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The extraordinary Hall effeqEHE) in ferromagnetic samples is generally attributed to scatterings of iterant
electrons in the presence of spin-orbit interactions. In this work, our study of the thickness dependence of the
EHE in the(NiggFex0)y(Si0,)1-, system showed the spontaneous Hall resistiyﬁyto be quite independent of
the film thickness while the Hall coefficierRRg (Epfy/MS, whereMg is the saturated magnetizatjpincreased
monotonically owing to a depression hs. We point out that the independence@ with reducing thickness
could arise if the morphological structure of the sample becomes two dimensional with decreasing film
thickness, which is expected from classical percolation theory. We also find {(NtgEe0),(Si0,) -, system
(with varying x) that pfyoc py Wherey=0.53, which disagrees with the value of 2 frequently attributed to the
side jump effect, but which can be explained in terms of the more generaImepXXAye/Aso, whereA is
the side jump displacement amd;g is the spin-orbit mean free path.
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I. INTRODUCTION NiggFe,y and (NigoFep)o ASiO,)g 3 With decreasing thick-
ness. The significantly smaller changepif} is understand-
Extensive studies have been carried out on heterogeneousle from the results of classical percolation theory that the
magnetic multilayers and granular systems for their potentiah? of a metal-insulator composite should become constant as
application as giant magnetoresistance materials. It is wethe sample structure becomes two-dimensigai).5-1 We
documented that surface and interface scatterings could haenfirm this 2D phenomenon ifiNiggFeso),(SiOy);-, by
strong effects on the magnetotransport properties of thesghowing that a plateau ipS, indeed occurs as thin films of
systems:® In typical approaches to stu_dying the_effect of (NiggFer)«(SiO,);, (with fixed thickness of 30 niap-
surface  scatterings, the sample thickness is usuallyroach the percolation threshoithrough reduction of the
decreaset*° or the average magnetic domain siZeand  metal volume fractiony) at which the percolation correlation
the resultant changes in the magnetotransport properties ajghgth diverge$. Finally, we discuss issues concerning the
determined. Magnetic granular samples require special attefhterpretation of Berger's result for side-jump effetts,

tion, however. As their average grain size and film roughnesgich is commonly used to analyze EHE data from resistive
usually undergo distinctive changes as the sample thicknesgrromagnets.

is reduced towards the average grain size in ulkich is
typically 1 to ~10 nm), additional electron scatterings
caused by reducing the sample thickness could come from
changes in the metal grain size and the surface roughness of NiggFe,q and granulatNiggFe,o),(SiO,); films were pre-
the sample, if any, with decreasing film thickness. We wouldpared using a magnetron dc sputtering system as described
thus call the additional scatterings from reducing the samplelsewheré3-15A 100-nm-thick SiQ capping layer was sput-
thickness “effective surface scatteringsls opposed to sim- tered on top of all films to protect them from further oxida-
ply “surface scatterings,” which has been more generally retion. The thickness of the films was controlled by a crystal
ferred to. balance monitor mounted near the sample surface inside the
Our original goal in this study was to analyze the effectivesputtering chamber. The samples were lithographically pat-
surface  scatterings in  BpFe, and granular terned into 1 mnx 6 mm rectangles with six terminals: two
(NiggFex0),(SiO,)1(x=0.7) sputtered filmgboth covered by  for carrying the current, two for measuring the longitudinal
SiO,) by measuring the changes in their extraordinary Hallvoltage, and two for measuring the transverse voltage. To
signals with decreasing film thickness from 30 to 2 nm. Theeliminate spurious signals due to the Seebeck effect, the lon-
extraordinary Hall effectEHE) is especially suited for use gitudinal voltage was measured twice with the dc current
as a monitor of effective surface scattering because it is theeversed between the measurements. Then, the difference be-
most sensitive to electron scatterings amongst all magnetiween the two voltages was divided by 2 to obtain the resis-
properties®’ Our results reveal that the Hall coefficieRs,  tive potential difference across the sample. The Hall signal
of both NiggFe,p and (NiggFep)o A SiOs,)g 3 increased by 3—4  was deduced from the asymmetric component of the trans-
times with this thickness reduction, but the spontaneous Hallerse voltagev,, .., versus the magnetic field between—5
resistivity, pfy changed relatively little. We determined that and 5 T. The Hall resistivity,p,,, was calculated from
the increase irRg has little to do with the increase in the V,, /1, whereh is the sample thickness ands the ap-
effective surface scatterings, but is due, instead, to a fourfolglied dc current.
depression in the saturated magnetizatidhg of both For ferromagnetic conductors,

Il. EXPERIMENT
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pxy=Ro[H +47M(1 -D)] + 47RM, () { ' ' ' ' o
0.04 | NiFe, -
whereRy is the ordinary Hall coefficientV the magnetiza-
tion, D the demagnetization factor, afd the extraordinary &
Hall coefficient. Since the applied magnetic field is perpen- - 29 ] 1
dicular to the film surface in all field dependent measure- 2
ments,D is close to 1. In Eq(1), the first term comes from «§ 002k _
o

the classical Lorentz force, whereas the second term is gen-
erally attributed to the EHE, believed to be due to spin-orbit

scatteringg21617To determineRg, the extrapolated value of 001+ . -]
pxy @t zero magnetic fieldgdenoted bypfy) from the region
where the magnetization saturates is divided by the saturated (a) g P T R L

magnetizationMg, i.e., 0.20 r . . —— —

Rs= pf /MS- (2) 018 % (NisoFezo)oJ(Sioz)o.s b
The magnetization was measured with a Quantum Design 0‘16_' ]
superconducting quantum interference device magnetometer. L oaaf 3 j
Samples for transmission electron microscq@¥EM) and tvg 012l ]
atomic force microscopyAFM) imaging were prepared as = .
described above for electrical measurements but without the o 010} ]
SiO, capping layer. These samples were deposited on 0.08k 4
carbon-coated TEM grids and glass, respectively. Bright- r . 1
field TEM micrographs were obtained by a Philips C-M20 0061 - i
model TEM. Atomic force microscopic topographical images 0.040 L gzls — 35
of the samples were obtained by a Seiko Instrum@dlsba, _ .

(b) Film thickness, h (nm)

Japan SPA-300HV model AFM operated in the dynamic

force mode. FIG. 1. The extraordinary Hall coefficierRg vs film thickness

h for (a) the NiggFe,y and (b) the (NiggFexg)gASiOy)g 3 films
ll. RESULTS AND DISCUSSIONS at5 K.

Shown in Figs. {a) and Xb) are plots of the extraordinary (NiggFe,0)o ASiO,)o5 films, respectively, with different
Hall (EH) coefficientRs versus the film thickness for the  thicknesses. In both types of films, the evolution of the
NigoF&y and (NiggFeyg)o ASi0,)g 5 films, respectively, at a p, ~T curves with decreasing thickness is similar, resem-
temperature of =5 K. For both materials, thBsacquires its  bling the generic metal-to-insulator transition found in
bulk value for h=30nm with the value for (NigoFep4(Si0,),—, Wwith decreasing metal fraction
(NiggF&,00.4Si0,)0 3 @ factor of 6 larger than that for x1319 |n metallic samples, the temperature coefficient of
NiggFeyo. This enhancement oRg in (NiggFe,n)«(SiO,) 1« resistivity (TCR) is positive from 5 to 300 K; in insulating
with respect to that in pure NjFe, is associated with the samples, tunneling conductift?! prevails and the TCR
giant Hall effect (GHE) demonstrated in ferromagnetic is negative; but in the intermediacy between these two
metal-insulator composit€s1518.1%n which the EH effect extremes, the TCR may change from negative, exhibiting
demonstrates a $910*-fold enhancement near the percola- a —logT dependence at low temperatures, to positive at high
tion threshold of the composites. While the origin of temperatures. This temperature dependence has been
the GHE is so far not fully understodd;*>*®1%n order-of-  postulateé® to arise from the nanometer-sized metal grains
magnitude estimatéshowed that the magnitude of enhance-(that have electronic energy quantizations close to the
ment is too large to come from a divergence of thethermal energy at room temperatureeaching such an
Hall resistivity at the 3D percolation threshdldMost abundance as to be able to block enough of the conduction
probably, the GHE has to do with additional electron scatterpaths inside the sample to cause a negative TCR at low
ings caused by the ferromagnetic metal-insulator interfaceeemperatures but not at high temperatures. From the results
and the higher degree of disorder inside the metal grainef Figs. 2a) and 2b), it is apparent that both types of
in approaching the percolation limit, in keeping with the films become less conducting with decreasing film thickness.
spin-orbit nature of the EHE2617 This view is in good The metal-to-insulator transition does not occur until
accord with previous findings that the GHE was significantlyh= 3 nm, however, which is notably less than the thickness
reduced by annealing the granular sample at higlwhereRg begins to increase with decreasing thickngss,
temperaturé$ whereupon the average size of the metall5 nm, Fig. 3.
grains increased and the degree of disorder in the metal We examined the morphological changes, if any,
likely improved as well. occurring to the two films with decreasing film thickness.

Shown in Figs. 2a) and 2b) are plots of the longitudinal Shown in Figs. 8&) and 3b) are bright-field TEM
resistivity, pyy, Normalized to the resistivityt® K versus the micrographs of the NiFeo and (NiggFe) o ASiO,)g3
logarithm of temperatureT for the NigFe,, and the films, respectively, with different thicknesses fror80 to
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13 - - (NiggFe,)o A Si0O,), 3 films demonstrated similar topographi-
12 cal variations with decreasing thickness as did thgfé
films.

12 Magnetic properties of nanostructures are known to
vary strongly with local structures including feature siZe??
interfacial condition}>2324 and disordef>?® Table |
gives the measured valuesif at 5 K of the same NjFe,
and (NiggFeyg)g ASiO,)q 3 films studied in Fig. 1. As seen,
Mg decreases systematically with decreasing film thickness
in both types of films. It is noteworthy that th®lg of
the 30-nm(NiggFep)g ASiO,)g 5 film is only 53% of that
of the NiggFe, film with similar thickness, which cannot
be accounted for by the difference in their volume fraction in
the ferromagnetic component J¥fe,..°’ By correlating
this result with the TEM and AFM images shown in Figs. 3
and 4, we suggest that the smaller valuesM in our
films are from the smaller average metal grain sizes and
perhaps also from the greater surface roughness. Reduction
of Mg with decreasing sample size has been found in spheri-
cal FeO, nanoparticle® and (111)-oriented Y;Fe0;,
thin films2° On the other handylg was reportedly constant
with variations of the Co domain size in &Aggy (Ref. 3
—A—22nm and with thickness reduction in Ni filni¥$, both to the
0.0 . L nanometer range. Apparently, variationsNiy with sample
(b) 10 Tomperature (K) 100 size depend on numerous factors as stipulated
previously35722-26 and cannot be easily generalized.
FIG. 2. Semilogarithmic plots of longitudinal resistivity normal- We also measured thds in a series of NigoFex)«(SiO2)1«
ized to the valuestas K vs tenperature for(a) the NiggFe,o and(b) films with different metal fraction but fixed h=30 nm
the (NiggFex)o.#Si0,)q 3 films with different thicknesses. (data not shown We found thatMs decreased by an order of
magnitude ax decreased from 1 te-0.4, with large fluc-
~3 nm. As seen, with decreasing film thickness, the averagtlations in Mg (between 50 and 209 emu/é&moccurring
metal grain size decreases with the granules clumping tcaroundx=0.5+0.1, in the vicinity of the percolation thresh-
gether to form increasingly sharpened islands that are abo@ld. This order of magnitude decreaseNry with x decreas-
~10 nm laterally in size. To confirm the formation of is- ing from 1 through the percolation threshold is consistent
lands, we examined the topography of the films by AFM.with the decrease found in the J¥fe, and
Shown in Fig. 4 are the AFM topographical images of (NigoF€x),(SiO,); films upon reducing their thickness
NiggFey films with thicknesses from 33 nm to 1.7 nm. Be- from 30 to 3 nm(Table I), where theirp,,—T curves(Fig. 2)
neath each image is the cross-sectional profile along an arbilemonstrate the metal-to-insulator transition. This result sup-
trary line drawn in the image as shown. With decreasing filmports the argument that the variationsviy shown in Table |
thickness, the film roughens with the obvious formation ofof (NiggFe,)«(SiO,);1- films reflect structural changes inside
islands. In the films with thickness below 15 nm, the averagehe films.
height of the islands is taller than the nominal film thickness. A theorem was well established in 2D conductor-insulator
At h<6.6 nm, the islands become clearly isolated. Thebinary networks that the Hall resistivity of any one such

£ (Mo, (6 K)

by
(=}

=
[=]

p(MVp, (5K)

FIG. 3. Transmission electron micrographs of
the () NiggFeo  films and (b)
(NiggFep)g ASiO,)q 3 films with different thick-
nesses as indicated.
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FIG. 4. AFM topographical micrographs of §j§iFe, films with different thicknesseses from 33 to 1.7 nm. Immediately underneath each
micrograph is the cross-sectional profile along an arbitrary line drawn on the micrograph as shown.

network is constantindependent of the conductor fract)on Fig. 1 could arise from the decreaseNty shown in Table I.
equal to the Hall resistivity of the conductor composing theln Fig. 5, pX versus the film thickness is plotted for the same
network when in bul-! Our results may imply that our films studied in Fig. 1. Th(;‘oXy of the NiggFey films is es-
films become 2D with decreasing film thickngg3g. 4) such  sentially constant fronm=30 to 1.7 nm, consistent with ex-
that the ~fourfold increase inRg (Epfy/ Mg displayed in  pectations from the 2D theorefn‘! A previous study of
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TABLE |. Measured values of saturated magnetizatily, of 10* 3 y ——————trr
NiggFeo and (NiggFe(SiO,)g 3 films with different thicknessed) :
at 5 K.
Sample h (nm) Ms (emu/cn?) 10°L 4 V] i
° :
. — Y
NiggFeo 33 56017 g e
16.5 494+9 c °0 o l
~ [ ]
3.3 152+5 w % . o°
1.7 12218 DL 3
(NiggFex0).7ASi02)0.3 30 290+4 .
17.4 237+4 107 1
8.7 147+5 10 10°
3 66+6

3
M, (emu/cm’)

FIG. 6. A plot ofpfy vs Mg of (NiggF&0)0.#ASIO,)g 3 films with

evaporated Ni films also shoqufy as constant when the _ 3
film thickness was reduced to 5-6 ffnihich could also be differentx but fixed thickness equal 30 nm.

a result of the 2D theorem. In thidliggFe,0)g ASiO,)g 3 films,

Pfy is constant only untih=17.4 nm. Thepfy of the 8.7- and In granular metal-insulator composite films, a crossover
3-nm films deviate by 22% and 50%, respectively, from thatffom 3D to 2D behaviors always takes place as the percola-
of the thicker films. In thes&NiggFex)o ASiO,)g 3 films, tion thr(_ashold is ap_pror:xch%lo‘32 whereupon the percolati(_)n
where discrete islands are formed with heights greater thaforrelation length divergésind becomes larger than the film
or comparable to the film thicknegBig. 4), we believe the thickness. This provides a convenient way to study the 2D
2D theorerfi2! could break down as these films may no theorem in(NigoFe)«(SiO,);« by reducing the metal frac-
longer be treated as binary conductor-insulator network&on Xx. Shown in Fig. 6 is the measureghy, of
(meaning that all the conducting regions of the network havéNigoF&0)x(SiO,)1 films with h fixed at ~30 nm [where

the same transport propertjeshich is a prerequisite of the the film roughness is<10% of the film thicknesgFig. 4],

2D theorent! Due to the thickness variations, the conduct-and different metal fractions, are plotted againsiMs. A

ing regions of these films, adiggFe,g) —(SiO,) networks, —plateau of py, is clearly evident around 50Msg
could vary quite significantly from region to region in micro- <209 emu/cm, which is where the percolation threshold is.
scopic structure and/or even the composition ofgRe,q in- It is also interesting to note that théy of our films never
side the conducting region, causing large variations in théises above Mtimes the value of the pure metal film, al-
transport properties of different conducting regions and viothough a GHE enhancement of more thaf tifies has been
lation of the prerequisite of the 2D theorem. In the following reported for this system near0.561%>8The discrepancy
we show how the 2D theorem may be demonstrated ifan be understood from the thickness of the films employed

(NiggF&50)x(SiOy)1

in this experiment~30 nm) being thinner than in the earlier
studies(=1 um),131518s0 that our films become 2D sooner,

35— ! 7 forcing pfy to level off due to the 2D theorem before the
20 i o NigFe, ] GHE develops to its full strength.
| ® (Ni Fe,) (SiO),, | In passing, we discuss why the 2D theorem should
25l . J only apply to pfy (i..e.,.the extraordinary Hall re_sistivity at
] saturated magnetizatipn but not the extraordinary Hal
E 20k . - 4 resistivity at a fixed magnetic field in ferromagnetic granular
e s materials or the extraordinary Hall coefficielRs As
3 15t - . mentioned above, the 2D theorem only applies to metal-
o | insulator networks that are binarywith the Hall resistivity
1.0+ 1 of these substances coming from the EHE, which in turn
oo o comes from scatterings of the iterant electrons in the pres-
05 ° e T ence of spin-orbit interactions, the Hall resistivities of indi-
0.0 [ L L + vidual domains depend on the spin orientations of each do-
“o 5 10 15 20 25 30 35 main with respect to the direction of the applied dc current.

Film thickness (nm)

As a result, before the spins of all domains are aligned, the
Hall resistivities of different domains could be very different,

invalidating the precondition of the 2D theorem. Further-
more, since the sample magnetization generally contains
contributions from magnetic moments of both free and
bound charges, a proper normalization of the spontaneous

FIG. 5. Plots ofpfy vs film thickness of NjgFey films (open
circles and (NiggFe0)o.ASiO,)g 5 films (solid circles. Thepfy data
are obtained by multiplying thBg data of Fig. 1 by the measured
Mg of the respective film.
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AL AL A A AL ] TABLE II. Comparison between valuespf(/ and py for bulk
Ni, NiggFeyo and (NigoF€:0)o. ASiO2)0.3

105 ¢ | Sample Pry (102 cm) Prx (10 cm)
_ ] Ni (from Ref. § 0.025 6.5
g, NigoFeso 0.5 100
= 10 (NigoF€0)0.4Si02)0.3 3 2000
w
Q.

scattering meanfreepath. By assuming thgt=Asos,
Berger deduced the well-known resui o pf,. However,
[ ] the presumption thap,,> Agg1 is equivalent to assuming
bl e T R that the number of spin-orbit scattering events is proportional
10° 10° 107 10" to the number of electron collisions, which is generally not
p,, (Q2cm) valid except when the spin-orbit scatterings and electron col-
lisions are predominantly caused by the same scatterers.
FIG. 7. The spontaneous Hall resistivitypfy of  With dirty systems Iike_ ours, further addition of scatteres to
(NiggFer0)0 ASiO,)1- films with differentx plotted againsp,, on  the system(including impurities, disorders and phongns
the log-log scale. The data were obtained at 5 K. The valuenafs ~ Would generally change the electron collision rate and the
varied across the percolation threshold. The solid line is the besgpin-orbit scattering rate differently, depending on the quan-
linear fit to the data fopy, below 0.02Q cm. Its slope was found to tity and nature of the preexisting scatterers. Table Il com-
be 0.53. pares the values qﬁfy and p,, found in Ni, NiggFe,, and
(NiggF&0)0.ASI0y) 5. It is apparent that the Fe additions are

Hall signal should entail division g5, by the component of Much more effective in enhancing, than are the Si@in-
magnetization coming solely from the free charges. Henceglusions whereas the SjGnclusions are a little more effec-
the EH coefficientRs obtained by dividingoy, by the total ~ {ivé in increasingp,,. This observation together with the
magnetization may thus not always provide the proper norvastly smaller values ofy, and py, in Ni than in NiggFey
malization for the spontaneous Hall signal. It should theremay explain why bothp?, and py, of our samples were little
fore be emphasized th@ﬁ'y not Rs, should be used as the affected by thickness reduction betweler30 nm and 15
measure of EHE. nm prior to discrete island formation, whereas an approxi-
The effect of electron scatterings on the EHE of heteroately quadratic rise ipy, with p,, was apparent in pure Ni
geneous magnetic systems is often analyzed by examinindref. 6 as the film thickness was decreased over a similar
the pyy o pJ, scaling relation(where vy is the scaling expo- range. Evidently, additional effective surface scatterings due
neny. Prevalent theorié&16.8suggest that spontaneous Hall to morphological changes in the films by thickness reduction
signals arise from spin-orbit scatterings of the iterant elecreadily dominated the preexisting scatterers in pure Ni films
trons by the positive ions resulting in asymmetric deflectiondfor both spin-orbit scatterings and electron collisipbsit
(i.e., the so-called skew scatteridsand/or discontinuous N0t in (NiggFe)x(SiOz); (x=1 or 0.7) films in which the
sideways displacements of the iterant electrores, the so-  €Xisting scatterers from the Fe and/or SiDclusions are
called side-jump effegf? It is generally believed that skew quite strong(according to Table )l
scatterings lead tpj, « p,, while the side-jump effect leads ~ With y=0.53(<1) as shown in Fig. 7, Eqc3) implies
to pj, p&,, with the side-jump effect dominating wheiis  that Aye./Aso decreases with the addition of SiCto
large. Among the various heterogeneous magnetic systentBligogF€0)x(SiO,)1-, which may seem counterintuitive if one
studied recently, however, serious disagreement has be@ssumes, as Berger ditithat Ay, is a constant. Neverthe-
found in these theoretical predictiofis.For the samples less, one might foresee subsidiary effects that could make
studied here [which are granular networks of Ay, variable and/orAgg increase with addition of SiDin
NigoFe,g—notably a heavily(Fe-) doped alloy of Ni—and (NiggFe0)«(SiO,);. For example, the added heterogeneity
hence are resistifewe expect the side-jump effect to domi- and disorder from Si@addition could change the velocity
nate. We foundbg, = p%,>% at 5 K beforepy, comes to a pla- and density of electrons, which might in turn change the
teau(Fig. 7; p, Was varied by varying), which also dis- spin-orbit scattering rat¢The former could affect the scat-
agrees with theoretical predictions. tering rate through its possible effect on the scattering cross-
In the original derivation by Bergé? the expression for section) In samples exhibiting tunneling conduction, there
the Hall resistivity due to the side-jump effect for a single could be localization effects on the electron scatterings. The

band of carriers is increased magnetic disorder implied by the reductioMgf
with increasing Si@ concentration and decreasing sample
S _ PxAYe 3) thickness may add new dimensions to the scattering problem.
¥ Aso | Conventional wisdom assumes that temperature affects EHE

through its effect on the density of phonons, which are usu-
whereAy, is the sideway displacement of the electrons dueally regarded as a kind of scatterer. Thus the saﬁgepxx
to spin-orbit scatterings andgg is the electron spin-orbit relation is expected to hold whethey, is varied throught the
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temperature or the concentration of the foreign substancgranular network either from discrete island formation or
added. But for the subsidiary effects discussed abovdrom the percolation correlation length becoming larger than
changes in the temperature should affect electron scatteringise sample thickness, the spontaneous Hall resistivity should
in vastly different ways than changes in the concentration o€ome to a plateau value equal to the spontaneous Hall resis-
the added insulating material. In general, ﬂsfg—pxx rela- tivity of the conducting regions. We also discussed the much-
tions obtained by varying the temperature and by changingited p,, > pfx from Berger’s result for side-jump effects. We
the amount of extrinsic inclusion®r the sample thickness emphasize the importance of preserving the original form
may differ by a great deal. We believe this difference couldderived by Berger, i.e.p,,=pxAYe/ Aso In separating the
be the reason behind the unusual valueydf=0.53 pres- electron mean-free-path from the spin-orbit mean-free-path,
ently found in(NiggFey0),(SiO,);_, and the wide range of  which seems to have been largely neglected. Experimentally,
reported in the literaturé® the py, versusp,, relation is often investigated by varying the
temperature. If variations in the temperature do more than
just adding phonons to the system, prospects of its effects on
IV. CONCLUSION the electron and spin-orbit mean free paths must be assessed
before a realistic interpretation of the relation betwegp

We have investigated the extraordinary Hall effect in
and p,, can be made.

(NigogF&0)x(SiO,) 1 thin films and have concentrated on sev-
eral rarely discussed issues. Figgt, not Rgis the fundamen-
tal quantity that should be used for the measure of extraor-

dinary Hall effect. In thickness dependence studies, We are indebted to Professor Ping Sheng for valuable
additional scatterings arising from reducing the samplediscussions and ongoing support. Without his support
thickness should include not only scatterings from theand encouragement, this work would not have been finished.
film boundaries but also those due to changes in the grainisfe would also like to acknowledge the assistance of
ness and roughness of the films, which we call the effectivaviicroelectronics Fabrication Facility and Materials Charac-
surface scatterings throughout this paper. In general, thgrization & Preparation Facility at HKUST in sample prepa-
significance of the effects from effective surface scatteringsation and characterization. Financial support from the Re-
is dependent on both the density and the nature of theearch Grants Council of Hong Kong under Project Nos.
scatterers preexisting in the system, and it can be differeriIKUST6150/01P and HKUST6165/01P was important to
for pf’y and p,,. Should the system change from 3D to a 2D this study.
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