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A calculation of the large-angle x-ray-scattering spectra is derived for crystalline multilayered
films having extended interfaces with linear random alloy-composition variation. The model also
includes the presence of crystallites of the pure components. By fitting the calculated and measured
spectra the structural parameters such as the individual layer thicknesses, bilayer and interface
thicknesses, and lattice spacings, as well as coherence length of the multilayer and crystallite sizes in
the direction of growth of the multilayer, can be determined. In the fitting procedure these parame-
ters are essentially independent and can be determined to within fractions of an angstrom. A com-
parison of the calculated and measured spectra for several Co/Cr multilayers is made and briefly

discussed.

I. INTRODUCTION

X-ray diffraction is one of the most widely used tech-
niques for characterizing the structure of multilayered
films. Numerous models have appeared in the litera-
ture""? which emphasize various features of the superlat-
tices. We have developed two models for large-angle
0-20 scattering which realistically treat the most salient
features of typical metallic multilayered structures. They
are especially applicable to metallic multilayers (ML)
where the atomic sizes of the two metals are moderately
mismatched. The models represent the' ML as having
pure regions of materials 4 and B separated by interfa-
cial regions. Two specific models are considered one
where the variation in lattice constant in the interface is
represented by two steps and the other where the lattice
constant varies linearly, as expected for random alloy-
compositional mixing across the interfaces. It has been
observed that multilayers with one of the components
having the hcp structure often contain crystallites of oth-
er hcp orientations than that which grows in the multi-
layer.** This occurs because the [10.0], [00.2], and [10.1]
hcp orientations have very similar in-plane areas per
atom. For multilayer combinations having moderately
mismatched d spacings or atomic sizes the binding ener-
gy between the layers is maximized by selecting the
crystal-growth orientations of the two components which
have the closest in-plane areas per atom. For Co/Cr
multilayers the bcc structure of the Cr has by far the
smallest in-plane area per atom in the (110) planes so the
Cr layers grow in the [110] direction. This causes the Co
layers to grow in the [10.1] hcp orientation since its in-
plane area per atom is nearly the same as that of (110) Cr.
However as the layers get thicker the other hcp orienta-
tions having similar in-plane areas are also found to be
present in the ML films. So the models presented here
also include such crystallites. In practice all the structur-
al parameters such as the lattice spacings, individual lay-
er thicknesses, bilayer and interfacial thicknesses, as well
as coherence length of the ML and crystallite sizes in the
direction of growth, have been obtained for the Co/Cr
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ML system by fitting with these models.

A derivation of the models is presented in Sec. II. A
comparison of the calculated and measured data for a few
Co/Cr ML is given in Sec. III.

II. CALCULATION OF THE
SCATTERING INTENSITIES

A. Model I

For model I one-half of the interface atoms are as-
sumed to be pure atoms A4 with lattice spacing of d ,+6
and one-half are pure atoms B with spacing dz—8&.
Where 8=(dz—d )/(N +1). The advantage of this
model is that all regions of the ML can be represented by
the functional form sin*(Nx)/sin’x. Since the intensities
are calculated using a computer this is of no real advan-
tage, but it is of interest to use this rather unrealistic
model in order to see how it differs from the more realis-
tic model II. It was found that reasonably good fits to the
measured spectra could be made with this model but it
required interfacial thicknesses that were unreasonably
large. For a few of the Co/Cr ML even assuming that
they were all interface did not reduce the satellite heights
sufficiently to give good fits. Another feature of the
Co/Cr spectra that could not be obtained with this model
was the observed difference in spacing from the main
peak of the upper and lower satellites for equal layer
thickness ML. In the Co/Cr spectra the lower satellite is
generally closer to the main peak than the upper satel-
lites. Model I always produced equal spacing of the satel-
lites for equal layer thickness ML. Since the fits obtained
with model II were much more satisfactory than those
with model I, it will not be discussed further.

B. Model II

The basic assumption behind model II is that the inter-
faces are assumed to be completely miscible random al-
loys having a linear compositional variation. The layer
spacings resulting from such assumptions are shown
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schematically in Fig. 1 which shows the d-spacing varia-
tion with layer number; it is similar to the composition
variation. Thus the ML is composed of N, and Ny
atomic layers of the pure materials 4 and B having d
spacings d , and djp, respectively. The front interface be-
tween pure regions of atoms 4 and B contains Ny atomic
layers with d spacings in the nth layer, starting from the
pure A region, vary linearly as given by

df=d , +neg (1)

where e, =(dp—d 4)/(Np+1). Similarly the rear inter-
face contains Ny atomic layers whose d spacing in the
nth layer from the pure B region vary as

d,f=d3—n€R y (2)

where eg =(dg—d 4)/(Ng +1).

Various expressions for the scattering from crystallites
are discussed in many books on x-ray scattering.>® We
closely follow these derivations. As shown in Fig. 1 there
are four regions to consider: the front interface, pure ma-
terial B, the rear interface, and pure material 4. The
growth direction of the ML is taken as the z direction.
The amplitudes for scattering an x ray through an angle
20 with the scattering vector in the z direction from a
crystallite of the ML are given by the following.

Front interface:

Np+1
Ap<S 3 prfaDy
n=1

Xexp{i¢[nd 4 +en(n+1)72]}, (3)

where p, is the area density per atom in the nth plane of
the front interface of the ML, and f, and D, are similar-
ly the atomic scattering factors and Debye-Waller fac-
tors, respectively. In the nth plane of the front interface
fE=f +(fg—f4)n/(Ng+1) where f, and fp are the
atomic scattering factors of the atoms A and B, respec-
tively. DF and pf are similarly defined. The quantity
¢=4msinf/A, where A, is the x-ray wavelength and
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FIG. 1. Schematic diagram of variation of d spacing with
layer number for the trapezoidal model of a multilayered struc-
ture. Scattering from the four regions of the multilayered films
is discussed in the text.
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S =NxANyA/pA or Nfo/pB is the in-plane area of the
ML crystallite.
Pure material B:

Ap <SppfpDpexpli¢(x,+Ngdg/2)]
sin[(Np —1)ddp /2] /sin(ddp /2) , @

where x,=Nyd+dy and d=(dg+d,)/2. All other
quantities are defined in analogy to the front-interface re-
gion.
Rear interface:
Ng+1
Ag «Sexpligxy) 3 pRfEDR
n=1
Xexp{ip[ndg—egn(n+1)/2]} ,
(5)

where x,=x;+(Ng—1)dy and fR=fp—(fz—f4In/
(Ng +1) with pR and DR defined similarly.
Pure material A4:

A 4 <Spaf4dexplid(x;+N,d,/2)]
Xsin[(N 4 —1)¢d 4 /2] /sin(¢d 4 /2) , (6)

where x;=x,+Ngd +d 4.
The scattering amplitude for M bilayers of the ML is
then given by

Ay =(Ap+A p+A g +A o expli (M —1)$A /2]
Xsin(M@A /2)/sin(¢A /2) , (7)

where A is the bilayer thickness, A=(Np+Ngz)d
+Npdg+N 4d,. The crystallites in the direction of
growth of the ML are of the order of 120-200 A so they
are small enough to give rise to observable linewidths.
The spectra were measured with Cr Ka x rays having a
longitudinal coherence of ~1 um and a lateral coherence
of ~1000 A. Thus the intensity of scattering from a
crystallite of the ML calculated from Eq. (7) is an observ-
able quantity’ and is given by

L, (0)xP(8)| Ay |?, (8)

where P(6)=[1+cos%(20)]/2sin8; the polarization fac-
tor with a sinf in the denominator due to the variation
with angle of the volume of the ML intercepted by the in-
cident x-ray beam. Typically our ML are ~3000 A
thick, so absorption is negligible. In general the in-plane
area of the ML is unknown so that the quantity that is
calculable is

I =1I,(6)/S? . 9)

C. Small crystallites of other pure orientations

As mentioned previously, it has been observed>* that
the 6-20 spectra of Co/Cr ML often contain peaks at the
positions corresponding to pure [00.2] hcp Co and/or
[110] Cr (these are so close in d spacing as to be indistin-
guishable) and [10.0] hcp Co. Denoting these pure crys-
tallites by the subscripts 1 and 2 we have, in analogy to



38 MICROCRYSTALLINE AND INTERFACE STRUCTURE OF . ..

Eq. (4), that the intensity due to crystallites of type 1 is
given by

1,(8) < P(0)] Alpllelexp[i¢(Nl_l)d1]
Xsin(N,¢d, /2)/sin(¢d, /2)|?, (10)

where N, is the number of atomic planes in the direction
of growth of crystallites of type 1, d, is the d spacing, 4,
is the in-plane area, and all other quantities are similar to
those defined above. Again, in general, the in-plane area
is unknown and we calculate I§=1,(6)/A%. Similar ex-
pressions describe the intensity due to crystallites of type
2.

D. ML coherence length

Before summing the spectra of all the crystallites they
are each broadened for the instrumental resolution as-
suming a Lorentzian shape. The instrumental resolution
is 0.15° for the Rigaku D/Max-III spectrometer on which
the spectra were taken. A further correction is necessary
for the ML when the bilayer thickness is an appreciable
fraction of the total ML thickness; as occurs when the
number of bilayers M in an ML crystallite is small. Un-
der these conditions the ML usually has a fractional
number of bilayers. This correction can be made by add-
ing an additional broadening I" to the ML crystallites
only. The Scherrer equations’ is then used to obtain the
fractional layer thickness corresponding to this addition-
al broadening. Thus the corrected ML coherence length
L,, is given by

Ly=MA/(14+MAT cos6/A,)

with T in radians and cos@ approximated by
[1—(A,/2d)*]"/2. We have assumed Lorentzian shapes
for the convolution of the linewidths and just added the
linewidths.

an

E. Total scattering intensity

Since the crystallites of ML and the pure materials
scatter independently the total scattering intensity is
given by

I0(0) <y ST+ A+, 4315 (12)

where 7,, 717;, and 7, are the number of the individual
crystallites respectively of the ML and the two types of
pure crystallites in a unit volume. Since we are only con-
cerned with the shape of the spectra we can write Eq. (12)
with only two unknown parameters as

I/ < I+ £IS + 415 (13)

where /i=m1,A42/1y,S? and f=n,4%/9,S*. The /
values are uniquely determined by fitting the calculated
and measured spectra.

F. Average volume fractions

If the in-plane areas are known the / values can be
used to obtain the average volume fractions of each type
crystallite in the oriented crystallite volume. The in-
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plane areas can be obtained by measuring the x-ray
scattering with the scattering wave vector near the plane
of the film. As yet we have not performed these measure-
ments since the in-plane scattering is very weak due to
the random crystallite orientation in the plane of the
films and should optimumly be measured using synchrot-
ron x rays. Such measurements are being planned.
Meanwhile the volume fractions can be estimated under
particular assumptions about the shapes of the crystal-
lites. There are two simple cases where these volume
fractions can be evaluated.

Case (a). One case is that in which all the in-plane
areas are the same i.e., S=4,=4,. Here /j=79,/1y
and £,=1,/my. In this case the ratio of the volumes of
type 1 to ML crystallites is %,L,/7nL,; where
L,=N,d,; similarly for type 2. Letting
8.=1+/L,/Ly+/5L,/L,,, the volume fractions v are
then given by

vy =1/8, V1,=AL /8, Lys Voa=£L,/8aLy -

Case (b). This case is for the crystallites which are the
same size in all directions: S=L%, A,=L?% and
A,=L32. Here /=Lt /myLi; and £5=m,L3/ ny Ly
Letting g,=1+,ALy /L, +/Ly /L, for this case the
volume fractions are given by

var=1/8y, V1s=ALn/8L1s v2=£,L0n/8L, - (15)

A more general version of this case is that in which the
shape of the ML crystallites is not assumed. Here
g=1+/4S/L\Ly,+f,S/L,Ly, and the volume frac-
tions are given by

vy=1/8 v,=AS/8L Ly, v,=/S/8L,Ly .

Since the /values and Ly, L,, L, are determined in the
fitting procedure the volume fractions can be evaluated
for the two above-mentioned cases.

(14)

(16)

III. COMPARISON WITH SOME
TYPICAL Co/Cr SPECTRA

Figure 2 shows some typical 6-20 spectra of several
Co/Cr multilayers. Before outlining the fitting procedure
we list the salient features of a spectrum and the parame-
ters which mainly affect each feature. (1) The position of
the central peak is sensitive to the relative number of lay-
ers of materials 4 and B. (2) The angular difference be-
tween the first upper and lower satellites depends on the
bilayer thickness A. These satellites are usually not
spaced symmetrically with respect to the main peak; even
for equal layer thicknesses. This behavior is reproduced
in the trapezoidal model II. (3) The heights of the satel-
lites relative to the main peak are sensitive to the number
of interfacial layers, N and Ny. (4) The widths of the
peaks are determined by the number of atomic layers in
the direction of growth of the crystallites, N ,, Ny, N,
and N,.

We emphasize that although there are a large number
of parameters in the calculation they can be fit one at a
time with essentially no dependence between their values.
Thus the average values for all the parameters in the
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direction of growth can be determined by fitting the cal-
culated spectra to the measured spectra. We note that
the calculation assumes that only the scattering within a
ML crystallite is coherent and that each individual crys-
tallite scatters independently. That this is a good as-
sumption is confirmed by cross-sectional high-resolution
transmission-electron-microscope images of these multi-
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FIG. 2. Measured Cr Ka x-ray scattering spectra of several
nearly equal layer thickness Co/Cr multilayers. The multilay-
ers are labeled by the number of atomic layers of [10.1] Co and
[110] Cr, respectively. The solid curves are the measured spec-
tra. The dotted curves are the total calculated spectra and,
where shown, the dashed curves are the contributions due to
only the ML crystallites. The difference between the dotted and
dashed curves is due to oriented crystallites of [00.2] Co and/or
[110] Cr and [10.1] Co as discussed in the text. The positions
corresponding to the various pure orientations in bulk materials
are indicated by the dashed vertical lines.
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layers* which show that the layers are quite rough.

The measured and calculated spectra for several nearly
equal layer thickness Co/Cr ML for a variety of bilayer
thicknesses are shown in Fig. 2. The labels in the upper
right-hand corners correspond to the number of layers of
Co and Cr, respectively. The solid curves are measured
6-20 diffraction spectra using Cr Ka x rays. The dotted
curves are the total calculated intensities for model II and
the dashed curves are the calculated contributions to the
intensities from only the multilayer crystallites. Note
that in the contribution from the ML crystallites of these
spectra taken with Cr Ka x rays the low-angle satellites
always have less intensity than the high-angle satellites.
This is due to the variation of the atomic scattering fac-
tors of Cr and Co near the K edges and is opposite to the
behavior seen in spectra taken with Cu Ka x rays. As
can be seen the fits are excellent confirming that the mul-
tilayers grow in the [110] Cr and [10.1] Co directions
with additional crystallites of the pure materials. The po-
sitions corresponding to the various orientations for bulk
material are indicated by the dashed vertical lines in Fig.
2.

Other orientation combinations in the ML were tried,
such as the Co growing initially with the [10.1] orienta-
tion followed by some layers in [00.2] direction. These
did not fit the measured spectra.

An indication of how much of the total ML film is
composed of aligned crystals is given by the height of the
background. For layer thicknesses of <21 A the films
are essentially composed of only well-oriented multilay-
ers. Above this thickness the fraction of unaligned crys-
tallites grows and becomes appreciable as the layer thick-
ness increases.

One of the most gratifying features of the analysis is
that the various parameters are essentially independent of
one another. Thus the procedure is to first fit the posi-
tions of the main peak and the first upper and lower satel-
lites by adjusting the total number of layers and their
effective ratio. Then keeping this ratio as constant as
possible the height of the upper satellite is fitted by vary-
ing the interface thicknesses. The satellite heights de-
crease with increasing interface thickness. Since Co and
Cr have similar atomic sizes and densities the front and
rear interfaces are assumed to have the same thicknesses
in Co/Cr ML. This is generally not true for components
having appreciably different atomic sizes and structures
such as, for example, Mo and Si.” The next step is to
match the height of the lower satellite and the amount of
[10.0] Co by varying the lattice parameters and fractions
/1 and /, of the pure crystallites. The lattice parameters
of these small crystallites are often found to be slightly
different than the bulk values.

In Table I we list the values for some of the parameters
determined by fitting the spectra shown in Fig. 2. As can
be seen it is found that for the Co/Cr ML system the
average coherence length of nearly equal layer thickness
ML crystallites remains fairly constant with a systematic
decrease in length from ~200 A for small bilayer thick-
ness to ~ 140 A for layer thicknesses of ~ 50 A. The in-
terface thickness is seen to increase with layer thickness.
For layer thicknesses > 100 A it was found that the spec-
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TABLE 1. Derived parameters of the Co/Cr multilayer films shown in Fig. 2. All parameters are

defined in the text.

Number of

layers Vg,V (%) Vg,V (%)
Co/Cr A(A) Ly (A) Ng/Nx N, N, St [00.2]|[110] [10.0]
6/7 26 194 6/6 25 0 0050 1,16 0,0
11/11 44 165 /7 20 0 0120 4,27 0,0

15.4/14.5 59 146 7/8 50 12 0.10,0.55 6,8 3,73
23/21 87 137 /11 70 15 0.12,1.23 9,21 2,82
30/28 115 143 10/10 35 18  0.85,1.00 25,16 27,58

tra can be fit best using only crystallites of the pure ma-
terials; that is there is no indication of multilayer forma-
tion. This is reasonable since at these thicknesses the
coherence length is smaller than_ the bilayer thickness.
For layer thicknesses of <100 A the amount of pure
crystallites is seen to increase with layer thickness. It is
also seen in Table I that the amount and size of the crys-
tallites of the pure components increases with bilayer
thickness. A more complete analysis and discussion of
many more series of Co/Cr ML will be given elsewhere.

The assumption that the crystallites have the same
length in all directions clearly gives volume fractions (v, )
which are unreasonably large for small crystallites. The
assumption of equal in-plane areas gives much more
reasonable results for the volume fractions (v, ). It is thus
of great interest to measure the average in-plane dimen-
sions of the crystallites and such work is planned.

It is well known that Co-Cr alloys grow with a colum-
nar structure that could give rise to many of the features
seen here. High-resolution transmission electron images
of one of the multilayer films have been made* and al-

though we could clearly see the layering and columnar
structure, with the multilayers growing right through the
columns, we could not get good information on the crys-
tallite sizes of the different orientations. More work on
this is in progress. It is clear that in order to interpret
the measurements of other properties of multilayer films,
such as magnetic behavior, ferromagnetic and nuclear
magnetic resonance, resistivity, etc., it is necessary to first
obtain information about the detailed structure of the
films.
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