Brunland Blume and Gibb?. netic moments in some novel magnetic device structtfis,

For a comprehensive account of this work and its applica-

is of importance to first determine experimentally if these
tions to magnetism of bulk systems, one may refer to thecluster:s indeed carry such large magnetic moments. While
recent book of Balcar and Loves&yn the last decade or so,

magnetic force microscopy has been used to image im-
nanostructure materidl§ and clusters of atomshave been planted much larger numbers of Mn atoms in the presence of
shown to exhibit various geometric structures and more im

a magnetic field,or use of scanning tunneling microscope to
. , study geometrical features of magic structutésseems es-

portantly of current interest, unusually large magnetic Moo iial'to find an experimental method for determining the
ments. Most recently, direct observation of magic clusterg,agnetism of clusterper seof the type predicted theoreti-
which are special sizes of clusters with enhanced stab|I|ty(,:a||y in Ref. 7. In this paper we suggest a direct optical
has been reportéavhere the clusters were formed on a sub-method for detecting such phenomena, arising out of the ear-
strate of silicon(111) surface. lier work.22 This method in conjunction with other methods

In Ref. 7, the possibility of magnetism and associatedsych as synchrotron radiation, electron spin reson&nse;
geometrical structures of clusters of Mn and MnO in freeperconducting quantum interference device magnetormétry,
space was theoretically investigated. The authors found largetc. (most of which have so far examined clusters in rare-gas
magnetic moments for cluster sizes of five to ten atoms. Immatrice$ will provide additional support to clear experimen-
particular, they found Mn clusters up to five atoms retaintal determination of magnetic behavior of supported mag-
their atomic magnetic moments (Mmcts as a single unit netic cluster systems.
and carries a magnetic moment ofi25). MnO clusters up We begin by recalling the expression for the cross section
to nine complexes exhibit similar large moments but dependbor scattering of photoné rays from an initial state k\) to
on geometric structure of the cluster. Concomitantly thea final|k’\’) by a magnetic structure as worked out in Refs.
magnetic scattering cross section from such clusters is ex and 3:
pected to be quite significant, being proportional to the 42
square of the magnetic moment. These estimates of magnetic___

moments for the free standing clusters may be expected né2 dE|x—x’

to change too much when the clusters are deposited on a a-b

semiconductor substrate, such ag1$i). The choice of e? 12

Si(111) was based on lowest dangling-bond density so that  =| 5 O(Ea—Ep—Trow +Tiwy)

the magnetic structure of the Mn clusters may be expected to

be least affected. Moreover, there is a recent theoretical cal- ' if wy

culation of a study of Mn clusters on A@01) substrat€:the X <b > ek a> & & —

results reported therein suggests other possibilities. In view i mc

of the accuracy of their calculations and the remark on the i(KxP)-C 2
electronic structure of §111) mentioned above, it is sugges- iK1 177 3

. .. . . X b e ] 2 +§ B)\)\’ a ’ (1)
tive that our anticipation may be a reasonable one. In prin- f nk
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whereB,, =&,/ X &+ (k' X &) (k' - &) — (kx &) (k-&,,) inthe form
— (k"X &, )X (kx &) andC,, = &, X &, . Here|b) and|a)

are eigenstates of the Hamiltonian of the magnetic system d2¢
with eigenvalue£,, Ey, respectivelyg, , €,, are unitvec- g 'dE|,_,:
tors of the polarizations of the incoming and outgoing pho- a—b
tons with corresponding frequencieg, w,’, andA\ is the

index denoting the two polarization directions.k’ are the

wave vectors(carets on these denote unit vecjood the

incident and scattered photons wkh=k—k' their momen-
tum transfer, an@ is the spin-density vector. The sum pn

2 12

5( Ea_ Eb_ ﬁa)kr +ﬁwk)

e

== (blpT(K)|a)(2,- &)

2

i (pt
indicates the contributions from all the elements, charge and 17wy <b"(P (K)XK)- Gy S'(K)-By, a>
spin components located at the gitevhich participate in the mc? fik? M
scattering. The expressiofl) can be rewritten using the
Fourier transforms of the charge, spin, and momentum den- (3)
sities:
. . In Eq. (3), using the integral form of the Dirac delta function
— —iK-r; _ —iK-r;
P(K)_g e ", S(K)_g Se """ and and statistical ensemble of electron states represented by the
density matrixP,, the cross section for scattering of incident
P(K)= E 2 (PjefiK-rj_FefiK-rij) ) photgns of polarizat_iorisA _to scattered photons of polariza-
2 tion g,,, may be written in the formd= wy— wy)

d?c 2

dQ'dE

e

2
= —s i fw dte—ia)t
mc| 2wk J_.

i .
X{Ea: Pa<a|P(K)PT(K,t)|a>('§>\' E\)*(E\-8\/)+ Im_wc; # <a|P(K)[(PT(K1t)XK)'Cm']|a>(é>\' &)*

A—N'

iﬁwk + R R % ihwk i * t n~ A
_W<a|P(K)(S (K,t)-Byy) @) (&, &) _WW<3|[C;\M'(KXP(K))]P (K, D]a)(&,- &)

iﬁwk 2 1 * T
+(m_c2_) 7z (al[Cl - (KXP(K)L(PT(K, 1) X K) - Cy ]]a)
i
(Im—wczk) ﬁkz<al[cw (KXP(K))I(S'(K,t)-By,») |a>+ <a|<BW S(K))p'(K,D)a)(2y &1/
i) 2 i . ) A t
(W) 712 @B - SIK)LPT(K, ) XK) - CyyJ[a) = | =z | (al(By,, - SK)(S'(K,1)-Byy)[a) -

(4)

In the above, the time dependence of various operators appear while manipulating the cross section with the use of the
Heisenberg representation when summing over the stigs This expression can then be expressed in terms of correlation
functions of various type¥ x, o, Xo,p» Xo,s» Xp.o Xs,00 Xpp» Xs,s» Xs,p» @nd xps; the first one corresponds to the scalar
correlation of the charge densities; the next two correspond to vector correlation functions associated with the charge density
and vector momentum density and vector spin-density correlations; the next two are similar vector correlations where the roles
are reversed; and the last four are second-order tensor correlation functions associated with the two vector densities of
momentum and spin:

d?c B
dQ'dE N

21?2 1 Ihwk

e % . i
57 f_mdte_'wt(Xo,o(K,t)(éA‘éw)*(éx'éx) me 7K ((Xo,p(K, 1) XK) - Cy\ 1) (8- &))"

mc

|fka i iﬁwk A * iﬁ(})k %
mCZ ﬁk2 {C)\)\r [KxXpo (K t)]}(s)\ &)~ C2 (Xo,s(Kat)'B)\)\')(s)\'s)\’) +WBMI'XS,0(KJ)

iﬁwk Iﬁwk | %
™ WCM\’ (KX Xp,s(K,1))-Byyr + v 712 B (Xs p(K D XK) - Cy

X(&\- &)+

iﬁwk

Ihwk 2 1 % 2 %
+ mc2 WC)\)\"(KXXp,p(K!t)XK)'CM\’_ W B)\)\,~XS'S(K,t)~B)\)\r . (5)
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TABLE |. Various quantities appearing in E¢5) for different configurations of incident and scatter@dp) linearly and(bottom
circularly polarized light.

Configuration £, - & By Cyn

Linear polarization

g8 cos ¥ sin 200, —sin 260,
& —e| ¢} 2 sirf #(sin 80— cos6U;) (cos@U; +sin 6Us3)
g —8 0 2 sir? é(sin 805+ cos 6U;) (—cos 80, +sin 605)
g, —E& 1 sin 200, o

Circular polarization
Br— 4 —sirf 9 2i sin® 60, sin 6(—cos U, +iUs)
-y cog 6 sin 20(0,+i sin 60,) —cosé(sin 6U,+iU0,)
&8 —eh cog 6 sin 20(0,—i sin 60,) —cosé(sin 60,—iU0,)
8 —8 —sir? 6 —2i sin® 60, —sin 6(cos 60U, +iU5)

We have thus expressed the cross section for scattering of Experimentally, one measures the ratio
light by a magnetic system in terms of the Fourier transforms
of the various time-dependent correlation functions. In this AR/R=(R;—R,)/(R;+Ry), (6)
form, the complete dynamical as well as spatial information
concerning the effects of many-particle interactions withinwhere R; (proportional to the cross sectjpstands for the
the system are included and thus an experimental determinntensity of specularly reflected light for a chosen configura-
tion of the cross section would contain complete informationtion i of the incident and reflected polarizations of light, as
about the system. Theoretically these must be calculated igiven in Table | which is set up using the convention of
detail, as in Ref. 13, for example. For a paramagnetic systerBlume and Gibb%as shown in Fig. 1. Often one chooses two
such as bulk Li metal, the expression containing only the lastonfigurations such that the difference in the numerator con-
term given in Eq.(5) including spin-spin correlation was tains the information about the important features of the sys-
reported in Ref. 14. The effect of electron interactions in Litem under consideration. Experimentally, this is achieved
metal was incorporated in evaluating this spin-spin correlathrough the use of near normal incidence reflection. There
tion function within random-phase approximatigRPA). are two separate schemes that achieve the desired result. In
We may evaluate the quality of the approximations made irthe first case one uses polarizers on the incident and reflected
theoretical calculations such as RPA by a comparison witlbranches of the optical bench. The polarizations are orthogo-
the experimental results. We note that for magnetic systemsal to each other and hence will only measure a signal if
of the types we are interested in bulk itinerant magnetic metsample has a preferred polarization. The sensitivity of this
als, Eq.(5) contains all possible spin contributions and asmethod is ultimately determined by the extinction ratio of the
such is a completely general expression for scattering frompolarizers, which is 10° for high quality components.
magnetic systems and is thus more appropriate to use. The A more elegant method of detecting polarization differ-
effects of electron interactions within the system must therences is based on the reflectance difference anisotropy tech-
be incorporated when evaluating the various correlatiomique that is commonly used in the study of semiconductor
functions by employing techniques of many-particle theorygrowth by molecular-beam epitaxy or chemical vapor
as stated above. depositiont®> These techniques involved a polarization
A few comments on the significance of E§) may be in  modulator which is either a rotating analyzer or a photoelas-
order. Our interest here is the experimental determination ofic modulator(PEM). The common idea is to periodically
magnetism of clusters of atoms. keV energy x rays from ahange the state of the polarization between the two orthogo-
synchrotron radiation source may be too energetic to probaal components and to use phase sensitive detection to ex-
properties of the cluster. We therefore approach this problerract the differences as shown in ). The rotating ana-
by optical spectroscopic methods, whose accuracy todalyzer system is limited to linear polarizations, while the
may suffice for our purposes, as we will argue here. Fophotoelastic modulator based system can measure both
typical laser wavelengths of the order of (5630 ° cm lineart® and circular dichroism® These techniques are ca-
used in modern spectroscopy, we finlle/mc?)~(5-4)  pable of detecting the linear polarization anisotropy of less
X 10" ®. In magnetic clusters of My according to Ref. 7, than? of a monolayer of Ga deposited on a viscinal surface
magnetization of the cluster is estimated to beeg5and is  of Si.l” In these experiments, values &AR/R of order 10°°
almost twice this in a My cluster. Thus the interference were easily detected. It is believed that at least an order-of-
terms in Eq{(5) would be of the order of 10*. By including  magnitude improvement over this is possible. This would
resonance contribution involving the states lying close to thelace the sensitivity within the range required to detect the
highest occupied molecular orbitdHOMO) state and the magnetization in the clusters.
lowest unoccupied molecular orbitdlUMO) state of the In Eq. (5), we note that the largest contribution to the
cluster, we may estimate a further facton/I'~ 10, leading cross section arises from the Thomson scattering from the
to an estimate of the cross section to be of the order 6f10 charge distribution which is not our primary interest here.
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tions, and(iii) the numerator does not and the denominator
has Thomson contribution. From Table | we observe that for
linear polarization, the first and the last polarization configu-
rations are of typdi) whereas the middle pairs are of type
(ii). For circularly polarized light, the first and the last or the
middle two, are both of typéii), thus focusing on the spin
contributions of our interest. Furthermore, in an experiment
involving circular polarization the linedi(% o/mc?)(S)} in-

4 {‘Jl terference terms contribute whereas in the linear polarization
U, | in type (ii) configuration would involve the quadratic
Us {[(hw/mc)(S)]?} terms only.

Additionally, calculation5 show that the electronic states
of the Mn, clusters are such that the HOMO to LUMO sepa-
ration is about 2—3 eV. Furthermore, the LUMO levels for
x=3,4 are nearly degenerate pairs of states. This opens up
FIG. 1. The scattering geometry of Blume and GittBef. 3.  the possibility of performing visible-light spectroscopy of the
k,k’' are the incident and the scattered wave vectors withttee  clusters and obtaining specific information about their elec-
scattering angleg, and#, are the components of the polarization tronic structure, because the electronic structure is different
perpendicular and parallel to the diffraction plane spannedipy for different spin states and different cluster siges There-
= (k+K')/2 cose, U,=(kxK')/sin 20, U3= (k—k')/2 sing. with  fore reflectance difference spectroscopy would be very use-
this, we have &=sin60,—cosoUs, & =—U,, & =(sine0, ful in completely understanding the clusters and their mag-

+cosbUs), &, =—"U,. netization.
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