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The structural properties of Co/Cr multilayered structures (ML's) with bilayer thickness varying
from 14 to 400 A and total thickness of about 3000 A have been studied. These ML's were prepared
by e-beam vapor deposition of the elemental metals onto temperature-controlled oxidized single-
crystal Si substrates. Several sets of multilayers were fabricated in order to investigate various types
of effects. It was determined that the multilayer crystallites grow as bcc Cr layers in the [110]direc-
tion and hcp Co layers in the [10.1] direction. Crystallites of hcp [00.2] Co and/or [110]Cr and
[10.0] Co also occur systematically in some of the ML. The detailed structures of the ML's (the in-

dividual layer, bilayer, and interface thicknesses as well as the length of the various crystallites)
were determined by modeling the multilayers as having interfaces with a linear variation in compo-
sition and fitting the measured large-angle x-ray-scattering spectra to calculated spectra. This
analysis indicates that the bilayers of the ML crystallites have asymmetric interfaces as would result
from the rate of diffusion or penetration of the Co into Cr being much larger than that of Cr into
Co. There is no evidence for any bcc Co. The growth of the ML can be described by three empiri-
cal rules. The interface thicknesses of a few ML's having complete alignment were also determined
from saturation-magnetization measurements; the two methods gave good agreement.

I. INTRODUCTION

There is strong interest in modifying the properties of
materials by alternately depositing two different sub-
stances on an atomic level. One of the prime tasks in
controlling the properties of such multilayered structures
(ML's) is to determine both the chemical and structural
order of the films and to try to relate these to the funda-
mental properties of the two components. The quality of
the films, as indicated by the sharpness of interfaces and
the degree and type of alignment throughout the ML's,
depends on a number of factors, including the bulk crys-
tal structure and atomic sizes or lattice spacings of the
two different components, the vacuum or preparation
conditions, the rate of deposition, the condition and tem-
perature of the substrate, and, in the case of well-lattice-
matched components, on the substrate orientation. Me-
tallic ML's have been classified in several ways depending
on the chemical and structural ordering of the two com-
ponent materials in and between the layers. ' ML's made
from components having a high degree of lattice and
structural matching can have single-crystal structure and
sharp interfaces, while poorly matched atomic sizes and
structures give rise to layers which are strongly composi-
tionally modulated and structurally disordered, or
perhaps even amorphous. Thus, in general, the range of
the alignment between the layers varies widely depending
on the degree of matching between the two components.
Large-angle x-ray 8-28 scattering (LAXS) spectra with
the scattering vector perpendicular to the plane of the
layers show characteristic interference spectra depending
on the d-spacing mismatch in the direction of growth.
Measurements with the scattering vector in other direc-
tions must be made to determine the degree and type of
crystalline alignment in these directions.

It should be noted that ML's are usually grown under
conditions which are far from equilibrium, and that if
quasiequilibrium conditions were used (very slow growth
rates with the vapor pressure of the deposit less than the
substrate equilibrium pressure) it would be very unlikely
to get two-dimensional (2D) crystalline growth since it
would require the surface free energies of the two depos-
iting atoms to be equal and the excess interface energy to
be negative. Generally, the surface free energies are
different, so the laws of thermodynamics would only al-
low monolayer growth for one of the components. The
other component would have island or cluster growth.
This has been seen and carefully studied for the fcc Fe-
Cu(001) system. The formation of metastable 2D-type
layering under nonequilibrium conditions closer to those
under which ML's are actually grown has been the sub-
ject of many studies and is believed to be dominated by
dynamic coalescence.

In this paper we discuss the structural behavior of the
Co/Cr ML. We have chosen the Co/Cr system to study
since it is of particular interest both for its fundamental
magnetic behavior and because it has high potential for
application as a medium for perpendicular magnetic
recording and information storage. We found that the
orientational behavior of Co/Cr ML's as well as other
3d-element combinations, where the atomic sizes are
similar but the crystal structure is different, can be de-
scribed by three empirical rules, which are discussed in
Sec. III.

Several different series of Co/Cr ML's have been fabri-
cated in order to study various aspects of their behavior.
A computer program using a trapezoidal model for the
interfaces was previously developed and used to fit the
measured (LAXS) spectra of both thin Co films and the
ML's. The detailed structural characteristics of the ML's
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determined using this program are discussed in Sec. IV.
The total interface thickness was also obtained from

saturation-magnetization measurements of completely
aligned ML s. This is discussed in Sec. IV B.

The magnetic and electronic properties of the ML's are
found to strongly depend on the structure of the ML's
especially the layer thickness. Thus it is essential to un-
derstand the structure of ML's in order to modify con-
trollably the physical properties.

ment since the accuracy of the total thickness measure-
ments seems to be no better than —10%. The second
method obtained A from the computer modeling of the
large-angle x-ray spectra. The third was to obtain A
from the corrected small-angle x-ray scattering (SAXS).
The fourth obtained A from the spacing of the spots due
to the layering in electron diffraction patterns of cross-
sectional samples of the ML's. The four methods gave
good agreement.

II. SAMPLE PREPARATION III. EPITAXIAL GRO%'TH BEHAVIOR OF MI.'S

The ML's were prepared by e-beam evaporation in an
ultrahigh-vacuum (UHV) system. The system consists of
two water-cooled, shrouded e-beam guns with a recipro-
cating shutter driven by solenoids. Each gun is moni-
tored and controlled by an Inficon thickness monitor dur-
ing film growth. A high-speed 8-in. Varian cryopump
provides a base pressure of around 5X10 ' torr. The
growth pressure depends on the evaporation rate, which
for the materials used here is about 10 torr at 1 A/sec.
During the film growth the residual gas pressures were
about 5X10 torr for both N2 and O2 and 1X10 ' torr
for CO2, so the contamination of these films from residual
gases was in the range from 10 to 10
monolayers/sec, which is usually negligible. We tried
preparing ML's on glass, sapphire, and Si and obtained
the best ML's using oxidized single-crystal p-type Si(100)
substrates of the type commonly used in the semiconduc-
tor industry. The surfaces of such substrates are amor-

O

phous and smooth to within 2 —4 A. We have confirmed
that this is so by examining these substrates in numerous
cross-sectional high-resolution transmission-electron-
microscopy (HREM) images and find them to be typically
Aat within an atomic layer over distances of several hun-
dred angstroms. The substrate temperature, measured by
a Pt-resistance thermometer embedded in the substrate
holder, could be varied between 80 and 700 K. The tem-
perature was controlled by adjusting the Aow rate of the
liquid nitrogen surrounding the holder or by adjusting
the power through a tungsten heating coil embedded in
the holder. The deposition temperature was stabilized
for about 0.5 h before growing the ML and it was main-
tained at about +5 K during the growth. Since Si has a
large thermal conductivity the calculated temperature
difference between the substrate and the Cu holder was
found to be negligible. The Co and Cr targets were 0.5-
in. cubes of 99.95% purity. The distance between the
centers of the two e-beam guns is 5 cm and the distance
to the center of substrate is about 20 cm. The area of
deposition on the substrate is a square of about 2.5 cm on
a side. Thus the angle of incidence and spread of the
atomic beams is 8 3' from the normal, and neglecting
the source size a given layer thus has a maximum varia-
tion in thickness of about 5% from geometric effects.

The bilayer thicknesses A were determined in four
ways. The first was by measuring the total thickness us-
ing a Dektak surface profiler and dividing by the number
of bilayers determined by a counter which recorded the
shutter movement. This is the least accurate measure-

In general the growth of thin films involves adsorption,
nucleation, clustering, surface diffusion, evaporation,
coalescence, chemical binding, and other atomic process-
es at the surface. ' The growth direction thus depends
on a number of factors having small energy differences.
Since the 3d metals have high coercive energies, they
would tend to have 3D (Volmer-Weber) cluster growth
when grown near thermodynamic equilibrium conditions.
However, metallic ML's are usually grown under such
high supersaturation conditions that the large driving
force, Ap causes kinetic growth to dominate. This can al-
low metastable 2D growth to occur due to the rapid
diffusion of the adatoms. Under conditions where good
alignment in the growth direction is obtained, e.g. , for
the Co/Cr ML at deposition rates of —1 A/sec and sub-
strate temperature around room temperature, the super-
saturation ratio P/P, is about 10, so the driving force
bp=kT, ln(P/P, )=110kT,. Thus when the deposition
is carried out very far from equilibrium conditions the
domination of kinetic growth apparently allows 2D-like
growth to occur. Moreover, in our case, the substrate is
oxidized Si having an amorphous surface, so the substrate
does not play a role in determining the growth orienta-
tion.

In spite of the growth of these ML's being mainly
determined by kinetics, it appears that the growth orien-
tation of each of the layers is mainly determined by the
surface free energy of the various crystallographic faces
of the two deposited components. Under these condi-
tions we find that the growth of these ML's can be de-
scribed by three empirical rules.

Rule 2. The first rule results from the well-known or-
dering of the preferred crystallographic growth directions
obtained from free-surface-energy calculations for Aat
smooth surfaces considering only pairwise bonding. An
overly simplistic view (but one that often gives the
correct order of preferred orientations) is that a negative
energy results from each bond and therefore the surface
energy is smaller the greater the number of bonds be-
tween atoms in the given surface plane. Thus, roughly
speaking, the favored crystal orientations are those hav-
ing the smallest area per atom in the film plane (largest
in-plane density) or, equivalently, the direction which has
the largest d spacing between planes. This is generally
the case for bcc and fcc components of ML's. At high
substrate temperatures other considerations and growth
mechanisms can become important and cause other
orientations to dominate.
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Rule 2. The second empirical rule has the same type of
origin as the first when applied to growth across inter-
faces of chemically similar materials. It is that for small
layer thicknesses the dominant growth direction is that
which minimizes the energy by maximizing the number
of bonds across the interfaces. This is achieved by choos-
ing the direction of growth across the interface which
keeps the area per atom for the two ML components as
nearly equivalent as possible. This rule is very different
from those which apply to a perfect-crystal-type ML
where the azimuthal orientation is dictated by the
geometry of the various structures and the substrate. For
the Co/Cr ML there is minimal azimuthal registry across
the layers. For ML systems where the area per atom of
the two components is very different, this rule appears to
become that growth is favored when the ratios of the area
per atom vary as ( n + 1 ) /n, where n is a small integer.
Here there is often a geometric epitaxy as the atoms of
the two components go into a high degree of registry. An
example of such a system is the Au/Co ML, ' where
n =3 and the atoms in the (111)planes of Au are in excel-
lent registry with the atoms in the plane of (00.2) Co
when these planes align so that the [220] direction of Au
is along the [11.0] direction of Co.

Rule 3. The third empirical rule is that if there is a
tendency for alignment in the direction of growth across
the interfaces in the ML the element which controls the
overall orientations is that which has the greatest
difference in surface free energy, i.e., the largest
difference in area between the closest-packed orienta-
tions. Below we discuss how these rules are seen to apply
in the Co/Cr ML. We have also found them to apply for
several other ML systems, e.g., Ni-Cr, Ni-Mn, and Co-
Mn. '

0
In Table I we list the area per atom in A for the crys-

tallographic planes having the highest in-plane densities
for bcc Cr and various types of Co. In agreement with
rule 1 we find that, on the nonlattice-matched oxidized Si
substrates, Cr grows with the [110] direction normal to
the substrate. However, the more complex structure of
the hcp lattice has three directions, [10.0], [00.2], and
[10.1], which have similar area per atom. It is found that
thin films of pure Co grow in all three of these directions,
so, within this limitation, rule 1 also applies to Co. Since
the area per atom is similar for the three directions, other

considerations become important in determining the dis-
tribution between them in thin Co films.

IV. SAMPLE CHARACTERIZATION

A. From x-ray spectra

The x-ray spectra were measured with a Rigaku
RU2008 rotating-anode diffractometer using Cr K radi-
ation. Thus the longitudinal coherence of the x-ray beam
is about 1 pm. The instrumental resolution was 0. 15, so
the lateral coherence is about 1000 A.

Computer model used to analyze I.AXS

The shape of the x-ray spectra of ML's, including vari-
ous models for the interfaces, has been calculated by
several groups. "" We have extended these calcula-
tions by developing a computer program having inter-
faces with a linear composition profile and pure crystal-
lites with two types of orientation. The details of this
program have been presented previously. A schematic
diagram of the assumed d-spacing variation with layer
number is given in Fig. 1. The d spacings, atomic-
scattering factors, Debye-Wailer factors, and in-plane
densities of the atoms are all assumed to vary linearly
across an interface. This is the type of variation which
would result from a completely miscible alloy system, and
although Co and Cr have limited miscibility under equi-
librium conditions it is assumed that they are essentially
miscible for the highly nonequilibrium conditions under
which these ML's were grown. This intermixing at the
interfaces of ML's has been clearly seen in many HREM
images of several systems which we have published else-
where. ' ' ' The assumed linear variation of properties

Substrate

~ Cr atoms
o Co atoms

TABLE I. The d spacings, in area per atom, and Bragg-peak
positions for Cr Ke for the crystal orientations having the
smallest area per atom.

C4

G4 d

0

OO ~ 0 ~ Oe 4 ~ OI I
Cr

Orientation d spacing
(A)

Area per atom
{A )

20
(deg)

CI

O
Ci

OOOO

0
0

0
Qoooooo —Ci Co

hcp [10.0] Co
hcp [00.2] Co
hcp [10.1] Co
bcc [110] Cr
bcc [110] Co'
fcc [1ll] Co

2.150
2.031
1.916
2.039
1.9891
2.046

5.12
5.48
5 ~ 80
5.88
5.60
5.44

64.3
68.6
73.4
68.3
70.3
68.05

'Calculated assuming constant volume per atom for the bcc and
hcp crystal structures.

Layer number (n)

FIG. 1. Schematic diagram of the variation of the d spacing
with the layer number for the linear-interface model. The layer
numbers are sequenced as seen by an incoming x ray, not as
grown from the substrate.
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across the interface is not to be taken too literally, but as
a first approximation to the actual functional form of the
variation. We realize that a composition distribution
which .merges smoothly into the pure regions is much
more likely. Such deviations from a linear variation
would mainly have a small affect on the magnitudes of
the higher-order satellites. Thus in this analysis we con-
centrate on fitting the first- (and sometimes the second-)
order satellites. For all the spectra we analyzed, the
number of features in the measured spectra (see Ref. 5) is
equal to or greater than the number of parameters deter-
mined from the fit, so these parameters are uniquely
determined.

It was found that the spectra could be fitted excellently
with a model having three types of crystallites: (1) multi-
layer crystallites (MLC's) made up of layers having hcp
[10.1] Co and [110] Cr orientations, (2) pure [00.2] Co
and/or [110]Cr (denoted as B type; since these have very
similar d spacings, they are not separable in the spectra),
and (3) pure [10.0] Co (denoted as C type). At high sub-
strate temperatures ( )400 K) some of the crystallites of
Co may also be in the fcc [111]orientation, which has a d
spacing very close to that of hcp [00.2] Co. Typical spec-
tra of the Co/Cr ML are shown in Figs. 2 and 3. As can
be seen for individual layer thicknesses of less than about
35 A, this system shows the well-known type of interfer-
ence spectrum consisting of a central peak Aanked by sa-
tellite peaks. The well-defined structure of these ML's is
ideal for this type of analysis due to the d spacings of the
two main orientations differing by about 6%. It was
found that many of the structural parameters character-
izing the ML's are essentially independent of one anoth-
er. These parameters and their sensitivity to particular
features of the spectra are now listed.

(1) The position of the central peak is sensitive to the
relative number of Cr, Xc„and Co, Xc„atomic layers in
the pure regions of the layers, see Fig. 1.

(2) The heights of the satellites relative to the main
peak are sensitive to the number of interfacial layers I
and R.

(3) The angular difference between the first upper and
lower satellites depends on the bilayer thickness,
A=(I'+R )d+Xc,dc, +Ac,dc„where dc, and dc, are
the d spacings of [110] Cr and [10.1] Co, and
d =(dc~+dc~ )/2.

(4) The widths of the peaks are determined by the
lengths of the crystallites, i.e., the number of atomic lay-
ers, in the direction of.growth. Let I.M, L&, and I.c
denote the average lengths of the MLC's, 8-type crystal-
lites and [10.0] Co crystallites, respectively. LM is ob-
tained from the number of bilayers needed to fit the width
of the ML peaks plus a fractional correction factor for
additional broadening due to a noninteger number of bi-
layers.

Since, in general, we do not know the in-plane area of
the crystallites, only the area fractions of each crystallite
type can be uniquely determined in fitting the spectra.
These are defined as follows: Let n~ and nc be, respec-
tively, the ratios of the number of type-B and -C crystal-
lites to the number of MLC's in a unit volume, and A~
and Ac the ratios of the average in-plane areas of type-8

and -C crystallites to the average in-plane area of the
average MLC. Then the linear fractions of crystallites 8
and Care given by

f~ =nii Aii,2 fc=nc~c2

2. Thin jilms of Co

A 0-20 x-ray-diffraction spectrum for a pure Co film of
-3000—5000 A thickness deposited on an oxidized Si
substrate at room temperature is composed of three
peaks corresponding to the three preferred directions
[10.0], [00.2], and [10.1). These spectra look quite similar
to the (-200 A)/(200 A) spectrum in Fig. 3. The results
of the analysis of the spectra from three different Co films
with our computer program are listed in Table II. It is
seen that the crystallite lengths for the [10.0] and [00.2]
directions of growth are similar at —150—200 and—180—200 A, respectively, while those for the [10.1]
crystallites are -40 A. The d spacings for Co films de-
posited at a substrate temperature of 500 K approach the
bulk values more closely than these films and the crystal-
lite lengths for the [10.0], [00.2], and [10.1] directions are
150, 400, and 33 A, respectively. This type of behavior is
expected due to the different multiplicity factors (6, 2,
and 12, respectively) for the three directions plus the
highly irregular atomic distribution of the atoms in the
(10.1) planes.

In Table II we also list the measured d spacings for
bulk and powder samples' of Co. It can be seen that the
crystallites growing in the [10.0] direction are contracted
in that direction relative to this d spacing in a powder or
in the bulk. Crystallites growing in the [00.2] direction
are expanded in that direction compared to those of a

respectively. The area fraction of the MLC's is
1 fbi

—fc.—At present we have not yet determined Ai,
and Ac, so we cannot determine the volume fraction of
each crystallite type. These quantities can be obtained
from x-ray scattering with the wave vector near the plane
of the ML, and these experiments are planned. Since the
crystallites are not well aligned in the plane of the films,
these scattering intensities are expected to be small, and
these measurements will probably need to be done using
synchrotron radiation. In the meantime there are two
cases of crystallite shapes for which the volume fractions
can be easily evaluated. These cases are the following.

Case (a). All the crystallites have the same in-plane
areas, i.e., A~ = Ac = 1. In this case the volume fractions
are given by

UML = 1/g~ Ua faLa /gLM Uc =fcLc/gLM ~ (2)

where g = 1+f~L& /Lu+f cLc/LM.
Case (b). Each type of crystallite is the same size in all

directions. We found that this case does not seem to cor-
respond to the growth of the ML. Because of the small
scattering power of small crystallites, this case gives un-
reasonably large volume fractions for the smaller crystal-
lites. Because of this the results of this type of assump-
tion will not be presented and all the volume fractions
quoted are for the assumption of equal in-plane areas.
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powder and contracted compared to the bulk d spacin
while those oriented in the [10.1] d'e . 'jirection are slightly ex-

volume er at
panded relative to a powder or bulkor u sample. Since the
vo ume per atom is expected to remain nearly the same in

all the cr stallites
[10.0] crystallites while

y
' t"e c axis is probably expandedpan e in

y i es, while the average spacing in the (10.1)
plane is contracted in the [10.1] crystallites. Thus for
room-temperature substrates th [100e . and [10.1] crystal-
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TABLE II. Crystallite sizes in the direction of growth and d spacings and fractions of pure Co films deposited at room tempera-

ture on an oxidized Si substrate. The orientations are denoted by a =[10.0], b = [00.2], and c = [10.1].

Nominal thickness (A)

5000 [{2 A)/s]
3000 [{1 A)/s]
3000 [(1 A)/s]

172
152
205

Lengths (A)
b

192
203
183

40
40
43

2.150
2.145
2.155

d spacing (A)
b

2.027
2.031
2.035

1.914
1.918
1.916

Area fractions
fb f,

0.32,0.07
0.40,0.08
0.19,0.04

Volume fractions (%)
a, b, c

11,54,35
9,61,30
10,43,47

Average d spacings
Powder
Bulk

2.150
2.165
2.171

2.031
2.023
2.035

1.916
1.910
1.912

plane areas of the different-type crystallites are the same;
we only use this type of assumption to obtain a rough es-
timate of the volume fractions. The area fractions for Co
films were found to be quite independent of the substrate
temperature. More details of dependence of the structure
of pure Co films on the substrate temperature and deposi-
tion rate will be published elsewhere.

3. Co/Cr ML

According to rule 2, for small layer thicknesses, the
growth direction will be that in which the area per atom
for the two components are the closest. As seen in Table
I, [10.1] hcp Co has the closest area per atom to that of
[110] Cr; the diff'erence is 1.4%. We have found that
indeed all the Co/Cr MLC's grow with the Co oriented
only in the [10.1] direction. The ML films with layer
thicknesses of )20 A of Co also have pure Co and Cr
crystallites, but the [10.0] and [00.2] Co orientations are
not present in the MLC's. The origin of the pure crystal-
lites is believed to be due to the well-known columnar
growth in CoCr alloys. ' This columnar structure is also
seen in HREM images of these Co/Cr ML's. ' '

(a) Dependence of the growth parameters on the sub
strate temperature and deposition rates. At present few

systematic studies of the dependence of the properties of
ML's on the deposition parameters have been report-
ed. ' ' In order to study the effects due to different depo-
sition parameters, we have fabricated a set of nominally
(30 A Co)/(30 A Cr) ML's over a substrate temperature
range from 170 to 530 K at the two deposition rates of
0.5 and 2 A/sec. The large-angle Cr Ka 8-28 x-ray spec-
tra for these ML's are shown in Fig. 2. The solid lines
are the measured spectra, while the dotted lines show the
spectra calculated with the linear interface model for
symmetrical front and rear interfaces. The parameters
obtained from the fitted spectra are listed in Table III.
The films grown at 173 K showed no evidence of forming
multilayers. Their spectra could best be fitted with small
crystallites of pure Co and Cr. The crystallite sizes in the
direction of growth are listed in Table III. As can be
seen, the background for this film is large, indicating a
large fraction of unaligned grains. The films grown at
273 K and above all have MLC's as well as crystallites of
pure Co and Cr. For T, )420 K the fraction of aligned
crystallites decreases with increasing T„as indicated by
the increase in the background with increasing T, . The
maximum intensity of the scattered x rays did not vary
appreciably over the whole temperature range. This is in
contrast to earlier reported results, but the measure-

TABLE III. Variation of derived parameters of nominally (30 A Co)/(30 A Cr) multilayers fabricated at diferent substrate tem-

peratures T, and deposition rates. The diff'erent types of crystallites are denoted MLC, or multilayer; 8 = [00.2] Co and/or [110]Cr,
and C = [10.0] Co. LM, L~, and Lc are their lengths in the direction of growth. F and R are the front and rear interfaces as shown

in Fig. 1.

Co/Cr
(A)

37/26
31/26
29/28
30/29
31/30
29/34

273
313
313
373
473
573

F,Cr,R,Co
(no. of layers)

8,5,8, 1 1

8,5,8,8
9,5,9,6
8,6,9,7

10,5, 10,6
9,8,9,6

A
(A)

63
57
57
59
61
63

&pr
(A)

Deposition rate
113
141
155
139
103
106

of 2 A/sec
91,22
61,26
61,17
61,19
72,28
72,26

0.12,0.85
0.22, 1.0
0.18,2.2
0.22, 1.7
0.11,1 ~ 1

0.10,1.5

UMLs UB ~UC

(%%uo}

80,7, 13
79,7, 14
76,5, 19
75,7, 18
73,6,21
69,5,26

Background
(%)

11
12
12
13
15
38

30/31
30/33
32/31

173
313
423
523

no MLC's
8,7,9,7
8,8,9,7
7,8,8,9

61
63
63

Deposition rate
[10.1]=27 A,
157
113
102

of 0.5 A/sec
8=41A, C=17 A

61,22 0.28, 1.2
101,22 0.06,1.4
100,26 0.04, 1.3

35,30,35
79,8,13
76,4,20
73,3,24

37
12
21
28
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ments reported here were taken much more carefully and
with better statistics.

As seen from Table III, the coherence length I.~ of the
MLC's is largest, —160 A, near T, -310 K. It then de-
creases and levels off for substrate temperatures ~ 420 K.
The lengths in the growth direction are -60—100 A for
the type-8 crystallites and -25 A for the [10.0] Co crys-
tallites. There may also be a small amount of fcc [111]
Co present, but it cannot be identified in the x-ray spec-
tra. A small amount is believed to have been seen in the
electron diffraction and HREM images. As seen in Table
III, the interfaces of this series are about eight to nine
atomic-layers thick for a symmetric profile [or a total in-
terface thickness of about 12 atomic layers for a com-
pletely asymmetric profile, see subsection (b)] and are
quite independent of T, . The saturation-magnetization
values, M„of this ML series were essentially constant,
also in agreement with there being no appreciable change
in the interface thickness over this temperature range.

Assuming equal in-plane areas, the volume fraction of
the MLC s is predominant and decreases slightly with in-
creasing T„' that of the type-8 crystallites is about 6%,
while that of the [10.0] Co crystallites increases with in-
creasing T, from —13% near 270 K to -25% near 550
K.

Since the best ML films, as judged by the degree of
alignment and the length of the MLC's, are those made
at T, -310 K, the subsequent series of ML's were made
using this substrate temperature and a deposition rate of
1 A/sec.

(b) Equal layer thic-kness -ML's. In order to investigate
the behavior of the growth of Co/Cr multilayers, we fa-
bricated a series of ML's with nominally equal Co and Cr
layers over layer thicknesses from 7 to 200 A. The 0-20
spectra of some of these ML's are shown in Fig. 3. The
usual evolution of the interference spectra typical of
ML's is clearly seen. The spectra were analyzed with
two extreme types of composition profiles: a symmetric
one where the front and rear interfaces were assumed to
be of equal thickness (model S), and a completely
asymmetrical one where all of the interfacial thickness is
in one of the interfaces (inodel A). From the analysis of
these ML's we found that both the symmetric and a par-
ticular type of antisymmetric interface model gave equal-
ly good fits to the spectra of this series. The 3 profile
that fit well was that of the front interface, F, having all
the interfacial width followed by the pure Cr region and
then a sharp drop to the pure Co region, i.e., R =0. Let-
ting T represent the thick interface in model 3, the bi-
layer order is T/Cr/0/Co (the substrate is on the right
side of this sequence, see Fig. 1.). The interchanged inter-
face order 0/Cr/T/Co never gave good fits. This
asymmetric-type profile would result if the Co diffused or
penetrated into the Cr as it was deposited, while the Cr
did not go into the Co. The results of fitting to models S
and A (symmetric and asymmetric, respectively) are tab-
ulated in Table IV. In general, the amount of interface
for the completely asymmetrical interfaces is approxi-
mately four layers less than for the S model because the
asymmetric interfaces give rise to slightly smaller satel-
lites as compared to the main interference peak. It is

seen that the parameters for the two different profiles are
nearly the same except for slightly larger pure regions for
the asymmetric interfaces. It was found that the 21-A Co
series was very sensitive to the symmetry of the interfaces
as discussed in the next section; for this series model 3
was definitely preferred.

Another question that could be examined was whether
the MLC's tended to terminate in a particular order. If
the growth terminated near the start of a Co layer, the
order of the bilayers would be T/Cr/0/Co, whereas if it
terminated near the end of a Co layer it would be
0/Co/T/Cr. We found that the termination effects were
negligible when the MLC's consisted of four or more bi-
layers. However, for MLC's having three or fewer bi-
layers only the particular bilayer order T,Cr, O,Co gave
good fits; O,Co, T,Cr did not. The poor-fitting spectra had
characteristic peak spacings that were very different from
the measured spectra. This indicates that the MLC's
tend to grow in a definite configuration.

0
For layer thicknesses of ~ 20 A the films were predom-

inantly composed of oriented MLC's containing only
[10.1] hcp Co and [110]bcc Cr. Thus rule 2 was found to
determine the ML growth. We also tried other combina-
tions of ML growth, such as [10.1] Co followed by [00.2]
Co, but all other combinations gave very poor fits to the
data. It should be noted that rule 2 applies for the [10.1]
Co direction in spite of the irregular position of the
atoms in this orientation. Here the Co atoms do not lie
in well-defined (10.1) planes but are considerably
dispersed in the [10.1] direction with their projection on
the (10.1) plane being quite jumbled. The distribution of
atoms in this direction is more like an amorphous struc-
ture than a smooth crystalline plane. '

It can be seen from Table IV and Fig. 4 that the —7-
A-layer-thickness MLC's is essentially all interface and
that it grows coherently for about nine bilayers. The
MLC lengths in the direction of growth are largest for
A =25 —35 A, where they are comprised of six to eight bi-
layers. Then, as the layer thickness increases I.~ de-
creases in length. However, whereas I.M has a maximum,
the number of coherent bilayers decreases with layer
thickness continuously over the whole series. At A~26
A oriented crystallites of pure Co and Cr appear and in-
crease in volume and length. For A-80 A and above LM
stays constant at —130 A. This, plus the fact that in the
21-A Co series, as discussed below, the MLC's having
thicker Cr layers are coherent over longer distances, indi-
cates that the weaker link in maintaining the MLC coher-
ence is the [10.1] Co layer. This is not unexpected since,
as seen in Table II, even in pure Co films the average size
of crystallites growing in the [10.1] direction is only
about 40 A. As seen from Table IV, the length and area
fraction of type-8 and [10.0] Co crystallites increase with
layer thickness. The 8 crystallites increase from 50 to
130 A, while the [10.0] Co crystallites are smaller and
vary from 20 to 40 A. Assuming equal in-plane areas, the
volume fraction of MLC's decreases continually with in-
creasing A down to -60% for A-100 A. As seen from
the increasing background, the amount of unaligned crys-
tallites also increases with layer thickness.

In Fig. 5 we show the variation of the number of inter-
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TABLE IV. Derived parameters for the nominally equal-layer-thickness series. The multilayers marked with an asterisk were de-
0 0

posited at 2 A/sec; all others were at 1 A/sec. S and A denote symmetric or asymmetric profiles. F and 8 are the front and rear sur-

faces.

Co/Cr
(A)

6/8S*
6/8A*

12/14S*
12/14A *

16/19S
16/18 A

19/21S
19/21 A

23/20S*
22/19 A *

28/29S
28/29 A

28/29S
27/30 A

30/29S
30/29 A

34/31S*
34/31 A *

39/34S
41/34 A

44/37S
48/35 A

45/42S
45/42 A

48/51S'
48/51 A '

F,Cr,R,Co
(no. of layers)

3,1,3,0
4,2,0,1

6,1,7,0
10,2,0, 1

6,3,7,2
10,4,0,3
7,373
11,5,0,4

8,2,8,4
11,4,0,6

9,5, 10,5
15,7,0,7

8,6,9,6
12,9,0,8

7,7,8,8
11,9,0,10

10,5,11,7
15,8,0,10

10,7, 10,10
16,9,0,13

11,7,11,12
17,9,0,16

11,10,11,12
14,14,0,16

9,16,9,16
14,18,0,18

A

(A)

14
14

26
26

35
34
40
40

43
41

57
57

57
57

59
59

65
65

73
75

81
83

99
99

LM
(A)

125
125

194
194

195
190
187
187

157
150

155
155

147
147

146
146

147
143

128
126

129
132

137
137

127
127

0,0
0,0

51,0
51,0

50,0
40,0
51,0
51,0

51,0
51,0

102,0
102,0

102,24
102,24

102,26
122,26

102,28
102,28

122,30
122,30

122,37
122,37

131,39
131,39

131,34
131,34

fs, fc
0,0
0,0

0.05,0
0.05,0

0.10,0
0.12,0
0.06,0
0.10,0

0.18,0
0.24,0

0.11,0
0.11,0

0.80,0.50
0.08,0.40

0.10,0.55
0.08,0.40

0.22,0.20
0.20,0.20

0.09,0.48
0.11,0.48

0.10,0.48
0.14,0.50

0.14,0.78
0.12,0.72

0.22,0.35
0.20,0.32

UML& UB ~ UC

100,0,0
100,0,0

99,0,0
99,0,0

98,2,0
98,2,0
98,2,0
97,3,0

94,6,0
92,8,0

93,7,0
93,7,0

92,5,3
89,5,6

91,6,3
89,5,6

85,12,3
85, 12,3

84,7,9
82,9,9

81,8, 11
79,10,11

74, 10,16
75,9,16

76,17,7
77,16,7

Background
(%)

1.5

1.5

14

50/57S'
50/57 A '

-(100 A)/(100 A)

-(200 A)/(200 A)

10,18,10,16
16,20,0,18

107
107

132
132

no MLC's
[10.1]=57 A, 8=91 A, C=71 A

no MLC's
[10.1]=69 A, 8 = 122 A, C = 110 A

70,43
70,43

0.85,0.66
0.85,0.66

0.53,0.11

0.58,0.12

62,26, 12
62,26,12

33,43,24

45,46,9

16

'The parameters of these ML's, which had no central peak and appreciable 8 crystallites, were quite interactive, so they are not as
well determined as for the other ML's.

face layers with A as obtained by using models S and A.
It is seen that for A ( -70 A the interface thickness in-
creases with increasing A; above 70 A it remains con-
stant. This leveling off of the interface thickness is not a
general property of ML's. We have seen other systems
where this does not occur and the interfaces just continue
to get thicker with layer thickness, e.g., the V/Cr ML
system. The A model is seen to give total interface
thicknesses which are two to six layers less than that of
the S model.

In another study on the Co/Cr ML the main interfer-
ence peak was incorrectly identified as being due to bcc

Co. ' As seen from Table II, the area per atom for [110]
bcc Co is not nearly as well matched to [110]Cr as that
of [10.1] hcp Co, so it is not favorable to form bcc Co in
these ML's. Electron di6'raction photographs also give
no indication of any bcc Co in these ML ' '

(c) 21-A Co series Aseries of M.
L's having a fixed

nominal value of 21 A of Co and Cr layer thicknesses
varying from 14 to 60 A was fabricated in order to inves-
tigate the dependence of the magnetization on the inter-
vening Cr layer thicknesses. %'hile the magnetization did
decrease systematically, as will be presented elsewhere, it
is necessary that the structure be weH characterized in or-
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FIG. 4. Variation of the length in the direction of growth
with bilayer thickness A for the ML crystellites of the nominal-
ly equal-layer-thickness series.

FIG. 5. Variation of the total interface thickness, in number
of layers, with A for the MLC's of the nominally equal-layer-
thickness series.

der to be able to interpret the magnetization measure-
rnents correctly.

The parameters obtained by 6tting the measured spec-
tra to the linear-interface computer models are listed in
Table V. The measured and calculated spectra are shown
in Fig. 6. As can be seen, this series had some striking
features. One is, in contrast with the behavior of the
nearly-equal-thickness series, that the linewidths decrease
with increasing Cr content. This can be clearly seen from
the essentially linear increase of LM from —160 A at
A =35 A to -210 A at A =86 A. This again indicates
that it is the [10.1] Co layers that are responsible for the
loss in coherence of the MLC's. The pure type-B crystal-
lites are seen to increase in length from 40 to 160 A as A
increases. Another noticeable feature (which was also

true, but not as obvious, for the equal-layer-thickness
series) is that the widths of the satellites are essentially
the same as that of the central peak. For A & 70 A the in-
terfaces of this series are thicker than for the equal-
layer-thickness series with essentially all of the Co going
into the interfaces.

From the analysis of the equal-layer-thickness ML's,
we saw that both the symmetric and antisymmetric inter-
face models gave essentially equally good fits to the spec-
tra. However, for this series the interface distribution
which gave the best fit to each spectrum is indicated by
superscript b in Table V. Thus we found that this series
showed behavior similar to the equal-thickness ML's, the
difterence being that for all the ML's having Cr layers
thicker than 21 A better its were obtained with the

0
TABLE V. Derived parameters for the nominal 21-A Co series. F and R are the front and rear surfaces.

Co/Cr
(A)

21/14S
21/14 A

22/22S
22/22 A

21/29S
20/30 A

26/42S
25/43 A

26/50S
26/50Ab

29/57S
29/57 A

F,Cr,R,Co
(no. of layers)

6/1/6/5
8/3/0/7

7/4/7/4
11/6/0/5

9/5/10/1
14/8/0/3

13/8/13/0
23/10/0/1

13/12/13/0
26/12/0/0

13/16/12/2
25/16/0/2

A
(A)

35
35

44

50
50

68
68

76
76

86
86

&pr
(A)

159
159

165
165

187
192

191
191

207
213

208
208

La Lc

40', 33
40', 33

51',0
51 '0

124,0
124,0

164,0
164,0

164,0
164,0

163,43
163,43

fa,fc
0.35,0.15
0.35,0.15

0.25,0
0.10,0

0.06,0
0.12,0

0.11,0
0.19,0

0.13,0
0.33,0

0.19,0.4
0.42,0.4

~ML ~a ~c
(%)

89,8,3
89,8,3

93,7,0
97,3,0

96,4,0
93,7,0

91,9,0
86, 14,0

91,9,0
80,20,0

81,12,7
71,23,6

Background
(%)

13

10

'B crystallites were assumed to be for [00.2] Co; for all ML's with A ~ 50 A they were assumed to be [110]Cr.
These parameters gave a better fit.
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del where all interface thickness was inasy ere mo
f t f the pure-Cr region. The analysis oes no aveion 0
the sensi ivi yh 't t to accurately determine the eg

n o atoms, b t d finitely indicates that the Co a om
t an doenetrate into the Cr layers to a greater degree than o

h C layers. Other profiles with a
butximum Co content of less than 100% were tried, utmaximum o con en

r fits than those obtainedthese spectra gave even poorer -ts t an ose
for symmetrical interfaces.

The observed behavior is consistent with recent

CoiCr

~ 0%
f4'
Itsy

ieaa(

GQz
f+»

z

A

diffusion data which showed that the mobility of an
atomic species in a given lattice stro g y pn 1 de ends on the
atomic size. There it was found that the diffusion

greater than that of the larger Cr atom although the
atomic radius of Cr is only -3% larger than that of Co.

h th t of bcc Cr, so it may well be that the Colattice t an a o
re ra idl into thediffuses or penetrates considerably more rapi y in o

Cr layers than vice versa.
~ ~ ~ ~

(d) 6-A r senes The selective orientation be avior
rule 2 as well as the eff'ect of Cr being the layer that

tends to strengt en eh th MLC growth can be seen strik-
ingly in a series o sf ML' having -6 A of Cr and varying

of Co. The measured and calculated large-thicknesses o o. e
Fi . 7. The re-an le Cr Ko. x-ray spectra are shown in Fig. . e re-ang e r

sis are shown bysuts o e1 f the linear-interface —model ana ysis
the dotted curves and are summarized in a e
discussed previously, the heights and positions of the sa-

thic nesses. n
'

k . I this case, since no satellites are seen, ex-
cept slightly in t eh (14 A)/(6 A) ML, there is no sensitivi-
ty between t e asymmeh tric and symmetric interface mod-
els. Thus the spectra were analyzed with only the sym-
metric mode an on y e1 d 1 the total interface thicknesses are

in Table VI. As seen in Fig. 7, the spectrum o t e
(6 A)/(6 A) ML is mainly a single interference pea

the positions of the [10,1] Co and [110]Cr as ex-tween e po
' '

pecte or and f ML composed of alterriating layers
e

' e-Btwo orientations. eThere is also a small amount o type-
t 11't s present in this ML. As the Co layer t ic ness

increases the fraction of MLC's decreases drastica y
f the MLC eak moves to higher angles in

in with the larger Co content. For all spectra e
the other eaks

are due to B and C crystallites. As seen in Table VI, the
wth decrease almostMLC lengths in the direction of grow e

linearly wit rom
'

h A f 140 to 55 A, while the amount and
~ ~

hs of the 8 and [10.0] Co crystallites strong y &n-lengths o t e an
b the low back-crease as A increases. As can be seen, y e

cr stallites innd there are essentially no unaligned crygroun, e
h' ' . Thus a small amount of Cr is caus' g gin rowtht is series. us a

of MLC's, even for Co layers as thick as-
er -77% of the (23 A)/(6 A) ML is made up of crystal-
lites of pure Co.

4. SAXS spectra

70
Ze (deg)

FIG. 6. Measured and calculated Cr Ka - y px-ra s ectra for the
1 21-A Co series. The solid and dotted curves are thenomina - o se

tric in-measured spectra an e cd th calculated spectra for asymmet
'

1 . The dashed curves in the lower two spec-terfaces, respective y. e
are calculated spectra for symmetric interfaces. o e atra are cacu a e

the asymmetric interfaces give satellites that are e
~ ~

are less intense rel-
ative to the centra pea1 k than do the symmetric interfaces.

ML'The small-angle scattering spectra of several ML s
were obtained using Cr Ko. x rays. ueue to the similar

that only 2 —4 orders of scattering were seen. The bi ayer
thicknesses obtained from SAXS, after making correc-
tions for re raction o ef f th x rays and for offset from the
focusing circ e, were wi in o1, 'thin 8%%uo of those determined from
LAXS.

B Interface thicknesses
from saturation magnetization

The large number of itinerant d electrons in Cr causes
the first node of the Ruderman-Kittel-Kasuya-Yoshida
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A
(A)

Co/Cr
(A)

s. F and R are the front and rear surfaces.ters for the nominal 6-A Cr series. anTABLE VI. Derived parameters or t e n

VML, U8, UC(F+R),Cr,Co
(A) fBifC(no. of layers)

6/6
14/6
17/6
23/6

4/1/1
4/1/5
6/0/6
6/0/9

12
20
23
29

138
102
64
55

51,0
81,54

183,109
193,174

0.16,0
0.54,0.02
1.00,0.01
0.92,0.60

94,6,0
69,30, 1

25,74, 1
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TABLE VII. Total interface thickness tr derived from the saturation magnetization as described in
the text. Mc = 1475 G.

t, (A)
Co/Cr

(A)

6/6
6/8

12/14
21/14
22/22
22/19

Dco
(A)

6
6

12
21
22
22

A
(A)

12
14
26
35
44
41

~meas
(G)

404
113
294
691
468
522

Sat.
magn.

8.5
12.5
17.5
13
20
20

8
8

20
16
22
22

x ray

8
12
25
24
28
30

tl =2.594(Dc AMMr. ./1lfco (6)

V. DISCUSSION AND CONCLUSIONS

Since the Co/Cr multilayer system has poor lattice
matching, -3%, it is an ideal system in which to observe
a variety of growth properties from LAXS spectra. The
alignment in the direction of growth follows three empiri-
cal rules. The most navel one is that the growth orienta-
tions selected are those for which the area per atom is
most closely matched. This alignment is sensitive to the
deposition rates and substrate temperatures. The ML's
are amorphous at low substrate temperatures and op-
timally aligned near room temperature with roughened
growth at higher substrate temperatures.

The detailed structure of the multilayers was deter-
mined by fitting the calculated LAXS to the measured
spectra. The main results of the analysis of several
different series of ML's with equal and nonequal layer
thickness are as follows.

where Dc, is the total thickness of Co in a bilayer,
Dco=tco+ti/2 In Table VII we list the tr values deter-
mined from the measured saturation magnetization
values for those ML's which satisfy the above criteria.
We also list the interface thicknesses obtained from
fitting the x-ray spectra with the symmetric and asyrn-
metric linear-interface models. We see that, except for
the thinnest-layer samples, where the analysis is unreli-
able due to a lack of satellites, the tr values obtained from
the saturation-magnetization measurements are in fair
agreement with the interface thicknesses from the x-ray
analysis using asymmetric interfaces. The ti values from
the symmetric interface model tend to be too large; so
again we have an indication that mainly the Co is
diffusing or penetrating into the Cr during the deposition
process.

(1) Due to the tendency of columnar growth in this sys-
tem and the comp1ex structure of the hcp lattice, the
multilayers above certain layer thicknesses contain an ap-
preciable fraction of oriented crystallites of pure Co and
Cr.

(2) For equal-layer-thickness ML's the crystallites of
multilayer material have a rnaxirnurn length in the
growth direction of -200 A at a bilayer thickness of
-30 A, although the number of coherent bilayers de-
creases with increasing bilayer thickness over the whole
series. The interface thickness increases as A increases to
-70 A and then levels off at about a total interface thick-
ness of -30 A. The order of the bilayers is very definite
for MLC's with three or fewer bilayers.

(3) There is strong evidence from the 21-A Co series
that the interfaces are asymmetrical in a manner that in-
dicates that Co mainly diffuses or penetrates into the Cr
during deposition. The weakest link in ML crystallite
growth is in the [10.1] Co layers.

(4) Some MLC's were always present in a ML series
with a Cr thickness of only 6 A, but the fraction
decreases rapidly as the thickness of the Co layers in-
creases.

HREM images of the ML's show strong columnar
growth with the layered structure existing within the
columns. As expected, the layers become rougher as
their distance from the substrate increases. Thus the lay-
ers that are deposited later in the sequence are made up
of quite jumbled ML crysta11ites. This behavior is clearly
seen in the HREM images shown in Refs. 10, 14, and 24.
Many more extensive studies with various eleetron-
spectroscopy techniques have and are being performed on
these ML's and these results are planned to be reported
elsewhere.
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