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Metallic superlattices of nickel and molybdenum have been synthesized for a wide range

of layer thicknesses by alternate sputtering. X-ray examination shows that they are com-

posed of layers of fcc nickel and bcc molybdenum oriented along [111]and [110]directions,

respectively. Anomalies have been observed in the lattice spacings, elastic moduli, and elec-

trical resistivity versus modulation wavelength. These anomalies occur simultaneously at
the same superlattice wavelength. The anomalies have been interpreted as due to strains in

the nickel lattice.

I. INTRODUCTION II. SAMPLE PREPARATION

The production and stabilization of new materials
that do not occur naturally is a problem of much
current interest. Thin-film deposition techniques
(molecular beam epitaxy and sputtering) are being
extensively exploited for the preparation of semicon-
ductor' and metallic superlattices. Most work to
date has been performed on combinations of materi-
als that form solid solutions ' and that are lattice-
matched. However, recent work ' shows that it is
also possible to stabilize superlattice structures in
materials that have a eutectic binary-phase diagram
and do not have matching lattice parameters. These
structures are found to exhibit a variety of interest-
ing physical phenomena. ' At present, it is not
clear what material and preparation parameters
predetermine the growth of a superstructure in cer-
tain metals while precluding such growth in others.
Consequently, it is still necessary to explore a wide
range of parameters for different combinations of
metals that form superlattices. In addition, it is im-
portant to know if the different physical properties
are universal or structure dependent.

In the present paper we describe the structure,
elastic behavior, and electrical resistivity of Mo/Ni
superlattices with the goal of defining stability con-
ditions of a superstructure made of components
with significantly different atomic radii and individ-
ually crystallizing in different symmetries (bcc and
fcc). We should stress that Mo and Ni have a
noneutectic equilibrium binary-phase diagram in
contrast to the eutectic Nb-Cu system. ' A forth-
coming paper is planned to address the magnetic
properties of Mo/Ni superlattices.

Mo/Ni multilayered samples were prepared by
sequential sputter deposition of Mo and Ni using a
technique described earlier. Briefly, the material is
sputtered from two high-rate Magnetron sputtering
guns which are shielded from each other so that no
overlap of the two particle beams occurs. The sub-
strates used for the studies reported here [90' and 0'

sapphire, MgO, NaCl, mica, glass, Ge(111), Ge(100),
Si(111), Si(100), KCl, and BaF2] were held on a
temperature-controlled (+2'C), heated (20'C
—350'C), rotating table which could move them
from one beam of particles to the other.

A systematic search was performed on the twelve
different substrates as a function of sputtering rate,
pressure, and substrate temperature in order to ob-
tain a high degree of texture and possibly epitaxy.
The highest degree of texture was found for sub-

strates of mica, 90' sapphire, and Si(111)single crys-
tals held at room temperature while sputtering in a
15-mTorr argon atmosphere at a rate of 10—30
A/sec. Table I shows the degree of texture on these
three substrates. All samples referred to in this pa-
per were prepared under the conditions given above.
After we determined the conditions for the highest
degree of texture, equal layer (5—5000 A) thickness
samples were prepared at a constant 30-A/sec
sputtering rate by varying only the rotation speed of
the platform awhile all other parameters were kept
constant. The unequal layer thicknesses were
prepared by fixing the relative rates of Mo and Ni at
3:1 or 1:3 and only varying the rotation speed from
sample to sample.

The modulation wavelength A was determined by
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TABLE I. Intensity ratios of x-ray peaks observed for
pure Mo films or pure Ni films on substrates which pro-
duce the highest degree of texture.

A=20

Intensity
ratio Mica 90' sapphire Si[111] A=I3

I(Mo [110])/I(Ma[211])
I(Ni [111])/I(Ni[200])

10
88

39
37

8.1

7

dividing the total thickness of the sample (-1 pm,
measured with a calibrated Sloan Dektak surface
profiler) by the total number of revolutions of the
sample platform during the deposition and indepen-
dently by computing the individual layer thickness
from the sputtering rate (measured with a quartz-
crystal oscillator), the size of the sputtering beam,
and the time the substrate spent over each beam.
For modulation wavelengths between 16 and 200 A,
A was also calculated using standard x-ray diffrac-
tion methods. In the common region the layer
thickness obtained from all three measurements
agreed to better than S%.

III. CRYSTALLOGRAPHY

Standard x-ray diffraction using Cu Ea radiation
was used to determine the structure of the films.
Figure 1 shows the x-ray intensities obtained for
equal layer thickness samples when examined in the
9—20 reflection geometry. For large values of the
layer thickness (A/2) two lines appear, correspond-
ing to the (110) crystal plane of molybdenum
(d M, ——2.220 A) and the (111) plane of nickel
(dN; ——2.030 A). For lower values of A the structure
is composed of a central line which corresponds to
an average interatomic spacing d surrounded by
modulation satellites of order n at

sin 6 1 n+ (1)
A

0

For A) 200 A the x-ray peaks are relatively broad
bemuse the satellite peaks are not resolved. For 130
A & A ) 16.6 A the x-ray peaks are reasonably sharp,
indicating good crystallization perpendicular to the
layers; below 16.6 A only one rather broad line ap-
pears, indicating that a long-range crystalline order
is no longer maintained. This could be due to ag-
glomeration in the Ni layers, alloying, or a structur-
al change in either of the constituents. Figure 1

shows the results obtained for samples grown on 90'
sapphire substrates. In this reflection geometry, the
x-ray results are practically indistinguishable from
those obtained from samples grown on mica and
(111) silicon wafers. Similar results are also ob-

36 38 40 42 44 4648
28 (deg)

FIG. 1. 8—20 x-ray diffraction intensity spectra for
equal layer thickness Mo/Ni superlattice samples.

tained for unequal layer thicknesses of nickel and
molybdenum (Fig. 2).

The x-ray results presented in Figs. 1 and 2 can be
explained in terms of a structure which consists of
alternating layers of (111)fcc nickel planes and (110)
bcc molybdenum planes. This is the type of growth
observed for a thick (& 2000 A) molybdenum film
on nickel and a thick (& 2000 A) nickel film on

molybdenum. This structure is identical to that
used earlier to describe Nb(bcc)/Cu(fcc) superlat-
tices.

For a quantitative determination of the modula-

tion shape, an analysis of the reflection manifolds in
Figs. 1 and 2 was carried out. The experimental in-

tensities were reduced' by the Lorentz, absorption,
polarization, etc., factors to yield c

~

F ~, where c is
a normalization constant obtained by setting the
sum of the reduced intensities of each manifold
equal to one and I' is the structure factor. The
structure factor can be calculated from the planar
scattering amplitudes of Ni and Mo, the respective
number of planes, and their phases. Since in the
transmission geometry x-ray spectra to be described
later we found no major changes of the inplane
structure, the planar scattering amplitudes were tak-
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FIG. 2. 8—28 x-ray diffraction intensity spectra for su-

perlattices with (a) Mo layers 3 times thicker than Ni
layers and (b} Ni layers 3 times thicker than Mo layers.

en to be those found in the bulk for Ni(111) and
Mo(110) planes.

The relative phases are not as well known since
the experimental line position only determines the

average spacing d which is given by
n& n2

gd„+ gd„.
i =1 i=1d=

n&+n2

where n&, d~;, n2, and d2; are the number and spac-
ing of Ni(111) and Mo(110) planes in each layer and
the summation is carried over one superlattice
period. Figure 3 shows the experimentally deter-
mined average lattice spacing 1/d as obtained from
the equal-layered samples. The average spacing
shows a slight (-2%) expansion down to A=16.6
A and then a sudden contraction. Similar results
were also found for the unequal layer thickness sam-
ples, the expansion being larger for the thicker Ni
sample. %e have also reanalyzed earlier data on
Cu/Nb superlattices and found a similar expansion
for the average lattice parameter but with a smooth-
er order-disorder transition.

While the experimental intensities could have
been least-squares fitted with a number of adjustable
parameters such as the Ni or Mo interatomic spac-
ings, we preferred to compare the experimental re-
sults with those calculated on the basis of two sirn-
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pie models: In model (i) we assume that there is a
uniform expansion of the lattice of Ni and Mo
throughout each layer, while in model (ii) we assume
that all the expansion is due to a single anomalous
spacing at the Mo-Ni interface. For arbitrary A, n &,

and n2 are fractional; hence it was deemed con-
venient to calculate the intensities numerically rath-
er than analytically. For this purpose we have su-

perimposed sequences of layers containing n' or
n'+1 atomic planes. These sequences were random-

ly distributed in the lattice, with a weight factor ap-
propriate to give the experimentally determined A.

The scattering amplitude for a large number of
atomic planes N was summed up and squared to
give

~

Ii
~

. Ã was chosen to simulate closely the
width of the experimental diffraction lines. The in-
tensities for different sequences of planes and for
different values of N were superimposed in order to
simulate the real sample. Good agreement with the
experimental linewidth was obtained with N=50,
which is equivalent to a coherence length of —100
A. Figure 4 shows the fit of the two models to the
experimental intensities of the equilayered super-
structures. In the region of A where modulation
lines appear, the agreement is excellent for both
models. Thus, while the basic features common to
both models are correct, the analysis of the intensi-
ties per se is incapable of giving detailed information
on the shift of the d spacings from the bulk values
of the constituents. The introduction of a larger in-

terlayer disorder in the model calculations (which
amounts to a rounding off of the modulation) de-

creased the intensities of the higher-order satellites
too much and caused only a modest (and progres-
sive) broadening of the lines at small A; thus it was
unable to explain even the sudden increase of
linewidth below A=16.6 A.

The basic tenets of the model used in analyzing
the x-ray intensities have been tested by numerous
ancillary observations. These were (a) the deter-
mination of the lateral arrangement of nickel and
molybdenum in the plane by x-ray diffraction in the
transmission geometry, and (b) the determination of
the relative thicknesses of the two constituents from
small angle x-ray scattering.

In order to determine the lateral arrangements of
atoms, we removed two equilayered samples
(A= 130 and 50 A) from the mica substrate and per-
formed systematic 0—28 scans with the scattering
vector at different X angles (60'—90') from the nor-
mal to the film. Preliminary transmission Laue
measurements indicated that the samples were la-

terally polycrystalline and therefore these measure-
ments were P independent (powderlike).

For X=70.5', we observed a reflection from the
(ill) nickel plane while at X=90' we observed re-
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FIG. 4. X-ray intensities normalized as described in

the text. The central peak 8 has satellites at lower 20
(8 and 8 ') and at higher 20 (8+' and 8+'). Within
the experimental errors the data (dots) can be reasonably
well fitted by both model (i) solid line and model (ii)

dashed line.

flections due to (110) and (200) molybdenum planes.
These are precisely the reflections expected if the
two constituents preserve their bulk structure. The
width of the x-ray diffraction line [-1.5 FWHM
(full width at half maximum)] in the plane of the
film is attributed to the finite-crystal size effect, in-

dependent of the layer thickness. In addition, the
thinnest samples show a slight (0.6%) expansion in

the Ni spacing and a comparable (0.5%%uo) contraction
in the Mo spacing in the p/ane.

As previously mentioned, based on the prepara-
tion parameters we estimate the layer thicknesses to
be accurate to within & 2% of specification. As an
additional check, further x-ray measurements in the
reflection geometry were performed at small angles

of scattering. In this region, the intensities of the
diffraction peaks do not depend on the individual

lattice spacings but rather on the variation of the x-

ray refractive index between one layer and the next.
In particular, for equal layer thickness, the Fourier
transform of the composition should only show odd
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order peaks. Indeed the even order peaks were un-

detectable, and the n=1 and 3 peaks were clearly
observable, indicating square wave modulation.

In conclusion, the crystallographic study of the
Ni-Mo samples indicates that these are formed by
superstructures of nickel and molybdenum with
negligible interdiffusion in the z direction and that
these films are polycrystalline in the x-y plane. Also
found is a gradual expansion of the average lattice
spacing (normal to the laminae) for decreasing A,
down to a critical value below which it relaxes, with
an accompanying loss of crystalline perfection.
While the crystallographic analysis per se cannot
distinguish which part of the crystal is more
strained, the fact that the Ni-thick crystals have the
larger lattice expansion seems to suggest that nickel
is softer, and that the expansion occurs in its lattice.

IV. ELASTIC CONSTANTS
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FIG. 5. Surface wave velocity as a function of modula-
tion wavelength (A =D~, +DN; ) for samples with

D~, ——3DN; (dots), DNJ, ——DN; (crosses), and DN; ——3D~,
{triangles).

The elastic properties of superlattices have re-
ceived considerable attention (Refs. 1, 7—10, 13—15,
and 21). In particular, there have been several inves-
tigations on the dependence of the biaxial modulus,
Young's modulus, and Aexural modulus as a func-
tion of modulation wavelength; some claim a
dramatic increase ' while others claim no change
at all. ' ' A decrease of the surface wave velocity
has also been reported, ' but theoretical calculations
based on simple elasticity theory ' indicate that no
change should be expected.

We have used Brillouin scattering to measure the
velocity of acoustic surface phonons in the Mo/Ni
superlattices. The spectra were recorded on a five-
pass Fabry-Perot interferometer using —120 mW of
515-nm radiation from a single-mode Ar+ laser.
All spectra were taken with the samples at room
temperature. Figure 5 shows the surface wave velo-
city as a function of modulation wavelength
A=D~, +DN; for samples with D~, ——3DN; (dots),
DNt, ——DN; (crosses), and DN; 3D&, (triangl——es).
The error bars are given by the reproducibility of the
results and the number of data points taken on each
sample. We should point out that most of the ob-
served Brillouin peaks were broader than the instru-
mental resolution and in certain cases (some samples
in the range 60 A (A (300 A) consisted of a doub-
let. The polarization features of each component of
the doublet are those expected for surface phonons,
and the peak positions are independent of magnetic
field up to 5 kG. Magnons have been observed at
higher frequencies than the phonons and are the
subject of further investigations. We conclude that
the "phonon doublet" is not due to phonon-magnon
coupling, and that the broad peak observed in most
cases is due to an unresolved doublet. The position

of the Brillouin peak in this paper is defined as the
peak position when only one peak is present and as
the midpoint of the doublet when two are observed.
We should also point out that the doublet splitting,
when observed, is about half that of the changes as a
function of A.

Returning now to Fig. 5, we note that the dip in
the sound velocity for DN; =D~, (crosses) occurs
for A=18 A. For D~, =3DN; (dots), there is evi-
dence of a dip between A=35 and 45 A. For
DN =3DMo (triangle's), the velocity decreases down
to A =20 A and is consistent with a dip at A & 20 A.
Together, all samples show a behavior in the veloci-
ty consistent with the interpretation that the materi-
al undergoes a structural transition for a critical
thickness of nickel (DN;-8 A) rather than at a cer-
tain value of the modulation wavelength.

A more quantitative proof of the statement above
can be given by considering a model intermediate to
those presented in the discussion of the x-ray data.
Suppose that at every interface there is a layer of
thickness DL (a) which is independent of DN; or
D«and (b) if isolated would support a Rayleigh
wave of velocity vL. The velocity v of the surface
wave in the layered structure can then be approxi-
mated by'

A Di Dz
+ p + (3)

where v ~ and vz are the Rayleigh wave velocities and
D j and Dq are the effective thicknesses of Ni and
Mo, respectively. We consider three cases: (a) the
interface layer consists only of a modification of
Mo, i.e., D, =DN; and Dq D~, DL, , (b) the inter-— ——
face layer is composed of equal thicknesses of Mo
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and Ni, i.e., DJ DNj pDL and D2 ——DMo 2DL
and (c) the interface layer consists only of a modifi-
cation of the Ni, i.e., D~ ——DN; —DL and D2 ——DM, .

We then choose DL and UL in order to obtain a
minimum at A=22 A with velocity U =2.0X10
cm/sec in accordance with the experiments for the
case of equal layer thickness. The velocities for Ni
and Mo are taken to be vi ——2.42X10' cm/sec as
measured in a thick Ni film and v2 ——3.27X10
cm/sec obtained from the average surface wave
velocity calculated for a Mo(110) surface. For the
above cases we obtain (a) Dl ——11 A, vL = 1.74 X 10
cm/sec, (b) Dl ——22 A, vL

——2.0 X 10 cm/sec, and (c)
Di ——11 A, vI ——1.57X10' cm/sec.

For DM, ——DN;, these three models all yield essen-
tially the same A dependence of the velocity and are
shown by the solid lines in Fig. 6. However, for the
unequal thickness layers the three models yield dif-
ferent results as shown by the dashed and dotted
lines for DM, ——3DN; and DN; ——3DM„respectively.
A comparison with the experimental data indicates
the best agreement with model (c) i.e.,
D& ——DN; —DL and Dz ——DM, . Of course, the upturn
observed in the experimental data cannot be repro-

I

z.a —(a)

2.4—

2.0 ——
/

duced by the present calculation. However, this
behavior is consistent with the interpretation that
the upturn is a consequence of a sudden crystal
transformation when DN;-8 A, as was concluded
from x-ray measurements discussed in Sec. III.

We conclude therefore that it is highly probable
that the observed velocity softening is due to
changes in the Ni layers. We also point out that the
velocity softening previously observed in Nb/Cu su-

perlattices' has likewise been found to correlate
with an expansion of the average lattice parameter.

V. ELECTRICAL RESISTIVITY

The resistivity of the Mo/Ni material was deter-

mined from four-point resistance measurements of
samples with well-defined geometric shapes. A
four-point bridge structure was formed by standard
photolithograp hie techniques. Chemical etching
was done in a solution of nitric acid and distilled
water. The resulting conduction channel had the
approximate dimensions 1 pm&0. 3:mm&(4. 3 mm.
The resistances of the etched samples on sapphire
substrates were measured using a standard ac lock-in
method with 10 pA passing through the samples at
25 Hz. A closed-cycle refrigerator with a
temperature-controlled cooling stage permitted mea-
surements at temperatures from 8 to 300 K.

The electrical resistivity for equal layer thickness
samples is shown in Fig. 7. At any given tempera-
ture there is an increase in resistivity as the modula-
tion wavelength A decreases. Figure 8 shows the
temperature coefficient of resistivity (TCR) aver-

aged over the temperature range 100—300 K for
equal and unequal layer thickness samples. The
average TCR is positive at large A and becomes
smaller with decreasing A. For the equal layer
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FIG. 6. Surface wave velocity as calculated from
models in which parts of the Mo and Ni layers which are
closest to interfaces are modified. Case (a): Only part of
each Mo layer is changed. Case (b): An equal amount of
each Mo and Ni layer is changed. Case (c): Only part of
each Ni layer is changed. The curves are for samples
with DM, ——D~; (solid line), DM, ——3DN; (dashed line), and
DN; ——3DM, (dotted line).

l60

6
~ l20

80

40

0
IOO

(

200
TEMPERATURE (Kj

h (k)

~10.4
-"-—13.8
„~15.2~16.6

-=.—l9.2~ l8.8
~23.4

28.6
~28.4

50
40

680
500

~894

300
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FIG. 8. Temperature coefficient of resistivity averaged
over the temperature range 100—300 K for Mo/Ni super-
lattice samples with D~, ——3DN; (dots), D]I/Ip DNj
(crosses), and DN; ——3D~, (triangles).

thickness samples the average TCR becomes zero at
A = 16 A and with further decreases in A becomes a
constant negative value. This anomaly of the aver-
age TCR—the transition from metalliclike behavior
to non-metallic-like behavior —has a striking
correspondence with the structural and elastic
anomalies noticed in the same samples. In particu-
lar, the x-ray analysis in Sec. III and surface-phonon
study in Sec. IV seem to indicate that the structural
changes are due to a systematic Ni lattice expansion
as A is decreased followed by a contraction at
A=16 A. In addition, the Mo layers seem to play a
passive role for all values of A. This can also be
concluded from the average TCR values. In Fig. 8
the average TCR values for the DN; ——3D~, and

D~, ——3DN; samples extrapolate to zero for A=9
and 20 A, respectively. The average TCR for equal
layer thickness samples crosses through zero at
A=16.6 A. We can well conclude that the average
TCR behavior is dominated by the Ni layers and
that the average TCR becomes zero at DN; -8 A.

VI. CONCLUSIONS

From the present work on Mo/Ni superlattices
the following conclusions can be made.

(1) bcc/fcc superlattice structures can be stabi-
lized with materials which have a noneutectic equili-
brium binary/phase diagram, in particular Mo and
Ni. This is in contrast with the previously studied
Nb/Cu superlattices where Nb and Cu are eutectic.

(2) The data show an interesting correlation be-
tween three different properties of Mo/Ni superlat-
tices: structure, elastic constant, and electrical resis-

0

tivity. (a) For DN; ——D~, =8 A x-ray studies show
that the material undergoes what appears to be a
rather sudden structural change from an ordered to
a disordered structure with a precursor effect in
which the average lattice spacing gradually increases
by about 2%%uo. DN; ——3D~p samples have a larger
average lattice expansion than D~, ——3DN;, suggest-

ing that this structural change is induced by the
response of the nickel layer to strain. (b) There is a
minimum in the surface wave velocity at
DN; ——D~, -9 A. Measurements on samples with

D» ——3D~p and D]gp 3DNj indicate that the velo-
city softening is probably due to changes in the Ni
layers. (c) Electrical resistivity measurements show
a change from positive TCR to negative TCR for
samples with DN; ——D~, . The TCR of samples with

DN; ——3D~, and D~, ——3DN; show that the change
in sign of TCR occurs at DN; -8 A and does not de-

pend on D~p.
(3) The relationship between the expansion of the

lattice, the structural transformation, the elastic
constant, and the temperature coefficient of resis-
tivity has now been observed in both Nb/Cu and
Mo/Ni superlattices. ' ' Observations on Nb/Cu
were made only on samples with layers of equal
thickness. Here measurements on Mo/Ni with

D~p 3DN1 and DN; ——3DNLp indicate that the
changes in the structure, surface-phonon velocity,
and TCR are due to a critical thickness in one of the
constituents (Ni in our case) and not due to the
number of interfaces.

As a possible explanation for the correlation be-
tween lattice expansion and phonon softening, we
note that if the lattice is forced to expand it is ex-
pected that at a certain critical value of stress the
crystal will either break or suffer a phase change.
This has previously been obesrved in static as well as
molecular dynamics calculations ' for a Ni single
crystal strained along a [001] axis. These calcula-
tions however, do not show a softening of Young's
modulus along the [001] axis up to the breaking
point. This difference may be due to the fact that in
our case the lattice is strained along the close-packed
[111] direction and not along the [001] axis. Fur-
ther molecular dynamics calculations are underway
to check these points in detail.

In summary, we have found anomalies in the
structural, elastic, and transport properties of
Mo/Ni superlattices. We interpret our results to in-
dicate that the Ni layers are responsible for the
anomalies and present arguments, which would ex-
plain the correlation between the structural and elas-
tic properties. No simple explanation has been
found relating the changes in electrical properties to
the changes in structure and elastic properties or to
the expansion of the nickel lattice.
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