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Resonance enhancement of x rays in layered materials: Application to surface enrichment
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Resonance enhancement of x rays of badld and evenorders has been observed in a thin polymer blend
film of polystyrene(PS)and polybromostyrene (PE8) spin cast on a smooth Au layer on a silicon substrate.
The x-ray intensity enhancement has been measured by detecting fluorescence from the Br atoms jSthe PBr
component of the compatible polymer blend. Analysis of theKsr fluorescence has yielded the R8r
distribution in the polymer blend layer in agreement with a PS surface enrichment model. PS is largely
enriched at the free surface of the polymer layer and partially enriched at the underlying interface.

. INTRODUCTION use the notation PBS for a statistical copolymer of poly
(p-bromostyrene-stat-styrenavhich consists of statistically
A variety of physical phenomena occurs when x rays arelternating monomers of para-bromostyrene at molar con-
incident at glancing angles on flat surfaces of materialscentrationx and of styrene at molar concentration<%).
These phenomena include total external reflectiorierfer-  The experiment involves x-ray reflectivity measurement with
ence fringes in reflection from layers on a substfaiad the  the simultaneous detection of Be fluorescent x rays. Both
formation of evanesceht and standing wavesAll these  odd- and even-order enhancements are manifested as peaks
phenomena have been utilized for the characterizations df the BrKa fluorescence yield. Analysis of the fluorescence
surfaces, interfaces, and thin films. For thin-film preparationyield has been utilized to extract the depth distribution of
among other techniques, spin coating is widely used in theBr, .S, which shows a surface and interface enrichment of
semiconductor industry! Spin-coated polymer layers on the PS component of the polymer blend. This distribution
solid substrates have been extensively studied by x-ragould not be determined from standard x-ray reflectivity
reflectometry’® Here we demonstrate the resonance enmeasurements because of the negligible electron density dif-
hancement of x-ray intensity in such layers and describe itference between the two components in the polymer blend.
usefulness for the study of polymer layers and other layered
materials in general. Il. THEORY
Resonance enhancement effects have been observed un-
der glancing incidence conditions in thin films on a substrate. \We give a brief theoretical background for the resonance
These are of two different varieties—one below the criticalenhancement process. We mainly follow the formalisms
angle of the top layer in a thin-film waveguide structdre given by Parratf and de Boer for the reflectivity and then
and the other above the critical andfe? Wanget al'* ob-  give the expression for the field intensity.
served the resonance enhancement effect in a lipid multilayer
film, prepared by the Langmuir-BlodgéttB) technique, in- A. Reflection from a multilayer system
corporating a heavy atom layer approximately at the middle
of the LB layer during preparation. They observed oodid
order enhancement peaks. Here we report on our observ
tions of bothodd andevenorder resonance enhancement in a
olymer-blend layer, prepared by the usual spin coating on a () —FE. ; k.
golé—coated silicgn sSbs?rate. Tr{e ponmer—bFI)end Iayerg con- E(N=E(0)exdi(wt=k;-n], @
sists of polystyreng¢PS)and polybromostyrene (PE8). We  whereE;(0) is the field amplitude at the top of theh layer.

If all interfaces are parallel in a multilayer systéRig. 1),
a plane electromagnetic wave of frequeneyn a mediumj
dta positionr can be written as
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So far we have discussed the reflection and refraction at a
single interface. For a multilayer system, involving multiple
] interfaces, the electric fields at all the interfaces can be ob-
tained from either a recursion relation or from a matrix for-
malism. In the following we will use the recursion relation
which was first introduced by Parrdft.In the recursion

E method}***the transmitted fieldE] and the reflected fiel]

at the top of thgth layer are found from the relations
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FIG. 1. A schematic representation of x-ray reflection from a

multilayer system. See text for details. and
For all j, the components of the wave vectdg=k/ X__(rj3j+aj2+1xj+1) 1)
—ikj, are given by Po1+al  Xjars
2m 2m where
kj’sz cosé, kj’ZZT(Gj_ cos6)Y?, 2)
=eX[Z(—ikj'Zdj), (12)

where 6 is the glancing angle of incidence, is the wave-
length of the incident x rays, and the dielectric functigris ~ d; being the thickness of thgh layer.

given by For the substratE| = X,=0. The electric-field amplitudes
E} (transmitted)&a\ndEjr (reflected)can be computed from the

€=1-26-i2p;, (3) knowledge of\, 6, €;’s, the thickness of the layersi(s),
where and the interface roughness(s) using Egs.(2)—(12) and
the reflectivityR is then obtained from the ratio @& fields
8=(N12m)repe,  B=(NAm)p. (4)  outside the surface
6 and B are related to the real and imaginary parts of the R(6)=|EL/E!)2. (13)

atomic scattering factorg, is the electron density, and is

the linear absorption coefficient for the incident photons inThe interference between the inciddaffield (E) and the
the mediumr, is the classical electron radius. We considereflected E field (E) can form standing-waves within

the medium for the incident beam to be vacuum with any layer and that betwedﬁt and E}, can form standing-

=1. waves above the surface in vacuum. In order to obtain this

For the s polarization of the electric field and smooth standing-wave field in thgth layer one needs to know the
interfaces the complex coefficient of reflectiopand trans- t r
p fields E; andE; as a function of depthz).

missiont;, being the ratio of electric fields at thej+1

interface, are given by Fresnel's formulas . .
B. Field intensity

r:kj,z_ Kj+1z 5) The totalE field at a pointr in the jth layer is given by
J kj,z+ kj+1,z’ T t '
Ej(r)=E;(r)+E;(r), (14)
t1=$. (6) where
.z j+1,z

t _ =t il H .
For rough interfaces these expressions are to be modified. Ej(r)=Ej(0)exp(—ikj z)exi(wt—kjx)],  (15)

There are several methods for obtaining modified expresyng
sions. In a well-known methd®™r; is multiplied by a fac-

tor S given by El(r)=E[(0)exp(+ik; 2)exi(ot—k; X)]. (16)

— 2

= exXf 207k Kj+ 1], (7) Here the origin has been chosen to be on the interface at
whereo; is the root-mean-square deviation of the interfacethe top of thejth layer. ThusEj(0) andEj(0) represent the
atoms from the perfectly smooth condition. An express-transmitted and the reflect@l fields at the top of thgth
ion like Eq. (7) is only valid for small roughnesses layer. Et(O) andE! j(0) are readily obtained from the recur-
(ailk; o <1). sion reIauons[Eqs (9)—(12)]*2 The field intensityl (6,z)

For the modification of;, it is to be multiplied by —|E]T(r) |2 can be shown to be given kfor s polarization)
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1.0 10.0 ing mixtures with various degrees of miscibility, segregation,
o and polymer interdiffusion. We take the trilayer system
0.8 g0 B [PS(15% )+ PBry 06S(85%)](1000 A)/Au(500 A)/Si. In this
] g computation we have used the following parametgrsfen-
g z ergy of the incident x rays-16.9 keV, e€,=1—(1.87
% 06 60 = X1076)—i(1.18x10°8) (polymer blend)® e,=1—(2.18
2 z X107°)—i(2.63x10 %) (gold), e;=1—(3.38%x10 ©)
g 041 40 = —i(1.93x10°8) (silicon), d;=1000 A and d,=500 A,
a : oo=01=0,=0. The critical angles 6,=\25 are
02 ] 20 = 6.(polymer)=1.37, 6.(Au)=4.67, andf.(Si)=1.84 mrad.
] = For 6<1.37 mrad incident x-rays will undergo total external
reflection from the polymer layer and an evanescent wave
0'00,5 10 15 20 25 3_00'0 will be present in the layer. Fa@#™> 6.(polymer) the incident
9 (mrad) X-rays penetrate into the polymer layer and get reflected

strongly by the Au layer up t@= 6.(Au). At 6.(polymer)
FIG. 2. Reflectivity () and the transmitted field intensity < 6<<6.(Au) a part of the x-ray beam, already reflected from
(CEERES ) as a function of the angle of incidencolymer the Au layer, is reflected back into the polymer layer from
blend(1000 A)/Au(500 A)/Si]. the polymer/air interface. The constructive interference be-

tween this beam and the incident beam causes enhancement
2

E'(0) of field intensity in the polymer layer.
1(6,2)=|E;(0)|%| exp{— 2k} ,z} + i exp2k] ,z} For this system the reflectivitR( ) is shown as a func-
E; tion of the grazing angle of incidenced) in Fig. 2. The
) transmitted field intensityEq. (18)] into the polymer layer
2 E;(0) cog v+2k! .2) (17) as a function o9 is also shown in Fig. 2. Only a part of the
E}(O) hzmaye reflectivity below the critical angle for Au is shown in Fig. 2

_ to retain the clarity of the oscillatory features of both the
where v is defined byEj(0)/E|(0)=|E[(0)/Ej(0)|e"", i.e.,  curves.[A reflectivity curve well beyondd.(Au) is shown
v is the phase of th&-field ratio at the top of th¢th layer.  |ater in Fig. 6 for a thinner polymer layéit is easy to notice
It is clear from Eq.(17) that a standing wave is generated that wherever the reflectivity curve has minima, the transmis-
within the jth layer. If the absorption in the medium is ig- sion curve has maxima. This is expected. The missing inten-
nored(i.e., kj”Z=0), the quantity within the square brackets sity in the reflected beam goes into transmission. The en-
may attain a maximum value of 4. However, the prefactorhancement in transmission occurs due to multiple reflections
|E}(O)|2 is an oscillatory function of¢ and may be quite of the beam within the layer at the polymer surfa@l
large in comparison to the incident intensji}|? under ap-  interface)and the polymer/Au1/2) interface. The field in-
propriate conditions giving rise to a large enhancement iriensities[1(z)] within the top layer for the angles of inci-
1(6,2). dence @) corresponding to the first, second, third, and fourth
The ratio of the transmitted intensity at the top of layerminima in reflectivity, i.e., atf,;=1.4483, 6,=1.5729, 6,
“1" (i.e., just below the surfageo the incident intensity =1.7621, andd,=1.9981 mrad, respectively, are shown in
(|EL(0)/EL(0)|?) is obtained from Fig. 3. We notice that standing-wave patterns are generated
within the layer. This also shows that the intensity is en-
hanced within the layer, the enhancement being the largest
Ep|2. (18)  for the first order, which is 25 times. This contains the con-
tribution of the two factors in Eq17)—the prefactor and the
This ratio is shown as a function of angle of incidence for glerm in th? square bracket. We notice from Fig. 3 th_at the
given system in Fig. 2 to elucidate the enhancement phenony£c0Nd: third, and fourth orders have 2, 3, and 4 antinodes,

enon. Details about the plots in Fig. 2 are discussed in Se&eSPectively, formed within the layer, with decreasing inten-
IC sity following the transmission pattern in Fig. 2. The three-

dimensional(3D) intensity plot[1(6,z)], showing bothé
andz dependence, is shown in Fig. 4, which also shows the
intensity within the second layeiAu). The angles where

In this section we present the results of calculations ofirst-, second-, third-, and fourth-order resonance enhance-
various quantities in Secs. Il A and Il B using an example.ments occur are noticed on tieaxis. If we follow thez
We take a three-layer system: polymer-blef@d00 A)/ =0 line along the# axis in Fig. 4(a)we notice that the
Au(500 A)/Si (substrate). In order to demonstrate the resointensity goes to~4 at the critical anglef. (polymer) as
nance enhancement effects of both odd and even orders, w&pected and then the intensity becomes an oscillatory func-
will use an example of a polymer-blend film containing 15% tion of #. From Fig. 4(b)we notice that corresponding to the
polystyrene(PS)and 85% polybromostyrene (RBrwithx  angles where field enhancements occur in the polymer layer
=0.06) on a layer of higher electron dengibere gold). The there are also small enhancements in the underlying Au
blend of PS with PBS is also interesting from the viewpoint layer. This is easily followed, say at tlze= 0 position, along
of polymer scienceé®!’ The properties of the PS-PB  the # axis. It means that a part of the resonance-enhanced
blend systems change with the degree of brominatiagiv-  intensity in the polymer layer leaks into the Au layer. This

2
Aol

E10)*=|—F—
IE:(0)] 1+a3Xqr,

C. Examples of calculation
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FIG. 3. The field-intensity distribution within the polymer-blend
layer for angles of incidenc#,=1.4483(— — —), 6,=1.5729 27F

(=--), 63=1.7621 (), and 6,=1.9981(- - -- ) mrad corre-
sponding to first-, second-, third-, and fourth-order minima in re-
flectivity in Fig. 2. The intensity enhancement is the largest for the
first-order with one antinode in the laygwolymer blend(1000 A)/
Au(500 A)/Si].

10, z)

happens because the polymer/Au interface reflectivity is
much less than unity, which is evident in Fig. 2 beyond the
polymer critical angle. From Fig.() we also notice that at
the polymer/Au interface 2=0), the intensity in general
rises up tod. (Au); however, the maximum intensity is much
lower than 4, because of stroigompared to polymerab-
sorption of x rays in Au. It is also evident that the penetration
of the field into the Au layer increases with

In Fig. 5 we present the field intensity at the middle of the @,
polymer layer, (8,z=500 A), and the integrated field inten-
sity, 3294 (6,2)dz, in the polymer layer. It is clear that in
the first case only odd-order intensity enhancement pea
(first, third, fifth, seventhwhile in the second case both odd
and even orders are observable. This is understood in rela-
tion to Fig. 3. For even ordefsecond, fourth, . . . there are
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FIG. 4. Three-dimensional intensity plb¢6,z): (a)in the poly-
er blend,(b) in the Au layer[polymer blend(1000 A)/Au(500
)/Si].

variation of the fluorescence yield withwill depend on the

nodes atz=500 A. However, the integrated field over the distribution of the §engoréhere Brywithin the layer. TWQ
whole depth of the polymer layer is nonzero for all orders.C2S€S aré shown in Figs. 5 and 6, whéagthe sensor is

Wang et al!* have demonstrated the first case by using
lipid film with an embedded ultrathin field-intensity sensor

Loncentrated in the middle of the layer afid the sensor is

layer approximately at the middle of the film. Here we will 300

experimentally demonstrate the second case with the obser- < — z2=5004

vation of both odd- and even-order enhancements. ! 2501 z = integrated
The degree of enhancement, the widths of the intensity 2 ]

peaks, and the number of the peaks depend on the layer & ZO'OE

thickness. This is evident in the plots of Fig. 6 for a 350 A ﬁ ]

polymer-blend layer. Figure 6 also shows full curves for f 15'0“:

angles @) far beyondd, (Au). In the experiments we have 2 ]

used such a thin layer. Although the degree of enhancement 3 1007

in this case is leskcompare field intensities in Figs. 5 ang 6 2

the requirements on angular precision, beam divergence, etc., § 5.0

are relaxed. = )
The field intensity can be monitored by detecting a pro- 00 T ST e 25 T30

cess such as photoelectron yield, Auger-electron yield, ’ T (n{rad) ) )

fluorescence yield, etc. In our demonstration we will detect

fluorescence vyield, a process proportional to the field inten- FIG. 5. Field intensity at the middle of the polymer-blend layer
sity in the dipole approximation, from Br atoms in the 1(4,z=500 A), and the integrated intensity8) = [1°%°A (8,2)dz
PBrygeS component in the polymer blend. However, the[polymer blend(1000 A)/Au(500 A)/Si].
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L0 = 14.0 Si(111) IC IC Si(Li) |\ Dy
y z sy 1 2o\
120 3 H l H | C;;r
& - 10.0 E X-rays | Sz?| Ssl Sample, 4
: 80 DoRIS) | :
i L 5 S si(111)
é - 6.0 % sym ~1500mm  250mm 5200mm 450 mm
& 2 4 i
40 =
e FIG. 7. A schematic view of the experimental setup with a
-2.0 e;: double symmetric $111) crystal monochromator and incident x
il rays from the storage ring DORIS; (width is 2 mm),S, (width is
4.0 ' 8.00'0 75 um), S; (width is 135um), S, (width is 75 um): slits; I1C,
O (mrad) IC,: ionization chambers; D1: diode detector{L$i: energy dis-
persive detector.
FIG. 6. Theoretical plots of reflectivity— - —), normalized

field intensity at the middle of the polymer blend layer(175 A) termination of the depth distribution of the RBES compo-

(—0—) in the polymer-blend layepolymer blend(350 A)/Au(350

Aysil.
IV. EXPERIMENTAL

uniformly distributed over the whole thickness of the layer. A thin film of gold was vacuum evaporated on a silicon
From the fleld_d|str|bu'§|on shown in Fig. 3, the expecte_dwafer substrate(Au/Si). Subsequently a thin fim of a
fluorescence yield profile from the sensors would be qu'tppolymer-blend layef15% PS, 85% PBy,S) was deposited
different. It is evident from Figs. 5 and 6 if the sensors arepy spin coating on the gold-coated substrﬁtS blend /Au/
uniformly distributed over the depth of the layer both Odd'Si). The sample was annealed at 170°C under vacuum
and even-order enhancements would be observed. We hav?fofs Torr) for 10 h. The molecular weight of PS used here
nearly uniform distribution of PBS in the polymer-blend is M, = 150 kg mole * with a narrow molecular weight dis-
layer to observe both odd- and even-order enhancements. tribu\gon (M,,/M,=1.08, whereM, is the number-average

w n . ’ n

It is clear from Figs. 5 and 6 that the fluorescence yieldmolecular weight). The same PS was used to prepare
profile is dependent on the sensor depth distribution. OubBro%S” '

second objective is to show that this distribution can be de- Experiments were performed in HASYLAB at the RIO
termined from the analysis of the fluorescence yield profile ;oo line. The experimental setup is shown in Fig. 7. The
scattering geometry is that faerpolarization. The diode de-
Il. APPLICATIONS tector detected the specularly reflected beam and tfig) Si

In thin films containing a homogeneous distribution of détector detected Bta fluorescence yield from the PgeS
two components with different surface free energies, th&€omponent. The field-intensity enhancement has been_sensed
component with lower free energy will tend to segregate to{hrough the Bika fluorescence yield, a process proportional
wards the free surface. This would lead to an inhomogeneit{P the field intensity in the dipole approximation. The aver-
in the depth distribution of the components. PS and,R@&  29¢ exit anglex [the inclination of the Si(Li)detector with
is a miscible system. A homogeneous mixture of them tend®SPect to the sample surfgder fluorescence photons was
to show a surface enrichment of PS upon annealing. In ordef®” -
to obtain the distribution of one compone(iere PBg ¢sS)
in such a situation one has to obtain the integral field inten- V. RESULTS AND DISCUSSIONS
sity or fluorescence yield. In case the fluorescing atoms are
in a distribution given byf(z), the fluorescence yield profile
is given by®

The reflectivity and the BiKa fluorescence yield are
shown in Fig. 8. The lower values of reflected intensity at
smaller anglegcompared to Fig. 6are because of a smaller

dj footprint of the incident beam on the sample, where the pro-
|f(0)=Cfo 1(6,2)f(z)dz, (19)  jection of the beam on the sample is larger than the size of
the sample. This footprint effect has been incorporated in the
whereC is a normalization constant. The normalized valuetheoretical curve, which also has been convoluted with the
of 1¢(#) for a uniform distributionf (z) =const of the PB/S  beam divergence, and fitted to the experimental tfavale
component is equivalent to the integrated field intensitynotice that wherever there is a minimum in the reflectivity,
shown in Figs. 5 and 6.(6) is sensitive to the distribution there is a maximum in the fluorescence yield, that is, the field
of the PBLS component. This gives the possibility to study intensity in the polymer layer is maximum corresponding to
diffusion, segregation, and spinodal decomposition ina minimum in the reflectivity. Here both odd- and even-order
polymer-blend systems and interface broadening in layerednhancement peaks are clearly observed. Earlier only odd-
systems. It has been shown in a theoretical study that witbrder enhancement peaks have been obséfved.
the precision of this method a diffusion coefficient as small The Br Ka fluorescence yield has been analyzed as fol-
as 10 ?*cnm/sec can be measurédWe demonstrate the de- lows. Although the distribution of the PBgS component in
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1.0 - l::::. ee 8 g
0.8 7] Si
2
% 0.6
5 zz Au, °PS. «PBrS
T 0.4 -
& FIG. 9. A schematic diagram showing the initial uniform distri-
bution (85% PBp ¢sS, 15% PShand the distribution after annealing.
0.2 In the annealed sample, as the distribution in the inset of Flmy. 8
. shows, PBg oS is almost completely depleted from the surface and
0.0 1 partially depleted from the polymer/Au interface. That is, the sur-
‘ face and the interface are enriched in PS concentration.
6.0
% 4
= 5.0 interface g=d;) with concentration¢,; and ¢,, respec-
2 1 tively. zis a coordinate perpendicular to the surface dnas
Y 4.0 the polymer film thickness. Following theoretical
§ 1 predictiorf? we use an exponential concentration profile with
S 3.0- } 0.0 G ——— a decay length¢ discussed previousf/ Since ¢ should be
= 100 200 300 ; ; ;
[ ] b g related to the correlation length for concentration fluctuations
5>t 2.0 in the bulk?? we assume the same decay length at both in-
-% . terfaces. A least-squares fit to the integrated fluorescence
E 1.0- yield spectrum];(6) [Eq. (19)], based on Eq20) describes
s the experimental data better than the best fit with a homoge-
z neous layefFig. 8(b)]. Parameters of the fit are as follows:
0°00.6 0 a0 60 s $,=0.99, $,=0.32, dpn=0, £=45 A, d,=336 A. (The
: other parameters for this three-layer systemdyre 282 A,
0 (mrad) oo=11 A, 0;=8 A, 0,=8 A)) The concentration profile of

PBIy S is shown in the inset of Fig. 8(b). The calculated

FIG. 8. (a) Reflectivity (V) and (b) Br Ka fluorescence yield reflectivity curves for this model and the homogeneous dis-
(O) data vs angle of incidence and the fitted curvestribution model are indistinguishable because the electron
(————— ) for apolymer-blend layer of PS and PggS ona  density of PS and PBpsS differ only by ~0.5%. Thus,
Au-coated Si substratsee text). The solid line ifb) represents a  from simple reflectivity experiments, it is almost impossible
fit according to the surface enrichment model described bY®d. g distinguish these models. It is quite evident from the data
The corresponding PBgeS distribution is shown in the insésolid that (i) PS is highly enriched at the free surfac¢i), PS is
line). PS is largely enriched at the free surfaze-Q) and partially slightly enriched at the substrate, afii) the fluorescence
enriched at the blend/Au interface=€ 336 A). Parameters are given #/ield spectrum provides a much C,Iearer evidence of the sur-

in the text. The dashed lines represent the homogeneous distributi Dce enrichment than the reflectivity data. The enrichment of
and the corresponding fluorescence fit. The fluorescence yields fcigs concentration at the polymyer su.rface and at the

both curves have been normalizedat 8.6 mrad, where there is no . . -
|V y 'z v ' 1 polymer/Au interface are schematically shown in Fig. 9. The

(solid curve)and 0.094(dashed curveindicating a better fit for the Surf‘,”lce enrlphment can be unders,tOOd from energetic Con.SId'

surface enrichment modé€The first-order peak in the dashed curve erations taking the surface energies c_)f the components into

is 10% lower compared to the solid curye. account. PS has a lower surface tension and surface energy,
and is therefore favored at the free surface. The actual sur-
face concentration and decay length are more difficult to pre-

the PS-PBy 4¢S blend is expected to be homogeneous in thjiict and may also be influenced by the finite film thickness of
as-prepared sample, from previous neutron reflectivit he samp!e _and by the second interface, which is close by.
investigation$’ one may assume that PS is enriched at the>ue to this influence the decay length may be smaller than

free surface in the annealed sample. Although the enrichmer‘ﬁXpeCted from previous experimenfs.

at the layer/substrate interface has not been considered \i/(/]h\c/)\llg(?rr\]t;?;ilt;t?snﬁgi/gii‘(im?j ?Ajl}tcrtji:\I?hteh?asg:ymesrr:\gw’pt:r?
Ref. 17, one may consider the following general form of the ' : : ' .
y 99 of the field penetrates into the underlying Au layer. This

i istributi fP he film thick : ) )
concentration distribution of PBpeS over the film thickness shows as small peaks in the Aufluorescence yieldnot

f(2)=1—[ by exp — /&) + by expl— (dy— 2)/E1+ brminl- shown here). In principle this contribution can excite addi-
20

resonance enhancement effect. Faéactors for the fits are 0.06

tional fluorescence yield in the overlayer. In the present case

dominant Au L-fluorescence lines arén keV) L, (L,q:
This functional form takes into account an enrichment of PS.7133,L ,,:9.6280),L 5 (L g1: 11.4423,L 45,: 11.5847)and
both at the free surfacez¢0) and at the layer/substrate L, (L,;: 13.3817). Since the BK edge is at 13.474 keV,
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thesel-fluorescence photons from Au are unable to excite Biof PS. The decay length, which should be related to the
K fluorescence photons, which have been detected and anesrrelation length for concentration fluctuations in the bulk,
lyzed. Thus the contribution of secondary Bifluorescence has been determined. The resonance enhancement phenom-
is absent in this case. enon can be useful in polymer research involving interface
It is clear that the shape of the Br fluorescence yield curvéoroadening, segregation, spinodal decomposition, and diffu-
depends on the depth distribution of Br or the PR6 com-  sion.
ponent of the polymer blend. In case this component is con- For the PS-PBSS blend system miscibility depends on the
centrated around the middle of the film, the even-order endegree of brominations. Thus over a range of the Flory-
hancement peaks would be weak, while a concentratioiluggins mean interaction parameter for monomer units of
around a depth of one-fourth of the film thickness wouldthe components can be varied and the diffusion behavior can
give rise to weaker odd-order peaks. Thus the segregation &fe studied by this technique. This would help testing current
this component can be followed. We have observed smatheories.
peaks on the AlL-fluorescence yield at angles correspond- The application of this technique is not necessarily re-
ing to reflectivity minima like those shown in Fig(l). stricted to polymers. Only the overlayer has to be predomi-
In Sec. Il we have discussed the theory $golarization.  nantly materials involving low atomic numbers so that ab-
In the small§; and 8; approximation, the formulas are the sorption of incident x rays is small and the critical angle is

same for botts and p polarization'? much smaller compared to the underlying higher atomic
number material. Thus it will be possible to study various
VI. CONCLUSIONS phenomena in LB films, graphite, fullerine, or even silicon

layers.

We have observed both odd- and even-order x-ray reso-
nance enhancement peaks in a polymer-blend layer involving
PS and PBSS. Itis clear that the shape of the Br fluorescence
yield curve depends on the depth distribution of Br or the This work was supported by the Indo-German bilateral
PBr,S component of the polymer blend. This has been usedollaboration Project No. Physics-25. B.N.D. was partially
to extract the distribution of PB8 in the PS-PBIS polymer-  supported by HASYLAB. S.D. would like to thank M. H. J.
blend film and to identify a surface and interface enrichmen&och for his support and encouragement.
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