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We present a general procedure for quantitative structural refinement of superlattice structures. To
analyze a wide range of superlattices, we derived a general kinematical diffraction formula that includes
random, continuous, and discrete fluctuations from the average structure. We show that only the struc-
ture factor of one single layer of each material has to be averaged over the random variables and prove
that this relation is equivalent to earlier, less general models. Implementing a nonlinear-fitting algorithm
to fit the entire x-ray-diffraction profile, refined parameters that describe the average superlattice struc-
ture and deviations from this average are obtained. We compare the results of structural refinement to
results obtained independently from other measurements. The roughness introduced artificially during
growth in Mo/Ni and Nb/Cu superlattices is accurately reproduced by the refinement. The lattice pa-
rameters of Ag/Mn obtained from this refinement procedure are in very good agreement with the values
obtained from independent extended x-ray-absorption fine-structure and x-ray photoelectron diffraction
studies. The relative thicknesses of the layers can be accurately determined, as proved for Cu/Ni in
comparison with chemical analysis, for W/Ni compared to the calibrated sputtering rate, and for Mo/Ni
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compared to the low-angle profile.

I. INTRODUCTION

The study of superlattice structures has received in-
creased interest in recent years as a result of the wide
range of new physical phenomena observed in these sys-
tems. The presence of the additional periodicity of the
layered material often leads to unique magnetic, trans-
port, mechanical and superconducting properties.! By
changing the material in each layer and the layer
thicknesses, it is often possible to optimize the desired
properties of the system. Many applications for superlat-
tices are being pursued, including mirrors for soft x rays’
and neutrons,’ high-critical-current superconductors,4
magnetoresistive heads,” and magneto-optical recording
materials.® Superlattices are also useful systems for
studying thin-film, interface, and coupling effects, be-
cause a large volume sample can be prepared and surface
contamination can thus be avoided.

Understanding the physical properties is limited by the
characterization of the samples. Many of the physical
properties depend sensitively on structural properties
such as interdiffusion, crystallinity, strain, and roughness,
making structural characterization a prerequisite to un-
derstanding the physical properties. Superlattices are
usually made by deposition techniques such as sputtering
or evaporation, and are not in thermodynamic equilibri-
um. Therefore, the structure is strongly dependent on
growth conditions.

X-ray diffraction is a technique that is well suited for
studying the structure of superlattices. It is nondestruc-
tive and can provide structural information on the atomic
scale. Because the scattered x-ray intensity is measured,
the phase information is lost and it is impossible to

45

directly convert the intensities to obtain the structure.
Modeling of the superlattice is required to compare the
calculated intensity of the modeled superlattice with the
measured intensity. By fitting the measured intensity
profiles with model calculations, it is possible to obtain
the structure. This type of structural characterization is
commonly used in x-ray and neutron diffraction from
bulk powder crystals using the Rietveld refinement pro-
cedure.”® In Rietveld refinement, the structure of a sin-
gle unit cell is modeled. The relative intensity of the
diffraction peaks is determined from the structure factor
of the unit cell and the line profiles are fit to a structural-
ly independent profile shape function. The difference
with the present refinement technique is that the relative
intensities and line profiles are used to determine the
average unit cell and the deviations from this average.

The characteristic length scales in superlattices are (i)
the modulation wavelength A defined as the repeat dis-
tance of the layering, (ii) the lattice spacing of the constit-
uent material, and (iii) the structural coherence length &,
which is the distance over which the atomic positions are
quantitatively correlated and can be estimated from the
full width at half maximum of diffraction peaks using
Scherrer’s equation.9 In many superlattices, £ is limited
to only a few times A due to structural disorder. The
type and amount of structural disorder can greatly affect
the relative intensity of the diffraction peaks. Since many
types of disorder can be present in a superlattice, includ-
ing layer thickness fluctuations, interface disorder, crys-
talline disorder, and interdiffusion, a large number of
model parameters have to be included. This makes a
refinement procedure much more difficult.

In this paper we present a general kinematic diffraction
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model that includes both the average atomic structure of
the layers and structural disorder for fitting measured x-
ray-diffraction profiles. By fitting the measured profiles,
it is possible to quantitatively determine both lattice con-
stants and disorder parameters of a wide variety of super-
lattices. To illustrate the need to include lattice devia-
tions and structural disorder in superlattice calculations,
Fig. 1 shows the measured x-ray-diffraction profile (open
circles) of a sputtered Mo/Ni superlattice compared to
two model calculations. The thin line is calculated as-
suming a perfect superlattice with bulk lattice parameters
for the Mo and Ni. The thick line is the result of the
refinement procedure described in this paper which quan-
titatively fits the measured diffraction profile over 3 or-
ders of magnitude in intensity.

First, we will review previous modeling of disordered
superlattices and describe the theoretical formalism we
have developed, which combines the various disorder pa-
rameters into one single model. This formalism allows
direct fitting of the full x-ray-diffraction profiles, includ-
ing line shapes and relative intensities as shown in Fig. 1,
and has been applied to diffraction profiles from metallic
superlattices made by sputtering, evaporation, and elec-
troplating. To determine the reliability of structural pa-
rameters determined from the refinement procedure, we
have studied a large number of samples in which
structural parameters can be determined independently.
In all cases, good, quantitative agreement is obtained.

II. EARLIER WORK

The 6-20 x-ray-diffraction profile is commonly divided
into two regions, low angle (<15°) and high angle
(215°).! The low-angle region is a result of scattering
from the chemical modulation of the layers. The position
of the peaks is given by!°
2
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FIG. 1. Measured x-ray-diffraction profile of a [Mo(20

A)/Ni(22 10\)]130 superlattice (circles) and calculated spectra
(thin line) using formalism described in Ref. 13 assuming bulk
Mo and Ni lattice spacing and integer number of atomic layers.
Thick line is the result of refinement procedure described in
text.
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where 6 is angle of the peak position, n the order of
reflection, A, is the x-ray wavelength, and 1—3; is the
real part of the average index of refraction of the super-
lattice. The value of §, is typically =3X 107> which
only leads to significant deviations from Bragg’s law for
20 values less than 3° for Cu radiation. The high-angle
portion of the profiles depends strongly on the structural
coherence length normal to the layers. If £ <A, then the
peak positions correspond to the lattice spacings of the
constituent materials. This often occurs when the layers
are very thick, when one of the materials is amorphous,”
or in superlattices with large lattice mismatch.'? If £> A,
then superlattice peaks are observed with positions deter-
mined by Eq. (1). For convenience, the high-angle peak
positions are usually indexed about the average lattice
constant d:

sinf _ 1

L

2kx d A’

(2)

where 7 is an integer that labels the order of the satellite
around the main Bragg peak and d=A/(N,+Np),
where N, and Ny are the number of atomic planes of
material 4 and B in one bilayer. The only quantities that
can be determined directly from the peak positions are d
and A and an estimate for £ may be obtained from the
linewidth. The individual lattice parameters of the con-
stituent materials and the disorder and consequent mech-
anism determining £ requires modeling of the superlat-
tice.

A. High-angle intensity calculations

A variety of superlattice models have been based on
one-dimensional step-model calculations.!* The peak po-
sitions are determined by Eq. (2) and the relative intensi-
ties are given by the square of the scattering factor of a
single bilayer. The step-model calculations assumed an
abrupt composition profile with bulk lattice spacings for
each material. The models were able to qualitatively
reproduce the measured x-ray-diffraction profiles of
Nb/Cu superlattices. The step model has been refined to
include lattice spacing variations due to in-plane coheren-
cy strain, atomic interdiffusion, and compound formation
at the interface.

Strain models are commonly used to determine the
structure of semiconductor superlattices.!*!> The sim-
plest strain model assumes an integer number of molecu-
lar layers with a uniform lattice spacing throughout the
layer. The relative intensities of the superlattice peaks
are fit by adjusting the number of molecular layers and
lattice spacing of each layer. The strain is then deter-
mined from the fit values of the lattice spacing. More de-
tailed models have included strained interfacial layers'®
or chemically mixed interfacial layers.!”

In samples in which a chemical and/or strain profile is
assumed, the scattering power and the lattice spacing can
be approximated by Fourier series expansions.'®!° If the
expansion is limited to the second term, then the ampli-
tude of the first- and second-order superlattice peaks can
be calculated. Such a model has been used to estimate
the compositional profile in superlattices.?>?! In many
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cases, a specific functional form (e.g., linear?? or an error

function??) for the compositional profile is assumed where
the lattice spacings in the interface are assumed to be
proportional to the composition in the plane according to
Vegard’s law. The main fitting parameter of the model is
the width of the interdiffusion region. Such models have
been successful in understanding the evolution of
diffraction profiles of superlattices during ion irradia-
tion.?* The interdiffusion region can also be replaced in
calculations by a compound of the constituent material.?’

B. Low-angle intensity calculations

In principle, the low-angle diffraction profile gives
directly the Fourier transform of the compositional
profile, but disorder, multiple reflections (dynamical
corrections), refraction effects, and surface reflections
limits the information obtainable from a Fourier trans-
form of the diffraction profile. The most common ap-
proach to calculate the low-angle profile is the recursive
application of optical theories?®?” where the layers are as-
sumed to be a continuous medium and the reflection at
each interface is calculated. These theories have been
shown to be equivalent to dynamical calculations®® and
include effects of absorption, refraction, and surface and
substrate reflections. The effects of interdiffusion can be
directly included in these models.?

C. High-angle disorder calculations

The fitting of the composition and strain profile is a
measure of the structure of the average bilayers in the
growth direction, but does not address the problem of the
type and magnitude of structural fluctuations in the su-
perlattice. In superlattice structures there are many
types of random fluctuations that are cumulative,!! lead-
ing to a loss of long-range order. There are several mech-
anisms that can cause disorder, including variations in
deposition rates and growth modes, misfit dislocations,
and interface disorder from incommensurate lattice
mismatched interfaces. Because it is generally impossible
to deposit exactly an integer number of atomic planes in
each layer, there will be a minimum of one atomic plane
fluctuation in the layers.?>3° The original intensity calcu-
lations which included the effects of random sequencing
of layers were done by Hendricks and Teller’! and were
later formulated for a finite number of layers.>?”* The
result of these calculations was broadened diffraction
lines and an increased amount of diffuse scattering with
increasing disorder.

More recently, a number of models based on the
Hendricks-Teller approach have been proposed. These
include random cumulative fluctuations in the modula-
tion wavelength, layer thicknesses, and interface dis-
tances. In most cases, the fluctuations are assumed to be
Gaussian distributed. The amount of broadening is
strongly dependent on whether the distribution is con-
tinuous or discrete. Sevenhans et al.'' demonstrated that
1.4 A of continuous layer thickness fluctuations of the
amorphous layer in a crystalline-amorphous superlattice
results in the loss of all high-angle superlattice peaks and
the high-angle profile becomes representative for a single
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crystalline layer. This paper also showed that the total
scattering intensity I(q) (diffuse and Bragg) requires
the calculation of (Fg(q)F¥(q)) and not
(Fg(q)){F% (q)), where Fg (q) is the scattering ampli-
tude of the superlattice and brackets indicate the average
over the random continuous fluctuations. Many model
calculations averaged the scattering amplitude?®* giving
only the Bragg component of scattering intensity. Cle-
mens and Gay>® showed that, if layer thickness fluctua-
tions of a crystalline layer are discrete through a variable
integer number of atomic layers, then a much smaller
broadening of the superlattice diffraction peaks is ob-
served.

Model calculations for crystalline-crystalline superlat-
tices which assumed continuous fluctuations of the inter-
face width between materials 4 and B (Ref. 37) explained
the loss of long-range order in a number of lattice-
mismatched superlattices. It was found that the derived
amount of interface disorder was of the order of the
difference of the lattice spacing of the constituent materi-
als. Although this model could explain several features
of the high-angle profiles, realistic values for the rough-
ness could not explain the limited number of low-angle
peaks observed in many superlattices. The model was
therefore extended to include discrete disorder in each of
the layers.’® By including discrete fluctuations in the lay-
ers and continuous fluctuations at the interface, both low-
and high-angle profiles in some metallic superlattices
could be understood. These calculations showed that the
amount of broadening of the high-angle superlattice
peaks is strongly dependent on the difference of the lat-
tice spacing. Lattice-matched superlattices are less sensi-
tive to discrete disorder than lattice mismatched systems.
The model also showed that a larger discrete disorder in
one of the layers tends to broaden the superlattice peaks
corresponding to the other material.

D. Low-angle disorder calculations

The effect of disorder on low-angle profiles has been ex-
tensively studied, particularly related to the application
of superlattices as x-ray mirrors.>?”3"#! In low-angle
calculations, roughness is commonly simulated by multi-
plying the calculated intensity by an effective Debye-
Waller coefficient,>?® or treating a rough interface as an
alloy region.*? This kind of formalism only treats lateral
noncumulative roughness and does not affect the peak
widths. Calculations that include random layer thickness
fluctuations®#3%43~4 have, in general, found (i) in-
creased layer thickness fluctuations decreases intensity
and increases line widths, (ii) the higher-order peaks are
more strongly affected by the layer thickness fluctuations,
and (iii) the intensity between peaks increases and the
finite-size peak intensities decrease with increased layer
thickness fluctuations.

III. THEORETICAL FORMALISM

A. High-angle kinematic formalism

To fit the measured x-ray-diffraction profiles with a
wide range of different models, we have developed a gen-
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eral kinematical expression which includes both discrete
and continuous cumulative disorder. Discrete thickness
disorder assumes that the thickness is varying by an in-
teger number of atomic planes. Continuous disorder
refers to structural parameters that vary in a continuous
way like the thickness of an amorphous layer. The types
of disorder that will be discussed can be separated into in-
tralayer and interlayer disorder. Intralayer disorder
refers to the quality of the atomic ordering within a single
layer. A crystalline layer has a high degree of intralayer
order, while an amorphous layer is not ordered. Inter-
layer disorder refers to the deviation in the periodicity of
the layers in the growth direction resulting from layer
thickness variations and interface disorder.

The general model of a superlattice consists of a stack
of M bilayers of material 4 and B, shown in Fig. 2. The
layers are characterized by the structure factors F , j,F Bj>
and thicknesses ¢ ;,2p; of materials A4,B in the jth bi-
layer and the interface distances separating the layers are
given by a4, and ag;. The model in Fig. 2 explicitly in-
cludes only interlayer disorder and makes no assumptions
about the crystal structure of the layers which are con-
sidered unit scatterers described by F,; and Fg;. The
one-dimensional structure factor for a superlattice with
M bilayers with cumulative layer thickness fluctuations
can be written as

M
Fg (q)= 3 expligx;){F 4;+explig(t ;+a,;)]Fg;} ,

j=1

3)

where

ji—1

sz E tAs +aAs +tBs +aBs ’

s=1
and g is the scattering vector given by g =4msin6/A,.
The scattering intensity is given by I(q)
=(Fgq. (g)F% (q)), where the brackets are an ensemble
average over all possible F ,;, Fy;, t 4;, tp;, a 4;, and ap;.
The expression for I(g) can be written in closed form if
each layer is assumed to be statistically independent,

similar to the original Hendricks-Teller approach.
|

I(q)=M{{F,F%)+2Re[e*® Fy]+(FzF3)}
M-—1
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FIG. 2. Representation of a superlattice consisting of layers
of materials 4 and B, with thicknesses ¢ ;, ¢ ; and structure
factors F, ;, Fp;. The layers are separated by interface dis-
tances a4 ; and ap ;.

For a lattice-mismatched incoherent interface, the lat-
tice positions are not well defined, which leads to varia-
tions in the interface distance. Therefore, we will assume
that the interface distances a 4; and ag; vary in a continu-
ous manner, as was done in our previous work.’”3 To
simulate such variations, a Gaussian distribution about
an average value a 4 is assumed:

(aAj—aA )2
2¢?

where c is the interface fluctuation width. An identical
expression is used for P(ag;), where a, and ap are as-
sumed to be equal and will be given as a. The interface
distances are averaged by integrating P(a 4;)F(q)F*(q)
over all interface distance values. With these assump-
tions, the intensity for a superlattice with M bilayers can
be written as*

Pla,;)=———exp

, 4
V2mre @

+2 3 (M—r)Re[e?S(®  F T, ' T+ FpTHT5™ ")

r=1

+e T N@F T ' Ty ' +e 10  Fy T T, )

where {=iga —q?c?/2, Re designates the real part of the term in the bracket and the following averaged parameters are

defined by
F,=(F,), Fp=(Fy)
® , =(expligt )F), ®p={expligty)F})
T ,=(expligt ;)), Tg={expligty)) .

(6)

Because the layers are assumed to be statistically independent, the expression for I(g) can be written in terms of the
averaged parameters of the layers of material 4 and B [Eq. (6)] independent of the number of layers in the superlattice.
The first term in Eq. (5) is the scattering from M individual bilayers. The terms within the sum are from the interfer-
ence between bilayers which are offset by r bilayers with respect to each other. After averaging, there are M —r
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equivalent pairs of bilayers offset by r bilayers. By separating the terms depending on 7, Eq. (5) can be written in closed

form as

I(q)=M[{FF%)+2Re(e*® Fp)+{(FzF¥)]+2Re

To calculate I(g) for an explicit model using Eq. (7),
the averaged quantities ® ,, ®p, T,, Ty, F,, Fp,
(F,F%), and (FzF}) have to be calculated. These
averaged quantities include both the average structure of
the layers and the statistical fluctuations of the layers
throughout the stack. For discrete disorder, the averages
can be calculated by summing over all the possible F;
and Fp; with corresponding ¢ ,; and t5; weighted by the
probability of occurrence. Continuous disorder requires
integration of the bracketed quantity over all possible
values of the continuous variable, weighted by the proba-
bility of occurrence. The effect of these fluctuations on
the x-ray-diffraction profile of a superlattice is deter-
mined by the parameters of a single unit cell. The power
of Eq. (7) is that the averages needed are only over a single
layer and not the superlattice, which greatly facilitates the
calculation of a wide range of models. Superlattices with
very complicated structures, such as high-temperature
superconductor superlattices, can be directly simulated
once the scattering factors of the individual layers can be
calculated. Equation (7) can be further reformulated to
approximate any layered structure (e.g., more than two
layers in the superlattice unit cell). If the disorder is ran-
dom, then /(q) for that model can be written in terms of
the average scattering power of the individual layers.

We will now give examples of ® ,, ®5, T,, Ty, F,,
Fp, (F,F%), and (FzF}) for some specific models.
The specific type of structural order within a layer can be
crystalline, amorphous, or any other suitably chosen
structure. In most previous model calculations of
structural disorder, an analytical relation for the intensity
was derived for perfectly crystalline or amorphous layers
and a specific type of structural disorder. Other calcula-
tions that combined a nonideal atomic structure for the
layers and structural disorder averaged the intensity nu-
merically.*” We will first discuss structures that were
used in earlier model calculations and then extend the
discussion to more complicated structures.

If we take the layers in a crystalline-crystalline super-
lattice as perfect crystals in which there is an integer
number of atomic layers separated by a constant lattice
spacing, F, and Fy are given by

1—exp(igh 4;d 4)

F,.=
A A 1 —expligd )

1—exp(igNp;dg)

Fp =
L 1—expligdy)

(e S®pF  T'Ty'+® F T '+ @y FpTy ' +eb® ,Fp)

X

M—(M+1)e¥T  Ty+(eT , Ty)M*! o
(1—e®T ,Tp)? '
@)

—

where N, (Ng), f4 (fg) and d 4 (dg) are, respectively,
the number of atomic layers, the scattering power of an
atomic plane, and the crystalline lattice spacing of ma-
terial 4 (B). The layer thicknesses are given simply by
t4;=(N4—1)d, and tg;=(Ng;—1)dg. Assuming there
is no variation in N, or Ny [so no averages are required
for the terms in Eq. (6)] and considering only the continu-
ous fluctuations at the interface, Eq. (7) is equivalent to
Eq. (1) in Ref. 37. It was shown there that continuous in-
terface fluctuations broaden all the superlattice peaks.

The effects of discrete layer thickness fluctuations can
be included by assuming a discrete Gaussian variation of
N 4; and Ng; about an integer average value N, and Np.
The Gaussian distribution assumed is given by®

where w , is the width of the discrete fluctuations and K
is the normalization constant. A similar expression is as-
sumed for P(Np;). The averaged terms in Eqgs. (6) and (7)
for layer A are given by

F, =3 P(N)Fy,
j=0

®,= 3 P(N,exp[(N,;—1)igd 4 ]F}; ,
j=0

T,= 3 P(N,exp[(N ;—1igd 4],
j=0

(F, F%)= EOP(N,,j)FAjF;j .
i=
There are equivalent terms for layer B. When the terms
in Eq. (10) are used in Eq. (7), the resulting expression is
equivalent to Eq. (4) in Ref. 38 and the results for discrete
disorder in Ref. 36. In practice, the sums in Eq. (10) can
be limited to +3w 4 of N, and can be calculated numeri-
cally.

The effects of an amorphous material in a crystalline-
amorphous or amorphous-amorphous superlattice can be
calculated by assuming the amorphous layer to be a layer
of constant scattering density. The scattering factor of a
single amorphous layer can be written as
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t.
FJ-=fojpexp(iqz)dz=%[exp(iqtj)—l] , (11)

where p is the scattering power per unit volume, which
for low angles is approximately the electron density, and
t; is the layer thickness. Assuming that the layer
thicknesses #; vary in a continuous Gaussian distribution
with width, o around an average thickness ¢, the aver-
aged terms can be determined by integrating over all real

values of 7;.4¢
F’=—lf[ 1 —expligt —q%c?/2)],

Pk
q>=1{31—[1—exp(iqt—q202/z)] ,

(12)
T=expligt —q*c?/2) ,

*
(FF*) =2§;L[1—exp( —q%0?/2)cos(qt)] .

By combining Eq. (12) with the crystalline model given
by Eq. (10), the diffraction profiles of crystalline-
amorphous superlattices can be simulated. As was shown
earlier by Sevenhans et al.,'! a continuous layer thickness
disorder of o0 =~1.4 A destroys any indication of superlat-
tice structure in the high-angle region. In this region, Eq.
(12) is very similar to the crystalline-crystalline equation
where the amorphous layer is simulated by setting its
scattering power to zero. For kinematic low-angle calcu-
lations of an amorphous-crystalline superlattice, setting
the scattering power to zero is not a valid assumption be-
cause the low-angle diffraction spectra is not as sensitive
to the crystal structure but measures the contrast in elec-
tron density of the layers. Therefore, Eq. (12) is needed.

To simulate an intralayer disorder, intermediate be-
tween that given by Egs. (8) and (11), the positions of the
atomic planes of a crystalline layer are allowed to vary
randomly. If this process is noncumulative, the effect of
the variation will be equivalent to thermal variations and
can be modeled as an effective Debye-Waller parameter
multiplied to the scattering factor with the atomic layer.
If the disorder is cumulative, the scattering factor of a
layer with N atomic planes is given by
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where f is the atomic scattering power of an atomic
plane, d is the atomic plane spacing, and 9; is the devia-
tion of the (j+ 1)th atomic plane. If the values d; are as-
sumed to vary independently in a continuous Gaussian
distribution about zero with a width &, the averaged
terms in Eq. (6) for a given integer value of N can be writ-
ten as

1—eNB
F= R
f[ 1—ef
1—eNB
o=r* ,
4 { 1—ef
T=eN-VB (14)

N—(N+1)eP+eN*1E
(1—eP)y?

(FF*)=ff* [—N+2Re

where B=igd —¢?8?/2. To include discrete disorder in
the number of layers, the averaged quantities in Eq. (14)
must be summed for all possible values of N weighted by
the probability of occurrence analogous to Eq. (10). Fig-
ure 3 shows the calculated profiles for a Mo(40 A)/Ni(40
A) superlattice with increasing intralayer disorder 8y; in
the Ni layer. For 85;=0, Eq. (14) reduces to the perfect
crystalline layer given by Eq. (10). For increasing dy;, all
the superlattice peaks broaden due to the increased con-
tinuous disorder [in a similar way as the interface param-
eter ¢ in Eq. (7)] and the intensity of the Ni diffraction
peaks decrease. For large 8y;, the Ni layer is essentially
amorphous with large continuous layer thickness fluctua-
tions that destroys any indication of superlattice struc-
ture. Only the Mo diffraction peak with finite-size fringes
survives.

Equation (7) can be extended to a two-dimensional
structure. It has been shown that, to account for the ob-
served low-angle profiles in Pb/Cu superlattices,'? an ad-
ditional in-plane averaging of the scattering amplitude is
required. Observed dips in these profiles could be repro-
duced by a finite averaging including the phase informa-
tion before the intensity averaging is done. Equation (3)
can be extended to include in-plane averaging for the
two-dimensional model shown in Fig. 4. The structure

N-1 [ j factor of L columns with M bilayers is averaged where
F=f 3 exp|ig|jd+ X 9, , (13) each column is assumed to be statistically independent.
j=0 r=1 The structure factor is given by
L M ) )
Fg(@)=3 3 expligx; ) F 4 +explig(t 4, +a)1Fp; i} » (15)
k=1j=1
where

j—1
xj:k:tsyk-i- 2 (tAS,k+aAs,k+tBs,k+aBs,k) ’

s=1

and tg . is the deviation of the substrate from its average value for the kth column. The intensity scattered by the su-

perlattice can be written
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I(q)=LI4(q)+(L —1)L<exp igts) ) {exp(—igtg))

X 2 2 Re(exp[2

j=lk=1

+exp{[2(j—k)+1]iga—[2(j+k)
+exp{[2(j—k)—1)iga—[2
+exp[2(j —k)iga —2(j+k —1)g*

I¢(q) is the intensity from a single column given by Eq.
(7) and q is again assumed to be perpendicular to the sur-
face. As before, this equation is independent of the as-
sumptions of the crystal structure of the layers and re-
quires only the ensemble average of a single layer. The
inclusion of in-plane averaging has a relatively small
effect on the high-angle calculations, but can have a
much larger effect on the low-angle calculations. In par-
ticular, the line shapes of low-angle peaks can be dramati-
cally changed by the inclusion of in-plane averaging re-
sulting from interference from the columns.

B. Low-angle dynamical formalism

The short coherence length observed in the high-angle
diffraction profiles of most metallic superlattices makes
the use of a kinematic formalism a very good approxima-
tion. In the low-angle region where the length scales
probed are of the order of A, the coherence length can be
much longer and the kinematic assumption is no longer
as good. A formalism including dynamical corrections
and absorption is needed. Additional corrections at very
low angles (20<3°) are needed for total external
reflection from the surface and shift of the peak position
due to refraction. To calculate the low-angle profiles we
use a standard optical theory by applying a recursive
Fresnel formalism described by Underwood and Barbee?®
to the structural models shown in Figs. 2 and 4. This has

Mo(110)

T

Ni(111)

T T

Intensity

34 36 38 40 42 44 46 48 50
20 (deg)

FIG. 3. Simulated x-ray-diffraction profile of a Mo(40
A)/Ni(40 A) superlattice without random intralayer disorder in
Mo (8p,=0), and increments of the disorder 8y; in Ni.
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f

been shown to be equivalent to dynamical calculations?®
and automatically includes the other low-angle correc-
tions. An equivalent calculation can be accomplished by
a matrix formalism where each layer and interface is
characterized by a matrix and the superlattice by the
product of the matrices.** We have not been able to ob-
tain a closed form expression in terms of the ensemble
average of a single layer. In previous calculations that in-
clude averaging of the layer fluctuations, the reflectivity
including the phase information was averaged
I=|(R)[?) and not the intensity (I =(|R|?*)).%

To accomplish averaging of the intensity in the absence
of an analytical expression, we ensemble average numeri-
cally. The formalism described by Underwood and Bar-
bee?® determines the performance of a superlattice by the
recursive use of the single-film Fresnel coefficients. The
layers are treated as continuous media with constant elec-
tron densities. The formalism determines the reflectance
at the interface and propagation through the layers of a
plane wave. The recursion procedure starts at the sub-
strate. The reflected wave from the substrate is propagat-
ed up through the initial layer of the superlattice to the
first interface and added to the reflected wave from that

F FB j+2.k+1 F
B j+2,k .
J B j+2k+2 Fy j+2.k+3
r=—--—=--- il
r===--=-- A | I
r===-=-=-- [
S v Fy 2k ) o r 0
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______ 4
| 4
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B jrLk Fg irike2 Fg je1ke3
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______ \ [
'rF N F, Lkl 0| T oeomooo- .
VT ALK 1ot - - - Aj+lk+2 1 ' F !
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| I 4
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FIG. 4. Two-dimensional representation of a superlattice.
Each column is described as in Fig. 1, and the additional sub-
strate roughness is given by the offset ¢g ;.
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interface. This procedure is continued to the surface of
the superlattice where the reflectivity R of the superlat-
tice is calculated. The intensity of the reflected wave is
then given by I=|R %

Because optical theories do not include crystal struc-
ture of the layers in the calculations, but rather thickness
and refractive index of the layers, layer thickness fluctua-
tions are included by selecting randomly from the ensem-
ble of possible layer thicknesses at each step in the recur-
sion procedure. To determine the final intensity for the
structural model shown in Fig. 2, the intensities of a large
number of superlattices with difference, randomly select-
ed thicknesses are calculated and averaged:

1 Nav
I=5—3 IR, %, (17)

av n=1

where R, is the superlattice reflectivity for a superlattice
with a particular random sequence of thicknesses and N,
is typically =~100. The ensemble of thicknesses is deter-
mined by the structural parameters used in the high-
angle calculations. In-plane averaging is accomplished
by doing a finite average of R, before the intensity is cal-

culated for the model shown in Fig. 4. The intensity is
given by

2
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where L is the number of random sequences that are
averaged including the phase information.

In a number of systems, the interface is not chemically
sharp but is interdiffused over a limited distance. A
linear interdiffusion region was included in the low-angle
calculations as described by Underwood and Barbee.?®
The interdiffusion region is calculated by a sequence of
thin layers (=~0.1 A) with an average index of refraction
approximating the continuous change of the refraction
index in the interdiffused region.

IVv. MODEL

In a number of crystalline-crystalline superlattices, the
average lattice constant d normal to the layers deter-
mined directly from the diffraction profiles has been
found to vary as function of modulation. The model we
use for a crystalline layer allows for deviations of the lat-
tice constant near the interface as shown in Fig. 5. The
crystalline layer is described by N atomic planes which
are separated by a lattice constant d. Three atomic
planes near the interface are allowed to expand or con-
tract an amount Ad e~ "* and Ad,e "%, where n=0,1,2
corresponds to the first, second, and third atomic plane
away from the interface. « is a constant that determines
the decay of the strain away from the interface and is typ-
ically assumed to be 0.5. The structure factor for this

av L
I= 1 3 1 S Rl (18)  layer is similar to Eq. (7) with the addition of the lattice
Nu =1 | L S deviation near the interface given by
J
Fi(@)=f(1+explig(d +Ad )]+ - - +exp{ig[(N;—1)d +(Ad, +Ad,)(1+e %+e29)])) . (19)

Each layer is assumed to have an integer number of
planes which varies about an average value N. The aver-
age number of planes does not have to be restricted to an
integer value. The distribution of the number of planes
N; for material 4 and B is given by a discrete distribu-
tion* about the mean values N, and N with widths s,
and sp. For large values of s, the distribution approxi-

d, +4d,,

d, + Ad,exp(-a)

d, + Ad,,exp(-20)

N, >dA

d, +Ad, exp(-2c)

d, +Ad, exp(-0)

L d, +Ad,,

FIG. 5. Representation of a crystalline layer which is
strained towards the interfaces. Lines represent atomic planes.
Ad,, Ad,, and a determine lattice deviation near the interface.

—

mates a Gaussian distribution, and for small values the
weighted average of the nearest integers. Because the
width about a noninteger average is not an easily defined
quantity, the values for s quoted in the paper is the stan-
dard deviation of the layer thickness resulting from
discrete disorder. Equation (19) can be easily modified to
include chemical interdiffusion by setting the scattering
power of the atomic layers near the interface as a weight-
ed average of material A and B.

The structure factor can be modified to include both
the random fluctuations of the atomic lattice spacing and
the intralayer strain profile [Egs. (13) and (19)]. We have
included the expressions for the averaged quantities in-
cluding intra-layer disorder in the Appendix.

The parameters for the lattice expansion near the inter-
face, Ad and a, were chosen to simulate a number of pos-
sible causes for lattice deviation near the interface. The
possible mechanisms include chemical interdiffusion,
coherency strains or dislocations, electron charge transfer
across the interface, and surface relaxation resulting from
an incoherent interface. The exact functional form of the
lattice deviation near the interface is beyond the resolu-
tion of the x-ray-diffraction analysis. It is possible, how-
ever, to determine whether the measured deviation of the
average lattice parameter is an interface property or con-
tinuous throughout the layer.

The scattering power of an atomic layer is given by
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where 7 is the in-plane atomic density and DW is the
Debye-Waller coefficient, f, is the atomic scattering
power which is strongly g dependent, and Af’ and Af"
are the anomalous dispersion corrections for the atomic
scattering factor which are only weakly g dependent.
The anomalous scattering parameters are generally small
corrections, but can be quite large if the materials’ ab-
sorption edge is near the x-ray wavelength used. The
values of DW, f,(g), Af’, and Af"" are tabulated in In-
ternational Crystallographic Tables.®® The scattering
power per unit volume p used in Eq. (11) is given by Eq.
]

[1—exp(—2ur/sinf)](1+cos>26,,cos?26)
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(20), replacing 1 by the atomic volume density. Chemical
interdiffusion can be simulated by taking a weighted aver-
age of the scattering powers of the constituent materials.

V. FITTING PROCEDURE

To compare the measured x-ray-diffraction profiles of
superlattices with the calculated profiles, additional
corrections resulting from instrumental factors need to be
included. The angle-dependent corrections of the intensi-
ty to a kinematical expression /(g) include an absorption
correction and the Lorentz-polarization factor. The final
corrected intensity I.(g) to be compared with the mea-
sured profile is given by

sin26

where S is a scaling factor, u is the average absorption
coefficient, 7 the total thickness of the superlattice, 20,,
the scattering angle of the monochromator, and I, is the
background intensity.

The peaks of the observed profiles are expected to be
symmetrically broadened due to the limited instrumental
resolution and asymmetrically broadened or split due to
the Ka-Ka, doublet. The symmetrical broadening can
be corrected by convoluting the calculated profiles with a
Gaussian response function with a width corresponding
to the resolution of the diffractometer (=~0.08° in our
case). The asymmetrical broadening can be taken into
account by calculating the K, and K a, contributions to
the diffracted intensity separately and averaging the in-
tensity values with the appropriate weighting factors
(2:1). For most of the superlattices that we will discuss in
this paper, the peaks were considerably broader than the
instrumental resolution. In the cases where this is not
true, both Ka,-K a, splitting and instrumental resolution
were included in the model calculations.

To allow a quantitative comparison between the model
calculations and the measured profiles, we have
developed a nonlinear optimization program to refine the
structure from the measured x-ray-diffraction profiles; the
Superlattice Refinement from the x-ray-diffraction com-
puter program (SUPREX).’! The fitting procedure used
was the Levenberg-Marquardt algorithm® where the
structure parameters of the average unit cell including
statistical fluctuations [Eq. (6)] are adjusted to minimize
x?, the difference of the calculated and measured profiles
squared. We would like to stress that in using this pro-
cedure, we are fitting the whole diffraction profile point
by point, not simply relative intensities. No line-shape
parameters are included; line shapes are determined by
the structural parameters of the model. This is in con-
trast to the Rietveld technique where the relative peak in-
tensities are determined by the scattering power of a sin-
gle unit cell and the line shapes are fit to a structure in-
dependent profile shape function. Independent FORTRAN
and TURBO-PASCAL versions were developed to
crosscheck the accuracy of the results which were identi-

+1, , 1)

[

cal in both versions.

In most cases, only a subset of the possible fitting pa-
rameters are used. The fitting parameters used for a crys-
talline layer were the average number of atomic layers N,
the discrete fluctuation width s, the lattice spacing d, and
the lattice deviation near the interface described by Ad,,
Ad,, and a. The lattice spacing was allowed to fluctuate
in a continuous Gaussian distribution of width § about
the average lattice spacing. Also fit was the interface dis-
tance a and the interface fluctuation width ¢. For an
amorphous layer, the fitting parameters are the layer
thickness ¢ and the continuous layer fluctuation o. The
scale factor S and background intensity /I, in Eq. (21)
were used as fitting parameters, although the background
intensity was usually very close to zero. In most cases,
some parameters were fixed in order to avoid overdeter-
mining the problem. In particular, there is often a degen-
eracy in the interface distance a and the lattice expan-
sions Ad; and Ad,. To avoid this problem, the interface
distance ¢ was in many cases set equal to the average of
the top atomic layer of layers 4 and B. The lattice ex-
pansions Ad; and Ad, were often set equal, although in
some cases, an asymmetric strain profile (Ad,7Ad,) was
needed to obtain a good fit to the x-ray-diffraction
profiles. The value of the exponent describing the lattice
deviations near the interface a was usually fixed at a
value of 0.5. In superlattices where the crystalline order
of the layers is comparable, the values of 6 , and 8 can
be set to zero and only a continuous interface fluctuation
c is used.

It is not uncommon for superlattice peaks to vary in in-
tensity by four orders of magnitude. This large variation
in intensity presents some difficulty in least-squares fitting
since the larger peaks of the diffraction profiles will dom-
inate the value of x2. In order to fit the whole profile we
choose two alternatives for y2:

(22)

2 pnts
X = 3
i=1
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Nnts
x*= 3 {logo[I.(i)]—logo[ 1, (11}?, (23)

i=1

where N is the number of points in the profile, I, and
I, are the calculated and measured x-ray intensities, re-
spectively, and € an exponent defining the weighting fac-
tor of each point. The weighting factor is generally given
by the uncertainty of the measured intensities, which in
Poisson statistics is given by the square root of the num-
ber of counts, corresponding to e=0.5. Typically, €=0.5
was used in our fitting procedure, but if the lower intensi-
ty peaks were not reproduced, the value of € was in-
creased or the profile was fit on a log scale, given by the
second definition of ¥? in order to reduce the influence of
the higher intensity peaks. All refinements presented in
this paper used Eq. (22) with the appropriate choice of €.

In general, we did not fit the low-angle profiles, but cal-
culated them from the results of the high-angle fitting
routine and compared the results. The low-angle profile
is very sensitive to the alignment of the diffractometer.
Moreover, the surface quality of the film and overlayers
can greatly affect the results. In many cases, the rocking
curve widths of the low-angle diffraction peaks are
strongly q dependent which makes quantitative compar-
isons of the peak intensities very difficult. All these
difficulties have a much smaller effect on the high-angle
profiles. Since the low-angle profiles are not sensitive to
the intralayer structure, they allow for checks of the in-
terlayer parameters, layer thicknesses, and thickness dis-
order. There can be some difficulty in resolving discrete
and continuous disorder in the high-angle profiles. It is
particularly difficult to resolve the discrete disorder when
the lattice spacing of the two constituent materials are
closely lattice matched. The low-angle profiles are only
sensitive to the size of the overall roughness independent
of the nature of the roughness. Discrete disorder tends to
be over a much longer length scale (=1-5 A) than the
continuous disorder (~0.2-0.3 A), and will dominate
the low-angle profiles. By qualitatively fitting the low-
angle profiles, an estimate of the roughness can often be
determined, which may set limits on the discrete disorder
in the high angle.

Some care has to be taken when comparing the results
of the high- and low-angle calculations. Low-angle
scattering does not depend on the crystalline order within
the layer which often results in the coherence length be-
ing much longer than in high-angle scattering. The
longer coherence length combined with the low incident
angle of the x rays may result in the low-angle scattering
averaging over a much longer lateral distance in the lay-
ers than high-angle scattering. This problem of lateral
averaging has been studied extensively for low-angle
scattering from rough surfaces®® and needs to be ad-
dressed for the case of superlattices.

VI. FITTING RESULTS

We will discuss the results of using the fitting algo-
rithm on a number of different types of superlattice sys-
tems. These will include crystalline-crystalline systems
made by sputtering, molecular beam epitaxy (MBE), and
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electroplating. To evaluate the reliability of the fitting
method, we will concentrate on fitting results which can
be compared directly with parameters determined in-
dependently by other methods. There are three types of
structural parameters that are obtained from the
refinement procedure: structural disorder, lattice con-
stants, and chemical composition.

A. Layer thickness fluctuations

To determine the sensitivity of the x-ray structural
refinement to cumulative layer thickness fluctuations, we
have grown a series of Mo/Ni and Nb/Cu superlattices
where layer thickness variations were introduced during
the growth of the samples. The samples were made by dc
magnetron sputtering onto ambient temperature sapphire
and/or silicon substrates.!> The substrates were rotated
over the targets and held for predetermined amounts of
time by a computer-controlled substrate holder in order
to achieve the desired modulation wavelength. To intro-
duce disorder into the layer thicknesses, the deposition
time of the materials was varied randomly for each layer
so that the layer thicknesses approximated a Gaussian
distribution about the average layer thickness. Samples
were made with thickness variations of only one of the
constituent materials or with variations in both layers.

Previous work has shown that both Mo/Ni and
Nb/Cu can be grown as high-quality superlattices.!>*
The systems grow oriented with the Mo and Nb bcc(110)
and the Ni and Cu fcc(111) planes perpendicular to the
growth direction. X-ray scans were performed about
the first-order [bce(110)/fcc(111)] and  second-order
[bee(220)/fec(222)] portion of the profile. Examples of
the diffraction profiles are shown in Fig. 6 for three
[Mo(20 A)/Ni(22 A)]l 30 superlattices, where the values in
parentheses refers to the average layer thickness and the
subscript gives the total number of bilayers. Figures 6(a)
and 6(b) show the diffraction profiles of a sample without
artificial roughness, Figs. 6(c) and 6(d) for a sample with
2.7 A artificial roughness added to Ni, and Figs. 6(e) and
6(f) for a sample with 2.7 A artificial roughness added to
the Mo. The circles are the measured x-ray intensity and
the solid line the structural refinement. The arrows indi-
cate the expected peak positions for Mo and Ni. The
effect of the additional disorder can be seen in both the
relative intensity and linewidth of the profiles. As was
predicted from earlier calculations,*® increased disorder
of the Mo (Ni) leads to broadening of the superlattice
peaks associated with Ni (Mo). The second-order super-
lattice peaks are much more sensitive to discrete disor-
der. An artificial disorder of 2.7 A is enough to almost
completely suppress the second-order high-angle super-
lattice peaks.

The results of the structural refinement can be directly
compared to the amount of additional artificial disorder
introduced during growth. The samples without addi-
tional disorder have typical discrete disorder values of 1.0
A, indicating the layers vary in thickness on average less
than one monolayer. The value of the continuous disor-
der was 0.18 A, which is in agreement with the values
determined by Locquet et al.’ and is close to the
difference in the lattice spacing of Mo and Ni of 0.2 A.
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The amount of additional structural disorder, determined
from the fits shown in Fig. 6 from the first- (second-) or-
der peaks, is for Ni 2.0 (3.3) A and for Mo 1.0 (2.6) A
which is in good agreement with the values added during
growth. There is a small discrepancy between the values
determined from the first- and second-order portion of
the profiles. The second-order values are in better agree-
ment with the growth value. A possible explanation for
the difference is that the second-order peaks are much
more sensitive to discrete disorder and should give a
more accurate measure of the disorder for a small
amount of additional disorder. When the amount of dis-
order increases, this is no longer true. In samples with an
additional 3.3 A of roughness, the second-order superlat-
tice peaks are no longer resolved. The refinement pro-
cedure can only give a lower limit of the disorder (=3.5
A). The first-order satellite peaks are still clearly resolved
and give a more accurate measure of the roughness.
Shown in Fig. 7 are the parameters obtained from the
structural refinement for all the Mo/Ni samples with
artificial roughness. The amount of refined discrete
roughness is plotted versus the amount of artificial rough-
ness for three sets of Mo/Ni superlattices. The points
correspond to samples with additional roughness added
to the Mo or Ni layers individually or to both layers and

Mo(110)  Ni(111)

TR

Mo (220)

T T
o

Ni(222)

' (b) |

Intensity

30 35 40 45 50 75 BO 85 90 95 100 105 110

20 (deg)

FIG. 6. Experimental profiles (O) and refined calculations
(solid lines) of three [Mo(20 A)/Ni(22 A)]uo superlattices: (a)
and (b) without artificial roughness, (c) and (d) with 2.7- A
artificial roughness on the Ni layers, and (e) and (f) 2.7 A on the
Mo layers. The profiles on the left (a), (c), and (e) are taken
around the first-order main Bragg reflections, the profiles on the
right (b), (d), and (f) around the second order. All profiles are
plotted on a linear scale and are normalized to the highest in-
tensity.
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(A)

S
artificial

FIG. 7. The refined roughness vs artificial roughness for
seven [Mo(13 A)/Ni(16 A)]y50 (circles), ten [Mo(20 A)/Ni@22
A)]m (squares), and four [Mo(27 A)/Ni(33 A)]80 (triangles) su-
perlattices. Open symbols are the roughness of Mo layers, the
solid symbols of Ni layers. The line gives the expected behavior
assuming 1.0-A intrinsic roughness.

represent an average determined from averaging the
first-order bee(110)/fec(111) and second-order
bcce(220)/fcc(222) values. Solid and open symbols repre-
sent roughness values on Ni and Mo, respectively. The
solid line is the expected relation between the refined
roughness and artificial roughness assuming 1 A of
discrete roughness intrinsic to the layers,

Sreﬁned \/ 1 A2 +Sart1ﬁc1al .

In the refinement procedure, all the roughness parame-
ters were fit, including interface disorder ¢ and the in-
tralayer disorder for both material 8§y; and 8y,. Excel-
lent quantitative agreement is obtained for all the samples
which clearly shows that an additional amount of discrete
disorder of less than a single lattice spacing can be quan-
titatively determined and resolved from the other disor-
der parameters.

Similar experiments were performed on a series of
Nb/Cu superlattices. The difference in the Nb and Cu
lattice spacing (0.25 A)is larger than for Mo/Ni. There-
fore, the diffraction profiles should be more sensitive to
discrete disorder. X-ray-diffraction profiles from a series
of [Nb(26 A)/Cu(20 A) )]4o is shown in F1g 8 with no addi-
tional roughness (a) and (b) and 2.8 A of additional
roughness added to Cu (c) and (d) and Nb (e) and (f). The
results of the discrete roughness as determined by x-ray
refinement are given in Table I. In the sample with no
additional disorder, the superlattice peaks about the Nb
position are considerably broader than the peaks about
the Cu position, indicating there is more discrete disorder
in the Cu layers. (Note that this is contrary to what one
may expect naively.) No superlattice peaks are observed
about the Nb(220) peaks. The disorder values determined
from the refinement about the first-order profile are con-
tinuous disorder of 0.3 A and discrete disorder in the Nb
(Cu) layers of 1.0 A (3.7 A). When additional artificial
roughness is added to the Cu layers, the superlattice
peaks around the Nb(110) reflection clearly broaden. The
peaks about the Nb(220) are not clearly affected by the
additional disorder on Cu. The Cu layers are already so
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FIG. 8. Experimental profiles (O) and refined calculations
(solid lines) of three [Nb(26 A)/Cu(20 A)]“, superlattices: (a)
and (b) without artificial roughness, (c) and (d) with 2.8-A
artificial roughness on the Cu layers, and (e) and (f) 2.8 A on the
Nb layers. The profiles on the left (a), (c), and (e) are taken
around the first-order main Bragg reflections, the profiles on the
right (b), (d), and (f) around the second order. All profiles are
on a plotted on a linear scale and are normalized to the highest
intensity.

rough that the superlattice peaks about the Nb(220) are
not resolved and additional artificial roughness cannot be
determined. Only a lower bound on the discrete rough-
ness can be determined as shown in Table I. With addi-
tional roughness added to the Nb layer (c), the Nb and
Cu layer roughness become comparable. This can lead to
an uncertainty in the continuous and discrete disorder
parameters during fitting because both terms now
broaden the peaks and the limited number of higher-
order satellite peaks limits the ability to resolve the
different disorders. This leads to discrete disorder pa-
rameters that are slightly lower than expected for the
first-order profile results and an increase in the continu-
ous roughness parameters for this particular refinement.
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The x-ray-diffraction profiles shown in Figs. 6 and 8
clearly demonstrate the need for including disorder pa-
rameters in a fitting model. The relative intensities of the
peaks are strongly dependent on the amount of layer
thickness fluctuations even though the lattice parameters
and average layer thicknesses remain constant. This
shows that relative intensity calculations to determine the
lattice parameters without roughness included in the
model may give anomalous results.

B. Lattice spacing

In many metallic superlattice systems, the average lat-
tice spacing d, which can be determined directly from the
diffraction profiles, has been found to expand with de-
creasing A.>* The expansion is thought to originate from
strains introduced by the interfaces, but a quantitative
understanding is lacking. Structural refinement of the x-
ray-diffraction profile allows a determination of the indi-
vidual lattice spacing of each of the constituent materials.
Nb/Cu is an example of a system that shows an expan-
sion of d with decreasing A. We have studied a series of
sputtered Nb/Cu superlattices with equal Nb and Cu lay-
er thicknesses, having a total thickness of 7 um. The ex-
pansion of d relative to the bulk Nb and Cu values is
determined by measuring a series of Nb/Cu superlattices
as a function of A, keeping the relative concentrations
constant and is given by the solid squares in Fig. 9(a).

The average lattice spacings of the Nb and Cu layers
were determined by structural refinement of the reflection
profiles. The parameters in the refinement were the con-
tinuous interface disorder c, average thickness of the lay-
ers Ny, and Ng,, discrete disorder of the layers sc, and
SNy, and the symmetric lattice expansion parameters
Adyy, and Ad,, with exponents set at a=0.5. The bulk
Nb and Cu lattice spacings were fixed at the measured
values from sputtered Nb (2.346 A) and Cu (2.087 A)
films. The interface distance was fixed at the average of
the Nb and Cu lattice spacing closest to the interface.
The best-fit values of the average Nb and Cu lattice spac-
ings (the layer thickness divided by the number of atomic
layers) are given in Fig. 9(b). The refinement gives the
very interesting result that both layers are expanded rela-
tive to the bulk values, with the majority of the low A ex-
pansion confined to the Cu layer. The Cu discrete rough-
ness is also strongly dependent on A. The discrete rough-
ness for the A=22 A and A=30 A films was s¢, and
snp =1 A. For the A=55 A and A=85 A films, there is
an increase in s¢, to 2.7 A and >3.5 A, respectively,

TABLE I. Refined roughness values compared to the artificial roughness for a series of Nb/Cu su-

perlattices.

Sartiﬁcial ( ‘& )

Sreﬁned ( A)

Nb(110)/Cu(111) Nb(220)/Cu(222)
Sny=0.0, Sc,=0.0 Sny=1.0, Sc,=3.7 Sny=1.0, Sc, > 3.0
Sny=0.0, S, =1.9 Sy =1.0, Sc,=4.7 Swy=1.3, Sc, >3.0
Sno=0.0, Sc,=2.8 Sy =1.0, S¢,=5.1 Sny=1.0, S¢, >3.0
Sno=2.8, Sc,=0.0 Sny=1.0, Sc,=3.2 Snp=2.6, Sc, > 3.0
Snp=3.8, S, =0.0 Sno=2.7, Sca=3.2 Sy >3.0, Sc, > 3.0
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FIG. 9. (a) Expansion of the average lattice spacing d relative
to the bulk value measured directly from the x-ray profiles (solid
square) and determined from x-ray refinement (open triangles)
and (b) the lattice expansion for Cu and Nb relative to bulk
values obtained by structural refinement.

without a comparable increase in sy;,. The increased Cu
roughness was in agreement with the results shown in
Fig. 8. To make a direct comparison, the expansion of d
can be calculated from the best fit results of Ny, Ncy»
and the bulk lattice parameters of Nb and Cu and is
shown in Fig. 9(a) as open triangles. Excellent agreement
is found between the measured and refined expansion of
d.

Other techniques such as reflection high-energy elec-
tron diffraction (RHEED), extended x-ray-absorption fine
structure (EXAFS), and x-ray photoelectron diffraction
(XPD) can be applied to determine the local atomic dis-
tances in materials. A number of these techniques have
been applied to a series of MBE grown Ag/Mn superlat-
tices by Jonker et al.>®> RHEED studies found the Mn to
initially grow lattice matched on the Ag and XPD (Ref.
55) and EXAFS (Ref. 56) were used to estimate the Mn
lattice spacing in the growth definition. We have fit the
measured x-ray-diffraction profiles to determine the Mn
lattice spacing in the growth direction. These values are
compared with the XPD and EXAFS results on the same
superlattice samples, and XPD results on Ag/Mn/Ag tri-
layers.>’

Figures 10(a) and 10(b) show the measured (circles) and
fitted (line) diffraction profiles of 3- and 5-monolayer
(ML) Mn superlattices, [Ag(33 A)/Mn(6 A)],,0 and
[Ag(31 A)/Mn(8 A)l,, respectively, about the Ag(002)
peak. The fitting parameters used were N Ag> Dag) Ad g
with the exponent a set at 0.5, dyy,, Sags Smq» and con-
tinuous interface fluctuations ¢. An additional modified
Lorentzian line shape®® arising from the initial thick Ag
buffer layer was also added into the fitting procedure, and
the position is labeled by arrows on the plots. The
diffraction profile is dominated by the Ag layers which
are phase shifted relative to each other by the presence of
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the Mn layers. This makes a unique determination of the
interface distance and Mn lattice spacing by the
refinement very difficult for very thin Mn layers because
the phase shift of Ag layers is given by
(Npq — 1Ddy, +2a. Setting the interface to the average
of (dagtAdpg+dy,)/2 in the fitting allowed for a
unique determination of the Mn distance.

Best-fit results for the Mn and Ag distances from
fitting the diffraction profiles about the Ag[002] and
Ag[004] reflections are given in Table II. Included in
Table II are the Mn lattice spacings estimated from the
c¢/a ratio determined from EXAFS and XPD on the
same superlattices and XPD results on MBE grown
Ag/Mn/Ag trilayers.’’ Excellent agreement is obtained
between the three techniques for the Mn distance in the
superlattices and for the lattice spacing in the trilayers.
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FIG. 10. Experimental (O) and calculated (solid line) high-
angle x-ray-diffraction profiles for (a) [Ag(33 A)/Mn(6 A)]lm
and (b) [Ag(31 A)/Mn(8 A)]zo superlattices. The refined param-
eters are given in Table II. The calculated spectra include K ;-
K a, splitting and instrumental line broadening of 0.05° 26. The
arrows indicate the position of the addition Ag(002) buffer layer
peak. (c) Experimental (O ) and calculated (solid line) low-angle
x-ray-diffraction profile for the [Ag(33 A)/Mn(6 A)lg superlat-
tice using the refined parameters determined from the high-
angle profile in (a). * indicate the peak resulting from capping
layers.
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TABLE II. Refined roughness and lattice parameters for MBE grown Ag/Mg superlattices. XPD
results are obtained from Ref. 55 and EXAFS results are obtained from Ref. 56 where the Mn lattice
spacings are estimated from the ¢ /a ratio determined on the same superlattices. XPD results obtained
from Ref. 57 (labeled XPD?*) are for comparable Mn layer thicknesses in Ag/Mn/Ag trilayers.

Thickness (ML) Roughness (A)

Lattice spacings (A)

X-ray EXAFS XPD XPD*
NAg NMn SAg SMn ¢ dAg dMn dMn dMn dMn
15 5 2 1 0.23 2.046+0.003 1.68+0.04 1.64+0.08 1.66 1.65
16 3 1 1 0.08  2.051+0.003 1.90+0.04 2.03+0.15 1.91 1.80
13 2 2 0.5 0.04 2.052+0.003 1.92+0.04 1.91 1.85

In particular, all three techniques determines that there is
a large change in lattice spacing from 3 to 5 ML of Mn.
In the samples with 2 and 3 ML of Mn, the continuous
roughness parameter ¢ is very small, indicating that the
interfaces have a high crystalline order. For the 5 ML of
Mn sample, an increase in the continuous disorder pa-
rameter commensurate with the decrease of the Mn dis-
tance is observed. It is in qualitative agreement with the
EXAFS measurements, which also determined increased
disorder. The effect of the continuous disorder on the
line width of the 5-ML sample can clearly be seen com-
pared to the 3-ML profile and is indicative of a decrease
in the crystalline order. The continuous disorder param-
eter in the 5 ML of Mn sample is comparable with values
determined for lattice mismatched systems such as
Mo/Ni,*” and is comparable to the difference of the Ag
and Mn lattice spacings.

Shown in Fig. 10(c) are the measured and calculated
low-angle profiles for the same sample as shown in Fig.
10(a). The low-angle profile is calculated using the opti-
cal formalisms given in Eq. (17) and structural parame-
ters determined from the fit shown in Fig. 10(a). The
only adjusted parameters were the constant height and
background. The peak labeled by the * results from cap-
ping layers. There is excellent quantitative agreement for
the relative peak heights and widths. The results indicate
that even layers with thicknesses as small as 3 ML can be
well represented as continuous media with constant elec-
tron densities and, more important, the high-angle
refinement parameters, in particular the discrete rough-
ness, can reproduce the low-angle profile.

C. Chemical composition

In principle, the relative composition of the superlat-
tice should be known from the growth conditions and be
used as an input parameter for the refinement. However,
problems in calibration and control of deposition often
make accurate knowledge of the thicknesses difficult.
Therefore, the thicknesses of the layers often needs to be
included as fitting parameters. A number of techniques
can be used to determine the chemical composition of the
films directly and the results can be compared with the
refinement values.

Shown in Fig. 11 is the x-ray-diffraction profile about
the (200) reflections of a Cu/Ni superlattice prepared by
electrochemical deposition.”® The results for the relative
composition from the x-ray refinement were Cu(23

A)/Ni(28 A) and d,=1.83 A slightly expanded com-

pared to bulk (1.81 A) and d Ni =1.75 A slightly contract-

ed compared to bulk (1.76 A). Chemical analysis of the
films found a relative composition Cu(24 A)/Ni(27 A).%°
The results obtained with the refinement procedure are in
excellent quantitative agreement considering that Cu and
Ni are close in both lattice constant and scattering power
which makes refinement of relative composition very
difficult.

A series of W/Ni superlattices were sputtered under
similar conditions where only the Ni sputtering rate, cali-
brated using a quartz crystal oscillator, was varied over a
limited range and the W sputtering rate was kept fixed.
X-ray refinement was applied to the diffraction profiles of
all the samples. An example is shown in Fig. 12(a) for a
[W(26 A)/Ni(26 A) )], superlattice, and the results for the
relative W and Ni thicknesses are plotted versus the mea-
sured Ni sputtering rate in Fig. 12(b). The solid lines
represent the expected thickness dependence on Ni
sputtering rate. The uncertainty in the quartz crystal os-
cillator reading is +0.2 A/sec which corresponds to un-
certainties in relative thicknesses of +1 A. The error
bars on the points represent differences in the refined
thicknesses depending on the fitting parameters used.
The results are in very good agreement with the growth
parameters with the W thickness remaining constant and
Ni thickness increasing with Ni sputtering rate. Low-
angle profiles indicated that a Ni rate of =~6.0 A/sec
gave samples that were closest to equal layer thickness,
which is in good agreement with the refinement.

It is often possible to obtain accurate measurements of
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FIG. 11. Experimental (O) and calculated (solid line) x-ray-
diffraction profile of a Cu(23 A)/Ni(28 A) superlattice about the
(002) reflection.
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FIG. 12. (a) Experimental (O) and calculated (solid line) x-

ray-diffraction profile of a [W(26 A)/Ni(26 ;&)]20 superlattice.
(b) Layer thicknesses of W and Ni obtained by structural
refinement of a series of superlattices as a function of Ni
sputtering rate.

the relative thicknesses from the low-angle profiles.
When the layers have exactly equal thicknesses, the
even-order low-angle peaks will be suppressed. When the
thicknesses of the layers are not exactly equal, the shape
of the even-order peaks will be dependent on the relative
thicknesses of the layers. The interference of the
reflected waves from the sample and the surface reflection
can lead to dips in the diffraction profile near the Bragg
angle.!? This interference is most pronounced when the
intensity of the Bragg scattering is very small and compa-
rable with the surface reflections. The position of the dip
relative to the Bragg angle is sensitive to which layer is
thicker.!>%%2 An example is given in Fig. 13. Figure 1
shows the refinement of a high-angle Mo/Ni profile
which determined the thicknesses to be Mo(20 A)/Ni(22
A). Figure 13 shows the calculated low-angle diffraction
profile for a Mo(22 A)/Ni(20 A) superlattice (curve 1), a
Mo(20 A)/Ni(22 A) superlattice (curve 2), and the mea-
sured low-angle profile (curve 3) for the same sample
shown in Fig. 1. The measured low-angle profile exhibits
a well-resolved second-order peak, indicating that the
layer thicknesses are not equal, and a dip at a slightly
higher angle than the second-order Bragg peak. The po-
sition of the dip is in agreement with curve 2 which clear-
ly demonstrates that the Ni layers are thicker than the
Mo layers in agreement with the high-angle refinement
results.

VII. DISCUSSION

The excellent agreement between the structural
refinement calculations of superlattices and the values of
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Intensity

6 (deg)

FIG. 13. The low-angle profiles are calculations for a Mo(20
A)/Ni(22 A) (curve 1) and a Mo(22 A)/Ni(20 &) (curve 2) super-
lattice, compared to the experimental profile (curve 3) of the
same superlattice as in Fig. 1. Curve 2 was calculated for the
parameters determined from the high-angle refinement shown in
Fig. 1. The profiles have been offset for clarity.

independent measurements shows that quantitative re-
sults can be obtained for disorder, lattice spacing, and rel-
ative compositions. With careful analysis, these quanti-
ties can be determined with high accuracy.

A. Cautionary notes

Due to the number of parameters involved in a
refinement and the complexity of relation (7), the multidi-
mensional y? surface becomes rather complex. There-
fore, knowledge of the influence of the parameters on the
diffraction profile and y? is reccommended. In complicat-
ed least-squares-fitting routines, it often happens that lo-
cal minima prevent the algorithm from converging to the
absolute minimum. Some care is needed in choosing
starting parameters to avoid local minima. Erroneous
parameters may be obtained if the model does not realist-
ically describe the system that is fitted. If the model does
not include the relevant parameters that describe the
basic physics of the problem, other parameters may ac-
commodate to account for the lacking parameters. For
instance, if there is chemical interdiffusion at the inter-
face which is not explicitly included in the fitting model,
then lattice (deformation) expansions and contraction pa-
rameters will adjust to fit the changes in lattice spacing as
a result of Vegard’s law. Also, only random disorder is
modeled, nonrandom correlated roughness is not includ-
ed. This type of disorder only occurs in a limited number
of systems, and has a different effect on the diffraction
profiles as that predicted by the model presented here.?’

1% might also be insensitive to some parameters in a
particular region of the parameter space or some parame-
ters might be interdependent for a particular system. For
example, the width of the continuous layer roughness of
the amorphous Ge layers in a Pb/Ge superlattice has no
effect on the high-angle profile once it becomes larger
than 1.4 A Beyond this value the superlattice peaks
disappear!! and the continuous roughness should not be
used as a fitting parameter. Therefore, the parameters
that are optimized and eventually the sequence in which
they are optimized should be selected with some care,
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and reasonable starting parameters should be chosen.
The most reliable fits are obtained by limiting the param-
eters that are fit to the ones most relevant to the problem.

The effects of discrete and continuous disorder has a
qualitatively different effect on the diffraction profile.
Discrete disorder leads to increased broadening of the
lines with increasing order [#n in Eq. (2)] of the diffraction
peak away from the main Bragg, whereas continuous dis-
order leads to broaden all the peaks equally. If the
highest-order peaks in the calculated profile (which tend
to have the smallest effect on y?) are too broad, compared
to the measured profile, the discrete roughness may need
to be fixed at a smaller value so that the higher-order
peak intensity and width are reproduced. This is usually
only necessary for systems where the higher-order super-
lattice peaks are considerably weaker than the main
Bragg peak.

It is essential that the parameters obtained during the
fitting routine are checked for internal consistency. In
the case of Nb/Cu and Mo/Ni, the average lattice spac-
ing, d, increases as the modulation length decreases indi-
cating an expansion of the lattice spacing in the unit cell.
The refined lattice spacings of the constituent materials
should, on average, be consistent with this behavior (Fig.
8), although the fitting routine might also increase the
relative contribution of the component with the larger
lattice spacing to give an effective increased d. The simu-
lated diffraction profiles about the different main Bragg
reflections should be consistent with one another.
Resolved superlattice peaks about the second-order
Bragg reflections, for example, can set an upper limit to
the roughness, as we have discussed for Nb/Cu and
Mo/Ni (Figs. 5-7 and Table 1), or the low-angle profile
can give an indication about the relative thicknesses (Fig.
13). The relative thicknesses should also be consistent
with the growth conditions.

It can be very helpful to refine a series of samples
where one of the parameters is changed systematically
like A or the thickness of one of the layers. This can help
to determine whether disorder is truly localized at the in-
terface, implied by the continuous disorder interface pa-
rameter c, or is intrinsic to the layers. If there is an in-
tralayer disorder 6 for a layer which has N atomic planes,
the continuous fluctuation of the total layer thickness will
be VN 8. If the refined value of c scales with the square
root of the number of atomic planes, this may indicate an
intralayer disorder and not strictly an interface effect.
An estimate of 8 may also be obtained from fitting the
width of the Bragg peak of a thin film of each constituent
material.

B. Application to other superlattice and thin films

The structural refinement procedure has been applied
to several other superlattice systems. The crystalline-
amorphous Pb/Ge system does not have high-angle su-
perlattice peaks due to continuous thickness fluctuations
of the amorphous Ge.!! Only a finite-size-limited
diffraction peak of the decoupled Pb layers can be seen,
modified by discrete disorder.%> With continuous random
intralayer disorder in the Pb layer, the high-angle profile
can be precisely reproduced by the refinement pro-
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cedure.®*

High-quality Y-Ba-Cu-O/Gd-Ba-Cu-O high-temper-
ature superlattices have been synthesized by sputtering,®’
and the x-ray-diffraction profiles show sharp superlattice
peaks. By specifying the structure factors, including met-
al ion and oxygen planes in the unit cell and chemical
interdiffusion of the rare-earth sites, for both layers in Eq.
(6), Eq. (7) is immediately available to refine these struc-
tures. It is found that a discrete disorder of one unit cell
and limited interdiffusion can quantitatively fit the widths
and relative intensities of Bragg and superlattice
reflections. The same formalism can be used to refine the
spectra of thin films, where the same material is designat-
ed for material 4 and B and different types of disorder
such as stacking faults can be included in the averages.

VIII. CONCLUSION

We have shown that structural refinement of x-ray-
diffraction profiles from superlattices can provide quanti-
tative information about the lattice spacing and structur-
al disorder of superlattice structures. A general kinemat-
ical one-dimensional diffraction formula, which includes
random continuous and discrete fluctuations from the
average structure and for which only the structure factor
of one single layer of each material has to be averaged, is
combined with a nonlinear fitting algorithm to fit the en-
tire x-ray-diffraction profile, i.e., peak positions, relative
intensities, and the line profiles. The results of the
structural refinement were compared to results obtained
independently from other measurements. To check the
roughness values obtained by the refinement procedure, a
series of Mo/Ni and Nb/Cu superlattices were prepared
in which the layer thicknesses were varied during growth
in a known random fashion. These values were very well
reproduced by the refinement. Internal consistency was
obtained by checking values obtained from various orders
of reflections and from model-independent average quan-
tities. Excellent agreement is obtained between the
refinement results for the lattice parameters of Ag/Mn,

LX)
a

ZN-1

Z,
24

FIG. 14. Representation of a crystalline layer which is
strained towards each interface. Lines represent atomic planes.
The atomic planes three monolayers from the interface are al-
lowed to deviate from the bulk lattice spacing d. All distances
are referenced to the first atomic plane.




9308 ERIC E. FULLERTON et al. 45

as compared to EXAFS and XPD. The relative thickness  Sinha, R. Dynes, J. Jorgensen, M. Grimsditch, D.
of the layers was accurately determined, and compared = McWhan, B. Clemens, C. Falco, and G. Felcher for help-
with chemical analysis for Cu/Ni, calibrated sputtering  ful discussion. This work was supported by DOE Grant

rate for W/Ni, and low-angle profile for Mo/Ni. No. DE-FGO03-87ER45332 at UCSD and the Belgian
Inter University Institute for Nuclear Science, the Inter
ACKNOWLEDGMENTS University Attraction Poles and Concerted Action Pro-

grams at KUL. International travel support was provid-
We thank B. T. Jonker, G. Prinz, R. Oberle, and R.  ed by the Belgian National Science Foundation and
Cammarata for allowing the use of their x-ray data and S. NATO.

APPENDIX

In this appendix we present the quantities ®, 7, F, and { F*F) of Eq. (7) for a layer consisting of N atomic planes,
where the jth plane has an average distance z; with respect to the first plane as shown in Fig. 14. The three planes
closest to the interface deviate with respect to the bulk interplanar spacing d, but we will not give a specific form of the
lattice deviations near the interface. All the interplanar spacings may deviate from the average d by the amount d with
respect to the previous plane in a similar fashion as described in Eq. (13) where all lattice fluctuations are assumed to be
cumulative. The 9’s are assumed to have a continuous Gaussian distribution about zero with width 8.

The structure factor for this layer is given by

F=f!1+explig(z,+9,)]+explig(z,+3,+3,)]+exp[ig(z;+3,+3,+3;)]F’
N-3 N-—2 N—1
+exp |ig (zy_3+ 3 O, | |tTexp |ig|zy_,+ 3 O || texpliglzy_ 1+ 3 9 , (A1)
k=1 k=1 k=1

where F’ is the structure factor for a single crystalline layer:

N—=7

F'= 3 exp
j=0

J
ig ljd+ 38, || (A2)
k=1

Here we average over the continuous variables d; by integrating over all real values 9; weighted by a Gaussian distribu-
tion. The average quantity F is given by

F=f{1+expligz, —y)+expligz, —2y ) +expligzy —3y)F’
+expligzy _3—(N—3)y]+expligzy _,— (N —2)y]+expligzy -, —(N—1)y]}, (A3)

where ¥y =¢?8%/2 and F ' is given by
1 —exp[(N —6)(igd —v)] '

F'= (Ad)
1—expligd —y)
The averaged quantity T is given by
T=expligzy _;—(N—1)y]. (A5)
® is given by
o=f* (eXP[iqu_x—(N—1)7/]+eXP[iq(zN—1—21 )—(N—2)y]+explig(zy ;—z;)—(N—3)y]
N-1 _
+<exp iqlzy _1—2z3+ X O F’*>+exp[iq(z,v,1—zN,3)—2‘y]+exp[zq(zN*1—zN,2)—y]+1 , (A6)
k=4
where
N—1 . .
. _ ! i\ . . exp[ — (N —4)y]—exp[ —ig(N—6)d —2vy] A7
<exp iq |zy z3+k§4ak F > explig(zy _;—2z3)] | —expl—iqd +7) . (A7)
(F*F) is given by
(A8)

FED=ff* 3 3 (k)
k

=11l=1
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where (k,I) is the average of the kth term in within the large parentheses of Eq. (A1) times the complex conjugate of
the Ith term within the large parentheses of Eq. (A1). The {k,k ) equals 1 for k74 and (4,4) =(F'F'*). The (k,I)

terms for k= are the complex conjugate of {/,k ) so there sum gives 2 times the real part of the (k,!) term. The full
expression of Eq. (A8) is quite lengthy, so we will give some example terms of Eq. (A8):

(2,1)+(1,2) =(explig(z,+3,)] +exp[ig(z, +3,)]) =2 cos(gz, Jexp(—¥) , (A9)
N—7
(4,4)=(F'F'*)=N—6+ 3 (N—6—j)2cos(gjd)exp(—jv), (A10)
i=1
(4,1)+(1,4) = (explig(z;+0,+8,+3;) IF' +exp[ —ig(z; +8,+3,+3,) JF'*)
=2 exp(—3y)[cos(gz;)Re(F ') —sin(gz;)Im(F )], (A11)
N3 N-3
(5,4)+(4,5)=<exp iq\zy_3—z3+ 3 9, | |F'*+exp | —ig |zy_3—z;+ 3 3, F’>
n=4 n=4
_ . exp[—(N—6)y]—exp[—ig(N—6)d]
=2Re eXp(ZN_3 23) l—exp(—lqd+y) ’ (A12)

and (7,4)+(4,7) is given by twice the real component of Eq. (A7).

Equations (A1)-(A12) are derived for a single integer number of atomic planes N averaged over cumulative varia-
tions of the lattice positions. To further average over discrete layer thickness fluctuation, the quantities ®, T, F, and
(F*F) must be calculated for various values of N and averaged, weighted by the probability of occurrence of each N.
Equations (A1)-(A12) were derived for M = 7. Explicit analytical expressions for all integer values of M <7 have to be
derived in a way analogous to the equations outlined above.
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