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X-ray-diffraction studies of Co/Re superlattices
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The structural properties of sputtered Co/Re equal-thickness superlattices and several Co/Re bilayer
films have been investigated using x-ray diffraction. Low-angle x-ray-reflectvity data have been analyzed

using an optical model which includes both interfacial mixing and discrete layer-thickness fluctuations.
The fits to the bilayer reflectivity data indicate that interfacial mixing is limited to -2—3 monolayers for
Re deposited on Co, and that a very sharp interface is found for Co deposited on Re. Such an asym-

metric interfacial configuration has been confirmed by the fitted results from the superlattice reflectivity

data. Somewhat larger average intermixing widths (-3—5 monolayers) are found in the superlattices
and are attributed to the cumulatively increased layer roughness with increasing layer distance from the

substrate. High-angle x-ray-diffraction data show that superlattice films have coherent interfaces and a
0

highly textured structure with hcp [002] orientations normal to the plane for periods 41~ A & 220 A.
Detailed structures have been determined by fitting the x-ray-diffraction spectra to calculated spectra us-

ing a trapezoidal model which considers crystalline multilayer films having extended interfaces with

linear composition profiles. The fitted results of the high-angle diffraction spectra are in good agreement
with the results obtained from the reflectivity data. In addition, an out-of-plane expansion of the

Co(002) layer is observed in all samples and is interpreted to be a consequence of structural disorder
which leads to a slightly reduced atomic density.

I. INTRODUCTION

An increasing interest in artificially layered materials
consisting of magnetic and nonmagnetic layers arises
from the recent discovery of giant magnetoresistance'
and perpendicular magnetic anisotropy, both of which
demonstrate their potential for applications. ' Such
physical properties depend strongly on the atomic struc-
ture of the individual layers, the interfacial
configurations, and the coherence between layers. A
complete structural examination is then a very important
step for understanding the transport and magnetic prop-
erties of these multilayer materials. X-ray diffraction is a
widely used technique to characterize the structure of
multilayers, since it is both nondestructive and straight-
forward to perform. Moreover, detailed structural infor-
mation can be obtained by modeling the multilayer struc-
tures and comparing the calculated x-ray intensity of the
modeled structures with experimental data. '

In this paper, we report the structural properties of
Co/Re superlattice films [Co(t, )/Re(tb)]tv with equal-
layer thicknesses (t, =tb=7 —110 A) and several bilayer
films investigated by low- and high-angle x-ray
diffraction. Our interest in the Co/Re system was
motivated by recently observed oscillatory magnetic in-
terlayer coupling and spin-valve magnetoresistance
in magnetic multilayers. ' Co and Re each crystallize

in a hcp crystal structure (type Mg) with a-Co
having a =2.507 A, c =4.069 A and Re having
a =2.761 A, c =4.458 A. As a result, there is a lattice
mismatch of 9.2%%uo between the two lattices for multilay-
ers oriented in the [002] direction. On the other hand,
the Co/Re system has a small positive heat of mixing of
1 kJ/g-at. and the alloy-phase diagram shows a continu-
ous solid solubility of the two elements, so that crystal-
line alloy interfaces are expected in multilayer films.
Since complexities arise in the multilayer structures from
layer-thickness fluctuations, several bilayer films have
also been prepared under the same conditions as the mul-
tilayer films in order to facilitate the examination of in-
terfacial mixing.

The remainder of this paper is organized as follows. In
Sec. II, the sputtering system and the sample preparation
process are briefly described along with the details of x-
ray measurements and the fitting procedure. In Sec. III,
an optical model is outlined that includes both a linear in-
termixing profile and discrete layer-thickness fluctua-
tions, and the fitted results from the bilayer and multilay-
er reflectivities are presented. In Sec. IV, the trapezoidal
model is described and applied to the analysis of the
high-angle diffraction data, and in Sec. V the high-angle
fitted results are compared with the low-angle reflectivity
parameters. The magnetic properties of these Co/Re
equal-thickness structures will be presented elsewhere.
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II. EXPERIMENTAL DETAILS

A. Sample preparation and characterization

Single and multiple Co/Re bilayer films were prepared
using a modified single-source rf triode sputtering sys-
tem. ' In this system, two separated targets (99.9% Co
and 99.99% Re) were clamped to a water-cooled target
support (cathode) powered by a single rf power supply.
Beam confinement and isolation shields were set over the
targets to avoid intermixing the cruxes of the sputtered
atoms. Electron microprobe analysis of pure Co and Re
samples prepared over each target indicates that the two
atomic cruxes were well separated. Deposition rates of
the two elements Co and Re were individually measured
with a quartz-crystal monitor in place of the substrate,
and were precisely calibrated using x-ray-reAectivity mea-
surements. In subsequent experiments, individual layer
thicknesses in bilayer and multilayer samples were regu-
lated by computer control of the substrate position and
the exposure time. Prior to sputtering, the base pressure
was + 1 X 10 Torr. During sputtering, the substrate
temperature rose to about 40'C. With a sputtering pres-
sure of 7.5 mTorr of argon gas (99.999%), the typical
deposition rates were 1.9 A/s for Co and 2.5 A/s for Re
at a rf power of 88 W and a substrate-target distance of
5.5 cm. Films were deposited onto degreased glass sub-
strates (Corning 7059 1 X 2 cm ) or oxidized Si(100)
wafers through masks which defined the sample dimen-
sions appropriate for x-ray and transport measurements.

Total film thickness and average film composition were
checked with a DEKTAK step profiler and an electron
microprobe, respectively. Due to the atomic size
difference of Co and Re, the equal-layer-thickness sam-
ples have an average composition Co57 3Re42 7 the mea-
sured composition from electron microprobe for all sam-
ples is consistent to within 4% with this calculated one.
In addition, an x-ray photoemission spectroscopy (XPS)
evaluation of a number of samples was undertaken to
check for oxidation of the constituents during sputtering.
No peaks related to Co and Re oxide states were detected
on the sample surfaces cleaned by Ar+ sputtering in a
high vacuum chamber.

the specular reAection with fixed 20. High-angle x-ray-
diffraction measurements, including 0-20 symmetric
refiection and transmission scans (with a scattering vector
perpendicular to or lying in the film plane) and rocking
curves were carried out on a conventional powder
diffractometer with Cu-Ku radiation. The instrumental
broadening for this diffractometer was estimated from Al
powder diffraction measurements to be 0.15, FWHM, for
a 0-20 scan.

C. Fitting procedure

In order to extract the appropriate physical parameters
from the low-angle reAectivity and the high-angle
diffraction data, model calculations (described in the fol-
lowing sections) are fit to the data using a nonlinear
least-squares procedure which minimizes

M
y2= g (Qm Q~)2/g2

where R; and R are the experimental and calculated x-
ray intensities, respectively, M is the total number of data
points, and o.; is the weighting function. Considering
that the x-ray intensities vary over more than four orders
of magnitude, the choice of o.

, is very important. At high
reAected intensities, errors of a few percent, arising from
variation in the beam intensity and sample alignment, can
be significantly larger than those calculated on the basis
of counting statistics. Within the low-angle model calcu-
lations, the approximate form of the "footprint" correc-
tions" applied to the calculated intensity contributes an
additional nonrandom uncertainty which is also better
treated as a percentage error rather than a counting
statistic. At low refIected intensities, a o.; determined by
the counting statistics and proportional to the number of
counts is the appropriate form. Recognizing these facts,
several authors ' have proposed an intermediate form
o; =(R; )', with 1 ~ e ~ 2, although there appears to be
no compelling rationale for a particular choice of c. In
our approach, the overall weighting factor is calculated
as the sum of two terms arising from a percentage uncer-
tainty at high intensities and counting statistics at low in-
tensities, giving

B. X-ray measurements &2 g m+(dm)2 (2)

X-ray-reAectivity experiments were performed using a
high-resolution triple-axis diffractometer with a Cu-Ka
sealed tube. By using a single-crystal Ge(111) mono-
chromater and analyzer, a resolution of order 0.01', full
width at half maximum (FWHM), for a 8-20 scan was
achieved, corresponding to a b, Q of 0.0004 A ' (FWHM)
in reciprocal space. The initial alignment procedure for
each sample was to block half the Ka, x-ray beam at
0=0. Since the low-angle reAectivity data are very sensi-
tive to the alignment of the samples and the
diffractometer, extreme care was taken in order to main-
tain the same alignment conditions for all samples. After
complete aligning of the sample, a 6-28 scan (longitudi-
nal) was taken to measure the specular refiection signal
and rocking curve (commonly called the transverse or co

scan) was also measured by rocking the sample through

a being the fractional uncertainty. This form interpo-
lates smoothly, but in a nonlinear fashion as a function of
a, between the two terms. In a series of fitting tests to bi-
layer reAectivity data, stationary values of the layer and
interface parameters were found for a values in the range
from 1% to 10%, consistent with our estimate of the sys-
tematic error. Moreover, e values in this range repro-
duce almost exactly the solutions obtained with the inter-
mediate forms, cr,. =(R, )'. The fits reported in this pa-
per typically use e -0.05.

III. X-RAY-REFLECTIVITY ANALYSIS

A. Reflectivity calculation

The x-ray-reAectivity data analysis is based on a stan-
dard optical model. ' The refractive index n of most ma-
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Pek,
Pe ~ (3)

terials in the x-ray wavelength range is slightly less than
1, and can be written as n = 1 —5 —i P, where 5 and P can
be expressed as

reAectivity data to those calculated from the model,
"footprint" corrections" and a background (0.2 counts/s
of dark current in our experiment) were included in the
model calculations.

B. Bilayer results

(4)

where r, is the classical electron radius
e /mc =2.818X10 ' cm, JVO is the number density of
atoms, A, is the x ray -wavelength, fo is the atomic scatter-
ing factor at zero momentum transfer and is equal to Z,
the atomic number of the considered element, b,f ' and
Af" are the real and imaginary parts of the dispersion
corrections to fo, p, is the electron density, and tu, is the
linear absorption coefficient. The critical angle for total
external reflection 0, =&25 has values typically in the
range 0.2' —0.6' for an x-ray wavelength around 1.5 A.
For incidence angles greater than the critical angle, most
of the x-ray beam is refracted into the material, allowing
interference between reAections from various interfaces,
including the upper surface. If the multilayer structure is
highly periodic along the film growth direction, construc-
tive interference can be greatly enhanced to produce su-
perlattice Bragg peaks with positions determined by the
modified Bragg's law'

sin 0=sin 0&+25,

or simply (sinx =x for very small x)

To facilitate examination of atomic intermixing at in-
terfaces, two pairs of bilayer samples were also prepared
under the same conditions as the multilayer films. Figure
1 shows the normalized x-ray-reAectivity data (open dots)
along with the fitted results (solid line) using the optical
model for a pair of bilayer samples prepared simultane-
ously. In the figure, the data and fitted results are plotted
on a logarithmic scale as a function of the scattering vec-
tor Q =4m sing/A, . The electron densities and linear ab-
sorption coefFicients of bulk Co and Re were used in the
calculation. The important parameters to be adjusted are
the two individual layer thicknesses (tc, tR, ), the inter-
face thickness (t, ), and the root-mean-square (rms)
roughness (o „). For two bilayer samples with Re depos-
ited on a Co layer, excellent agreement between fitted and
experimental data has been obtained without adding any
top overlayer. However, for samples with Co deposited
on a Re layer, it was found that good fits to the data
could only be obtained by addition of an overlayer (thick-

10'

0=0 +0
where 8, is the critical angle, 5 is given in Eq. (3), 0 is the
measured position of the diff'raction peak, and 0~ is the
position determined from the simple Bragg's law (neglect-
ing refraction) sinOz = n X/2A (A is the modulation wave-
length).

The x-ray reAectivity is calculated using a matrix
method. ' Any single layer in a multilayer can be charac-
terized by a matrix (2X2) as a function of the layer
thickness ( t ), the complex refractive index ( n ) (in terms
of the electron density and the linear absorption
coefficient), and the wave vector (k0=2vr/A, ) of the in-
cident beam. ' The multilayer matrix is obtained from
the product of the matrices of individual layers. In order
to include interfacial mixing, a linear composition profile
is assumed, and this linear interface profile is treated as a

0

sequence of slices ( —1 A) with an average index of re-
fraction for which the appropriate matrix is calculated.
It is pointed out that other profiles with straightforward
expressions' (such as error, sinusoidal, and exponential
spatial profiles) can also be used for modeling interface
profiles, but should be equivalent. A global interface
roughness factor has also been incorporated into the cal-
culation by assuminy a Gaussian form [with a Debye-

Q2
Wailer factor e " multiplied to the multilayer
rellectivity; here, a „ is the root-mean-square (rms) rough-
ness] to simulate the damping effect. It should be noted
that the above optical model has been shown to be
equivalent to dynamical calculations. ' For fitting the
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FIG. 1. X-ray-reQectivity data of a pair of bilayer samples:
(a) for sample 3 and I,b) for sample 4. The circles are the experi-
mental data and the solid lines are fitted results using the optical
model described in the text.
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ness to, having nearly the Co02 electron density) at the
Co surface. The global interface roughness o., values in
the samples with an oxide overlayer on top of the Co are
found to be slightly greater than those in samples with a
Re top layer which does not oxidize. The fitted parame-
ters for the two pairs of bilayer films are listed in Table I.

The most interesting result from the parameters listed
in Table I is that the intermixing at the interfaces for the
two configurations, i.e., Co deposited on Re and Re de-
posited on Co, are different. For samples with deposition
order glass/Co/Re, the interface thickness t; was found
to be —3 monolayers (ML) for sample 1 and -2 ML for
the thinner sample 2. For samples with deposition order
glass/Re/Co, t,. is almost zero, indicating that a sharper
interface is formed when Co is deposited on a Re layer, in
spite of the fact that hcp Co and Re can form continuous
solid solutions across the composition range. This
difference could result from thermodynamic considera-
tions arising from different surface energies for Co on Re
and Re on Co, or may be due to the kinetics of the
sputtering process. Whatever the origin of this effect, the
structural information obtained from simple bilayer sam-
ples is a useful guide for understanding the more complex
interface configurations arising on multilayer structures,
which are described in Sec. III C.

C. Multilayer results

In the analysis of the bilayer reAectivity data, the glo-
bal interface roughness and the interdiffusion at the inter-
faces between Co and Re were considered. For the multi-
layer structure, another type of imperfection to be con-
sidered is the variation of the bilayer thickness over a
large number of periods. The different thickness disor-
ders may arise from fIuctuations and drift in the deposi-
tion rate, or from growth modes and interface disorder.
It is known that interfacial mixing can reduce the
higher-order main peak intensities in the reAectivity data,
but it does not lead to peak broadening. In contrast, the
thickness fluctuations (continuous or discrete) give rise to
cumulative disorder and destroy the long-range order of
the superlattice, resulting in main Bragg peak broadening
(which increases with the peak order) as well as in damp-
ing of higher-order Bragg peak intensities. ' It has been
shown that the decrease of the high-order low-angle peak
intensity is not necessarily due to interdiffusion at the in-
terface, but could be caused by interface roughnesses due
either to mixing or to discrete steps' of the lattice con-
stant.

In order to obtain the appropriate interfacial mixing
width and disorder parameters in the multilayer struc-

tures, layer-thickness disorders were included in the opti-
cal model. High-angle diffraction data (presented in Sec.
IV) indicate a high degree of crystallographic order at the
Co/Re interfaces, so that only discrete Auctuations in the
layer thicknesses in multiples of the lattice constant are
included in the model calculation. Such discrete Auctua-
tions are modeled by selecting the layer thickness from a
discrete Gaussian distribution with width b, t (typically
b, t —1 —4 A). The final intensity was averaged over the
intensities of a larger number of such randomly selected
structures ( —100). ' This procedure has an important
smoothing effect on the calculated reAectivity curve
(mostly for higher-order peaks) and, in effect, simulates
many local domains within the area illuminated by the x-
ray beam, each of which contains a different sequence of
layer thicknesses. '

In calculating the diffraction intensity, first we
matched the Bragg peak positions and the overall profile
with Co and Re layer thicknesses, the global interface
roughness, and the background (which was almost con-
stant for all the samples). Second, the layer-thickness
fiuctuation b t (for simplicity, b t was set equal for Co and
Re layer thicknesses) were introduced in order to match
the widths of the higher-order peaks. Then the interfa-
cial mixing widths tz and t~ were adjusted to decrease
the higher-order peak intensities and to bring them in
line with the measured values (here the subscripts R and
I' denote the interface configurations with Co deposited
on a Re layer and with Re deposited on a Co layer, re-
spectively. All multilayer samples studied here were de-
posited with a Re layer on top). Finally, the important
parameters such as Co and Re individual layer
thicknesses (tc„tR, ), the front and rear interfacial mix-
ing widths (tF, t„), the rms interface roughness (o „), and
the width of the layer-thickness distribution (b, t) were
refined in a nonlinear least-squares fitting procedure
which minimized the g, defined in Eq. (1). The number
of superlattice periods in the low-angle calculation was
the actual number N of bilayers in the sample. The
known electron densities and linear absorption
coefficients' of bulk Co and Re were also used in the cal-
culation.

Figure 2 shows the normalized x-ray-reAectivity data
(open dots) for a set of equal-thickness Co/Re superlat-
tice samples along with the fitted curves (solid line), with
all corrections included, displayed on a semilogarithmic
plot as a function of the scattering vector Q. The top Re
layer of the samples gives a critical angle for total
refiection of 8, =0.47' or Q, =4m sin(8, )/A, =0.067 A
For samples with large periods A, the first Bragg peak

TABLE I. Parameters derived from the fitted rresults shown in Fig. 2 for two pairs of bilayer films.
The to is the oxide overlayer thickness, tc, and tR, are the Co and Re layer thicknesses, respectively, t;
is the interface thickness, and o., is the rms global interface roughness.

glass/Co A/Re A to (A) c. (A (A) tR, (A)

glass/Co120/Re 60
glass/Re160/Co 35
glass/Co 70/Re 35
glass/Re75/Co 35

-0
30.7
-0
18.0

115.1+0.2
5.6

71.0
27.8

7.3+0.3
-0
5.7
-0

62.6+0.2
168.0
41.2
73.4

2.28+0.04
3.43
2.71
3.70
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has a Q value (for example, for A=220 A, Q=0.085
A ') very close to Q„so it is difficult to resolve, as can
be seen in Fig. 2 for samples A and B. As A decreases,
the first Bragg peak shifts toward higher Q and becomes
clearly resolved, as shown in Fig. 2 for smaller A. It is a
well-known characteristic of superstructure peaks of
equal-layer-thickness multilayers that the even-order
reAection peaks have almost zero intensity. In Fig. 3, it is

clearly observed that the intensities of the even-order
reAection peaks are much smaller than those of the odd-
order ones for samples with A & 136 A, indicating that
there is only a slight deviation from a square-wave modu-
lation. For the samples with A ~ 92 A, the deviation from
the equal-thickness configuration becomes more evident.

The parameters derived from the fitted results are list-
ed in Table II. The most interesting parameters obtained
in the calculations are the front and real interfacial mix-

ing widths, tz and tF, and the layer-thickness distribution
width At. As can be seen in Table II, the values of tF
(-5 ML) are nearly 2 ML larger than that of the tz (-3
ML) for all samples listed. This asymmetric interface
configuration is in good agreement with the bilayer re-
sult. However, their values are about 2—3 ML larger
than those obtained from the corresponding interface
configurations in the bilayer samples. This result is not

surprising, since it should be noted that, for multilayer
samples, the front and rear intermixing widths derived
from the low-angle reAectivity calculation are the aver-
aged values over a larger number of interfaces across the
film. There is now strong experimental evidence indicat-
ing that in some multilayer systems the layers become
rougher as their distance from the substrate in-
creases. ' The larger t~ and tF values found in our su-
perlattice samples can then be attributed to the cumula-
tively increased layer roughness with increasing distance
from the substrate. As far as the layer-thickness distribu-
tion width is concerned, ht was observed to range from
1.2 to 4.1 A in such a way that the ratio 2ht /A remained
constant around 3%. Finally, it should be noted that for
the sample [Co25 A/Re25 A]70, it was necessary to in-
clude in the calculation an additional top oxide overlayer
with a thickness of 9 A and 30% of the Re-electron den-
sity in order to fit the data adequately.

Samples with A~42 A prepared on glass substrates
were found to be unstable, losing their mirror surface
soon after deposition. Since the x-ray specular
reAectivity is very sensitive to the film surface quality, the
measured data for these samples were of insuScient qual-
ity to obtain a quantitative analysis of the low-angle x-ray
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FIG. 2. X-ray-reAectivity data (circles), along with the fitted
results (solid lines) for a set of equal-thickness Co/Re superlat-
tice samples. 3 A=220 A, B: A=184 A, C A=136 A, D.
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sample A.

FIG. 3. High-angle x-ray-diffraction data (circles), along with
the 6tted results (solid line) for a series of equal-thickness
Co/Re superlattice samples: A: A=220 A, C: A=136 A, D:

0 0
A =92 A, and E: A= 50 A. The positions corresponding to Co
and Re rejections are indicated by the solid vertical lines. For
clarity, the curves have been displaced vertically.
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TABLE II. Derived parameters from fits to the low-angle reAectivity data shown in Fig. 3 for the
Co/Re equal-thickness superlattices A, 8, C, D, and E. The subscript N indicates the number of super-
lattice periods. A, is the period, tc, and t&, are the Co and Re layer thicknesses, t& and tI; are the rear
(Co deposited on Re) and front (Re deposited on Co) interfacial mixing widths, respectively, At is the
width of the layer-thickness distribution.

[Co A/Re A]~ A, (A) tz (A) c. (A) tF (A) tR, (A) ht (A) o, (A)

[Co110/Re110]2,
[Co92/Re92], 2

[Co68/Re68]42
[Co46/Re46] „
[Co25/Re25] „

220.8
183.0
140.3
91.0
49.5

7.1+0.8
6.3
6.9
7.2
5.7

98.9+0.9
81.7
58 ~ 8
34.2
15.0

13.2+0.8
12.3
11.9
12.3
11.5

101.6+0.9
82.7
62.0
37.3
17.3

4.1+0.3
1.9
2.5
1.3
1.2

8.9+0.5
9.0
8.8
4.2
4.1

data, although the periods obtained from the observed
Bragg peak positions were consistent with the targeted
values. ' In contrast, the samples with small periods
prepared on oxidized silicon substrates for magnetoresis-
tance studies are stable after preparation and their
reAectivity data show sharp superlattice peaks for A
down to 23 A. " In any case, the results obtained from
the bilayer and the equal-thickness multilayers character-
ize unambiguously the asymmetric interface
configuration in these Co/Re superlattices. The average
intermixing width in the superlattices was found to be
-2.5 ML at the interface with Co deposited on Re, and
-5 ML at the interface with Re deposited on Co. These
results will be compared in Sec. V with those obtained
from the analysis of high-angle x-ray-diffraction spectra
in Sec. IV.

Finally, it should be noted that the present one-
dimensional optical model does not permit us to distin-
guish interfaces which are truly diffuse from those which
contain genuine roughness. However, low-angle rocking
curves can give information on the real interface
configurations. Low-angle rocking curve measure-
ments were performed on the Co/Re bilayer and multi-
layer films. Typical rocking curves show a strong specu-
lar peak (with a FWHM -0.02') accompanied by a
diffuse scattering tail over an angular range of some
+0.4'. From the FWHM (-0.023') of the specular peak
of the rocking curve measured at the second Bragg peak
for the Co/Re equal-thickness sample A, a lateral coher-
ence length was estimated to be about 2000 A. As shown
in Refs. 22 —24, the diffuse tails also contain information
on the lateral correlation of the roughness, but further
theoretical work is required for a complete interpreta-
tion.

IV. HIGH-ANGLE X-RAY DIFFRACTION

Quantitative analysis of the high-angle x-ray-
diffraction data has been performed using a trapezoidal
model based on the kinematic theory of x-ray
diffraction. The model considers crystalline multilayer
films having extended interfaces with linear composition
profiles in which the d spacings, atomic scattering fac-
tors, in-plane atomic densities, and Debye-Wailer factors
are all assumed to vary linearly across the two types of
interfaces. This is equivalent to the linear variation of
the refractive index across the interfaces in the low-angle

reAectivity calculation and is a good approximation for
systems which can form continuous solid solutions, such
as the Co/Re studied here. Although probably
oversimplified, this type of model adequately
parametrizes the diffuse interface with a single variable.
The model may include a small fraction of independent
crystallites at other orientations. The calculated intensi-
ty is then multiplied by an absorption correction, the
Lorentz-polarization factor, and a scaling factor, and is
also added to the background signal from the glass sub-
strate. Finally, the instrumental broadening is intro-
duced by convoluting the calculated intensity with a
Lorentzian instrumental function.

The important adjusted parameters in the above model
calculation are the average atomic spacings of Co and
Re, dc, and dz„ the corresponding atomic plane num-
bers nc, and nz„ the atomic layer numbers at the front
and rear interfaces, nz and nz, and the coherence length
of the multilayer crystallite along the growth direction
I,. The same fitting method, with o. as defined in Eq.
(2), was used as in the low-angle reflectivity data analysis.
It should be reemphasized that the o. defined in this
manner is necessary in order to treat the data consistently
over the whole range of intensities. In the preliminary
analysis of the high-angle diffraction data using the tra-
pezoidal model, ' a standard form for
[=g; &(R; —R ) /R; ] had been employed in the
fitting procedure and resulted in the domination of strong
high-order satellite peak on the value of g . Within the
trapezoidal model, the relative heights of the high-order
satellites (which have lower intensities) to those of the
low-order satellites (which have the strongest peak inten-
sities) are sensitive to the number of interfacial atomic
layers nz and nz. The fitting procedure with o. given by
Eq. (2) provides a more balanced weighting of low- and
high-order satellites on the fitted results.

Discrete thickness Auctuations were simulated in the
high-angle trapezoidal model in the same way as in the
low-angle reAectivity calculation. It was found that a
comparable amount of this discrete fluctuation ( —1 —2-
ML width) cannot account for the observed high-angle
peak width. A continuous Auctuation of lattice spacings
within each layer of material has been considered as a
possible origin for the observed width of the high-angle
peak width, but cannot be easily included within the tra-
pezoidal model. Hence, for simplicity, the high-angle
peak widths were determined by adjusting the length of
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the multilayer crystallites, i.e., the number of atomic lay-
ers in the growth direction. Then the coherence length of
the multilayer crystallite I., is obtained from the number
of bilayers needed to fit the width of multilayer peaks
plus a fractional correction factor for additional broaden-
ing due to a nonintegral number of bilayers. This
coherence-length approach leads to a broadening of all
peaks due to the finite size of the multilayers.

The high-angle x-ray-diff'raction data (open dots) and
refined calculation (solid line) for the Co/Re equal-
thickness samples 3, C, D, and E are shown in Fig. 3 on
a semilogarithrnic plot as a function of the scattering an-
gle 20. Well-defined superlattice peaks have been ob-
served in all samples, indicating coherent stacking of
atomic planes across Co and Re layers. The intensities of
the superlattice peaks are modulated by the structure fac-
tor of the bilayer so that the strongest superlattice peaks
are found closest to the Bragg peaks of Re and Co hcp
(002). For small A (50 and 41 A), sharp superlattice
peaks appear around the Bragg peaks corresponding to
the Co and Re(002) average atomic spacing d =A/X~,
where Xz is the total number of atomic layers within a
period. As can also be seen in Fig. 3, the angular dis-
tance between superlattice peaks decreases as the wave-

0

length A increases. For the largest A=220 A, the super-
lattice peaks were dificult to resolve with the low-
resolution diffractometer used.

The structural parameters derived from the fitted re-
sults shown in Fig. 3 are listed in Table III. The sensitivi-
ty of the specific interface configuration (symmetric and
asymmetric) and the number of atomic layers in the inter-
face increases with decreasing wavelength A, but both
were well determined for all samples by using o. as
defined in Eq. (2) to fit the data. As indicated in Table
III, the average atomic spacings of (002) planes in all
samples are apparently expanded by -0.6% for Co and
—0.3% for Re compared with their bulk values (2.034 A
for Co and 2.229 A for Re). However, an out-of-plane
expansion of Co layers cannot be understood in terms of
coherent strains at the superlattice interfaces, nor is it
due to alloying of Co with Re, since interfacial mixing is
limited in the large-A samples. The expansion of Co lay-
ers may arise as a result of structural disorder, which
leads to a slight decrease in the packing density, as ob-
served in the Co/Au multilayer system. ' For the sample
with A=40 A, the expansion of the Co(002) planes be-
comes more important, but the Re(002) atomic spacings

remains the same. It is proposed that this larger expan-
sion of the Co layers in small-A samples arises from a
small region in which Co alloys with Re, since the region
near the interface becomes a larger fraction of the sample
with small-A samples.

As can also be seen from Table III, the coherence
length in the growth direction first increases with increas-

0

ing A, passes through a maximum value for A= 136 A,
then decreases. It should also be noted that the samples
listed in Table III are essentially composed of only well-
oriented hcp (002) multilayer crystallites, except for sam-
ple A with A=220 A. The fitted results for sample 2
(shown in Fig. 3) includes a small fraction of Re crystal-
lites with d spacing close to that of the (010) planes. In
an earlier publication, ' an [010]-oriented sample with
A = 14 A was found to grow coherently for about 14 bi-
layers and consisted only of interface layers arising from
the intermixing of the rough interface regions within the
sample.

Finally, rocking curves were measured at the two
strongest superlattice peaks around the Bragg peaks of
Re and Co(002) for large-A samples. For small-A sam-
ples (50 and 42 A), only one rocking curve was measured
at the strongest superlattice peak position. The FWHM's
of the rocking curves are almost the same (about 6.2 ) for
all samples with large A, indicating that the texture is
nearly identical within the Co and Re layers in these
large-A samples. For A (50 A, the FWHM was found to
be larger, about 10.0'. The broadening of the rocking
curve is ascribable both to the coherence length of the
diffracted x rays in the film plane and the orientational
distribution of the crystallites (mosaic spread). In order
to probe the coherence length within the film plane, a
symmetric transmission scan with the scattering vector Q
in the film plane was performed for the largest A (220 A)
sample. A relative strong peak corresponding to the
(010) reffection accompanied by a very weak (101)
reAection peak of hcp Re was observed in the transmis-
sion diffraction profile. No reAection peak from Co was
detected in this geometry, due to its relatively small
atomic scattering factor. From the FWHM of the (010)
peak of hcp Re, the in-plane coherence length within the
Re layer was calculated using the Scherrer equation to be
about 100 A. As a rough approximation, the rocking
curve can be reproduced by the convolution of two
Lorentzian curves representing the broadening due to the
in-plane crystallographic coherence length and the distri-

0

npA (A)

TABLE III. Derived parameters from fits to the high-angle diffraction data for the Co/Re equal-
thickness superlattices 2, B, C, D, E and I. dc, and dR, are the average atomic interplanar distances
of Co and Re(002}, nc and nR, the corresponding atomic plane numbers, n& and nF the atomic layer
numbers at the rear and front interfaces, and I., the coherence length of the multilayer crystallite along
the growth direction.

[Co A/Re A]~ dco (A) dRe neo

[Co110/Re110]z,
[Co92/Re92] 3Q

[Co68/Re 68]4,
[Co46/Re46]63
[Co25/Re25]i,
[Co19/Re23]„

218.2
181.8
138.7
91.9
49.1

40.8

2.046+0.004
2.047
2.045
2.046
2.043
2.063

2.241+0.004
2.240
2.233
2.239
2.234
2.236

49
41
30
19

8
7

44
37
27
17

8
7

324
347
392
234
244
251
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bution function for the mosaic spread, respectively. The
FWHM of the former at the strongest superlattice peak
around Re(002) is calculated from the observed in-plane
coherence length to be about 1.0'. By deconvoluting this
width from that of the observed rocking curve, the
FWHM of the orientational function is estimated to be
5.2. Therefore, the broadening of the rocking curves is
dominated in our samples by the mosaic spread.

V. COMPARISON OF LO%'- AND HIGH-ANGLE
DIFFRACTION RESULTS

As is also evident from Table III, the values of n~ and
nF from the high-angle analysis indicate asymmetric in-
terface configurations, consistent with the low-angle
reAectivity results. It is interesting to compare
nz(d c+d a)/2 (rear interface thickness), nc, dc, (Co
layer thickness), nF(dc, +da, )/2 (front interface thick-
ness), and na, da, (Re layer thickness) (see Table III) with
the corresponding values of t~, tc„ tF, and ta, (see Table
II) obtained from the fits to the low-angle refiectivity
data. The former four values are calculated from Table
III and are listed in Table IV. As can easily be seen from
Tables II and IV, the agreement is quite good. The inter-
facial mixing widths were found to be slightly larger in
the low-angle results than in the high-angle ones, in par-
ticular for rear interfaces. When comparing the high-
and low-angle calculations, it should be kept in mind
that, in the high-angle trapezoidal model, the peak
widths were determined by the multilayer crystallite
length. As mentioned above, a better model of high-
angle diffraction would include both discrete and con-
tinuous layer-thickness fluctuations to account for the ob-
served peak widths, but this requires a closed form in the
trapezoidal model calculation. Since the incorporation
of discrete and continuous layer-thickness fluctuations in
the trapezoidal model calculation would affect the rela-
tive intensities of the main peaks and the high-order sa-
tellites, the values of n~ and nF obtained in the actual fits
to high-angle data may not be very accurate. On the oth-
er hand, since low-angle reQectivity data are much more
sensitive to discrete rather than continuous layer-
thickness disorder, our low-angle fitted results should be
quite accurate since they are less affected by the absence
of continuous layer-thickness fluctuations in the optical
model calculation.

Low-angle reAectivity does not depend on the atomic
structure of the layers and, in consequence, the coherence
lengths [in the film plane (typically over 1000 A) as well
as in the growth direction] were usually found to be

much larger than those in high-angle diffraction data. '

Furthermore, the low incident angle of the reAectivity ex-
periment results in the larger lateral sample area il-
luminated by the x-ray beam as well as a limited penetra-
tion depth (-3000 A). Hence, low-angle scattering aver-
ages over a larger lateral region of the sample near the
free surface than is the case for the high-angle diffraction,
which averages over the entire sample thickness with a
sample area determined approximately by the x-ray beam
size. For a layer roughness which increases with distance
from the substrate, larger interfacial mixing widths are
expected in low-angle reAectivity than in high-angle
diffraction, as found for our Co/Re multilayer films. As
can be seen in Tables II and IV, the intermixing widths
found from the fits to the reAectivity data are larger than
those found in the high-angle intensity calculations, in
particular for the small-A samples.

VI. SUMMARY AND CONCLUSIONS

The structural properties of a series of sputtered
Co/Re equal-thickness superlattices and several bilayer
films have been investigated by low- and high-angle x-ray
diffraction. Low-angle reAectivity data have been ana-
lyzed using an optical model which includes both the in-
terfacial mixing and the discrete layer-thickness Auctua-
tions. The fits to the refl. ectivity data of the bilayer sam-
ples indicate that the interfacial mixing width is confined
to 2—3 ML for Re deposited on Co, and & 1 ML for Co
deposited on Re. The fitted results from superlattice sam-
ples are consistent with this asymmetric interface
configuration. Somewhat larger average interfacial
widths (-3—5 ML) were found in Co/Re superlattices,
and are attributed to the cumulatively increasing layer
roughness with increasing distance of the layers from the
substrate.

The high-angle x-ray-diffraction data demonstrate that
these Co/Re equal-thickness samples have coherent and
highly textured structures with hcp [002] orientation nor-
mal to the film plane. The fitted results of the high-angle
x-ray data using a trapezoidal model are in good agree-
ment with the ones obtained from the reAectivity data
analysis. Comparing the results obtained from the low-
and high-angle experiments, we can characterize unambi-
guously the asymmetric interface configuration in these
Co/Re superlattices with an average intermixing width
-2.5 ML at Co on Re interfaces, and -5 ML at Re on
Co interfaces. A systematic expansion of the Co(002) lay-
er is observed in all the samples studied here, and is inter-

TABLE IV. The calculated values of n„(dc, +d&, )/2 (rear interface thickness), nc, dc, (Co layer
thickness), n+(dc, +d&, )/2 (front interface thickness), and n~, d~, (Re layer thickness) from Table III.

B
C
D

[Co A/Re A]~

[Co 1 10/Re 1 10]2,
[Co92/Re92]32
[Co6/Re68]~2
[Co46/Re46]6,
[Co25/Re25]73

n~(dc, +dR )/2

6.4 (A)
4.3
4.3
43
4.3

neo dco

100.3 (A)
83.9
61.4
38.9
16.3

nF(dco+dz, )/2

12.9 (A)
10.7
12.8
10.7
10.6

n RedRe

98.6 (A)
82.9
60.3
38.1

17.9
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preted as the result of an imperfectly stacked structure
leading to a reduced atomic density.

The asymmetry between Co on Re and Re on Co inter-
faces is not entirely surprising. On the one hand, it may
arise from the thermodynamics of the growing interface,
or, on the other hand, it can result from the kinetics of
the sputtering process. In this regard, we note that a
similar asymmetry has been detected in sputter-deposited
Mo/Si (Refs. 28 and 29) and tungsten carbide —cobalt
(WC/Co) (Ref. 30) multilayers. In all these systems, the
interfacial mixing is larger when the heavier atom is de-
posited on the lighter, suggesting that the kinematics of
the impact process may be the important element. Sys-

tematic studies of layers produced under different
sputtering conditions, or even by other techniques, are re-
quired in order to shed further light on this interesting
phenomenon.
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