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Effects of particle size and spacing on the optical properties of gold
nanocrystals in alumina
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Au-particle/ALO5s-matrix nanocomposite thin films with a narrow Au particle size distribution were
fabricated by radio-frequency magnetron cosputtering. The films were characterized both
chemically and structurally using x-ray photoelectron spectroscopy, x-ray diffraction, and
transmission electron microscopy. The optical absorption of samples with various Au particle sizes
and concentrations were measured using an ultraviolet/visible-spectrometer. Both the Au
nanoparticle size and the Au concentration increase result in a redshift of the Au surface-plasmon
resonance energy. The redshift due to the size effect is concluded as mainly originating from the
size-dependent dielectric function of Au core electrons and a semiquantitative description of its size
dependence is presented. The experimental result describing the concentration effect suggests a
deviation from the conventional Maxwell-Garnett effective medium theory, which can be corrected
by introducing the multipole effect based on the dipole-dipole interaction mod200®& American
Institute of Physicg DOI: 10.1063/1.1868052

I. INTRODUCTION ate them experimentally. Moreover, the lack of experimental

In recent years, noble-metal-particle/matrix nanocom—data In the gmall §ize regime causes more confg;ion when
osite materials hav;a aroused great interest in both basic s compared with various theoreucal models. In a_ddltlon, there
posit sed great Int C SGL always a problem with the credibility of experimental data,
entific research and technical applications such as nonhne.?r

. . . e . .e., a large particle size distributignesulting from the fab-
optical devices and optical waveguides.The optical ab- ... :
. . . ) rication techni | n aver r nse. In order
sorption of the noble-metal particles is dominated by th cation techniquesleads to an averaged response orde

resonant coupling of the incident field with the coIIectiveeto address the above issues, a systematic study on the nano-
ping composite films, especially in the small size range with nar-

oscillations of conduction electr@s) [the so-called surface- row size distribution, is desired.

5,6 e L )
plasmon resonand&SPR].>” The specific absorption is de In the present work, Au-particle/ADs-matrix composite

tfarmmed by both the cqndu_ctlon elgt_:tr_ons n the_ m_eFaI Paltims with narrow particle size distributions and various gold
ticle and the coupling field in the vicinity of the individual

. . . ) concentrations were deposited using radio-frequefrfy
particle. Different from the alkali metals, the collective os- magnetron sputtering. The SPR results from the Au nanopar-
cillations of conduction electrgs) of the noble-metal par-

ticle are greatly affected by the core electrdaspeciallyd ticles in the composite films were studied as functions of
9 37/8 y . P Yd " hoth the Au particle size and concentration. The experimen-
band electrons™® In general, theoretical models describing

the surface-plasmon resonance of noble-metal partiaies tal data were then fitted and compared to various theoretical
. P P . models in order to determine the size and concentration ef-
medium) have been well developed. Among them, Mie

; . - . . fects. Finally, the discrepancies between the experimental re-
theory is successful in explaining the coupling of isolated Y P P

. ; . i . .~sults and the existing theoretical models are discussed.
spherical particles with the external field in the quasistatic 9

regime, but it breaks down as a result of the interactions
betwe%jllthe particles when the interpartiple dista_tnce iﬁ_ EXPERIMENTAL
small.” The Maxwell-Garnett(MG) effective medium
theory agrees better with the experimental results by intro-  The Au/AlLO5; nanocomposite thin films were deposited
ducing the particle-particle interactions, as well as the modiby rf magnetron cosputtering in a high vacuum chamber with
fications induced by the matrix material and the nonsphericah base pressure of>510° Torr. The two targets were Au
particle shapé? (99.99%, Goodfellow and ALO; (99.99%, Goodfellow

As a comparison to the theoretical works, the experi-plates. Different types of substrates were used for different
mental data in the literature are much scattered and in mangharacterizations, i.e., Si wafers for the microstructure char-
cases confusing. Although it has been identified that the SPRcterization and quartz glass sheets for the optical absorption
is influenced by four factorgincluding the metal particle measurement. In order to obtain the desired metal particle
size, as well as the concentration, shape, and dielectric fungize and concentration, deposition parameters, including the
tion of the surrounding material&’'° the complicated two target powers, deposition pressure, and the annealing
sources of the first two factors make it difficult to differenti- temperature, were independently varied. Selected samples

with different volume concentrations were further annealed

dAuthor to whom correspondence should be sent. Electronic mail: quuan@from 200 °C to 900 °C in an Ar environment for 2 h. The
phy.cuhk.edu.hk details are listed in Table 1.
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TABLE I. Detailed deposition parameters, the resulting metal concentrations, filling factors, and particlgaslzes in different series of samples.

Al,O;
Au target target Ar Au atomic Au Particle Annealing
Sample power power pressure concentration filling radius temperature
number (w) (w) (mTorr) (at. % factor (nm) (°C)
Size Al 20 400 10 1.41 0.0276 1.1 as-prepared
effect 1.4 300
(anneal 1.6 400
-ing) 1.7 500
series 21 600
A2 20 350 30 12.16 0.2155 1.7 as-prepared
1.9 200
2.1 300
2.9 500
3.2 600
8.7 900
Concen C 20 400 10 1.41 0.0276 11
-tration 20 350 1 2.52 0.0488 13
effect 20 300 1 4.15 0.0791 1.4
series 30 350 10 6.57 0.1225 1.4
20 190 1 9.94 0.1797 25
30 400 1 11.09 0.1984 2.0
20 350 30 12.16 0.2155 1.8
30 350 1 13.95 0.2434 2.8
20 235 10 14.30 0.2488 1.8
40 350 1 15.84 0.2719 3.1
30 300 1 16.09 0.2756 2.8
30 235 1 16.96 0.2884 2.9
30 190 1 17.68 0.2988 3.0
30 300 10 18.31 0.3079 2.1
40 300 10 22.00 0.3589 2.2
30 400 50 23.44 0.3779 3.0
30 300 50 30.07 0.4596 2.7
30 350 30 30.81 0.4691 25
30 235 10 32.78 0.4918 2.6

The samples were then characterized both chemicallyicles and the matrix, the shape of the individual particles,
and structurally using different techniques. First, the atomiand the particle-particle interactions. Under the mean field
concentration of the Au was examined by an x-ray photo-approximation, the optical property of the nanocomposite
electron spectroscopfXPS) in-depth profile, so that infor- system is described b, as a whole, which is the dielectric
mation on both the film surface and the film interior can befunction of the effective medium, as defined in the general-
obtained. The atomic concentration was then converted tzed Maxwell-GarnettMG) effective medium theory>*®
the volume concentratiofelso known as the filling factor _ _

; ;13 . Ceff — €m _ g1(w) — &y
by a simple calculation® The general crystallinity of the = ,
film was investigated by glancing angle x-ray diffraction Leer+(1-Lem  Lea(w)+(1-Len
(XRD), and the mean particle sizeefers to the radiuR of  wherez,(w) is the real part of the dielectric function of the
the sphencal particlesan be obtained based on the Scherreimetal particle g, the dielectric function of the surrounding
formula!® In order to find the metal particle size distribution medium,L the shape factofor depolarization factgrof the
and the detailed microstructure of the thin film, transm|SS|orpart|c|e}7 and f the filling factor (also known as volume
electron microscop{(TEM), Philips CM 120 and Tecnai 20 concentration, which reflects the extent of the particle-
ST] was employed. Finally the optical absorption of the particle interactions by means of their dipolar figlds the
composite films were studied using an UV/VIS spectrometepresent study, the shape factois taken as 1/3 for spherical
operating in the wavelength range of 350—800 nm. particle$ (this is justified in later sectionswhich leads to a

simplification of Eq.(1) (Ref. 18 to

1)

ll. THE OPTICAL RESPONSE OF THE
NANOCOMPOSITE THIN FILMS—MAXWELL- Beft ~Em _ ¢ £1(®) ~em 2
GARNETT EFFECTIVE MEDIUM THEORY Set+ 28m  £1(0) + 28

Among all the existing theories, the MG effective me- The real part of the metal particle dielectric functief{w)
dium theory is the most comprehensive one. It includes theepresents the optical properties of a single particle and can
contributions from the dielectric properties of both the par-be expressed 45
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The terme refers to the real part of the dielectric function mMW/\WM 600°c
contributed by the core electrofespecially thal electrons. } \‘ ‘
The second term is the contribution from the conduction g Ll S00°e
electrons based on the Drude free electron madgis the ° J M 400°¢
bulk plasmon frequency conventionally defined ag
=(ne?lsome) 2% 7" is the electron relaxation time, which “M 300

can be neglected in the case of free electron metals; as
<wp,” leading to a simplified version of E¢3): o it 3507
2 30 ) % ) 70 )
— o _p 400
e1(w) = &g w2 (4) ol ® A2 (f=21.6%) XRD
Based on the MG theory, the surface-plasmon resonance oc- 300h
curs when
250
e1(wg)(L—1f) +e,(2+f) =0, (5) - 900°c
(1] °,
wherew is the surface-plasmon resonance frequéfics?? . o00%e

On the condition where the Mie theory holds for the s00re

ideally isolated particle systeitf~0), Eq. (5) is simplified e N, 300°
to sof M e 200°c
| Mm

as pre

e(wg) =~ 2em, (6) ° 30 40 %0 %0 70 80
which further gives the Mie resonaneg (Ref. 23 as 26 (degree)
Wp FIG. 1. XRD results of the two annealing serie®: Al (f=2.76%), (b) A2
W= T . (7) (f=21.6%.
\2em,t+ g4(wy)
In more general cases whefe-0: which allows sufficient light transmission in the optical ab-

sorption measurement. The transmission colors of the films
W= . (8)  change from brownish to red and purple owing to the chang-
\/2_”8 +el(wy) ing of the SPR frequency as well as the backgro(nter-
1-fm band transitionsin the absorption spectrum.

@p

The medium dielectric functior, is taken as a constant
number of 3.1 for the AlD; matrix in the energy range B. Size effect on SPR shift
examined?* Therefore the above equation suggests that
three factors will affect the surface-plasmon frequency:

XPS results show that the Au volume concentrations of
samples Al and A2 are 2.76% and 21.6%, respectively. Such

(1) w,, which relates to the conduction electron density. ~ concentrations remain unchanged after the annealing pro-

(2) el(wy), the core electrons contribution to the dielectric c€ss. No peak shape change or any chemical shift is detected
constant in the vicinity of the surface-plasmon reso-for all the annealed samples, compared to those of the as-

nance. deposited ones. We therefore conclude that the Au remains in
(3) f, the volume concentration of the metal. its metallic form in all of the samples. The general crystal-
linity of the annealed series Al is disclosed by the XRD
results shown in Fig. (B). Based on the Scherrer equation,
IV. RESULTS AND DISCUSSIONS the average siz&adiug of the Au particles before and after
annealing are estimated to range from1l.1 nm (as-
preparedl to ~2.1 nm (600 °C as listed in Table I. The
The XPS in-depth profiles indicate that the chemicalparticle size evolution of the annealed series Al is further
compositions of the film interiors remain unchanged. In gen-confirmed by TEM investigationgd=ig. 2(a)], which also re-
eral, the Au concentrations in the as-prepared films increaseeal the spherical particle shape and the narrow size distri-
with increasing Au target power, decreasing,®@{ target bution(standard deviation of the radius is 0.23)whthe Au
power, and increasing Ar pressure. The same dependence dirticles in individual samples. A similar trend is observed in
the particle size on the two target powers is found. Neverthe annealed series A2, in which the Au particle radius in-
theless, the trend that the particle size decreases with increaseases from~1.7 nm to~8.7 nm [estimated from the
ing Ar pressure only holds at low Au concentrations. TheseXRD results in Fig. 1) as the annealing temperature is
trends can be found in Table |, which also summarizes theaised to 900 °C It should be pointed out that the concen-
structural characteristics of the annealed films. The thicktration and the separation distance of the Au particles cannot
nesses of all the films are in the range of 100—200 nmbe measured directly from the TEM micrograph, which is

A. General description of the as-prepared thin films
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FIG. 3. Optical absorption spectra of the annealing seéeeal and(b) A2.

The observed SPR redshift with increasing Au patrticle
size is generally ascribed to the so-called “size effect,” which
includes both the extrinsic size effect and the intrinsic size
FIG. 2. (@) TEM images of several selected samples from the annealingeffect. The extrinsic size effect refers to the size-dependent
series Al, showing the_ evolution_ of the particle size as temperature ininterference of the retarded electromagnetic widkie phase
creases(b) High-resolution TEM images and the corresponding selected . . . - A .
area diffraction patterns of several selected samples from the annealing seetardatlon mduced_ hlgher mUIt'po)eWh'Ch is only consid-
ries A2. ered when the particle size is comparable to the wavelength

of the incident light. Such effects can be ignored when the
effectively the two-dimensional projection of the sample dueparticle diameter is less than 20 Anwhich satisfies the
to its finite thickness. In addition, the transmission electrorpresent experimental results.
diffraction and high-resolution TEM are performed on these  The intrinsic size effect of the particle material is re-
samples in order to determine the microstructure of the Astricted to the quasistatic regifiB<\), and is expressed in
particles. Representative results of several selected filmthe form of a size-dependent dielectric function, i ,R).
from series A2 are shown in Fig.(® as examples. The The phenomenological dielectric functiefiw,R), obtained
selected area electron diffraction patterns change from difeither from experiments or theoretical calculations, indicates
fused rings to sharp rings and then to well-defined diffractiorthe averaged contributions from all electronic and structural
spots as the particle sizes increase frétm1.7 nm (as- factors of the particles. In order to find the origin of the SPR
preparedito 1.9 nm(200 °CQ), and then to 2.8 nm500 °C),  shift with the particle size as stated above, we studied the
respectively. The lattice spacing of the Au particles with dif-
ferent size is estimated using both transmission electron dif- 24
fraction (TED) and high-resolution TEMHREM), while no
difference is detected for all the samples examined within the
experimental error.

The corresponding optical absorption spectra of series
Al and A2 are shown in Fig. 3. The SPR peaks of both series
are located in the wavelength range from520 nm to
~565 nm. Aredshift in the SPR is detected in both series for
samples annealed to higher temperatures. The surface-
plasmon resonance energy is then plotted as a function of the Y
reciprocal of the Au particle radius for both seri¢sg. 4). 00 01 02 03 04 05 06 07 08 09 10
Curve fitting shows that both of them deviate from linear 1/Radius (nm-’)
relations. In addition, an obvious “jump” exists in-betweengg_ 4. The surface-plasmon resonance energy as a function of the recipro-
the two annealing series, as marked by the arrow in Fig. 4.cal of the Au particle size in sample series A1 and A2.

& A1 =2.76%
« A2 =21.6%

2401

2.35¢

230}

225

2,20t

Resonance energy (eV)
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intrinsic size effect on the two parameters based on the exdifferent from that of the inner part. Regarding this, a two-
pression of the real part of the metal particle dielectric func+egion (or multilayep dielectric model is employed to inter-
tion &4(w,R) in Eq. (4) [which further determines the SPR pret the size dependence of the tetal The bulk value of Au
frequency in Eq(7)], i.e., the size dependence @f(R) and ¢/ in the vicinity of ws is ~10 andej(R-a<r<R)=1 in
el(w). the surface skin regioft:*' Therefore £/, can be treated as an
We discuss the size effect as,(R) first. Knowing from  effective core polarization with both bulk and surface terms.
the definition ofwy(R), w,=(NE*/egMer)*/?, it is mainly de-  The decreasing value of) (as the particle size decreases
termined by the electron density Regarding this aspect, the originates from the increasing contribution from the
“spill out” effect in very small particles* and the lattice polarization-free surface, as the surface-to-volume ratio in-
contraction effeé® have been well established in the litera- creases. A more explicit understanding can be obtained from
ture in explaining the changes in,(R) as the metal particle the time-dependent local-density-approximati6FDLDA )
size varies. In the first case, the “spill out” of the free elec-calculations, taking into account tlieelectrons and the ma-
trons on the particle surface leads to a decreased volumerix screen effectd?
averaged electron density and finally a redshift of the SPR However, the ineffective screening on the surface layer
energy due to the decrease df(R). This effect, which is is not the only factor that contributes to the changespf
essential in interpreting the redshift of the SPR with decreasespecially in the case of Au. In fact, the much stronger blue-
ing particle size in alkali metals, is, however, trivial in the shift trend observed in gold particles is a consequence of the
case of Au due to the strong screening ofdtelectronsla  « dependence oéé(w).8'31’33ln gold, the edge of the inter-
large e(w) valuel.?® In the latter case oi,(R), one of the  band transition(the onset of a weak transition at 1.94 eV
direct consequences of the lattice constant variation is thgearX, and a stronger one at 2.45 eV néain the Brillouin
change of the electron density Such lattice contraction, zone coincides with the position of the SPR aR.2 ev&
resulting from the surface stregsr the interface stress for The influence of the size-dependent interband transition on
embedded particleof the particles, can be described as  the SPR must be taken into consideration. The interband
Aa 2KS transition is mainly determined by the material electronic
—=--—, 9) structures, which can be influenced by the following particle-
% 3R size-related factorgl) the lattice-contraction-induced varia-
wherea, is the lattice constant antia the lattice contraction tion of the lattice constarit;*® (2) the lattice defectéimpu-
value. For metals with face-centered-cubic structure the extties, point defects, multidomain structures with grain

pression ofw,(R) can be written as boundaries etc.’ (3) special surfacel/interface states due to
312 the structural reconstruction of the surface or the particle
wp(R):(4e2/a3someﬁ)l’2:wp(oo)% immersion in the alumina matri,*° and (4) the charge
a transfer between the particle and the matrix at the particle/
3Aa matrix interface’>*? All these affect the electronic structure
= wp(oc)(l - 5—) of the Au patrticles, and thus contribute ¢f(w).
4 Therefore, in addition to the expectations from the
and thus TDLDA calculations, the influence of the interband transi-
tion must be considered. It is important to find out how the
wp(m)(1+K_S> core electron dielectric function;(w) would change with
o= R (10) the particle size. In this work, the size dependence6b;)
s 24+ ' is obtained from Eq(8) by measuringw, as a function of
\/Esm"'sc’i(ws) size, takingw,()=9.1 eV/: (the bulk plasmon resonance

frequency for Ay, &,=3.1 for the AbLO; matrix, and f
which indicates a linear dependence of theon 1/R. =2.76% and 21.6% for A1 and A2, respectively. Both series
Nevertheless, both HREM and TED results of the Auin Fig. 5 demonstrate the general trends¢fws), decreasing
nanoparticles in series A1 and A2 reveal that the lattice conas the particle size decreases and with a larger decreasing

traction, if any, is too small to be distinguished. Moreover,rate in the small size regiofthe radius is less than 5 nm
both curves in Fig. 4 deviate from linear function, indicating Intuitively, ej(wg) should be independent of the metal con-
that such lattice concentration effects, although possibly imeentration; however, the two series with different concentra-
portant in affecting the SPR shift in some specific c28¢s, tion (presented in Fig.)5do not join and cannot be fitted
not a major factor in the current study. with a single curve. In fact, a similar “jump” is already ob-
We can now focus on the contribution frosj(w) after  served in Fig. 4. The jump there originates from the Au con-
eliminating that fromw,(R). It is known that the core elec- centration difference of the two series. The Au concentration
trons have important influences on the SPR energy of thef series Al is close to the low concentration limit of the
noble-metal particles when considering the screening effedtleally isolated particles so that the influence of the interpar-
from the d electrons?®=° As the “spill out” of the free ticle interactions can be ignored and it can be well modeled
electrons on the particle surface, they are incompletely emby the MG theory or even the Mie theof§=~0 andeq(wy)
bedded inside the ionic-core background, leading to the in=—2¢,,], while series A2 belongs to the interacting system
effective screening at the skin region. As a consequence, theecause of the much higher Au concentratior20%). A
dielectric property(characterized by,) of the skin region is  redshift in the SPR energy is detected in Fig. 4 when the
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FIG. 5. Calculated:(w¢) values as a function of the Au particle size in the

sample series Al and A2. FIG. 7. The plot of experimentale(wg) /e, values as a function of the
particle separatior (open squargs The theoretical curve is plotted using
r]t_he MG theory(open trianglesand multipole treatment according to Ref. 47

particle concentration becomes larger, which leads to the i ghm lines

vestigation of the concentration effect as discussed in th

next section.
We can now address the deviations of the experimental

C. Concentration effect data from the theoretical results in Fig. 6. Such deviations
. . . suggest a discrepancy between the experimental results and
In this series of experiments, we change the Au volumey, o~ entional MG theory, which inspires us to look for
concentration in the samples at seV(_araI specific particle sizeg, o, possible models.
Detailed information can t_)e found in Table I. The surface- A iher theory to describe the absorption properties of a
plasmon resonance energies of these samples were measum:&ﬂy concentrated particle system is the dipole-dipole in-
and plotted as a function of the volume concentratioin teraction model. It is known that a single particle with a

Fig. 6 A theoretical curve dgscrl_blng the SPR ENergy as fielectric constant in a uniform field can be treated as a
function of the Au concentration is also plotted in the Samedipole having a moment proportional {@;+2¢,)%. The
m

figure (those with open circlgsbased on the MG theory us-

ing the bulk value ofeg(wy). In general, the experimental \picp is the Mie condition and valid only in the case of very
SPR energies redshift with the increasiiguhich is similar iy te particle system$° The dipole-dipole interaction
to that of the MG curve. Neverthele_ss, they do deviate from, e takes other nearby “dipoles” into consideration, which
the theoretical one and the data points are much more sCalyihytes to the nonuniform field at the position of the
tered. . _ . dipole of interest so that higher order multipoles are
.The redshift of t.he SPR with increasirigcan _be.e.x— excited?® The effective field then results from all the nearby
pIa|r_1ed 129133/_45th? mteracyons among the individual multipoles. The total effect introduced by the dipole-dipole
particles.™ It is conventionally modeled by the MG ef- interaction(multipole excitation is proportional to/R/d)?*%,
fective medium theory, which also qualitatively explained, ..o 4 is the distance between the neighboring particles,
the red “jump” in Fig. 4. The scatter of the experimental dataandl is the multipole ordefl=1 for dipole,|=2 for quadru-
points may partially result from the different particle sjzes pole, etc).4748 ’
explained t_)y th_e "‘”"?Sic size effect, which _has been dem- T’he MG effective medium theory using the mean field
onstrated in Fig. 5 in the form of the size dependemapproximation assumes that the field outside a particle is a

surface resonance absorption occurs whkefy)/e,=-2,

eq(ws,R)]. superposition of the external field and all the dipole fields of
the neighboring particle®, which is comparable to the first-
26} order approximation of the dipole-dipole interaction maodel.
» experimental data . . .
25} - M.G. theory When higher-order multipole terms are considered, the reso-
S 24fee, nance condition is expected to be different, as suggested by
% 23} T Claro in Ref. 47. In his work, the resonance condition, i.e.,
222l et . the value of the £,(wg)/ ey, Is calculated as a function of the
S ol o, * ° interparticle separationr (0=d/2R) and the multiplicity of
g ol S their solutions results from the resonance excitation of mul-
» tol e tipoles of all orders.
' % Then the <4(wy)/ e, value calculated from our experi-
1300 = - o v - mental results is plotted as a function of the particle separa-
' ' Y A ' ' tion o in Fig. 7, where the theoretical curve based on the MG

theory(dipole solution and higher-order multipole solutions

FIG. 6. Theoreucgl(open circles and experlmenta(_sollq squares SPR are also plotted as a refereneeis calculated from the Au
energy as a function of the Au volume concentration in the concentration

series. The experimental curve consists of data points from different particl¥Olume .Conclentration_ assumi.ng that th? film i$ a uniform
sizes. composite with spherical particles of radiRsand interpar-
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15 deposited by rf-magnetron sputtering. At controlled experi-
14} a A1 f=2.76% mental conditions, the sizes of the Au particles in the as-
131 * A2 fa21.6% prepared films are relatively smalparticle radius from
e 1.1 to 3.1 nmand have a narrow size distribution. A redshift
g " of the surface-plasmon resonance was observed when in-
o o10f 2 creasing either the Au particle siZsize effect or the Au
@ oo concentration(concentration effe¢t The size effect mainly
sl originates from the size-dependent dielectric function of the
70 Au core electrons, while the size influences @p can be
el almost neglected. The dependence of the core electron di-

o 1 2 3 4 5 86 7 8 9

electric function on the Au patrticle size results from both the
Radius (nm)

ineffective screening at the surface region and the changing
FIG. 8. The modifiect (ws) as a function of the Au particle size using the of the ele‘?trqnic Structur_es at the int.erband transitions. A
experimental =,(wg)/e, values from Fig. 7 (with the mulipole ~ Semiquantitative description of the size dependefiiw)
approximation. was given based on the experimental data. In the study of the
concentration effect, a discrepancy between the experimental
ticle distanced, i-e-rf:VAu/VtotaIZ%WRS/d3a and ¢4(wg/ &, result and the conventional MG EM theory was identified,
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