232

Ouantitative X-Ray
Diffraction From
Superlattices

Eric E. Fullerton, Ilvan K. Schuller, and
Y. Bruynseraede

Reprinted from Materials Research Society
MRS Bulletin, Volume XVII, Number 12,
December 1992



0uantitative X-Ray
Diffraction From
Superlattices

Eric E. Fullerton, Ivan K. Schuller, and
Y. Bruynseraede

Introduction

The physical properties of superlattices
have been the subject of considerable in-
terest because a wide range of phenomena
associated with very thin films, interfaces,
and coupling effects can be studied.' Re-
cent areas of activity in metallic superlat-
tices include antiferromagnetic coupling
of ferromagnetic layers across nonmag-
netic spacer layers,” giant magnetoresis-
tance,” magnetic surface anisotropy,’
low-dimensional superconductivity,™ and
anomalous mechanical properties.” All of
these phenomena are strongly affected by
the chemical and physical properties of
the individual layers and by the superlat-
tice structure. Therefare, a detailed under-
standing of the properties of superlattices
requires a nondestructive, quantitative de-
termination of the superlattice structure.

Because superlattices are not in thermo-
dynamic equilibrium, their structure is
sensitive to preparation methods and
growth conditions. A dramatic example of
superlattice structural dependence on
growth conditions is shown in Figure 1,
for sputtered Nb/Si superlattices.” Increas-
ing the Ar pressure during sputtering de-
creases the kinetic energy of the deposited
atoms,” thereby changing their surface
mobility, and thus altering growth dy-
namics. Figure 1 shows the low-angle
x-ray diffraction and cross-sectional trans-
mission electron microscopy (TEM) im-
ages of [Nb(35 A)/Si(25 A)]y superlattices
sputtered in, respectively, 3 and 15 mlorr
of Ar. The TEM image of the 3 mlorr su-
perlattice clearly shows the smooth and
continuous layering across the entire cross
section of the image (=5 pum). This is
characteristic of sputtered metal/semicon-
ductor superlattices used for x-ray optics."
The TEM observations are confirmed by
the low-angle x-ray-diffraction spectrum
where peaks are observed up to high or-
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der with no obvious broadening of the
diffraction lines. The structure for the su-
perlattice grown at 15 milorr is quite dif-
ferent. The initial layers appear smooth
and as growth progresses, the layer rough-
ness increases, forming parabolic growth
frants characteristic of low surface mobil-
ity and self-shadowing." Only limited
low-angle x-ray diffraction peaks are ob-
served and the line widths are broadened
as a result of cumulative layer-thickness
fluctuations.”
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The effects of structural disorder on the
physics of the superlattice will depend on
the particular property of interest. In maxi-
mizing the reflectivity of an x-ray mirror,
the effects of increasing the Ar pressure,
and consequently increasing the rough-
ness will clearly degrade performance. In
the case of giant magnetoresistance ef-
fects in Fe/Cr superlattices, which is domi-
nated by interface scattering, increased
roughness at the interface enhances the
magnetic scattering,” The elastic proper-
ties of Nb/Si superlattices are found to be
independent of the roughness.” Other
structural properties which are also im-
portant include interdiffusion, crystal
structure and orientation, lattice strains,
interfacial crystalline coherence, and de-
fects in the layers

X-Ray Diffraction

A complete quantitative characteriza-
tion of the superlattice requires a determi-
nation of the morphology, chemistry, and
crystal structure of the layers. In this as-
pect, x-ray diffraction proves to be a pow-
erful technique. It is easy to use, fast,
nondestructive, and provides information
both at the atomic scale and from correla-
tions over thousands of angstroms. The
most commonly used scattering geometry
are reflectivity measurements in which
the scattering vector is normal to the lay-

i I35 mTorr

Figure 1, Low-angle x-ray-diffraction spectra and Eransmission electron wicroscopy inmage of
[Nb(35 A)/Si(25 Al superlattices sputtered in an Ar pressure of 3 miTorr (left panels) and

15 miTorr (right panels).
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ers. Reflectivity measurements are con-
ventionally separated between the “low”
angle (<20°) (shown in Figure 1) and
“high” angle (>20°) regions of the spectra.

In the low-angle region, the length
scales studied are greater than the lattice
spacings of the constituent layers, so the
scattering can be considered as arising
solely from the chemical modulation of
the structure. The low-angle spectra are
usually modeled using an optical theory
in which the scattering from the superlat-
tice is calculated recursively, adding
sequentially the reflectivity of each inter-
face.”™ When considering the scattering
from a rough surface or interface, the scat-
tered intensity usually can be separated
into specular and diffuse components.”"
By performing a rocking curve or trans-
verse scan in which the scattering vector
is out of the specular condition, the dif-
fuse scattering can be measured. To deter-
mine the true specular scattering, the
diffuse scattering has to be subtracted
from the measured reflectivity.” Fitting
model calculations to the specular compo-
nent gives the interdiffusion and average
roughness of the interfaces. At this stage
we should point out that it has been com-
mon to fit scattering intensity using a
Debye-Waller formalism, although, strictly
speaking, this is incorrect.” By fitting the
transverse scans of the diffuse scattering,
the lateral coherence, frequency, and cor-
relation of the interface roughness trom
layer to layer can be determined."” Model-
ing of the diffuse scattering from low-
angle scattering is presently the subject of
considerable experimental”** and theo-
retical research.”

Information about the crystal structures
can be obtained from scattering at higher
angles. In principle, a transverse scan of
the high-angle spectra should also be
separable into specular and diffuse com-
ponents. In practice, the mosaic spread of
crystallites makes separating these two
components impossible. In this case, a re-
flectivity measurement is effectively pro-
portional to a measurement of integrated
intensity, since transverse scan-line widths
associated with mosaic spreads are in-
dependent of the particular reflection
scanned. To compare the measured inten-
sities with calculated intensities requires
computing the total scattering intensity
(specular and diffuse). The total or inte-
grated intensity is given by an average
<FF*= where I is the scattering factor of
the superlattice and <...> indicates an en-
semble average over all possible superlat-
tice structures. The specular intensity
alone is given by <F><F*>7" An ex-
perimental demonstration of the differ-
ence between the specular and integrated

intensities was recently shown for scatter-
ing from ErAs films epitaxially grown on
GaAs.™ For thin layers, a specular and a
diffuse component are separable in the
transverse scan about the (002) reflection,
which allows the determination of the
specular reflectivity. For thicker layers,
only a single line in the transverse scan
characteristic of mosaic spread was ob-
served. For the latter case, the measured
reflectivity could only be fit by an expres-
sion for the integrated intensity.

A general kinematic formula for the
scattered intensity of a superlattice can be
derived for both specular and integrated
intensities.” The scattering factor for a su-
perlattice with M bilayers is given by:

M
F = E. expliqx;) [Fa + expligia)Fs] (1)
i

where x; is the distance from the substrate
and the j" bilayer, Fy (Fr) is the scattering
factor for constituent A (B) in the j™ bi-
layer and ! (fy) are the corresponding
layer thicknesses including interface spac-
ing. If the layer fluctuations are statisti-
cally independent, the scattering intensity
for the specular and integrated intensities
can be written:
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where Re designates the real part of the
term in the bracket, and the following av-

eraged quantities of the individual layers
are given by:

In = {FaFy), lg=(FuFg)

Fa=(Fa) Fa=(Fs)

®y = (expligta)Fy), Py = {expligty)Fp)
Ta = (expligta), Tu = xplighs)) (4

The angled brackets now represent en-
semble averages over individual layers.

The specific definition of the scattering
factor and ensemble averages depends on
the superlattice system studied and the
types of disorder (see Reference 25 for
specific examples).

The peak positions of the high-angle
diffraction spectra are dependent only on
the average lattice spacing of the constitu-
ent layers and the modulation wavelength
A. Structural information of the constitu-
ent layers requires modeling the superlat-
tice structure (including lattice strains,
interdiffusion, and disorder) and compar-
ing the calculated diffraction intensities of
the model with the measured intensities.
By adjusting the structural parameters of
the model to best fit the measured intensi-
ties, structural parameters of the layers can
be quantitatively refined.** This type of
structural characterization of complex
structures from bulk powder materials are
commonly performed using the Rietveld
refinement procedure.” There is an impor-
tant difference between refinement of su-
perlattice structures and the standard
Rietveld refinement. The calculation of
Equation 3 determines the line shapes as
well as the relative intensities, so the entire
diffraction spectrum is fit with the struc-
tural model. In Rietveld refinement, the
structure of a single unit is modeled to de-
termine relative intensities, and measured
line shapes are fit to structural indepen-
dent profiles.

The structural model used in the refine-
ment depends on the particular system,
but in general they include the following
features:
® Lattice strains within each constituent
layer. The layer is described by a lattice
spacing in the center of the layer, and de-
viations from this lattice spacing near
each interface.
® An average number of atomic planes in
each layer and discrete (integer number of
atomic planes) fluctuations about the aver-
age layer thickness.
® Continuous atomic level disorder at
each interface or within the layer.
® Chemical interdiffusion at each
interface.

Because the growth of material A onto
B and B onto A may not be equivalent, the
parameters of the A-B and B-A interface
can be refined separately.

Applications of
Structural Refinement

We will now discuss the application of
the superlattice refinement procedure to
a number of superlattice systems where
different parameters affected the x-ray
diffraction spectra. These include sput-
tered Nb/Cu and high T, superlattices and
Ag/Mn superlattices grown by molecular
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Table I: Refined Roughness Values Compared to the Artificial Roughness

for a Series of Nb/Cu Superlattices.

sArllflclul(ir

SNu = 0.0. S(;u = 0.0
Swp = 0.0, Seu =19
Sw = 0.0, Scu = 2.8
Sie = 2.8, Sy = 0.0
Sty = 3.8, Scuw = 0.0

Sﬂaflnad ("ar'

Nb(110)/Cu(111)
Sw = 1.0, Seu = 3.7
SNb = 1.0. S(;u =47
Swe = 1.0, Seu = 5.1
Swp = 1.0, Sy =3.2
SNn - 2.?. S(;o =3.2

Nb(220)/Cu(222)
SNu ! 1-0. SCu =30
Swo = 1.3, 8¢, > 3.0
SN;, =1.0, SQ, > 3.0
S =26,5c>30
S > 3.0, 5S¢, > 30

*Sanine @nd Spares are the standard deviation of discrete layer thickness fluctuations introduced
during growth and determined by the refinement procedure respectively.
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Figure 2. Experimental (gpen circleg) and vefined (full Tine) high-angle x-ray-diffraction
spectra | fm thyee [NB(26 A)/Cr(20 Al superlattices: () without artificial rouginess,

(b) with 2.8 A artificial roughness on the Cu layers, and (c) 2.8 A artificial roughness on the
Nb layers. The spectra on the left are taken around the first-order Brﬂw reflections and the
spectra on the right arownd the second order. All spectra are plotted on a linear scale and are
normalized to the highest intensity.
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beam epitaxy. Particular emphasis is placed
on quantitative comparison of refined pa-
rameters from the method described above
with independent determination of the
same structural parameters.

Layer Thickness Fluctuations in
Nb/Cu Superlattices
Crystalline-crystalline superlattices are
expected to exhibit lateral discrete layer
thickness fluctuations resulting from de-
viation from layer-by-layer growth and
the deposition of a non-integer number of
atomic planes in one layer.” In order to
determine the sensitivity of x-ray diffrac-
tion to layer thickness fluctuations, a se-
ries of Nb/Cu superlattices were grown
with layer thickness fluctuations intro-
duced during sample growth. To intro-
duce disorder into the layer thicknesses,
the deposition time of the Nb and Cu
were varied randomly from layer to layer
so that the layer thicknesses approximated
a Gaussian distribution about the average
layer thickness. It is well-known that Nb/
Cu superlattices can be grown as superlat-
tices with the Nb(110) and Cu(111) planes
orlented perpendicular to the substrate
plane.” X-ray diffraction scans were
performed about the first order (bee(110)/
fee(111)) and the second order (bec(220)/
fce(222)) regions of the spectra. Figure 2
shows the x-ray diffraction spectra from a
series of [Nb(26 AJ/Cu 20 A)]4) superlat-

tices with no artificially introduced layer
thickness fluctuations (Figure 2a) and
28 A of additional thickness fluctuations
added to Cu (Figure 2b) and Nb (Fig-
ure 2¢). The results of the discrete layer-
thickness fluctuations as determined by
x-ray refinement are given in Table I.

In the sample with no additional disor-
der (Figure 2a), the superlattice peaks
about the Nb position are considerably
broader than the peaks about the Cu posi-
tion, which indicates that there is more
discrete disorder in the Cu layers (contrary
to what one may expect naively).” No su-
perlattice peaks are observed about the
Nb(220) peaks. The disorder values deter-
mined from the refinement about the first-
order profile are a continuous disorder of
0.3 A per interface and a standard devia-
tion of discrete layer-thickness fluctuations
in the Nb (Cu) layers of 1.0 A (3.7 A). When
additional artificial roughness is added to
the Cu layers (Figure 2b), the superlattice
peaks around the Nb(110) reflection clearly
broaden; however, the peaks about the
Nb(220) do not change much. The Cu
layers are already so rough that the super-
lattice peaks about the Nb(220) are not
resolved and the additional, artificial
roughness cannot be determined. Only a
lower bound on the discrete roughness
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Figure 3. Experimental (open cireles) and
refined (full line) high-angle x-ray-
:hﬂmumu spectrum for a [Ag(30 A)f
Mu(d Al superlattice. The arrow
indicates the position of the additional
Ag(004) buffer layer peak. The refined
parameters are given in Table 11,

can be determined, as shown in Table L
With additional roughness added to the
Nb layer (Figure 2¢), the Nb and Cu layer
roughness become comparable. This may
lead to an uncertainty in the continuous
and discrete disorder parameters from
the refinement because both additions of
roughness broaden the peaks, plus the
limited number of higher-order satellite
peaks limits the ability to resolve the dis-
order. As a consequence, the discrete dis-
order parameters are slightly lower than
expected from the first-order profile re-
sults, with the consequent increase in the
continuous roughness parameters.

The x-ray ditfraction profiles shown in
Figure 2 demonstrate that discrete dis-
order on the monolayer scale can be re-
solved for each constituent and that this
needs to be included when modeling the
superlattice structure. Similar experiments
on Mo/Ni superlattices are presented in
References 25 and 26. The relative intensi-

YBCO/GABCO (A = 4u.c./du.c.)

|

ties of the peaks are strongly dependent
on the amount of layer-thickness fluctua-
tions, even though the lattice parameters
and average layer thicknesses remain con-
stant. This shows that relative intensity
calculations to determine the lattice pa-
rameters without roughness included in
the model may give incorrect results.

Interfacial Strains in
Ag/Mn Superlattices

An area of particular interest in the
growth of thin films and superlattices is
the growth of metastable phases and the
manipulation of the atomic structure by
epitaxial strain.” Considerable work has
been done on the epitaxial growth of
Mn in an attempt to stabilize a ferromag-
netic phase. A series of MBE-grown epi-
taxial Ag/Mn superlattices and Mn films
by Jonker et al.¥ were studied by reflec-
tion high-energy electron diffraction
(RHIEED),* extended x-ray-absorption
fine-structure (EXAFS),* and x-ray pho-
toelectron diffraction (XPD).” RHEED
studies during growth determined that
the Mn grows lattice matched in-plane to
the Ag(001) surface. From the angle of the
XPD forward-scattering peak, the lattice
constant ¢/a ratio for the Mn films was de-

— 'J 3 termined, indicating it to be in a tetrago-
S (a) 1 nal phase. For Mn films five monolayers
o 1 (ML) or greater, the out-of-plane spacing
= E was estimated as 1.66 A, which increased
- to 1.91 A for thinner films. The compari-
o (b) 1 son of these results to independent x-ray
o diffraction refinement on Ag/Mn superlat-
, ' P tices using this method is described below,
AJ ‘b ] Figure 3 shows the x-ray diffraction
(C) spectrum of a [Ag(30 A)KMn(4 A)]m super-
1 lattice about the Ag(004) reflection, where
: Z - ' : the Mn thickness corresponds to approxi-
10 20 30 40 50 60 70 mately 2 ML. The open circles are the
measured intensity and the line is a result
28 (deg) of the refinement procedure. The re-
finement quantitatively reproduces the
Figure 4. X-ray diffraction spectra for a 2,000 A c-axis oriented YBCOW w.c.)/GABCOM w.c.) meas‘,‘red “:;Pec“a over four orders of
superlattice. (a) Perfect _-:upcr.fr?t!i:';: calculation, (b) experimental data, and (c) refined magml'ude, The best results for the struc-
spectrum. The spectra were offset by three decades and the MgQO substrate peak was deleted
for clarity.
Table Il: Refined Roughness and Lattice Parameters for MBE-grown Ag/Mn Superlattices.
Thickness Roughness (3) Lattice Spacings (fl}
(monolayers) X-Ray EXAFS* XPD*
N Ag N S“B Swun C d;\g dmn dun dun
15 ] 2 1 0.23 2.046+0.003 1.68+0.04 1.64=0.08 1.66
16 3 1 1 0.08 2.051=0.003 1.90+0.04 2.03+0.15 1.91
13 2 2 0.5 0.04 2.052+0.003 1.92+=0.04 — 1.91

*XPD results are obtained from Reference 33 on Mn films, and EXAFS results on the same superlattices are obtained from Reference 34, where the
Mn lattice spacings are estimated from the c/a ratio, assuming the in-plane lattice spacing is equal to the Ag lattice spacing.
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Figure 5. Top panel is the model for the
perfect superlattice. White and black
circles indicate the position of the
alternating trivalent fons. Lines indicate
the limits of the unit cells, whose
structure is described as layers of CuO,
Ba0), CuO;, and R with the proper
interatomic spacing. For the unit cell
schematic drawing the lines indicate the
alomic plane position. Oxygen positions
are properly placed with respect to the Cu
and Ba alomic positions planes. Lower
panel illustrates the two types of
structural disorder included in the model.
Interdiffusion assumes the R sites are
randomly switched on either side of the
interface, and the first unit cell away
from the interface is treated as an
Y123-Gd123 alloy. Step disorder
asstanes discrete fluctuations in the
layer thicknesses of one unit cell.

tural disorder and lattice spacings ob-
tained from fitting about the Ag(002) and
Ag(004) reflections are given in Table IL
Included in Table II are the EXAFS and
XPD results. Excellent agreement is found
in the determination of the out-of-plane
spacing for the Mn layer. All three tech-
niques imply a large decrease in the Mn
lattice spacing as the layer increases from
three to five ML. These results are also in
agreement with XPD results by Egelhoff
et al.” for Mn growth on Ag. Simulta-
neously with the decrease in the Mn
lattice spacing, a large increase in the con-
tinuous roughness parameter is found
from the refinement, indicating increasing
atomic level structural disorder. This re-
sult is also consistent with the EXAFS
studies, which determined increased dis-
order with increased Mn layer thick-
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Table lll: Refinement Parameters for Selected High T. Films and Superlattices.

Sample N (uc)® Cuil-Ba (A
YBCO bulk — 2.147
GdBCO bulk — 2.143
YBCO film - 2.15(1)°
GdBCO film e 2.14(1)
Y(4 uc)/Gd(4 uc)® 44 2.15(1)

3.7 2.15(1)
Y(1 ue)/Gd(1 ue)" 1.1 2.16(1)
09 2.15(1)

Ba-Cu2 (&) Cu2-R (A)® c-axis (A)
1.994 1.697 11.676
1.987 1.717 11.694
2.01(1) 1.70(1) 11.722(3)
2.01(1) 1.72(1) 11.746(3)
2.03(2) 1.67(2) 11.70(1)
2.00(2) 1.73(2) 11.76(1)
2.04(2) 1.64(2) 11.68(1)
1.99(2) 1.75(2) 11.78(1)

N is the average number of unit cells for a constituent layer,
®Cu1-Ba, Ba-Cu2, and Cu2-R are the interplanar spacings separaling the metal ions in the c-axis
direction as shown in Figure 5. Cul and Cu2 represent the Cu sites in the chains and planes

respectively.

“For the superlattices, the top number is for the YBCO layer and the bottom number is the

GdBCO layer.

“Numbers in parentheses indicate uncertainties in the last digit, estimated from fluctuation in
refinement results on different initial parameters and details of the refinement model. Discrete
disorder and interdiffusion parameters are discussed in the text.

nesses. For layers thicker than 14 ML, the
films lose long-range order.

Disorder in High T, Superlattices
There is a considerable body of work on
superlattices in which one or both of the
layers are superconducting.™* Using the
superlattice geometry, it is possible to
study the effects of reduced dimensional-
ity, proximity effects, and interlayer
coupli vg. These studies have been ex-
tended to include superlattices of high T,
materials, in particular YBa,Cu;0; /
PrBa,Cu+Os_s (YBCO/PrBCO) where the
superconducting transition temperature is
dependent both on the YBCO and PrBCO
layer thicknesses. ™ The layer thicknesses
studied in high T, superlattices are typi-
cally 1-8 unit cells and are significantly
affected by the presence of the interfaces.
The structural characterization techniques
most often used are high-resolution elec-
tron microscopy” and x-ray diffraction.
The x-ray refinement procedure has
been applied to a number of high T, thin
films and superlattices.” The x-ray spec-
trum for c-axis-oriented YBCO(4 u.c.)/
GdBCO(4 u.c.) grown on MgQ is shown
in Figure 4b. The spectra consist of the
(000) peaks resulting from the periodicity
of the high T, unit cell, and satellite peaks
about each of these peaks resulting from
the modulation of the rare earth sites.
Since the films and superlattices studied
are c-axis oriented, the diffraction in-
tensity can be modeled as a sum of a-b
planes. A perfect high T, superlattice is
schematically shown in Figure 5a. The

structure is modeled as a stack of unit cells
with the well-known layered structure of
the 123 materials,"* alternating the two
different rare earth sites. The calculated
spectrum for a perfect superlattice with
each layer maintaining bulk lattice spac-
ings is shown in Figure 4a. There are a
number of significant discrepancies be-
tween the calculated (Figure 4a) and mea-
sured (Figure 4b) diffraction spectra. In
particular, the relative intensities and line
widths of the satellite peaks do not agree
with the measured spectrum.

Accounting for these discrepancies re-
quires inclusion of structural disorder and
modification of the interplanar spacings
to account for interfacial strains. Shown
schematically in Figure 5b are two kinds
of the disorder interdiffusion and discrete
disorder, which have qualitatively differ-
ent effects on the diffraction spectra. Dis-
crete disorder results in local fluctuations
in the periodicity and broadens the super-
lattice peaks, as was shown for Nb/Cu su-
perlattice in Figure 2. Interdiffusion does
not affect the periodicity but reduces the
contrast between layers, resulting in de-
creased satellite-peak intensities without
broadening.

The result for the x-ray refinement pro-
cedure—including interplanar distances
between metal ions in the unit cell, in-
terdiffusion, step disorder, and a small
continuous fluctuation of the layer thick-
ness—is shown in Figure 4c. The relative
intensities and line width are quantita-
tively reproduced. The rare-earth site in-
terdiffusion in the first interfacial unit cell
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is 15% Gd(Y) in the Y(Gd) sites without
interdiffusion past one unit cell. This value
increases to 25-30% for a single layer con-
sistent with interdiffusion from both in-
terfaces. Steps of one unit cell about the
average layer thickness are sufficient to
broaden the satellite peaks. Similar results
are obtained for YBCO/PrBCO superlat-
tices, Shown in Table Ill are the refined
parameters for the superlattice in Figure 4,
a YBCO(] u.c.)/GdBCO(I u.c.) superlattice
and thin films of each constituent. Given
that the in-plane lattice area for GABCO is
larger than that for YBCO, the in-plane
strains on the YBCO (GdBCO) layers
should be expansive (compressive), giv-
ing rise to an out-of-plane compression
(expansion). This in fact is observed in
the refinement results compared with
the thin-film values for the YBCO and
GdBCO.

Conclusion

X-ray structural refinement provides
a powerful nondestructive quantitative
technique for determining the atomic
structure and disorder of superlattices.
Structural parameters including the lattice
strains, interdiffusion, step disorder, and
atomic level disorder can be determined.
If combined with transmission or grazing
incidence diffraction to determine in-plane
lattice constants®* and low-angle scatter-
ing— which is more sensitive to the
morphology of the interface over long
lateral-length scales—a complete structural
determination of the superlattice structure
is possible. Computer programs, instruc-
tion manuals, and relevant references can
be obtained by writing directly to two of
the authors (IKS, YB) of this paper.
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