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X-ray standing wave and reflectometric characterization of multilayer structures

S. K. Ghose and B. N. Dev*
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A microstructural characterization of synthetic periodic multilayers by x-ray standing waves is presented. It
is shown that the analysis of multilayers by combined x-ray reflectometry~XRR! and x-ray standing-wave
~XSW! techniques can overcome the deficiencies of the individual techniques in microstructural analysis.
While interface roughnesses are more accurately determined by the XRR technique, the layer composition is
more accurately determined by the XSW technique, where an element is directly identified by its characteristic
emission. These aspects are explained with an example of a 20-period Pt/C multilayer. The composition of the
C layers due to Pt dissolution in the C layers, PtxC12x , is determined by the XSW technique. In the XSW
analysis, when the entire amount of Pt present in the C layers is assumed to be within the broadened interface,
this leads to larger interface roughness values, inconsistent with those determined by the XRR technique.
Constraining the interface roughness values to those determined by the XRR technique requires an additional
amount of dissolved Pt in the C layers to explain the Pt fluorescence yield excited by the standing-wave field.
This analysis provides the average composition PtxC12x of the C layers.

DOI: 10.1103/PhysRevB.63.245409 PACS number~s!: 68.35.Dv, 07.85.2m, 61.10.Kw
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I. INTRODUCTION

Improvements in thin-film deposition techniques in rece
years have led to the fabrication of layered synthetic mic
structures~LSM’s! consisting of thin layers of alternatin
elements or compounds.1,2 These materials have uniqu
structural,3 magnetic,4 and electronic5 properties, with a wide
range of applications. LSM’s containing alternating layers
high atomic number elements~e.g., W, Mo, Pt, etc.! and low
atomic number elements~e.g., C, Si etc.! are being used a
x-ray reflectors.6 Indeed, x-ray multilayer optics are now
used in many applications including x-ray astronomy, m
croscopy, and spectroscopy, and as filters and monochro
tors for intense sources such as synchrotron radiation
x-ray laser cavities. It is important to correlate the measu
properties with structure so that preparation techniques
be optimized to yield high performance materials. X-r
techniques are very useful for the measurement of mic
structural aspects of multilayered systems. Here we pre
an application of combined x-ray standing wave and x-
reflectometry techniques for a microstructural analysis of
riodic multilayers.

For a perfect single crystal, according to the dynami
theory of x-ray diffraction,7,8 a standing-wave field is gene
ated within the crystal as a result of a superposition of in
dent and diffracted waves when x rays are Bragg reflected
the crystal. The equi-intensity planes of the standing-w
field are parallel to and have the periodicity of the diffracti
planes. At an angle of incidence corresponding to the ris
edge of the diffraction peak, the antinodal planes of
standing-wave field lie between the diffracting planes. As
angle of incidence increases, the antinodal planes move
tinuously inward onto the diffracting planes at the fallin
edge of the diffraction peak. Over the angular region
Bragg reflection, emission such as fluorescent x rays9–11 and
electrons12 from the crystal is strongly modulated, being a
maximum~minimum! when the antinodal~nodal! planes co-
incide with positions of the atoms in the crystal or on t
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surface. By measuring the angular dependence of the in
sity of the emitted fluorescence and comparing with the co
puted angular dependence, the standing-wave field has
used as a structural probe to determine the positions of
impurity atoms in crystals,9–11,13 adsorbed atoms on
surfaces,14 and atoms at a layer/substrate interface,15 and to
study thermal effects such as the broadening of the ato
position due to thermal vibration16 and order-disorder
transitions.17 Various applications of the x-ray standing
wave~XSW! technique to problems relating to single-crys
surfaces and interfaces may be found in recent reviews.18,19

The standing-wave phenomenon was also observed
multilayer mirrors20–22 and Langmuir-Blodgett multilayer
films.23 This standing-wave field was also used in differe
ways for analyzing the local structure of multilayers,24,25 for
a density evaluation of deposited films on multilayers,26 and
for selective extended x-ray-absorption fine-structu
analysis.27

For a periodic multilayer system, x-ray reflectivity~XRR!
is used to determine bilayer periodicity, interface roughne
and the fractional thickness of the layers in a bilayer. Int
face roughness characterization by x-ray standing-waves
been attempted for a Ni/C multilayer system.25 However, the
extracted parameters were not optimized. Matsusitaet al.28

used the XSW technique to determine the density of impu
atoms in a multilayer structure. Here we present a combi
reflectivity and standing-wave characterization of a perio
multilayer system to extract various structural paramete
As an example we use a 20-period Pt/C multilayer syste
Comparing with experimental data, we show that structu
parameters extracted from x-ray reflectivity analysis can
explain the Pt fluorescence yield excited by x-ray standi
waves. An explanation of the Pt fluorescence yield additi
ally requires the presence of an amount of dissolved Pt in
C-layers. XSW analysis provides the amount of dissolved
in C, and the average composition PtxC12x of the C layers.
Probing a small quantity of material dissolved from one lay
into the other layer of a layer pair in a multilayer system
©2001 The American Physical Society09-1
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very important for magnetic multilayers where alternati
layers are magnetic and nonmagnetic materials. A sm
amount ~even a few percent! of magnetic impurity~either
from the magnetic layer or external! in the nonmagnetic
layer can change the magnetic coupling and magnetore
tance significantly,29 presumably because of changes in t
topology of the Fermi surface of the resulting alloys. T
importance of the combined XSW and XRR analysis is e
cidated.

II. THEORY

We give a brief theoretical background for x-ray standin
wave generation inside a multilayer system. We mainly f
low the treatment given by Devet al.30 for the formation of
standing-waves and resonance enhancement of x rays in
ered materials using the recursion method of Parratt.31 We
then obtain the field intensity for a periodic multilayer sy
tem, and compute the angular variation of the fluoresce
yield from constituent elements in the multilayers. The flu
rescence yield profile depends on the structural paramete
the multilayer. A consistent set of microstructural paramet
of the multilayer is obtained from a combined analysis of
reflectivity and fluorescence yield.

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!

FIG. 1. A schematic representation of x-ray reflection from
multilayer system. See the text for details.
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whereEj (0) is the field amplitude at the top of thej th layer.
For all j, the components of the wave vector,k j5k j82 ik j9 ,
are given by

kj ,x5
2p

l
cosu, kj ,z5

2p

l
~e j2cos2 u!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
r el

2

2p
N0

rm

M
~Z1 f 8!5~l2/2p!r er,

b5
r el

2

2p
N0

rm

M
f 95~l/4p!m. ~4!

In Eq. ~4! N0 is Avogadro’s number, andrm is the mass
density of the element in the layer with atomic numberZ and
atomic weightM. f 8 and f 9 are the real~dispersive! and the
imaginary~absorption! anomalous dispersion factors, respe
tively. r is the electron density~including dispersion!, 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 a vacuum, withe0
51.

For the s polarization of the electric field and smoot
interfaces, the complex coefficients 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 the smalld j andb j approximations, no distinction nee
be made betweens andp polarizations.31

For rough surfaces these expressions are to be modi
There are several methods for obtaining modified expr
sions. In a well-known method32,33 r j is multiplied by a fac-
tor Sj , given by

Sj5exp@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 express
like Eq. ~7! is only valid for small roughnesse
(s j ukj ,zu,1). For the modification oft j , it is to be multi-
plied by

Tj5exp@s j
2~kj ,z2kj 11,z!

2/2#. ~8!

So far we have discussed reflection and refraction a
single interface. For a multilayer system, involving multip
interfaces, the electric fields at all the interfaces can be
9-2
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tained from either a recursion relation or from a matrix fo
malism. In the following we will use the method of recursio
relation. In the recursion method,31,34 the 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

aj5exp~2 ik j ,zdj !, ~12!

dj being the thickness of thej th layer. For the substrate
El

r5Xl50.
The electric-field amplitudesEj

t ~transmitted! andEj
r ~re-

flected! can be computed from the knowledge ofl, u, and
e j , the thickness of the layers (dj ), and the interface rough
ness (s j ) 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!

For reflectivity from a periodic synthetic multilayer syste
involving interface roughness, this treatment is essenti
equivalent to that of Underwood and Barbee.35

For a periodic multilayer system, below the critical ang
of incidenceu1

c5A2d1, there exists an evanescent wave b
low the surface and total external reflection of the incid
beam occurs (uEo

r u'uEo
t u). The interference betweenEo

r and
Eo

t can form standing-waves above the surface.22 For u
.u1

c , the incident beam penetrates into the first layer of
multilayer system. Whenu1

c>u2
c , the incident beam pen

etrates into the multilayer system foru.u1
c . If u2

c.u1
c ,

there is the possibility of resonance enhancement of x ray
medium ‘‘1’’ for u1

c,u,u2
c .30,34,36For u greater than both

u1
c andu2

c , the x-ray beam penetrates into the multilayer;
the multilayer is periodic, Bragg diffractions can occur.35

For a periodic multilayer system of x-ray reflectors t
multilayer period consists of one low-electron-density alt
nating layer and one high-electron-density alternating la
~say, Pt/C/Pt/C, . . .!; the higher-density layer works as
marker and the low-density layer works as a spacer. T
arrangement makes the system an artificial periodic st
ture. Therefore, in the reflectivity from such a period
multilayer system, Bragg peaks appear at positions de
mined by Bragg’s law~including refraction and absorption!,

2~d1k1,z8 1d2k2,z8 !52np ~14!

or

2~d1 sinu11d2 sinu2!5nl ~15!
24540
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where the period of the multilayer isd5d11d2, andn is the
order of reflection.

It is well known from the dynamical theory of x-ray dif
fraction from perfect crystals that8 a standing-wave field is
set up in the crystal during diffraction. The antinode positi
of this wave changes over half the planar distance in pas
the diffraction peak. This is also true for x-ray diffractio
from a periodic multilayer system, which will be illustrate
later.

B. Field intensity

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

reflectedE field (Ej
r) can form standing-waves within an

layer. In order to obtain this standing-wave field in thej th
layer one needs to know the fieldsEj

t andEj
r as function of

depth (z). The totalE field at a pointr in the j th layer is
given by

Ej
T~r !5Ej

t~r !1Ej
r~r !, ~16!

where

Ej
t~r !5Ej

t~0!exp~2 ik j ,zz!exp@ i ~vt2kj ,xx!# ~17!

and

Ej
r~r !5Ej

r~0!exp~1 ik j ,zz!exp@ i ~vt2kj ,xx!#. ~18!

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!#. The field intensity I (u,z)
5uEj

T(r )u2 is given by30

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$n~u!12kj ,z8 z%G , ~19!

wheren(u) is defined by

Ej
r~0!

Ej
t~0!

5UEj
r~0!

Ej
t~0!

Uein(u),

i.e.,n(u) is the phase of theE-field ratio at the top of thej th
layer. If the absorption in the medium is ignored~i.e., kj ,z9
50), Eq. ~19! reduces to

I ~u,z!5uEj
t~0!u2

3F11UEj
r~0!

Ej
t~0!

U2

12UEj
r~0!

Ej
t~0!

U
3cos$n~u!12kj ,z8 z%G . ~20!
9-3
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It is clear from Eqs.~19! and ~20! that a standing-wave is
generated within thej th layer. The quantity within the squar
brackets in Eq.~20! may attain a maximum value of 4, fo
uEj

r(0)/Ej
t (0)u251. For small angles of incidence (u), in

some situations there are possibilities of resonance enha
ment of the x-ray intensity in the layer. This was described
detail by Dev et al.30 However, at u@u1

c and u2
c ,

uEj
r(0)/Ej

t (0)u2!1 for a nonperiodic multilayer, and th
field intensity is essentially given by the first term in Eq.~19!
or ~20!, with a slight modulation from the second and thi
terms. For suchu values the reflectivity is only significan
when u satisfies the Bragg condition for reflection from
periodic multilayer. Standing-waves are set up in t
multilayer when Bragg diffraction occurs. This can be se
from Eq. ~20! by inserting the Bragg condition@Eq. ~14!#

2~k1,z8 d11k2,z8 d2!52kz8d52np

or

kz85
np

d
, ~21!

wherekz8 is the weighted average value for a layer pair of t
multilayer with a periodicityd5d11d2. While the magni-
tude of theE-field ratio varies to some extent for layers 1 a
2 of the bilayer, we can approximate this to be equal to
value just above the surface, i.e.,

UEj
r~0!

Ej
t~0!

U2

'UE0
r

E0
t U2

5 R~u!,

from Eq. ~13!. Now for a normalized incident intensity, in
serting the value ofkz8 in Eq. ~20! we obtain~for n51)

I ~u,z!511R~u!12AR~u! cosH n~u!1
2p

d
zJ . ~22!

It is clear that Eq.~22! now defines a standing-wav
within the multilayer within a periodicityd, and has the sam
form as that derived from the dynamical theory of x-ray d
fraction from perfect crystals.9,18 In the dynamical theory of
x-ray diffraction, theE field in a medium is calculated b
solving Maxwell’s equations in that medium and obtaini
solutions consistent with Bragg’s law. ThisE field, then,
describes the x-ray standing-wave intensity as a function
angle over the region of the Bragg peak where the phas
(Er /Et)(u),n(u), changes byp radians.8,9,18,37 The actual
value ofn(u) on the higher-angle side beyond the diffracti
peak determines the position of the diffraction planes.37 In
order to show the similarity between expressions for
standing-wave intensity in the dynamical theory for perf
crystals and in the present case for multilayers, we have
serted Bragg’s law into Eq.~20! and obtained Eq.~22!,
which is the well-known form obtained from the dynamic
theory, where ‘‘1/d’’ is the magnitude of the reciprocal
lattice vector for the concerned diffraction. The phase va
tion n(u), for the present case of a multilayer is shown
Fig. 3. This has a form similar to that obtained from t
dynamical theory.18,37
24540
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A periodic multilayer structure can be characterized
generating standing-waves within the multilayer and meas
ing the standing-wave-excited fluorescence yield from one
more elements present in the multilayer. This is explained
the following sections. For a computation of the standin
wave field intensity,I (u,z), we will use a more rigorous
form of Eq. ~19!.

C. Examples of calculation

In this section we present the results of calculations
various quantities in Secs. II A and II B using an example—
periodic multilayer system consisting of 20 bilayers of Pt
on a glass substrate. The discussions presented here are
eral, and are not restricted to only Pt/C multilayers.

For multilayers, earlier analyses were performed assu
ing the same roughness for both types of interface (A/B and
B/A) in the multilayer (A/B/A/B . . .!.34,38 In general, these
values should be different. The surface free energies of
materials,sA andsB , partly control the interface morphol
ogy during the growth. IfsA,sB , this is the wetting con-
dition for the growth of materialA on materialB and a non-
wetting condition for the growth of materialB on materialA.
Thus anA-on-B (A/B) interface is expected to be smoothe
The situation would be reverse forsA.sB . Indeed, high-
resolution electron microscopy on W/C multilayers sho
that the interface of C growing on W is much sharper th
that of W growing on C.39 It must be noted thatsW.sC.
However, other factors, such as the growth temperature
interdiffusion or chemical reaction between species acr
the interface also affect the interface roughness.40 In any
case, there is no reason to assume the interface roughne
both types of interfaces to be equal. Here we assume dif
ent roughnesses for the Pt-on-C (s1) and the C-on-Pt (s2)
interfaces. It will be shown later that we indeed obtain
better fit to experimental data whens1 ands2 are allowed to
be different.

In Fig. 2, we show the simulated reflectivity curves f
smooth surfaces and interfaces along with those for sev
sets of values of surface and interface roughness. A t
external reflection at low angles and multilayer Bragg pe
up to fourth order are seen. The higher-order peaks are m
drastically affected by the surface (s0) and interface rough-
ness (s1 ,s2). The spacing between Bragg peaks is det
mined by the periodicity or the bilayer thickness (d). Thus
these parameters can be determined from the reflectivity
by a least-squares fitting procedure. In these computat
we have usedePt512(2.30231025)2 i (2.59631026) and
eC512(3.01631026)2 i (8.138310210), (rPt55.05e/Å 3,
rC50.698e/Å 3), l50.709 Å (MoKa1

x rays! and d

543 Å (d1517 Å, d2526 Å). X-ray standing-wave inten
sities are shown in Fig. 3 over the first Bragg peak reg
(u50.3° to u50.6°) at several angles shown on the refle
tivity curve in the inset. The variation of phase,n(u), of
E0

r (0)/E0
t (0) andE1

r (0)/E1
t (0) are shown in the second in

set of Fig. 3. The field intensity,I (z) can be obtained using
R(u) and n(u) from the insets and Eq.~22!. However, we
have used the more rigorous equation~19! to compute the
field intensityI (z) at several values ofu. At an angle away
9-4
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from the strong reflection region~a! the field intensityI (z)
has a weak modulation around a value of unity. At the lo
angle side of the diffraction peak~b!, there are antinodes o
the standing-wave field in the C layers~nodes in the Pt lay-
ers!. As u increases (b→c→d→e), the antinodes shift in-
ward and finally coincide with the Pt layers. The field inte
sity over the Pt layers gradually increases asu increases. The
integrated field intensity in the Pt layers,

I Pt~u!5 (
j odd

E
0

dj
I j~u,z!dz, ~23!

FIG. 2. Reflectivity from a 20-period Pt/C multilayer syste
with periodicity d (43 Å)5d1 (17 Å)1d2 (26 Å), and with sur-
face and interface roughnesses (Å)s0 ,s1 ,s2: 0, 0, 0 ( ); 3, 3,
3 (••••••) and 3, 5, 3 (222).

FIG. 3. X-ray standing-wave field intensity distribution with
the Pt/C multilayer system, at different angles of incidenceu over
the first-order Bragg peak region~shown in the inset!. ~a! u
50.35° ( ), ~b! u50.486° ( ), ~c! u50.500° (••••••), ~d!
u50.516° (222), ~e! u50.535° (222). The phasesn(u) of
E-field ratios (E0

r /E0
t ) ~ . . . . . . . . . .! and (E1

r /E1
t ) (222) are also

shown in the second inset, which also shows the reflecti
( ,33). At a given depthz, the variation in field intensity with
angle over the strong reflection region occurs mainly becaus
large variation in phase,n(u). @see Eq.~22!#.
24540
-

-
is shown in Fig. 4.I Pt(u) for smooth surfaces and interface
(s05s15s250), and for several sets ofs0 , s1, and s2
values, are also shown. It is clearly seen that the field int
sity I (u) variation withu is sensitive to surface and interfac
roughness. The integrated field intensity over the carbon
ers,

I C~u!5 (
j even

E
0

dj
I j~u,z!dz, ~24!

for s05s15s250, is also shown in Fig. 4. We note tha
the field intensity in the Pt layers peaks at the high-an
edge, while the intensity in the C layers peaks at the lo
angle edge of the reflectivity peak. This opposite trend ho
the clue to the determination of the concentration of a
dissolved Pt in C layers.

Our objective is to find the Pt distribution in the Pt/
multilayer. In the dipole approximation, the fluorescen
yield from an atom is proportional to the field intensity o
the atom. Thus with the measurement of the fluoresce
yield from Pt, it is possible to determine the Pt distributio
The fluorescence yield from Pt in the Pt layers should foll
curve 1 in Fig. 4, while the fluorescence yield from Pt in t
C layers should follow curve 2. Thus the the effective sha
of the fluorescence yield curve will depend on the relat
concentrations of Pt in the Pt and C layers.

Interface roughness can be due to actual roughnes
diffusion across the interface. The Pt distributionf (z), with
interface roughnessess1Þs2, is shown schematically in
Fig. 5. It is obvious that a fraction of Pt is in the C laye
near the interface. The fluorescence yield of Pt genera

y

of

FIG. 4. Integrated XSW field intensity over the Pt layers a
over the C layers for different surface and interface roughnesse
the Pt/C multilayer system. Reflectivity over the first-order Bra
peak~solid squares! for s050, s150, ands250 (Å), integrated
field intensity over Pt layers withs0 , s1, and s2 ~in Å)
@0,0,0( ), 3,3,3(222), 3,5,3( . . . . . . .), 3,5,5(222), and
3,7,7(ddd)#, and integrated field intensity over C layers~con-
nected open circles! for s05s15s250 ~Å!.
9-5
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(I f g) from any depth is proportional to the product of th
field intensity and Pt concentration at that depth,

I j
f g~u,z!5CI j~u,z! f j~z!, ~25!

whereC is a constant. The fluorescence yield detected o
side the sample is given by

I j
f d~u,z!5CI j~u,z! f j~z!3expF2

mout

sina S (
m50

j 21

dm1zD G ,

~26!

with d050, and the depth integrated detected fluoresce
yield is

I f d~u!5C(
j 51

N

expF2
mout

sina S (
m50

j 21

dmD G
3E

0

dj
I j~u,z! f j~z!expS 2

mout

sina
zDdz, ~27!

where a is the angle between the sample surface and
direction of the fluorescence detector from the center of
sample surface, andmout , is the weighted average linea
absorption coefficient for the outgoing~fluorescent! photons.

The distribution of the Pt concentration over the bilaye
across the Pt-on-C interface is given by

f 1~z!5
1

2 F12erfS z

A2s1
D G ~28!

FIG. 5. Schematic diagram of the Pt distribution,f (z), with
interface roughness over the bilayer period.s0 , s1, and s2 are
surface roughness, and Pt-on-C and C-on-Pt interface roughne
24540
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for 2d1<z<d2. z50 is on the Pt-on-C interface.s1 is the
Pt-on-C interface roughness. The Pt distribution across
C-on-Pt interface is given by

f 2~z!5
1

2 F11erfS z

A2s2
D G ~29!

for 2d2<z<d1 wherez50 is taken on the C-on-Pt inter
face.s2 is the C-on-Pt interface roughness. The total Pt d
tribution f (z) over the bilayer and two interfaces is sch
matically shown in Fig. 5.f (z)5 f 1(z)1 f 2(z) in the C
layers, whereas in the Pt layerf (z)5 f 1(z) or f 2(z), which-
ever is lower. The interface roughnessess1 ands2 are those
used in the analysis of the reflectivity. Now that the Pt d
tribution f (z) over the total thickness of multilayer is de
fined, the integrated detected fluorescence yieldI f d(u) can
be computed using Eq.~27!. The Pt fluorescence yield com
puted for this distribution of Pt over the first-order Brag
reflection angular region is shown in Fig. 6.

The solid curve (s053 Å, s155 Å, and s253 Å) in
Fig. 6 shows the computed fluorescence yield profile for
only in the Pt layers. In this calculation the effect of roug
ness enters only into the computation of the field intens
and the contribution to the fluorescence yield from Pt in
C layer due to interface broadening is neglected. This me
in Eq. ~27!, that only the sum overj odd layers has been
considered. The sum over all layers contains the fluoresce
yield contribution from Pt distributed in the C layers as we
The fluorescence yield curve, including this contribution,
shown by the dashed line (f c51; the significance off c will
be discussed later!.

es.

FIG. 6. Theoretical plots for the Pt fluorescence yield, compu
for the distribution of Pt in Fig. 5, over the first-order Bragg refle
tion angular region. Reflectivity~solid squares!. Pt fluorescence
yield integrated over Pt layers with surface and interface rou
nessess053 Å, s155 Å, and s253 Å ( ). Pt fluorescence
yield integrated over the whole multilayers053 Å, s155 Å, and
s253 Å and for f c51 (222), f c50.9 (••••••), and f c50.8
(222). See the text for details.
9-6
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The possibility of a small amount of dissolved Pt in the
layers, in addition to the Pt in the interface profile, has
yet been taken into account. In the computation of the refl
tivity the existence of such dissolved Pt in C should enter
a change in the electron density of the C-layers. Howe
due to the low electron density of C (0.698e/Å 3), the reflec-
tivity is not very sensitive even to a relatively large change
the C-layer electron density. Reflectivity for a 15% high
electron density (0.803e/Å 3) of the C layers, shown in Fig
7, is hardly distinguishable from that for the pure C electr
density. Moreover, the electron density of the C layers
pends not only on the amount of dissolved Pt, but also on
change in C-layer thickness upon Pt incorporation. The e
tron density can also change due to incorporation of amb
atoms~e.g., Ar! during multilayer deposition.28 Thus an ac-
curate determination of the amount of Pt in the C layers
difficult from the reflectivity measurement. However, wi
the x-ray standing-wave method it is possible to determ
the amount of dissolved Pt in the C layers through the de
tion of its fluorescence. Here the detection of Pt is direct,
the fluorescence yield variation with angle for Pt in the
layers has an opposite trend compared to Pt in the Pt la
~see Fig. 4!. Thus an analysis of the shape of the measure
fluorescence yield curve can provide the amount of dissol
Pt in C.

We assume the presence of some dissolved Pt in C. O
the total Pt a fractionf c of Pt remains in the Pt layers an
within the broadened interface regions of the C layers,
the remaining fraction (12 f c) is dissolved uniformly in the
C layers. The Pt fluorescence yields as functions of angle
f c51, 0.9, and 0.8 are shown in Fig. 6. Later we will sho
with experimental data that the fit to the fluorescence yi
improves when anf c,1 is allowed in the least-squares fi

FIG. 7. Theoretical plots of reflectivity for different electro
densities rC of the C layers.rC50.698es/Å 3 ( ), and rC

50.803es/Å 3 (15% higher compared to the actual densi!
(222). Curves are vertically shifted by two orders. Howeve
they are also shown in an overlapping mode to demonstrate
they are practically indistinguishable.
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ting procedure. From the amount (12 f c) of Pt in the C
layers, we can obtain the average composition (PtxC12x) of
the C layers. In the present example, fractionsf c51,0.9, and
0.8 correspond to 0, 4.4, and 8.7% of Pt in the C laye
respectively. Keepingf c51, it is also possible to fit the fluo
rescence data assuming broader interfaces, i.e., allow
larger values ofs1 ands2 in Eqs.~28! and ~29!. However,
this would be inconsistent with the values ofs1 and s2
obtained from an analysis of reflectivity data, as will b
shown in Sec. IV. In order to obtain a consistent set of m
crostructural parameters, it is necessary to allow, thatf c
,1. f c may be called acoherent fractionand (12 f c) an
incoherent fraction, in analogy with the XSW analysis with
Bragg diffraction from single crystals.41

III. EXPERIMENT

Pt/C periodic multilayers with different bilayer perio
lengthsd ranging from 35 to 47 Å were constructed on flo
glass substrates, and kept at room temperature, by dc m
netron sputtering especially designed for coating inner w
of cyllindrical surfaces. Two sputter sources of Pt and C
located at the top and bottom of the cylindrical vacuu
chamber. Samples were grown at a low Argon pressure
mbar. The deposition rates of Pt and C were 1 and 0.4 Å/
respectively. The layer thickness during deposition was c
trolled using the ion current and deposition time. Uniform
in the horizotal plane is achieved by rotating the samp
while vertical uniformity is acieved by the mask. The over
thickness variation was found to be,2 % over an area of
10310 cm2. The control of the thickness of individual layer
was within 1 Å. A total of 20 layer pairs of Pt/C were de
posited in each case. X-ray specular reflectivity measu
ments were made on these samples42 to determine the bilayer
thickness and interface roughness. We have used on
these samples for the combined x-ray standing-wave and
flectometry analysis.

Experiments were performed in our laboratory with
18-kW Mo rotating anode x-ray source. The experimen
setup is shown schematically in Fig. 8. A monochroma
Mo Ka1 beam is obtained with the help of an asymmet
cally cut Si~111! crystal monochromator. The asymmetr
cally cut crystal reduces the divergence of the monochro
tized beam and is in standard use in x-ray standing-w
experiments.9 The incident beam on the sample has an an

at

FIG. 8. A schematic view of the experimental setup with
asymmetric Si~111! crystal monochromator~MC! and incident x
rays from an 18-kW rotating Mo anode x ray generator. Slits:S0

and S1 ~the horizontal width is 4 mm, and the vertical width
100mm), S2 ~the horizontal width is 10 mm, and the vertical widt
is 150mm). D1 : NaI~Tl! scintillation detector.D2 : Si~Li ! energy
dispersive detector,S: sample.
9-7
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lar divergence of 0.006°. The vertical beam width is kept
small as 100mm. Reflected x rays were detected with
NaI~Tl! detector and the PtLa fluorescent x rays were de
tected with a Si~Li ! detector. The reflected x rays and th
fluorescent x rays were collected simultaneously at e
angle. Control of the instruments for the operation of t
HUBER diffractometer and data collection is obtain
through a PC using Turbo C programming for IEEE a
RS-232 protocols. More details about the setup were p
sented elsewhere.43 The average exit anglea @the inclination
of the Si~Li ! detector with respect to the sample surface# for
fluorescent photons was 50°.

IV. RESULTS AND DISCUSSIONS

The experimental reflectivity data and the fitted theore
cal reflectivity curve~Theory-1! are shown in Fig. 9. Bragg
peaks up to the third order are seen. The small oscillati
are due to the total thickness of the multilayer. Experimen
data have been fitted by allowing the variation in the elect
density, layer thickness, and surface and interface rou
nesses of the layers. From least-squares fitting, the value
the parameters have been extracted. This fitting gives
Pt-layer densityr154.95e/Å 3, thicknessd1516.8 Å, and
C-layer density ~fixed! r250.698e/Å 3, thickness d2
526.1 Å, s154.5 Å, and s252.9 Å. Thus the bilayer
thickness is 42.9 Å. The third-order peak position does
fit properly. This may be due to the multilayer having
slight variation in bilayer thickness along the growth dire
tion.

FIG. 9. Experimental reflectivity data (sss) and fitted theo-
retical reflectivity curve ( ) for a Pt/C multilayer on a glass
substrate with 20 bilayers. Parameters obtained from the fit: bila
thicknessd542.9 Å, Pt layer thicknessd1516.8 Å, C layer thick-
nessd2526.1 Å, surface roughnesss053 Å, Pt-on-C interface
roughnesss154.5 Å, and C-on-Pt interface roughnesss252.9 Å.
The theoretical reflectivity curves (••••••) for s053 Å, s1

58.9 Å, ands254.2 Å and all other parameters are unchang
See the text for details.
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It was demonstrated that in the case of single-layer fil
the roughness is correlated with the thickness of the film.40,44

However, in the case of multilayer systems with alternat
marker and spacer layers, the roughness becomes com
cated depending on the types of material, and their diffus
properties, reaction, and growth behavior.40 It was shown
that in a W/C multilayer system the W-on-C interface
more rough than the C-on-W interface.39 Fundamentally this
is expected because of the nonwetting condition in the s
face free energy (sW.sC) for the growth of W on C. In our
casesPt.sC, and we also observed the same trend:
Pt-on-C interface is more rough (s154.5 Å) than the
C-on-Pt interface (s252.9 Å). The Pt electron density fo
this sample is 4.95e/Å 3, which is lower than that of the pure
Pt electron density of 5.05e/Å 3 (rm521.5 gm/cc). In gen-
eral, thin films tend to have a lower density compared to p
bulk material. Additionally, interdiffusion across the inte
faces leading to a mixed layer would decrease the Pt-la
density and increase the C-layer density.

The PtLa fluorescence yield has been measured over
angular region containing the first-order Bragg peak, a
analyzed as follows. From the spectrum at each angle in
multichannel analyzer only a PtLa peak is selected. Thes
peaks at all angles are fitted, and the background-subtra
area is determined. This area gives the yield. These raw y
data have been corrected for ‘‘footprints,’’ probing thickne
variation and finite detector aperture. These corrections
explained at the end of this section. This corrected PtLa
fluorescence yield vs angle, along with the reflectivity ov
the first Bragg peak, is shown in Fig. 10. We fit the fluore

er

.

FIG. 10. Experimental PtLa fluorescence yield~O O O! and
reflectivity ~solid squares! vs angle of incidenceu over the first-
order Bragg reflection and the theoretical curves. (••••••): s0

53 Å, s154.5 Å, s252.9 Å, andf c51.0 ~no Pt in the C layers!.
( ): s053 Å, s154.5 Å, s252.9 Å, and f c50.87
(Pt0.05C0.95). (222) so53 Å, s158.9 Å, s254.2 Å, and f c

51.0. Also shown~for so53 Å, s154.5 Å, ands252.9 Å) are
the curves~open squares! for Pt0.03C0.97 ( f c50.935) and~filled
circles! Pt0.07C0.93 ( f c50.844). Fluorescence curves have been n
malized atu50.4° as in Fig. 6. See the text for details.
9-8



Th
r
c

ta

-

it
fla
er

ith

rs
o

al
th
ne

ld
o

or
e
th
,
e

Pt
t

f
3

rs
n

at
e
at
ce

ld
m

,
uo
h

lay

e
is

so
d

er
g
a

a

a
e
t

her
nce
ion
er-

can

he

y.
t
son

of
s-
ity
ed

the
e-

l for
d
o-
a-

y
de-
o-
ea-

e

the
ly a
e

hey

a-

o be
-
may
rs a
at-
x-

ance
the
n,

X-RAY STANDING WAVE AND REFLECTOMETRIC . . . PHYSICAL REVIEW B 63 245409
cence yield data based on the model described earlier.
model incorporates all the parameters extracted from the
flectivity fit. That means that the density, thickness, surfa
and interface roughness, etc. of the layers are kept in
Here we have considered the contribution of roughness
error functions@Eqs. ~28! and ~29!# at both interfaces with
s154.5 Å ands252.9 Å. Theses values are the rough
ness values obtained from an analysis of the reflectivity.„It
is well known that reflectivity calculations using an explic
error-function concentration profile at the interface and a
interface reflection coefficient multiplied by a Debye-Wall
function @Eq. ~7!# are equivalent.45

… If we consider that there
is no dissolved Pt in the C layers~i.e., f c51), we do not
obtain a good fit. The best fit is obtained with the model w
a uniform mixing of Pt in the C layers withf c50.87. This
means that 13% of total Pt is dissolved within the C laye
Converted to an atomic concentration, this corresponds t
average composition Pt0.05C0.95 of the carbon layer. It should
be noted that the Pt concentration in the C layers is actu
higher near the interface. This concentration varies with
distance from the interface, and can be easily determi
from the distributions@Eqs.~28! and ~29!#.

In order to show the sensitivity of the fluorescence yie
curve to the Pt concentration in the C layers, we also sh
the plots for Pt0.03C0.97 and Pt0.07C0.93 in Fig. 10. They are
distinctly different from the data and the fitted curve f
Pt0.05C0.95. This clearly shows that the uncertainty in th
estimated Pt concentration of 5% is smaller than 2%. In
fitting of the data the weightedR factors are 0.041, 0.031
0.023, 0.024, and 0.029 for 3, 4, 5, 6, and 7% of Pt, resp
tively. It is noted from Fig. 10 that with an increasing
concentration in C, the Pt fluorescence yield increases on
low-angle edge and decreases on the high-angle edge o
reflectivity curve. This can be easily understood from Fig.
At an angular positionb on the reflectivity curve, the x-ray
intensity is high in the C layers and low in the Pt laye
However, if there is no Pt in the C layers, there would be
Pt fluorescence emission from there. As some Pt migr
from Pt layers to C layers, the amount of Pt present in th
layers would produce a strong fluorescence emission. Th
why increasing the Pt concentration in the C layers produ
a higher fluorescence yield at this angular positionb, as seen
in Fig. 10. It is also noted from Fig. 3 that the maximum fie
intensity in theC layers is much higher than the maximu
field intensity in the Pt layers~also see Fig. 4!. This is due to
the lower absorption of x rays in the C layers. Due to this
given amount of Pt in the C layers produces a stronger fl
rescence signal than the same amount in the Pt layers w
the x-ray intensities are at a maximum in the respective
ers.

Probing the quantity of material dissolved from one lay
into the other layer of a layer pair in a multilayer system
not only important for optical mirrors and devices, but al
very crucial for magnetic multilayers, where interface broa
ening and alloying within the layers affect magnetic prop
ties of multilayers. In magnetic multilayers with alternatin
layers of magnetic and nonmagnetic materials, a sm
amount ~even a few percent! of magnetic impurity in the
nonmagnetic layers can change the magnetic coupling
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magnetoresistance. In fact, in magnetic multilayers with
wide range of Cu12xNix (x50.04–0.42) alloy spacers, th
smallest amount of impurity (x50.04) showed the larges
change in magnetoresistance.29 The magnetic impurity in the
nonmagnetic layer of the multilayer may be an element ot
than the magnetic element present in the multilayer. Si
x-ray fluorescence can identify the element, the distribut
of such impurity elements in the multilayer can be det
mined by XSW experiments.28

It must be mentioned here that the fluorescence data
also be fitted, without assuming the dissolved fraction~i.e.,
keepingf c51), by allowings1 ands2 to vary for the fluo-
rescence fit. This fit is also shown in Fig. 10. However, thes
values obtained from this fit (s158.9 Å ands254.2 Å) are
inconsistent with those obtained from the reflectivity fit. T
computed reflectivity for theses-values, as shown in Fig. 9
~Theory-2!, is very different from the measured reflectivit
This shows that this set of largers values does not represen
correct interface roughnesses. This is probably the rea
why a very larges value (10 Å) fits the fluorescence data
Kawamura and Takenaka.25 Our results underline the nece
sity for a combined x ray standing-wave and reflectiv
analysis of periodic multilayers. We suggest that a combin
use of reflectivity and x ray standing waves can provide
microstructural details of a periodic multilayer. The proc
dure to follow is as follows:~i! Obtain the bilayer periodic-
ity, the fractional thickness of the high-Z layer, and surface
and interface roughnesses from the reflectivity fit.~ii ! The
interface roughness should not be constrained to be equa
both types of interfaces.~iii ! Use the parameters obtaine
from the reflectivity fit, and for the fluorescence data fit pr
ceed with the assumption of a dissolved fraction of one m
terial in the other, either in a uniform distribution or with an
other improved distribution model. For a more accurate
termination of this distribution, higher-order Fourier comp
nents of the distribution can be determined by XSW m
surements with higher-order Bragg diffractions.

In order to fit the reflectivity data to Eq.~13! and fluores-
cence data to Eq.~27!, the following corrections to data wer
applied:~i! A footprint correction46 was applied to both re-
flectivity and fluorescence data. At very small angles
beam projection is larger than the sample area. Thus on
fraction of incident photons is actually incident on th
sample. After this correction, the data represent what t
should be if all the photons were incident on the sample.~ii !
The fluorescence data come from a relatively thin layer~the
thickness of the multilayer! compared to the beam penetr
tion depth. Thus with a variation ofu the effective probe
depth changes. To correct for this, fluorescence data are t
multiplied by sinu at each point.~iii ! The fluorescence de
tector has a finite aperture, and the fluorescent photons
come from a much larger sample area. The detector offe
varying effective solid angle for fluorescent photons origin
ing from different parts of the sample surface. As the e
posed sample area varies withu, this requires a correction
which depends on the detector aperture, the detector dist
from the sample, and the sample length. In our case, over
u range (0.45° –0.6°) of the first-order Bragg peak regio
9-9
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this introduces only a minor correction for 1% variation
detected intensity.

V. CONCLUSIONS

For a periodic multilayer system with alternating layers
high-Z and low-Z elements, Bragg diffraction of x rays oc
curs when the Bragg condition for the bilayer periodicity
satisfied. As in diffraction from a large perfect crystal, stan
ing waves are set up in the multilayer while diffraction o
curs. The antinodal~or nodal! planes of the standing-wav
are parallel to the layer planes, and have a periodicity eq
to the multilayer period. On the low-angle side of the Brag
reflection peak, the antinodal planes are within the lay
with a low-Z element. As the angle of incidence advanc
through the diffraction peak the antinodal planes shift
ward, and finally coincide with the nearest layer of highZ
element of the layer pairs. Emission processes, such as
toemission or fluorescence from atoms in the multilayer,
modulated over an angular region containing the Bragg pe
following the shift of the antinodal planes. An analysis
this modulation in the emission yield provides structural
formation about the multilayer. The usefulness of the co
bined application of x ray reflectivity and x ray standin
wave techniques for the analysis of multilay
microstructures has been explained. The deficiencies of e
technique can be overcome by a combined application
these techniques. XRR depends on the electron-density
ference between the layers of the bilayer. Where the elec
density of one layer of the layer pair is very small compar
to the other, reflectivity is not very sensitive to even a lar
fractional change of this electron density. Moreover, t
change in the electron density is not necessarily due to
diffusion of atoms from the other layer of the layer pair;
could also be due to other impurities incorporated dur
24540
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multilayer fabrication. Thus an accurate determination of
layer composition from the XRR technique is practically im
possible. These aspects have been elucidated with an
ample of a 20-period Pt/C multilayer. In the XSW techniqu
elements are directly identified. Thus the amount of d
solved Pt or any other impurity in the C layers, such as
often incorporated during multilayer fabrication, can be d
termined. As the interface roughness drastically affects
higher-order Bragg peaks and the overall intensity at hig
angles, interface roughnesses are more accurately determ
by fitting the reflectivity data over a large range of angle
incidence. On the other hand, in the XSW analysis, if
amount of Pt in the C layers is assumed to be solely wit
the broadened interface, and is treated as roughness, on
tains roughness values that are too large compared to t
obtained from the reflctivity fit. Fixing the interface rough
ness values at those obtained from the XRR analysis,
assuming the remaining Pt to be in uniform distribution
the C layers, the Pt concentration in the C layers is de
mined. ~More details about the elemental distribution, su
as higher-order Fourier components, can be obtained
XSW measurements with higher-order Bragg peaks.! Thus a
combined analysis by XSW and XRR techniques remo
the deficiencies of the individual techniques. For a 20-per
Pt/C multilayer system, interface roughnesses~Pt-on-C:
4.5 Å, C-on-Pt : 2.9 Å) and the C-layer compositio
(Pt0.05C0.95) have been determined. Determination of a sm
quantity of impurity, even a few percent, in the spacer la
is particularly important in the magnetic multilayers.

ACKNOWLEDGMENTS

We thank Dr. G. Lodha and Professor K. Yamashita
providing the Pt/C multilayer sample.
s.

v.

.

s.

9,

r-
A

*Email address: bhupen@iopb.res.in; FAX:19126742300142.
1E. Spiller, Appl. Phys. Lett.20, 365 ~1972!.
2T.W. Barbee,Synthetic Modulated Structure Materials~Aca-

demic, New York, 1985!, p. 313.
3D.B. McWhan, Synthetic Modulated Structure, edited by L.L.

Chang and B.C. Giesser~Academic, New York, 1985!, Chap. 2,
p. 43.

4M.B. Stearns, J. Appl. Phys.55, 1729 ~1984!; also see thePro-
ceedings of the International Conference on Magnetism, 19
San Francisco~North-Holland, Amsterdam, 1985!.

5C.M. Falco and I.K. Schuller,Synthetic Modulated Structure Ma-
terials ~Academic, New York, 1985!, and references therein.

6Home page of Center for x ray Optics, http://www-cxro.lbl.gov
7M. von Laue,Roentgenstrahl-Interferenzen~Akademische Ver-

lagsgesellschaft, Frankfurt, 1960!.
8B.W. Batterman and H. Cole, Rev. Mod. Phys.36, 681 ~1964!.
9B.W. Batterman, Phys. Rev. A133, A759 ~1964!.

10J.A. Golovochenko, B.W. Batterman, and W.L. Brown, Phy
Rev. B10, 4239~1974!.

11S.K. Andersen, J.A. Golovochenko and M.F. Robbins, Phys. R
Lett. 37, 1141~1976!.

12M.J. Bedzyk, G. Materlik, and M.V. Kovalchuk, Phys. Rev. B30,
2453 ~1984!.
85,

s.

ev.

13Th. Gog, T. Harasimowicz, B.N. Dev, and G. Materlik, Europhy
Lett. 25, 253 ~1994!.

14P.L. Cowan, J.A. Golovochenko, and M.F. Robbins, Phys. Re
Lett. 44, 1680~1980!.

15E. Vlieg, A.E.M.J. Fischer, J.F. van der Veen, B.N. Dev, and G
Materlik, Surf. Sci.178, 36 ~1986!.

16M.J. Bedzyk and G. Materlik, Phys. Rev. B31, 4110~1985!.
17B.N. Dev, F. Grey, R.L. Johnson, and G. Materlik, Europhy

Lett. 6, 311~1988!; B.N. Dev, Phys. Rev. Lett.64, 1182~1990!.
18J. Zegenhagen, Surf. Sci. Rep.18, 199 ~1993!.
19B.N. Dev, inX-Ray and Inner-Shell Processes, R.L. Johnson, H.

Schmidt-Boecking and B.F. Sonntag, AIP Conf. Proc. No. 38
~AIP, New York, 1997!, pp. 249–265.

20T.W. Barbee and W.K. Warburton Jr., Mater. Lett.3, 17 ~1984!.
21B. Lai, G.M. Wells, R. Readaelli, F. Cerrina, K. Tan, J.H. Unde

wood, and J. Kortright, Nucl. Instrum. Methods Phys. Res.
266, 684 ~1988!.

22M.J. Bedzyk, D.H. Bilderback, G.M. Bommarito, M. Caffrey, and
J.S. Schildkraut, Science241, 1788~1988!.

23A. Iida, T. Matsushita, and T. Isikawa, Jpn. J. Appl. Phys.24,
L675 ~1985!.

24J.B. Kortright and A. Fischer-Colbrie, J. Appl. Phys.61, 1130
~1987!.
9-10



.

ai,

a
C
rg
a

-
e

G

t-

.R.
l.

J.

ith
y-

a-
T.

B.

X-RAY STANDING WAVE AND REFLECTOMETRIC . . . PHYSICAL REVIEW B 63 245409
25T. Kawamura and H. Takenaka, J. Appl. Phys.75, 3806~1994!.
26S.I. Zheludeva, M.V. Kovalchuk, N.N. Novikova, and I.V

Bashelhanov, Rev. Sci. Instrum.63, 1519~1992!.
27S.M. Heald and J.M. Tranquada J. Appl. Phys.65, 290 ~1989!.
28T. Matsushita, A. Iida, T. Ishikawa. T. Nakagiri, and K. Sak

Nucl. Instrum. Methods Phys. Res. A246, 751 ~1986!.
29S.S.P. Parkin, C. Chappert, and F. Herman, inMagnetic Ultrathin

Films, Multilayers and Surfaces/Interfaces and Characteriz
tion, edited by B.T. Jonker, S.A. Chambers, R.F.C. Farrow,
Chappell, R. Clarke, W.J.H. de Junge, T. Egami, P. Grinbe
K.M. Krishnan, E.E. Moninsvo, C. Rav, and S. Tsunashim
MRS Symposia Proceedings No. 313~Materials Research Soci
ety Pittsburgh, 1993!, p. 179, and other publications in the sam
issue.

30B.N. Dev, A.K. Das, S. Dev, D.W. Schubert, M. Stamm, and
Materlik, Phys. Rev. B61, 8462~2000!.

31L.G. Parratt, Phys. Rev.95, 359 ~1954!.
32B. Vidal and P. Vincent, Appl. Opt.23, 1794~1984!.
33B. Pardo, T. Megademini, and J.M. Andre, Rev. Phys. Appl.23,

1579 ~1988!.
34D.K.G. De Boer, Phys. Rev. B44, 498 ~1991!.
35J.H. Underwood and T.W. Barbee Jr., Appl. Opt.20, 3027

~1981!.
36Jin Wang, Michael J. Bedzyk, and Martin Caffrey, Science28,

775 ~1992!.
24540
-
.
,
,

.

37B.N. Dev and G. Materlik, inResonance Anomalous X-ray Sca
tering: Theory and Applications, edited by G. Materlik, C.J.
Sparks, and K. Fischer~Elsevier, Amsterdam, 1994!, p. 119.

38A. Kroel, C.J. Sher, and Y.H. Kao, Phys. Rev. B38, 8579~1988!.
39Amanda K. Pettford-Long, Mary Beth Stearns, C.H. Chang, S

Nutt, D.G. Stearns, N.M. Ceglio, and A.M. Hawryluk, J. App
Phys.61, 1422~1987!.

40D.E. Savage, N. Schimke, Y.H. Phang, and M.G. Lagally,
Appl. Phys.71, 3283~1992!.

41According to the convention of x-ray standing-wave analysis w
Bragg diffraction from single crystals, even the Pt in the C la
ers at the broadened interface would be considered in theinco-
herent fraction.

42G. Lodha, A. Paul, S. Vitta, A. Gupta, R. Nandedkar, K. Y
mashita, H. Kunieda, Y. Tawara, K. Tamura, K. Haga, and
Okajima, Jpn. J. Appl. Phys.38, 289 ~1999!.

43P.V. Satyam, D. Bahr, S.K. Ghose, G. Kuri, B. Sundaravel,
Rout, and B.N. Dev, Curr. Sci.69, 526~1995!; P.V. Satyam, Ph.
D. thesis, Utkal University, 1996.

44S.K. Sinha, Physica A224, 140 ~1996!.
45P. Boher, P. Hindy, and C. Schiller, J. Appl. Phys.68, 6133

~1990!.
46A. Gibaud, G. Vignaud, and S.K. Sinha, Acta Crystallogr. A49,

642 ~1993!.
9-11


