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A new class of layered materials has been prepared by alternate deposition of two dis-
similar metals. Strong experimental evidence is shown that coherent structures with
layer thicknesses approaching interatomic spacing can be prepared in this fashion. The
experimental x-ray measurements are found to be in good qualitative and quantitative
agreement with model calculations.

PACS numbers: 68.55.+b, 73.60.Ka

Recently there has been renewed interest on
the production and stabilization of new materials
that do not occur naturally. The engineering of
materials with novel physical properties by arti-
fical layering of semiconductors has been exten-
sively studied. It is universally accepted that
superlattices can only be produced if the consti-
tuents have the same crystal structure and close-
ly matching lattice parameters. We have pre-
pared a new class of layered ultrathin coherent
structures (LUCS) by sequential deposition of ul-
trathin layers of two dissimilar materials. This
is the first time that an artificial superlattice
structure has been manufactured where the con-
stituents have different crystal structures and
large difference in their lattice parameters Of.
course, these experiments have strong implica-
tions for the theories that relate to nucleation
and physical properties of superlattices.

Alternating layers of metals with a sm&lE modu-
lation of the composition amplitude were first pre-
pared to study the problem of spinodal decompo-
sition and diffusion in metals by Billiard and co-
workers'. More recently, semiconductor super-
lattices' have been prepared by molecular beam
epitaxy techniques. These semiconductor super-
lattices made from two quite similar materials
(for instance GaAs and A1As, where the differ-
ence in lattice parameters is - 0.1%%up) are found to

show a high degree of epitaxy. The present work
involves metallic systems where the two constitu-
ents have a eutectic phase diagram and have dif
ferent crystal structures. I present strong struc-
tural evidence (ion mill Auger spectroscopy and

x-ray scattering) that LUC's with layer thickness-
es approaching interatomic spacing can be pre-
pared in this fashion. I find that the evolution of
the x-ray diffraction versus superlattice wave-
length is different from what is found in semicon-
ductor superlattices and I present a quantitative
explanation for the data based on elementary dif-
fraction theory. The x-ray scattering data im-
plies that the positions of atomic planes (perpen-
dicular to the layers) are correlated ("coherent")
from layer to layer giving rise to large diff rac-
tion peaks characteristic of the superlattice. It
is hoped that in addition to the unique physical
properties which are characteristic of layered
materials the LUCS will provide additional in-
sight into the role of interfaces for high-T, su-
perconductivity and into the problem of surface
magnetism.

An archetypal example of LUCS is one formed
by sequential deposition of Nb (bcc) and Cu (fcc)
(the first artificial superconducting superlattice).
Samples are prepared on heated single-crystal
sapphire substrates with two high-rate (-50 A/
sec) magnetron sputtering guns. The substrate
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is held against a rotating table which alternately
moves it from one beam of particles to the other.
The sputtering rates are controlled by keeping
sputtering pressure (0.8 Pa of argon) and power
constant. In the present case, the Nb layer thick-
ness was kept equal to the Cu layer thickness.

Ion mill Auger spectroscopy was performed to
obtain the depth profile of the chemical composi-
tion of the samples. I found that in fact there is
a periodic variation of the constituents as a func-
tion of depth, although this technique was not sen-
sitive below a layer (A./2) thickness of - 38 A. ' A
better technique to study layers in the thickness

0

range of 10-100 A is an ordinary 0-20 x-ray dif-
fraction technique. The sample and the detector
are rotated synchronously so as to keep the source-
sample angle (8) equal to the sample-detector an-
gle. In this fashion the measurement is only sen-
sitive to changes in scattering function and strains
perpendicular (z direction) to the x-y plane of the
film (and layers). Figure 1(b) shows the x-ray in-
tensity as a function of 2L9 for a sample with a lay-
er thickness A/2= 70 A. The two peaks are identi-
fied as a Cu(111) peak and a Nb(110) peak. In fact,
Cu is found to grow in the (111)direction and Nb
in the (110)direction under identical growth condi-
tions (the identification is made by use of the high-
er-order diffraction peaks which are also ob-
served). The lattice parameters for Nb and Cu

derived from these peaks are found to be 3.29 and
3.61 A (within -0.2% of those for the pure mater-
ials). Figure 1(a) shows the x-ray intensity as a
function of 2& for a sample with A./2=5 A. Not
surprisingly there is only one broad peak. The
width of this peak overlaps the region where the
Nb(110) and Cu(111) peaks are located indicating
that this sample has a large distribution of inter-
atomic spacings.

Figure 2 shows the evolution of the x rays for
increasing I.UCS wavelength (i.e. layer thickness).
Figure 2(a) shows one central peak located mid-
way between the pure Nb and pure Cu peaks and
two additional satellite peaks symmetrically
spaced around the central peak. The experimen-
tal systematics shown in this figure has been
found for roughly thirty samples. For brevity,
only the experimental results for five samples
are shown. Notice that there is a continuous, con-
sistent way in which the x rays evolve from the
small-X limit to the large-~ one. Up to eleven
distinct peaks were observed and the x-ray line-
widths were within factors of 2 of the diffracto-
meter resolution (-0.7'). Samples that have been
aged for more than six months do not show any no-
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FIG. 1. X-ray diffraction from two samples: (a) One

with a large layer thickness (70 A) and (b) one with a
small one (5 A).

FIG. 2. Evolution of the experimental x-ray diffrac-
tion as a function of LUCS wavelength (i. e., layer
thickness ~/2) .
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ticeable change in their diffraction properties.
To understand the x-ray data I have performed

three different one-dimensional model calcula-
tions, based on simple scattering theory. The
model is shown in the inset of Fig. 3. The dis-
tance between the atomic planes is given by the
corresponding distances found in the bulk materi-
al, except for the closest planes to the interface
(b, and b, ) and the separation (b) between dissimi-
lar atomic planes, which are varied from model
to model.

In the first model (no adjustable parameters,
b, =dc„, bs=d~, b =dc„or 5~) we have summed
up the scattering from N atomic planes with N
=[total thickness (-2p)]/(dc„+dNq), where dc„
=2.083 A is the separation of the Cu(111) atomic
planes and d»=2. 34 A is the separation of the
Nb(100) atomic planes. The results of the calcu-
lation are shown in Fig. 3. It is found that the
width of the experimental x-ray peaks is not de-
termined by finite crystal size effects. The posi-
tion of the peaks is given by
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FIG. 3. Calculated x-ray intensity vs angle and super-
lattice wavelength. The inset shows the model used in
the calculations: The interatomic separation is kept
the same as in the bulk except for the layers closest
to the interface (B& and 62) and the separation between
dissimilar layers (&) which might be strained as ex-
plained in the text.

where It (the "order" of the reflection) is an inte-
ger, ~„=1.5405 A is the wavelength of the x ray
and A. is the superlattice wavelength. ' Notice that -0
this model calculation, with no adjustable param-
eters, has the same qualitative features as the
experimental data. There is a continuous evolu-
tion from the small-X limit with one central peak
and satellites to the large-A. limit where there
are two distinct peaks [Cu(111) and Nb(110)] with
their own satellites.

An alternative way of thinking about the results
is to assume that the x rays reflect from the superlattice, and that the atomic planes in one layer act
as a large unit cell, modulating the amplitude of the various orders (It) of reflection. In this fashion
Eg (1) is .automatically satisfied. The x-ray intensity is given by

1+cos'29 " sin81' . 4vZ exp —~cU I
fcu(~)e'c„exp i x,. sin&

sinosin20

sin&l' . 4m
+ &exp -II',h ~ ~

f,~(6)oM, exp ~—x, sine
9 =1 A. „) (2)

where 1+cos'20 is the polarization factor, sin28
is the Lorentz factor, sin& is a geometric fac-
tor that takes into account that the x-ray beam is
smaller than the sample, fc„and fNq are the scat-
tering functions of Cu and Nb, ac„and 0&I, are
the densities of Cu and Nb atoms in the Cu(111)
and Nb(110) planes, x, is the position jth atomic
plane, n is the number of Cu planes in one layer,
m is the number of Nb planes in one layer, and
W&„and WM, are the Debye-Wailer coefficients.

A fit to the experimental intensities was obtained
by use of ~, and 6, as adjustable parameters and

calculated from the experimentally determined
superlattice wavelength. In this fashion the ex-
perimental intensities were fitted to better than
20% for most x-ray peaks. Another possible mod-
el is to assume some mixing at the interface and
use it to fit the experimental intensities. This
will have the effect of changing the exact values
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of 6, 6„and ~, . Clearly more experimental
work is needed to determine the exact nature of
the interfaces. I would like to stress again that
the x-ray evidence is conclusive as far as the su-
perlattice nature of the material is concerned.

It should be pointed out that the epitaxy of (ill)
fcc on (110)bcc metals has been known for some
time. Although more than fifteen fcc-on-bcc me-
tallic epitaxial systems have been extensively
studied, ' to my knowledge the Nb/Cu system has
not yet been investigated. Based on these previ-
ous studies it is thought that there are two possi-
ble orientations in the x-y plane, depending on
the ratio of the atomic diameters of the two ma-
terials. Based on moire-pattern studies and the
ratio of the atomic diameters I conjecture that
the Nb/Cu system is likely to give epitaxy in the
NW (Nishiyama-Wasserman) orientation for
which the Cu[112] direction is parallel to the
Nb[110] direction (similarly to nickel-on-tung-
sten epitaxy). Electron scattering and Laue
x-ray scattering experiments are presently un-
derway to check this hypothesis.

Transport and superconducting properties will
be the subject of a later publication. I find layer-
thickness-limited mean free paths, anisotropic
superconducting critical fields, ' and supercon-
ducting transition temperatures smaller than pre-
dicted by simple Cooper-limit calculations.

In summary, I have prepared a new class of
layered ultrathin coherent structures consisting
of two metals that have different crystal struc-
tures. The structural evidence indicates that
long-range coherence is present. The x-ray data
can be qualitatively explained with no adjustable
parameters and quantitatively fitted with a one-
dimensional model in which the first and last
atomic planes in each superlattice layer are
strained. Physical properties also imply that the
material is layered at the microscopic level, and

for the first time a super conducting LUCS has
been manuf actured.

I would like to thank S. K. Sinha for "coaching"

and help with the diffraction calculation. I would
also like to acknowledge useful conversations
with T. Brun, S. Durbin, G. Felcher, P. Flynn,
K. Gray, L. Guttman, J. Ketterson, R. Kamp-
wirth, and A. J. Freeman. Many thanks to K. Mey-
er for work in the initial stages of the computer
simulation and D. Dahlberg for some of the Auger
measurements. Last but not least, collaboration
with Charles Falco in related work is gratefully
acknowledged. This work was supported by the
U. S. Department of Energy.

'J. E. Billiard, in Modulated Stmctu~es —1979, edited
by J. M. Cowley, J. B. Cohen, M. B. Salamon, and
B. J.Wuens'ch, AIP Conference Proceedings No. 53
(American Institute of Physics, New York, 1979), p.
407, and references cited therein.

~For a recent review see A. C. Gossard, Thin Solid
Films 57, 3 (1979). Also see Armin Segmuller,
P. Krishna, and L. Esaki, J. Appl. Crystallogr. 10,
1 {1977), and references cited therein.

~A preliminary description of this bas been given by
Ivan K. Schuller and C. M. Falco, in Inbomogeneous
SuPerconductors 1979, e—dited by D. U. Gubser, T. L.
Francavilla, S. A. Wolf, and J. H. Leibowitz, AIP
Conference Proceedings No. 58 (American Institute of
Physics, New York, 1979).

4See for instance M. M. Woolfson, An Introduction to
X-Ray Crystallography {Cambridge Univ. Press, Lon-
don, 1970).

5The wavelengths determined by use of the experi-
mental x-ray intensities and Eq. (1) agree well (-10')
with wavelengths determined from the deposition param-
eters.

6L. A. Bruce and H. Jaeger, Philos. Mag. A 38, 223
(1978).

YQuite a surprising result in view of the fact that the
Nb/Cu LUCS is a "homogeneous" superconductor (&
») in contrast to intercalated transition-metal dichal-
cogenides where the superconducting layers are sepa-
rated by insulators. For the LUCS the anisotropy of
the critical field is indicative of large anisotropies in
the band structure. See P. Entel and M. Peter, J.
Low Temp. Phys. 22, 613 {1976).

1600


