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Theoretical suggestion for experimental detection of magnetism in atomic clusters
by photon scattering
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~Received 19 August 1998!

We suggest that the large magnetic moments carried by atomic clusters of manganese~for example, 25 bohr
magnetons for Mn5 cluster! 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 for Mn5 cluster is of the order
of 1026, 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.
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Ever since the first suggestion by Platzman and Tzo1

almost three decades ago that magnetic structures ma
experimentally observed by means of x-ray scattering~syn-
chrotron radiation!, much progress has been made in mak
this a quantitative tool in experimentally studying a varie
of magnetic structures such as spiral, antiferromagnetic,
ferromagnetic spin arrangements on crystal lattices. Thi
largely due to the subsequent experimental and theore
works of de Bergevin and Brunel,2 and Blume and Gibbs.3

For a comprehensive account of this work and its appli
tions to magnetism of bulk systems, one may refer to
recent book of Balcar and Lovesey.4 In the last decade or so
nanostructure materials5,6 and clusters of atoms7 have been
shown to exhibit various geometric structures and more
portantly of current interest, unusually large magnetic m
ments. Most recently, direct observation of magic clust
which are special sizes of clusters with enhanced stabi
has been reported8 where the clusters were formed on a su
strate of silicon~111! surface.

In Ref. 7, the possibility of magnetism and associa
geometrical structures of clusters of Mn and MnO in fr
space was theoretically investigated. The authors found la
magnetic moments for cluster sizes of five to ten atoms
particular, they found Mn clusters up to five atoms reta
their atomic magnetic moments (Mn5 acts as a single uni
and carries a magnetic moment of 25mB). MnO clusters up
to nine complexes exhibit similar large moments but dep
on geometric structure of the cluster. Concomitantly
magnetic scattering cross section from such clusters is
pected to be quite significant, being proportional to t
square of the magnetic moment. These estimates of mag
moments for the free standing clusters may be expected
to change too much when the clusters are deposited o
semiconductor substrate, such as Si~111!. The choice of
Si~111! was based on lowest dangling-bond density so t
the magnetic structure of the Mn clusters may be expecte
be least affected. Moreover, there is a recent theoretical
culation of a study of Mn clusters on Ag~001! substrate;9 the
results reported therein suggests other possibilities. In v
of the accuracy of their calculations and the remark on
electronic structure of Si~111! mentioned above, it is sugges
tive that our anticipation may be a reasonable one. In p
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ciple, one expects changes in the geometry and magn
structure of the clusters when the clusters are deposited
substrate. Only when the magnetic clusters have large m
netic moments when formed on a substrate we would h
interesting possibilities for practical application of such sy
tems. The reader should note this caveat concerning the m
netic structure of clusters formed on semiconductor surfa
In view of the growing interest in processing such large m
netic moments in some novel magnetic device structures,10 it
is of importance to first determine experimentally if the
clusters indeed carry such large magnetic moments. W
magnetic force microscopy has been used to image
planted much larger numbers of Mn atoms in the presenc
a magnetic field,6 or use of scanning tunneling microscope
study geometrical features of magic structures,8 it seems es-
sential to find an experimental method for determining
magnetism of clustersper seof the type predicted theoreti
cally in Ref. 7. In this paper we suggest a direct optic
method for detecting such phenomena, arising out of the
lier work.2,3 This method in conjunction with other method
such as synchrotron radiation, electron spin resonance,11 su-
perconducting quantum interference device magnetomet12

etc.~most of which have so far examined clusters in rare-
matrices! will provide additional support to clear experimen
tal determination of magnetic behavior of supported m
netic cluster systems.

We begin by recalling the expression for the cross sec
for scattering of photons~x rays! from an initial stateukl& to
a final uk8l8& by a magnetic structure as worked out in Re
2 and 3:

d2s

dV8dE
U

l→l8
a→b

5F e2

mc2G2

d~Ea2Eb2\vk81\vk!

3ZK bU(
j

eiK•r jUaL «̂l•«̂l82
i\vk

mc2

3K bU(
j

eiK•r jF i ~K3Pj !•Cll8

\k2 1Sj•Bll8GUaL Z2, ~1!
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whereBll85«̂l83«̂l1( k̂83«̂l8)( k̂8•«̂l)2( k̂3«̂l)( k̂•«̂l8)
2( k̂83«̂l8)3( k̂3«̂l) andCll85«̂l83«̂l . Hereub& and ua&
are eigenstates of the Hamiltonian of the magnetic sys
with eigenvaluesEa , Eb , respectively,«̂l , «̂l8 are unit vec-
tors of the polarizations of the incoming and outgoing ph
tons with corresponding frequenciesvk , vk8, andl is the
index denoting the two polarization directions.k, k8 are the
wave vectors~carets on these denote unit vectors! of the
incident and scattered photons withK5k2k8 their momen-
tum transfer, andS is the spin-density vector. The sum onj
indicates the contributions from all the elements, charge
spin components located at the sitej, which participate in the
scattering. The expression~1! can be rewritten using the
Fourier transforms of the charge, spin, and momentum d
sities:

r~K !5(
j

e2 iK•r j , S~K !5(
j

Sje
2 iK•r j and

P~K !5
1

2 (
j

~Pje
2 iK•r j1e2 iK•r j Pj ! ~2!
m

-

d

n-

in the form

d2s

dV8dEUl→l8
a→b

5F e2

mc2G2

d~Ea2Eb2\vk81\vk!Z^bur†~K !ua&(«̂l•«̂l8)

1
i\vk

mc2 K bU i ~P†~K !3K !•Cll8
\k2 2S†~K !•Bll8UaL Z2.

~3!

In Eq. ~3!, using the integral form of the Dirac delta functio
and statistical ensemble of electron states represented b
density matrixPa , the cross section for scattering of incide
photons of polarization«̂l to scattered photons of polariza
tion «̂l8 , may be written in the form (v5vk2vk8)
se of the
tion

lar
e density
the roles
nsities of
d2s

dV8dEU
l→l8

5F e2

mc2G2 1

2p\ E
2`

`

dte2 ivt

3H(
a

Pa^aur~K !r†~K ,t !ua&~ «̂l•«̂l8!* ~ «̂l•«̂l8!1
i\vk

mc2

i

\k2 ^aur~K !@~P†~K ,t !3K !•Cll8#ua&~ «̂l•«̂l8!*

2
i\vk

mc2 ^aur~K !~S†~K ,t !•Bll8!ua&~ «̂l•«̂l8!* 2
i\vk

mc2

i

\k2 ^au@Cll8
*

•~K3P~K !!#r†~K ,t !ua&~ «̂l•«̂l8!

1S i\vk

mc2 D 2 1

\2k4 ^au@Cll8
*

•~K3P~K !!#@~P†~K ,t !3K !•Cll8#ua&

1S i\vk

mc2 D 2 i

\k2 ^au@Cll8
*

•~K3P~K !!#~S†~K ,t !•Bll8!ua&1
i\vk

mc2 ^au~Bll8
*

•S~K !!r†~K ,t !ua&~ «̂l•«̂l8!

1S i\vk

mc2 D 2 i

\k2 ^au~Bll8
*

•S~K !!@~P†~K ,t !3K !•Cll8#ua&2S i\vk

mc2 D 2

^au~Bll8
*

•S~K !!~S†~K ,t !•Bll8!ua&J .

~4!

In the above, the time dependence of various operators appear while manipulating the cross section with the u
Heisenberg representation when summing over the states$ub&%. This expression can then be expressed in terms of correla
functions of various types,13 xo,o , xo,p , xo,s , xp,o xs,o , xpp , xs,s , xs,p , andxp,s ; the first one corresponds to the sca
correlation of the charge densities; the next two correspond to vector correlation functions associated with the charg
and vector momentum density and vector spin-density correlations; the next two are similar vector correlations where
are reversed; and the last four are second-order tensor correlation functions associated with the two vector de
momentum and spin:

d2s

dV8dEU
l→l8

5F e2

mc2G2 1

2p\ E
2`

`

dte2 ivtH xo,o~K ,t !~ «̂l•«̂l8!* ~ «̂l•«̂l8!1
i\vk

mc2

i

\k2 „~xo,p~K ,t !3K !•Cll8…~ «̂l•«̂l8!*

2
i\vk

mc2

i

\k2 $Cll8
*

•@K3xQ p,o~K ,t !#%~ «̂l•«̂l8!2
i\vk

mc2 ~xo,s~K ,t !•Bll8!~ «̂l•«̂l8!* 1
i\vk

mc2 Bll8
*

•xs,o~K ,t !

3~ «̂l•«̂l8!1S i\vk

mc2 D 2 i

\k2 Cll8
*

•~K3xp,s~K ,t !!•Bll81S i\vk

mc2 D 2 i

\k2 Bll8
*

•~xs,p~K ,t !3K !•Cll8

1S i\vk

mc2 D 2 1

\2k4 Cll8
*

•~K3xp,p~K ,t !3K !•Cll82S i\vk

mc2 D 2

Bll8
*

•xs,s~K ,t !•Bll8J . ~5!
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TABLE I. Various quantities appearing in Eq.~5! for different configurations of incident and scattered~top! linearly and~bottom!
circularly polarized light.

Configuration «̂l•«̂l8 Bll8 Cll8

Linear polarization
«̂i→«̂i8 cos 2u sin 2uÛ2 2sin 2uÛ2

«̂i→«̂'8 O 2 sin2 u(sinuÛ32cosuÛ1) (cosuÛ11sinuÛ3)

«̂'→«̂i8 O 2 sin2 u(sinuÛ31cosuÛ1) (2cosuÛ11sinuÛ3)
«̂'→«̂'8 1 sin 2uÛ2

O

Circular polarization

«̂R→«̂R8 2sin2 u 2i sin3 uÛ3 sinu(2cosuÛ21 i Û3)

«̂R→«̂L8 cos2 u sin 2u(Û21 i sinuÛ1) 2cosu(sinuÛ21 i Û1)

«̂L→«̂R8 cos2 u sin 2u(Û22 i sinuÛ1) 2cosu(sinuÛ22 i Û1)

«̂L→«̂L8 2sin2 u 22i sin3 uÛ3 2sinu(cosuÛ21 i Û3)
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We have thus expressed the cross section for scatterin
light by a magnetic system in terms of the Fourier transfor
of the various time-dependent correlation functions. In t
form, the complete dynamical as well as spatial informat
concerning the effects of many-particle interactions with
the system are included and thus an experimental determ
tion of the cross section would contain complete informat
about the system. Theoretically these must be calculate
detail, as in Ref. 13, for example. For a paramagnetic sys
such as bulk Li metal, the expression containing only the
term given in Eq.~5! including spin-spin correlation wa
reported in Ref. 14. The effect of electron interactions in
metal was incorporated in evaluating this spin-spin corre
tion function within random-phase approximation~RPA!.
We may evaluate the quality of the approximations made
theoretical calculations such as RPA by a comparison w
the experimental results. We note that for magnetic syst
of the types we are interested in bulk itinerant magnetic m
als, Eq.~5! contains all possible spin contributions and
such is a completely general expression for scattering f
magnetic systems and is thus more appropriate to use.
effects of electron interactions within the system must th
be incorporated when evaluating the various correlat
functions by employing techniques of many-particle theo
as stated above.

A few comments on the significance of Eq.~5! may be in
order. Our interest here is the experimental determinatio
magnetism of clusters of atoms. keV energy x rays from
synchrotron radiation source may be too energetic to pr
properties of the cluster. We therefore approach this prob
by optical spectroscopic methods, whose accuracy to
may suffice for our purposes, as we will argue here.
typical laser wavelengths of the order of (5 – 6)31025 cm
used in modern spectroscopy, we find (\v/mc2)'(5 – 4)
31026. In magnetic clusters of Mn5, according to Ref. 7,
magnetization of the cluster is estimated to be 25mB , and is
almost twice this in a Mn10 cluster. Thus the interferenc
terms in Eq.~5! would be of the order of 1024. By including
resonance contribution involving the states lying close to
highest occupied molecular orbital~HOMO! state and the
lowest unoccupied molecular orbital~LUMO! state of the
cluster, we may estimate a further factor\v/G'10, leading
to an estimate of the cross section to be of the order of 1026.
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Experimentally, one measures the ratio

DR/R5~R12R2!/~R11R2!, ~6!

where Ri ~proportional to the cross section! stands for the
intensity of specularly reflected light for a chosen configu
tion i of the incident and reflected polarizations of light,
given in Table I which is set up using the convention
Blume and Gibbs3 as shown in Fig. 1. Often one chooses tw
configurations such that the difference in the numerator c
tains the information about the important features of the s
tem under consideration. Experimentally, this is achiev
through the use of near normal incidence reflection. Th
are two separate schemes that achieve the desired resu
the first case one uses polarizers on the incident and refle
branches of the optical bench. The polarizations are ortho
nal to each other and hence will only measure a signa
sample has a preferred polarization. The sensitivity of t
method is ultimately determined by the extinction ratio of t
polarizers, which is 1025 for high quality components.

A more elegant method of detecting polarization diffe
ences is based on the reflectance difference anisotropy t
nique that is commonly used in the study of semiconduc
growth by molecular-beam epitaxy or chemical vap
deposition.15 These techniques involved a polarizatio
modulator which is either a rotating analyzer or a photoel
tic modulator ~PEM!. The common idea is to periodicall
change the state of the polarization between the two ortho
nal components and to use phase sensitive detection to
tract the differences as shown in Eq.~6!. The rotating ana-
lyzer system is limited to linear polarizations, while th
photoelastic modulator based system can measure
linear15 and circular dichroism.16 These techniques are ca
pable of detecting the linear polarization anisotropy of le
than 1

6 of a monolayer of Ga deposited on a viscinal surfa
of Si.17 In these experiments, values ofDR/R of order 1025

were easily detected. It is believed that at least an order
magnitude improvement over this is possible. This wou
place the sensitivity within the range required to detect
magnetization in the clusters.

In Eq. ~5!, we note that the largest contribution to th
cross section arises from the Thomson scattering from
charge distribution which is not our primary interest he
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The rest of the terms contain information about the spin
momentum distributions in the system and occur in t
forms, four terms proportional to (\v/mc2)^S& arising from
interference between charge and spin/momentum terms,
four others proportional to@(\v/mc2)^S&#2 due to spin/
momentum terms. From Eq.~6! we observe that there ar
three possible types of configurations:~i! both numerator and
denominator contain the Thomson contribution,~ii ! both nu-
merator and denominator do not contain charge contr

FIG. 1. The scattering geometry of Blume and Gibbs~Ref. 3!.

k̂,k̂8 are the incident and the scattered wave vectors with 2u, the
scattering angle.«̂' and «̂i are the components of the polarizatio

perpendicular and parallel to the diffraction plane spanned byÛ1

5( k̂1 k̂8)/2 cosu, Û25( k̂3 k̂8)/sin 2u, Û35( k̂2 k̂8)/2 sinu. With

this, we have «̂i5sinuÛ12cosuÛ3 , «̂'52Û2 , «̂i85(sinuÛ1

1cosuÛ3), «̂'8 52Û2 .
st

P

d

nd

-

tions, and~iii ! the numerator does not and the denomina
has Thomson contribution. From Table I we observe that
linear polarization, the first and the last polarization config
rations are of type~i! whereas the middle pairs are of typ
~ii !. For circularly polarized light, the first and the last or th
middle two, are both of type~iii !, thus focusing on the spin
contributions of our interest. Furthermore, in an experim
involving circular polarization the linear$(\v/mc2)^S&% in-
terference terms contribute whereas in the linear polariza
in type ~ii ! configuration would involve the quadrati
$@(\v/mc2)^S&#2% terms only.

Additionally, calculations7 show that the electronic state
of the Mnx clusters are such that the HOMO to LUMO sep
ration is about 2–3 eV. Furthermore, the LUMO levels f
x53,4 are nearly degenerate pairs of states. This open
the possibility of performing visible-light spectroscopy of th
clusters and obtaining specific information about their el
tronic structure, because the electronic structure is differ
for different spin states and different cluster sizes~x!. There-
fore reflectance difference spectroscopy would be very u
ful in completely understanding the clusters and their m
netization.
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