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Resonance enhancement of x rays of bothodd andevenorders has been observed in a thin polymer blend
film of polystyrene~PS!and polybromostyrene (PBrxS) 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 in the PBrxS
component of the compatible polymer blend. Analysis of the BrKa fluorescence has yielded the PBrxS
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.
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I. INTRODUCTION

A variety of physical phenomena occurs when x rays
incident at glancing angles on flat surfaces of materi
These phenomena include total external reflection,1 interfer-
ence fringes in reflection from layers on a substrate,2 and the
formation of evanescent3,4 and standing waves.5 All these
phenomena have been utilized for the characterization
surfaces, interfaces, and thin films. For thin-film preparati
among other techniques, spin coating is widely used in
semiconductor industry.6,7 Spin-coated polymer layers o
solid substrates have been extensively studied by x
reflectometry.8,9 Here we demonstrate the resonance
hancement of x-ray intensity in such layers and describe
usefulness for the study of polymer layers and other laye
materials in general.

Resonance enhancement effects have been observe
der glancing incidence conditions in thin films on a substra
These are of two different varieties—one below the criti
angle of the top layer in a thin-film waveguide structure10

and the other above the critical angle.11,12 Wanget al.11 ob-
served the resonance enhancement effect in a lipid multila
film, prepared by the Langmuir-Blodgett~LB! technique, in-
corporating a heavy atom layer approximately at the mid
of the LB layer during preparation. They observed onlyodd
order enhancement peaks. Here we report on our obse
tions of bothoddandevenorder resonance enhancement in
polymer-blend layer, prepared by the usual spin coating o
gold-coated silicon substrate. The polymer-blend layer c
sists of polystyrene~PS!and polybromostyrene (PBrxS). We
PRB 610163-1829/2000/61~12!/8462~7!/$15.00
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use the notation PBrxS for a statistical copolymer of poly
(p-bromostyrene-stat-styrene!, which consists of statistically
alternating monomers of para-bromostyrene at molar c
centrationx and of styrene at molar concentration (12x).
The experiment involves x-ray reflectivity measurement w
the simultaneous detection of BrKa fluorescent x rays. Both
odd- and even-order enhancements are manifested as p
in the BrKa fluorescence yield. Analysis of the fluorescen
yield has been utilized to extract the depth distribution
PBr0.06S, which shows a surface and interface enrichmen
the PS component of the polymer blend. This distributi
could not be determined from standard x-ray reflectiv
measurements because of the negligible electron density
ference between the two components in the polymer ble

II. THEORY

We give a brief theoretical background for the resonan
enhancement process. We mainly follow the formalis
given by Parratt13 and de Boer12 for the reflectivity and then
give the expression for the field intensity.

A. Reflection from a multilayer system

If all interfaces are parallel in a multilayer system~Fig. 1!,
a plane electromagnetic wave of frequencyv in a mediumj
at a positionr can be written as

Ej~r !5Ej~0!exp@ i ~vt2k j•r !#, ~1!

whereEj (0) is the field amplitude at the top of thej th layer.
8462 ©2000 The American Physical Society
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For all j, the components of the wave vector,k j5k j8
2 ik j9 , are given by

kj ,x5
2p

l
cosu, kj ,z5

2p

l
~e j2 cos2u!1/2, ~2!

whereu is the glancing angle of incidence,l is the wave-
length of the incident x rays, and the dielectric functione j is
given by

e j5122d j2 i2b j , ~3!

where

d5~l2/2p!r ere , b5~l/4p!m. ~4!

d and b are related to the real and imaginary parts of
atomic scattering factors,re is the electron density, andm is
the linear absorption coefficient for the incident photons
the medium.r e is the classical electron radius. We consid
the medium for the incident beam to be vacuum withe0
51.

For the s polarization of the electric field and smoo
interfaces the complex coefficient of reflectionr j and trans-
mission t j , being the ratio of electric fields at thej, j 11
interface, are given by Fresnel’s formulas

r j5
kj ,z2kj 11,z

kj ,z1kj 11,z
, ~5!

t j5
2kj ,z

kj ,z1kj 11,z
. ~6!

For rough interfaces these expressions are to be modi
There are several methods for obtaining modified exp
sions. In a well-known method14,15 r j is multiplied by a fac-
tor Sj given by

Sj5 exp@22s j
2kj ,zkj 11,z#, ~7!

wheres j is the root-mean-square deviation of the interfa
atoms from the perfectly smooth condition. An expre
ion like Eq. ~7! is only valid for small roughnesse
(s j ukj ,zu,1).

For the modification oft j , it is to be multiplied by

FIG. 1. A schematic representation of x-ray reflection from
multilayer system. See text for details.
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Tj5 exp@s j
2~kj ,z2kj 11,z!

2/2#. ~8!

So far we have discussed the reflection and refraction
single interface. For a multilayer system, involving multip
interfaces, the electric fields at all the interfaces can be
tained from either a recursion relation or from a matrix fo
malism. In the following we will use the recursion relatio
which was first introduced by Parratt.13 In the recursion
method,12,13the transmitted fieldEj

t and the reflected fieldEj
r

at the top of thej th layer are found from the relations

Ej
r5aj

2XjEj
t , ~9!

Ej 11
t 5

ajEj
t t jTj

11aj 11
2 Xj 11r jSj

, ~10!

and

Xj5
~r jSj1aj 11

2 Xj 11!

11aj 11
2 Xj 11r jSj

, ~11!

where

aj5 exp~2 ik j ,zdj !, ~12!

dj being the thickness of thej th layer.
For the substrateEl

r5Xl50. The electric-field amplitudes
Ej

t ~transmitted!andEj
r ~reflected!can be computed from the

knowledge ofl, u, e j ’s, the thickness of the layers (dj ’s!,
and the interface roughness (s j ’s! using Eqs.~2!–~12! and
the reflectivityR is then obtained from the ratio ofE fields
outside the surface

R~u!5uE0
r /E0

t u2. ~13!

The interference between the incidentE field (Ej
t ) and the

reflected E field (Ej
r) can form standing-waves within

any layer and that betweenE0
t and E0

r can form standing-
waves above the surface in vacuum. In order to obtain
standing-wave field in thej th layer one needs to know th
fields Ej

t andEj
r as a function of depth (z).

B. Field intensity

The totalE field at a pointr in the j th layer is given by

Ej
T~r !5Ej

t~r !1Ej
r~r !, ~14!

where

Ej
t~r !5Ej

t~0!exp~2 ik j ,zz!exp@ i ~vt2kj ,xx!#, ~15!

and

Ej
r~r !5Ej

r~0!exp~1 ik j ,zz!exp@ i ~vt2kj ,xx!#. ~16!

Here the origin has been chosen to be on the interfac
the top of thej th layer. ThusEj

t (0) andEj
r(0) represent the

transmitted and the reflectedE fields at the top of thej th
layer. Ej

t (0) andEj
r(0) are readily obtained from the recu

sion relations@Eqs.~9!–~12!#.12,13 The field intensityI (u,z)
5uEj

T(r) u2 can be shown to be given by~for s polarization!
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I ~u,z!5uEj
t~0!u2Fexp$22kj ,z9 z%1UEj

r~0!

Ej
t~0!

U2

exp$2kj ,z9 z%

12UEj
r~0!

Ej
t~0!

Ucos~n12kj ,z8 z!G , ~17!

wheren is defined byEj
r(0)/Ej

t (0)5uEj
r(0)/Ej

t (0)uein, i.e.,
n is the phase of theE-field ratio at the top of thej th layer.
It is clear from Eq.~17! that a standing wave is generate
within the j th layer. If the absorption in the medium is ig
nored~i.e., kj ,z9 50), the quantity within the square bracke
may attain a maximum value of 4. However, the prefac
uEj

t (0)u2 is an oscillatory function ofu and may be quite
large in comparison to the incident intensityuE0

t u2 under ap-
propriate conditions giving rise to a large enhancemen
I (u,z).

The ratio of the transmitted intensity at the top of lay
‘‘1’’ ~i.e., just below the surface! to the incident intensity
(uE1

t (0)/E0
t (0)u2) is obtained from

uE1
t ~0!u25U a0t0

11a1
2X1r 0

U2

uE0
t u2. ~18!

This ratio is shown as a function of angle of incidence fo
given system in Fig. 2 to elucidate the enhancement phen
enon. Details about the plots in Fig. 2 are discussed in S
II C.

C. Examples of calculation

In this section we present the results of calculations
various quantities in Secs. II A and II B using an examp
We take a three-layer system: polymer-blend~1000 Å!/
Au~500 Å!/Si ~substrate!. In order to demonstrate the re
nance enhancement effects of both odd and even orders
will use an example of a polymer-blend film containing 15
polystyrene~PS!and 85% polybromostyrene (PBrxS with x
50.06) on a layer of higher electron density~here gold!. The
blend of PS with PBrxS is also interesting from the viewpoin
of polymer science.16,17 The properties of the PS-PBrxS
blend systems change with the degree of brominationx, giv-

FIG. 2. Reflectivity (——) and the transmitted field intensit
(••••••) as a function of the angle of incidence@polymer
blend~1000 Å!/Au~500 Å!/Si#.
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ing mixtures with various degrees of miscibility, segregatio
and polymer interdiffusion. We take the trilayer syste
@PS(15%)1PBr0.06S(85%)#~1000 Å!/Au~500 Å!/Si. In this
computation we have used the following parameters:Eg ~en-
ergy of the incident x rays!516.9 keV, e1512(1.87
31026)2 i (1.1831028) ~polymer blend!,18 e2512(2.18
31025)2 i (2.6331026) ~gold!, e3512(3.3831026)
2 i (1.9331028) ~silicon!, d151000 Å and d25500 Å,
s05s15s250. The critical angles uc5A2d are
uc(polymer)51.37, uc(Au)54.67, anduc(Si)51.84 mrad.
For u,1.37 mrad incident x-rays will undergo total extern
reflection from the polymer layer and an evanescent w
will be present in the layer. Foru.uc(polymer) the incident
x-rays penetrate into the polymer layer and get reflec
strongly by the Au layer up tou5uc(Au). At uc(polymer)
,u,uc(Au) a part of the x-ray beam, already reflected fro
the Au layer, is reflected back into the polymer layer fro
the polymer/air interface. The constructive interference
tween this beam and the incident beam causes enhance
of field intensity in the polymer layer.

For this system the reflectivityR(u) is shown as a func-
tion of the grazing angle of incidence (u) in Fig. 2. The
transmitted field intensity@Eq. ~18!# into the polymer layer
as a function ofu is also shown in Fig. 2. Only a part of th
reflectivity below the critical angle for Au is shown in Fig.
to retain the clarity of the oscillatory features of both t
curves.@A reflectivity curve well beyonduc(Au) is shown
later in Fig. 6 for a thinner polymer layer.# It is easy to notice
that wherever the reflectivity curve has minima, the transm
sion curve has maxima. This is expected. The missing in
sity in the reflected beam goes into transmission. The
hancement in transmission occurs due to multiple reflecti
of the beam within the layer at the polymer surface~0/1
interface!and the polymer/Au~1/2! interface. The field in-
tensities@ I (z)# within the top layer for the angles of inci
dence (u) corresponding to the first, second, third, and fou
minima in reflectivity, i.e., atu151.4483, u251.5729, u3
51.7621, andu451.9981 mrad, respectively, are shown
Fig. 3. We notice that standing-wave patterns are gener
within the layer. This also shows that the intensity is e
hanced within the layer, the enhancement being the lar
for the first order, which is 25 times. This contains the co
tribution of the two factors in Eq.~17!—the prefactor and the
term in the square bracket. We notice from Fig. 3 that
second, third, and fourth orders have 2, 3, and 4 antino
respectively, formed within the layer, with decreasing inte
sity following the transmission pattern in Fig. 2. The thre
dimensional~3D! intensity plot @ I (u,z)#, showing bothu
andz dependence, is shown in Fig. 4, which also shows
intensity within the second layer~Au!. The angles where
first-, second-, third-, and fourth-order resonance enhan
ments occur are noticed on theu axis. If we follow thez
50 line along theu axis in Fig. 4~a!we notice that the
intensity goes to'4 at the critical angleuc ~polymer! as
expected and then the intensity becomes an oscillatory fu
tion of u. From Fig. 4~b!we notice that corresponding to th
angles where field enhancements occur in the polymer la
there are also small enhancements in the underlying
layer. This is easily followed, say at thez50 position, along
the u axis. It means that a part of the resonance-enhan
intensity in the polymer layer leaks into the Au layer. Th
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happens because the polymer/Au interface reflectivity
much less than unity, which is evident in Fig. 2 beyond
polymer critical angle. From Fig. 4~b! we also notice that a
the polymer/Au interface (z50), the intensity in genera
rises up touc ~Au!; however, the maximum intensity is muc
lower than 4, because of strong~compared to polymer!ab-
sorption of x rays in Au. It is also evident that the penetrat
of the field into the Au layer increases withu.

In Fig. 5 we present the field intensity at the middle of t
polymer layer,I (u,z5500 Å!, and the integrated field inten
sity, *0

1000ÅI (u,z)dz, in the polymer layer. It is clear that i
the first case only odd-order intensity enhancement pe
~first, third, fifth, seventh! while in the second case both od
and even orders are observable. This is understood in
tion to Fig. 3. For even orders~second, fourth, . . . !there are
nodes atz5500 Å. However, the integrated field over th
whole depth of the polymer layer is nonzero for all orde
Wang et al.11 have demonstrated the first case by using
lipid film with an embedded ultrathin field-intensity sens
layer approximately at the middle of the film. Here we w
experimentally demonstrate the second case with the ob
vation of both odd- and even-order enhancements.

The degree of enhancement, the widths of the inten
peaks, and the number of the peaks depend on the l
thickness. This is evident in the plots of Fig. 6 for a 350
polymer-blend layer. Figure 6 also shows full curves
angles (u) far beyonduc ~Au!. In the experiments we hav
used such a thin layer. Although the degree of enhancem
in this case is less~compare field intensities in Figs. 5 and 6!,
the requirements on angular precision, beam divergence,
are relaxed.

The field intensity can be monitored by detecting a p
cess such as photoelectron yield, Auger-electron yi
fluorescence yield, etc. In our demonstration we will det
fluorescence yield, a process proportional to the field int
sity in the dipole approximation, from Br atoms in th
PBr0.06S component in the polymer blend. However, t

FIG. 3. The field-intensity distribution within the polymer-blen
layer for angles of incidenceu151.4483 ~2 2 2!, u251.5729
~2 - 2!, u351.7621 (——), andu451.9981~••••••! mrad corre-
sponding to first-, second-, third-, and fourth-order minima in
flectivity in Fig. 2. The intensity enhancement is the largest for
first-order with one antinode in the layer@polymer blend~1000 Å!/
Au~500 Å!/Si#.
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variation of the fluorescence yield withu will depend on the
distribution of the sensors~here Br!within the layer. Two
cases are shown in Figs. 5 and 6, where~a! the sensor is
concentrated in the middle of the layer and~b! the sensor is

-
e

FIG. 4. Three-dimensional intensity plotI (u,z): ~a! in the poly-
mer blend,~b! in the Au layer @polymer blend~1000 Å!/Au~500
Å!/Si#.

FIG. 5. Field intensity at the middle of the polymer-blend lay
I (u,z5500 Å!, and the integrated intensityI (u)5*0

1000ÅI (u,z)dz
@polymer blend~1000 Å!/Au~500 Å!/Si#.
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uniformly distributed over the whole thickness of the lay
From the field distribution shown in Fig. 3, the expect
fluorescence yield profile from the sensors would be qu
different. It is evident from Figs. 5 and 6 if the sensors a
uniformly distributed over the depth of the layer both od
and even-order enhancements would be observed. We h
nearly uniform distribution of PBrxS in the polymer-blend
layer to observe both odd- and even-order enhancemen

It is clear from Figs. 5 and 6 that the fluorescence yi
profile is dependent on the sensor depth distribution. O
second objective is to show that this distribution can be
termined from the analysis of the fluorescence yield profi

III. APPLICATIONS

In thin films containing a homogeneous distribution
two components with different surface free energies,
component with lower free energy will tend to segregate
wards the free surface. This would lead to an inhomogen
in the depth distribution of the components. PS and PBr0.06S
is a miscible system. A homogeneous mixture of them te
to show a surface enrichment of PS upon annealing. In o
to obtain the distribution of one component~here PBr0.06S)
in such a situation one has to obtain the integral field int
sity or fluorescence yield. In case the fluorescing atoms
in a distribution given byf (z), the fluorescence yield profile
is given by19

I f~u!5CE
0

dj
I ~u,z! f ~z!dz, ~19!

whereC is a normalization constant. The normalized val
of I f(u) for a uniform distributionf (z)5const of the PBrxS
component is equivalent to the integrated field intens
shown in Figs. 5 and 6.I f(u) is sensitive to the distribution
of the PBrxS component. This gives the possibility to stu
diffusion, segregation, and spinodal decomposition
polymer-blend systems and interface broadening in laye
systems. It has been shown in a theoretical study that w
the precision of this method a diffusion coefficient as sm
as 10221cm2/sec can be measured.20 We demonstrate the de

FIG. 6. Theoretical plots of reflectivity~2 - 2!, normalized
field intensity at the middle of the polymer blend layer (z5175 Å!

~ !, and the integrated field intensityI (u)5*0
350 Å I (u,z)dz

~2o2! in the polymer-blend layer@polymer blend~350 Å!/Au~350
Å!/Si#.
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termination of the depth distribution of the PBr0.06S compo-
nent in an annealed polymer-blend sample.

IV. EXPERIMENTAL

A thin film of gold was vacuum evaporated on a silico
wafer substrate~Au/Si!. Subsequently a thin film of a
polymer-blend layer~15% PS, 85% PBr0.06S) was deposited
by spin coating on the gold-coated substrate~PS blend /Au/
Si!. The sample was annealed at 170 °C under vacu
(1023 Torr! for 10 h. The molecular weight of PS used he
is Mw5150 kg mole21 with a narrow molecular weight dis
tribution (Mw /Mn51.08, whereMn is the number-average
molecular weight!. The same PS was used to prep
PBr0.06S.17

Experiments were performed in HASYLAB at the RO¨ MO
I beam line. The experimental setup is shown in Fig. 7. T
scattering geometry is that fors polarization. The diode de
tector detected the specularly reflected beam and the S~Li!
detector detected BrKa fluorescence yield from the PBr0.06S
component. The field-intensity enhancement has been se
through the BrKa fluorescence yield, a process proportion
to the field intensity in the dipole approximation. The ave
age exit anglea @the inclination of the Si~Li!detector with
respect to the sample surface# for fluorescence photons wa
25°.

V. RESULTS AND DISCUSSIONS

The reflectivity and the BrKa fluorescence yield are
shown in Fig. 8. The lower values of reflected intensity
smaller angles~compared to Fig. 6!are because of a smalle
footprint of the incident beam on the sample, where the p
jection of the beam on the sample is larger than the size
the sample. This footprint effect has been incorporated in
theoretical curve, which also has been convoluted with
beam divergence, and fitted to the experimental data.21 We
notice that wherever there is a minimum in the reflectivi
there is a maximum in the fluorescence yield, that is, the fi
intensity in the polymer layer is maximum corresponding
a minimum in the reflectivity. Here both odd- and even-ord
enhancement peaks are clearly observed. Earlier only o
order enhancement peaks have been observed.11

The Br Ka fluorescence yield has been analyzed as
lows. Although the distribution of the PBr0.06S component in

FIG. 7. A schematic view of the experimental setup with
double symmetric Si~111! crystal monochromator and incident
rays from the storage ring DORIS.S1 ~width is 2 mm!,S2 ~width is
75 mm), S3 ~width is 135mm), S4 ~width is 75mm): slits; IC1 ,
IC2: ionization chambers; D1: diode detector; Si~Li!: energy dis-
persive detector.



th
it

th
e
d
he
:

P
e

l
ith

ns
in-
nce

ge-
s:

f
ed
is-
ron

le
ata

sur-
t of
the
he
sid-
into
ergy,
sur-
re-
of
by.

han

e
rt
is

di-
ase

,

es

n
ut
s
o

ve

ri-
.

nd
ur-

PRB 61 8467RESONANCE ENHANCEMENT OF X RAYS IN LAYERED . . .
the PS-PBr0.06S blend is expected to be homogeneous in
as-prepared sample, from previous neutron reflectiv
investigations17 one may assume that PS is enriched at
free surface in the annealed sample. Although the enrichm
at the layer/substrate interface has not been considere
Ref. 17, one may consider the following general form of t
concentration distribution of PBr0.06S over the film thickness

f ~z!512@f1 exp~2z/j!1f2 exp$2~d12z!/j%1fmin#.
~20!

This functional form takes into account an enrichment of
both at the free surface (z50) and at the layer/substrat

FIG. 8. ~a! Reflectivity (,) and ~b! Br Ka fluorescence yield
(s) data vs angle of incidence and the fitted curv
(——, – – – – ) for apolymer-blend layer of PS and PBr0.06S on a
Au-coated Si substrate~see text!. The solid line in~b! represents a
fit according to the surface enrichment model described by Eq.~9!.
The corresponding PBr0.06S distribution is shown in the inset~solid
line!. PS is largely enriched at the free surface (z50) and partially
enriched at the blend/Au interface (z5336 Å!. Parameters are give
in the text. The dashed lines represent the homogeneous distrib
and the corresponding fluorescence fit. The fluorescence yield
both curves have been normalized atu58.6 mrad, where there is n
resonance enhancement effect. TheR factors for the fits are 0.061
~solid curve!and 0.094~dashed curve!indicating a better fit for the
surface enrichment model.~The first-order peak in the dashed cur
is 10% lower compared to the solid curve.!
e
y
e
nt
in

S

interface (z5d1) with concentrationf1 and f2, respec-
tively. z is a coordinate perpendicular to the surface andd1 is
the polymer film thickness. Following theoretica
prediction22 we use an exponential concentration profile w
a decay lengthj discussed previously.8 Since j should be
related to the correlation length for concentration fluctuatio
in the bulk,22 we assume the same decay length at both
terfaces. A least-squares fit to the integrated fluoresce
yield spectrum,I f(u) @Eq. ~19!#, based on Eq.~20! describes
the experimental data better than the best fit with a homo
neous layer@Fig. 8~b!#. Parameters of the fit are as follow
f150.99, f250.32, fmin50, j545 Å, d15336 Å. ~The
other parameters for this three-layer system ared25282 Å,
s0511 Å, s158 Å, s258 Å.! The concentration profile o
PBr0.06S is shown in the inset of Fig. 8~b!. The calculat
reflectivity curves for this model and the homogeneous d
tribution model are indistinguishable because the elect
density of PS and PBr0.06S differ only by ;0.5%. Thus,
from simple reflectivity experiments, it is almost impossib
to distinguish these models. It is quite evident from the d
that ~i! PS is highly enriched at the free surface,~ii! PS is
slightly enriched at the substrate, and~iii! the fluorescence
yield spectrum provides a much clearer evidence of the
face enrichment than the reflectivity data. The enrichmen
PS concentration at the polymer surface and at
polymer/Au interface are schematically shown in Fig. 9. T
surface enrichment can be understood from energetic con
erations taking the surface energies of the components
account. PS has a lower surface tension and surface en
and is therefore favored at the free surface. The actual
face concentration and decay length are more difficult to p
dict and may also be influenced by the finite film thickness
the sample and by the second interface, which is close
Due to this influence the decay length may be smaller t
expected from previous experiments.17

When the intensity maxima occur in the polymer film, th
whole intensity is not confined within the layer. A small pa
of the field penetrates into the underlying Au layer. Th
shows as small peaks in the AuL-fluorescence yield~not
shown here!. In principle this contribution can excite ad
tional fluorescence yield in the overlayer. In the present c
dominant Au L-fluorescence lines are~in keV! La (La1:
9.7133,La2 :9.6280),Lb (Lb1: 11.4423,Lb2: 11.5847!and
Lg (Lg1: 13.3817!. Since the BrK edge is at 13.474 keV

ion
for

FIG. 9. A schematic diagram showing the initial uniform dist
bution ~85% PBr0.06S, 15% PS!and the distribution after annealing
In the annealed sample, as the distribution in the inset of Fig. 8~b!
shows, PBr0.06S is almost completely depleted from the surface a
partially depleted from the polymer/Au interface. That is, the s
face and the interface are enriched in PS concentration.



B
a

rv

o
en
tio
ld
n
a

d

e

s
vin
c
he
se

en

the
lk,
nom-

ace
iffu-

he

of
can

rent

re-
mi-
b-
is

mic
us
on

ral
lly

J.

8468 PRB 61DEV, DAS, DEV, SCHUBERT, STAMM, AND MATERLIK
theseL-fluorescence photons from Au are unable to excite
K fluorescence photons, which have been detected and
lyzed. Thus the contribution of secondary BrK fluorescence
is absent in this case.

It is clear that the shape of the Br fluorescence yield cu
depends on the depth distribution of Br or the PBr0.06S com-
ponent of the polymer blend. In case this component is c
centrated around the middle of the film, the even-order
hancement peaks would be weak, while a concentra
around a depth of one-fourth of the film thickness wou
give rise to weaker odd-order peaks. Thus the segregatio
this component can be followed. We have observed sm
peaks on the AuL-fluorescence yield at angles correspon
ing to reflectivity minima like those shown in Fig. 4~b!.

In Sec. II we have discussed the theory fors polarization.
In the smalld j and b j approximation, the formulas are th
same for boths andp polarization.12

VI. CONCLUSIONS

We have observed both odd- and even-order x-ray re
nance enhancement peaks in a polymer-blend layer invol
PS and PBrxS. It is clear that the shape of the Br fluorescen
yield curve depends on the depth distribution of Br or t
PBrxS component of the polymer blend. This has been u
to extract the distribution of PBrxS in the PS-PBrxS polymer-
blend film and to identify a surface and interface enrichm
la

e
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n-
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n

of
ll
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t

of PS. The decay length, which should be related to
correlation length for concentration fluctuations in the bu
has been determined. The resonance enhancement phe
enon can be useful in polymer research involving interf
broadening, segregation, spinodal decomposition, and d
sion.

For the PS-PBrxS blend system miscibility depends on t
degree of bromination,x. Thus over a range ofx the Flory-
Huggins mean interaction parameter for monomer units
the components can be varied and the diffusion behavior
be studied by this technique. This would help testing cur
theories.

The application of this technique is not necessarily
stricted to polymers. Only the overlayer has to be predo
nantly materials involving low atomic numbers so that a
sorption of incident x rays is small and the critical angle
much smaller compared to the underlying higher ato
number material. Thus it will be possible to study vario
phenomena in LB films, graphite, fullerine, or even silic
layers.
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