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Abstract. Metallic Mo/AI multilayers have been successfully fabricated by a magnetron- 
radiofrequency sputtering system. The modulation wavelength ranged from 640 down to 
15 A. Detailed structural properties were studied using x-ray and electron diffraction 
methods. These studies indicated that the films are polycrystalline with high structural order, 
BCC MO (1 10) and FCC AI (1 1 1) parallel to the films. Model calculations based on paracrystal 
theory were performed to analyse the x-ray diffraction patterns. In-plane resistivity was 
measured as a function of the modulation wavelength and temperature. The resistivity did 
not saturate even at very small wavelength and negative temperature gradients were usual 
below 60 A, where enhancements of the superconducting transition temperature were 
observed. 

1. Introduction 

Currently, extensive interest has been aroused by observations of enhanced elastic and 
reduced magnetic properties of short-wavelength compositionally modulated metallic 
multilayer films (CMF), since these films are capable of initiating the development of new 
materials not found in nature. Their unique elastic, superconducting, magnetic or x-ray 
dispersing properties are due to the novel atomic arrangement. A number of bimetallic 
multilayer films composed of two structurally, physically and chemically dissimilar 
metals have been synthesised in the last decade. Quite a few researchers have studied 
the Cu/Ni system, but they have rarely referred to the possibility of the structural order 
being different in each sample, especially in the measurements of their magnetic moment 
(Thaler et a1 1978, Gyorgy et a1 1983, Zheng et a1 1981a, 1982, Flevaris et a1 1982). We 
should not discuss or compare these properties without referring to their structures, 
because the structures of the individual layers and interfaces play a key role in the 
physical properties of these films. 

The behaviours for long wavelengths do not significantly differ from that for the bulk 
materials in contact. As for the structure, it is generally known that with decreasing 
wavelength coherency strains throughout the film appear instead of mismatch dislo- 
cations. For example, Cu/Ni (Gyorgy et a1 1982) is regarded as a coherent structure and 
Nb/Cu (Lowe et a1 1981) as an incoherent one, but this distinction is not clear in metallic 
CMF systems. The obscurity is due to the fact that they are more or less polycrystalline 
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films. It is most interesting now to decide whether the difference in the states, coherent 
or incoherent, or intermediate state, does affect properties of a CMF in a significant way. 

The first transport properties of CMF were reported for Cu/Ni (Schuller et a1 1979). 
Since then, a few systems, such as Nb/Ti (Zheng et a1 1981b, Qian et a1 1982), Nb/Cu 
(Banerjee et a1 1982, Bannerjee and Schuller 1984), Nb/AI (Gurvitch 1986), Mo/Ni 
(Uher et a1 1984, Clarke et a1 1985), Pd/Au, Fe/Cr (Shiroishi et a1 1987), Nb/Zr (Lowe 
and Geballl984) and Mo/Cu (Sasaki et a1 1988, Kaneko et a1 1988), have been studied, 
and saturation of resistivity with decreasing wavelength and negative temperature coef- 
ficient of resistivity (TCR) were observed. The saturation and negative TCR are not 
necessarily decisive because of the critical wavelengths being so small that appropriate 
films cannot be prepared satisfactorily in the metallic systems. Furthermore, in Pd/Au 
(Carcia and Suna 1983), Pd/Co (Carcia et aZl985) and Ag/Co (Slaughter et a1 1987) the 
resistivities are always not so high as in single-component films and no plateau in the 
inverse-wavelength dependence of the resistivity was observed. The resistivity of Al/ 
Ge (Haywood and Ast 1978) seems to keep on increasing upon decreasing the 
wavelength. The question is whether this saturation or negative TCR occurs or not, and 
whether it has a correlation with the coherency change. 

In the present paper we report fabrication of Mo/Al CMF by conventional simple 
sputtering apparatus. Molybdenum and aluminium are quite dissimilar metals. The 
former has a BCC lattice and extremely high melting point, whereas the latter has a FCC 
lattice with a comparatively low melting point. Though their crystal structures are 
quite different, the atomic densities of the most dense planes are approximately equal. 
Therefore we can expect a coherent structure. First, the structure of the films was studied 
by x-ray and electron diffraction methods, and x-ray diffraction patterns were simulated. 
The electron transport properties were measured and negative TCR were confirmed. We 
also tried to calculate the resistivities according to the theory of Dimmich (1985) in order 
to explain the relatively high resistivities in the short-wavelength region. Additionally, 
an increase of the superconducting temperature was observed in the short-wavelength 
region. 

2. Experimental details 

The compositionally modulated Mo/AI films used in this study have average A1 con- 
centrations of 25,50 and 75 at. % with wavelengths ranging between 15 and 640 A. For 
x-ray diffraction studies 25% samples were inadequate. 

All the samples used in these studies were prepared by radiofrequency (RF) mag- 
netron sputtering in a vacuum system with an oil diffusion pump and a rotating substrate 
table. A schematic drawing is shown in figure 1. As we modified aconventional sputtering 
machine, the two targets were attached onto the single cathode. To avoid intermixing 
of the fluxes, shields (the verticalplates) and a mask (the horizontal plate) were carefully 
designed and set over the targets. The distance between the plates and the targets were 
adjusted for the optimum sputtering condition. No contamination by sputtering these 
plates was observed because they were immediately covered with a thick layer of 
sputtered atoms. In our case the distance between the plates and the targets is approxi- 
mately 10 cm. Two semicircular targets 10 cm in diameter were mounted on the water- 
cooled cathode and sputtered using research-purity argon gas. 

The vacuum system was initially pumped down to 2 X Torr and the sputtering 
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was done under a pressure of 5,lO or 20 x Torr argon gas. It is generally thought 
that, under high sputtering gas pressure, many collisions of sputtered atoms with sput- 
tering gas atoms will occur, thereby remarkably decreasing the energies of injecting 
atoms onto substrates. Accordingly we preferred higher gas pressure and smaller sput- 
tering power when films with small wavelengths were deposited. The substrates used for 
the studies reported here were glass, Si (1 11) and (1 00) and Mylar polyimide film, and 
were initially at room temperature but raised to 100-150 "C during depositions. For the 
x-ray diffraction intensities, glass substrates were the most desirable, but the films 
frequently peeled off, and sometimes shattered. 

When the mask for 50 at .% films was used, the deposition rate was about 85 A min-' 
in 5 X Torr argon atmosphere (the standard condition) and 50 A min-' in 
1 X lo-* Torr. Except for the samples for transport measurements, A1 buffer layers, 
1000 in thickness, were first deposited without making any significant difference to 
the crystallography. The total thickness of the CMF film, excluding the buffer layers, 
was approximately 2.0 or 1 .2pm. Electron microprobe analysis showed a spread in 
composition within 5 at. % . We deposited a range of periodicities by changing the 
rotation speed of the substrate table. So the growth rates were all the same for each 
sputtering condition. 

The structure of the CMF was determined by x-ray diffraction, scanning and trans- 
mission electron microscopy (SEM, TEM). The x-ray measurements were made using 8- 
28  and rocking curve diffraction with Cu K a  radiation. The instrumental resolution was 
estimated from silicon powder diffraction measurements at 0.02 A-1. All wavelengths 
were determined by measuring the positions of harmonics around the zero node (the 
superlattice reflections) and the first and second nodes (the Bragg reflections). They 
were also calculated using the deposition parameters. In the common region, the layer 
thickness obtained from both methods agreed well. When no clear harmonics around 
Bragg peaks could be observed because of the low structural order, we estimated the 
wavelength by the latter method. The full width at half-maximum (FWHM) of the rocking 
curve of the first Bragg (central) peak was taken as a measure of the texture. 

The resistivity of the Mo/Al CMF was determined by four-point resistance measure- 
ments of the samples, which had silicon substrates and no buffer layers. The conduction 
channel had the approximate dimensions 10 mm X 5 mm x 2 pm and the current was 
typically of the order of 1 mA. A temperature-controlled cooling system permitted 
measurement from 4 to 300 K. All the resistivities were those parallel to the films. The 
current-voltage characteristics were also investigated at room temperature and 77 K. 
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Figure 2. X-ray 8-28 diffraction patterns around the first Bragg peaks for the 1 : 1 films 
sputtered under the standard Ar pressure. 
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3. Structure of Mo/Al multilayers 

First, the standard x-ray diffraction method was used to determine modulation wave- 
lengths and structures. Figure 2 shows the x-ray intensities obtained for MO : A1 = 1 : 1 
samples examined in the 8-28 reflection geometry. For all wavelengths strong and sharp 
Bragg peaks with first-order and higher-order satellites can be recognised around both 
the first and the second nodes. No other Bragg peaks except these were observed. For 
A > 200 8, the peaks are relatively broad and look like two bumps because the satellite 
peaks cannot be resolved. For lower values of the wavelengths, the diffraction patterns 
are composed of a sharp central line, namely the Bragg peak, which corresponds to an 
average inter-atomic spacing, surrounded by the modulation satellites of higher order. 
In all cases, the reflection from the buffer layer was negligible. 

For 200 8, > A > 60 8, the peaks are reasonably sharp, indicatinggoodcrystallisation 
perpendicular to the films, whereas with decreasing wavelength these peaks become 
relatively broad and small. In order to synthesise films with A < 40 8, the standard 
sputtering condition was not suitable. When the sputtering was performed under higher 
argon gas pressure, we were able to obtain films with smaller, 40 8, > A > 15 A, wave- 
lengths. This improvement was more noticeable for films with 1 : 1 composition than for 
MO : A1 = 1 : 3 films, suggesting that structural disordering is taking place mainly in the 
aluminium layers. Figure 3 shows the intensities for the films prepared under the pressure 
of 1 x Torr (compare 34 8, in figure 3 with 33 8, in figure 2). The peaks are very 
sharp and reasonably intense, as expected, but still higher pressures did not give further 
improvements. Below 20 8, clear satellites were no longer visible, but the superlattice 
reflections were still resolvable, and the central peaks were still very sharp. The high Ar 
pressure condition was less suitable for large wavelengths and inadequate above 70 8,. 

Below 158, even the central peaks became diffuse and we can conclude that a 
crystalline Mo/Al CMF with A < 15 8, cannot be prepared by the method described here. 
A film designated A < 15 8, is merely a compositionally modulated film with a sinusoidal 
modulation profile. If films with much smaller wavelengths are desired, it will be nec- 
essary to heat the substrates. Recently, growth of single-crystal CMF by sputtering has 
been reported (Karkut et a1 1985,1986). The temperatures of the substrates were as high 
as 700°C. In the case of Mo/Al the difference in the melting points is so large and 
aluminium is so easily oxidised that we could not find any suitable conditions. Lower Ar 
pressures did not give any improvement or rather made the sputtering unstable. 

For the scattering not along the growth direction, there were broad diffraction rings 
indicating the samples to consist of small grains with random orientation in the plane. 
The o and 6-28 scans revealed that these films are essentially like fibres showing strong 
texture in the growth direction, the (1 10) plane of molybdenum and the (1 11) plane of 
aluminium parallel to the substrates, and random grain orientation in the plane. All 
intensity and pattern observations in the diffraction studies have not changed over a 
period of years, indicating that no significant diffusion occurs after deposition. 

The overall chemical modulation was obtained by measuring the position and inten- 
sity of the harmonics around the zero node. The diffraction data on the sample with A = 
146 8, are shown in figure 4. At least 10 harmonics have been observed. For Mo/Al the 

layer thicknesses of the two metals are nearly the same for films of equal concentration 
and even-order harmonics are not detectable ideally in this case. In figure 4 the intensities 
of even harmonics are small compared with those of odd harmonics, indicating that 
there is merely slight deviation from a square-wave modulation. When the film with 1 : 3 



1184 T Izumiya et a1 

4 0 r  5 *' 40 2oiJk> 
0 6 12 

28 (deg) 28 (degl 

Figure 3. Diffraction patterns for the short-wavelength films with the same composition as 
figure 2. The films were sputtered under the higher Ar pressure. 
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Figure 4. Scan along (000) for the film with the modulation wavelength A = 146 8, and 50% 
aluminium composition, i.e. approximately square-wave modulation. Ideally the even-order 
harmonics cannot be observed for a symmetrical square wave. 
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Table 1. The compositional modulation amplitude versus the modulation wavelength less 
than 60 8, derived from the x-ray intensity ratios. 

Wavelength (A) 21.5 34 42.5 50 
A 0.22 0.41 0.34 -0.39 

composition was examined, at least 15 harmonics were distinguished. For films with 
A > 250 8, we could not observe any clear harmonics due to the instrumental resolution. 

For a quantitative determination of the chemical modulation, a simple analysis was 
carried out. In order to obtain the amplitude of compositional modulation A,  a harmonic 
modulation model was employed. In this model 

C ( x ) = C o + A s i n  --x (? 1 
where CO is an average and C(x) is the concentration along the x direction. Both 
the atomic scattering factor f and the inter-planar spacing d vibrate sinusoidally with 
amplitudeSA Af and do&, respectively (Af is the difference in the atomic scattering factors 
of the two species, do is an average of the spacings and E is a strain factor proportional 
to A). The ratios of the integrated intensities of the satellites to the Bragg peak were 
derived and after a theoretical correction by some factors described later we determined 
the amplitude. It is expressed as (Zheng et a1 1982, Guinier 1963) 

s+vF - s-VF 

where I + ,  I -  are the intensities of the satellites at lower and higher angles integrated by 
that of the central peak, respectively, S', S- are the scattering vectors of the satellites, 
So is that of the central peak and fo is an average scattering factor of the CMF. The 
experimental intensities were reduced by the Lorentz, the polarisation and the Debye- 
Waller factors. The absorpiton factor and the angular dependences of the atomic factors 
made no difference in this relatively small region. 

The modulation amplitudes for small-wavelength films calculated using equation (2) 
are listed in table 1. For Mo/Al, the heavier element MO has the smaller inter-atomic 
spacing with the result that, following the usual notation, the sign ofA is always negative, 
i.e. I -  < I + .  For A > 60 8, we were not able to measure the intensity of the first-order 
satellite at lower angles, because the central peak was extremely high and its background 
was so intensive as to cover that satellite. We can conclude in such cases that the 
amplitudes are fairly large and that the signs will be surely negative. 

The FWHM and the position of the central peak as functions of the wavelength are 
shown in figure 5 .  Considering the instrumental resolution, the peaks are reasonably 
sharp for films with large wavelengths. With decreasing wavelength in the region less 
than 60 A, the FWHM begins to increase, reaching maximum at approximately 40 A. 
Afterwards it decreases rather rapidly, and below 30 A it has approached a constant 
value again. The change of the peak position behaves in a similar way to the FWHM, i.e. 
it starts to increase at 608, (indicating a smaller average inter-atomic spacing) and 
becomes constant below 40 8,. All the positions shifted to higher angles than expected 
from the weighted mean of the corresponding bulk materials. If films expand in the 
plane on average, in contrast compressive strains will remain in the growth direction. 
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Figure 5. ( a )  FWHM and ( b )  the position of the central peak as functions of the wavelength, 
for 1 : 1 MO : AI films. The instrumental resolution is about 0.3" and there is no correction for 
it. 

This can describe very well the cause of the shift of the positions of the Bragg peaks. It 
is a fact that residual strain becomes excessive at a film thickness above about 2.0 pm 
and that we can easily observe curvature of thin substrates. 

We could not conclude to which type of broadening the FWHM of Mo/Al belongs, 
Aq = constant or  A q / q  = constant. One possible reason for the broadening is the 
decrease of grain size, but it seems unlikely that the size should increase again with 
decreasing wavelength in the region less than 40 A. Fluctuation of the wavelength is less 
probable (Carcia and Suna 1983) because the fluctuation of each deposition rate should 
be constant for all wavelengths and its effect as a function of wavelength should be more 
pronounced at smaller wavelengths. The main reason is probably misfit dislocations, 
and accordingly the interfaces of the small-wavelength films are at least partially coherent 
(McWhan et a1 1983). Taking the large strains into account, it is qualitatively possible to 
explain the intensity inversion of the x-ray satellites ( I -  > P ) ,  which occurs when 

In order to make a more realistic scheme of the structure and to analyse the manifolds 
shown in figures 2 and 3, computer programs were written to calculate the intensity as a 
function of scattering along the growth direction (0-20). In a previous analysis we 
attributed what determines the width of the peaks to the correlation length of the 
polycrystalline films, which is in a sense the grain size. This may hold generally, but for 
multilayers it is not the only predominant factor that determines the Bragg peak width, 
especially in the small-wavelength region (A < 60 A). 

A < 40A. 
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In the present paper we took account of the wavelength fluctuation effect on the x- 
ray diffraction patterns. The model is based on the theory for paracrystalline materials 
(see e.g. Cowley 1981). This assumes alternating layers of MO and Al, or mixed layers 
(diffused region). The peak intensity has been calculated as 

where q = (4n/A) sin 8,  q is the x component of the scattering vector (parallel to the 
growth direction), 8 is the diffraction angle, A is the wavelength of the x-rays, x,  is the 
position of the nth plane (perpendicular to the x direction) and f,, = (atomic scattering 
factor) x (density of atoms in the plane) X (the Debye-Waller factor) of the nth plane. 
To compare with experimental spectra, I ( q )  was reduced by some factors described 
already (Lorentz and polarisation). Also q was scanned around qj = (2n /do) j ,  j = 0 ,  1, 
2 ,3 ,  where do is the average inter-atomic spacing. 

If the distribution of A is a Gaussian distribution with average A and standard 
deviation (T, which deviates from the usual distribution in the statistics by a factor of 
lh, then 

1 + exp(-ivq2a2/2) - 2 e x p ( - ~ q ~ a ~ / 4 )  c o s ( ~ A q )  
I ( q )  = 1 + exp(-q2a2/2) - 2 exp(-q2a2/4) cos(Aq) IF(q)l 

= U N ,  4)1F(q>I2 (4) 
where N is the total number for the unit structure. The first factor is written as an 
extended Laue function, L ( N ,  q)  (Clemens and Gay 1987, Fujii et aZl986, Sevenhans et 
a1 1986), and the second factor is an average crystal structure factor for the unit written 
here as F(q) .  Considering a multilayer to consist of a material with scattering powerf 
and inter-planar spacing d followed by negligibly low scattering region, F(q)  is very 
simple. When each region has its own scattering power, the fluctuation of A is divided 
into fluctuations of the scattering structures (MO layer and A1 layer) in each unit cell and 
F(q)  becomes very complicated. 

In order to calculate F(q) ,  two types of unit structure were employed. The first model 
used was the well known step model, and the second, which we name the trapezoidal 
model, assumes linear compositionally grading regions at the interfaces. Of course the 
compositional modulation is accompanied by those of the inter-atomic spacing and the 
scattering power. For the step model, F(q)  is expressed as a sum of Laue functions 
multiplied by Debye-Waller-like factors. 

Figure 6 shows the x-ray diffraction patterns for wavelengths of 50,85,170 and 330 8, 
calculated using simple trapezoidal models, which are to be compared with figures 2 and 
3. In the calculations we assumed the number of planes in the compositionally grading 
region NI = 5. This number does not play a key role in the diffraction pattern deter- 
mination. Except for the intensity decreasing rates of the satellites with order, there was 
no significant difference between the step and trapezoidal models. The fluctuation effect 
was checked using the step model and the trapezoidal model in which a composition- 
weighted fluctuation effect was assumed, but no special effect was found. The dis- 
advantage of the no-fluctuation theory is that we must accept a correlation length that 
is an integer multiple of the wavelength, which causes a rather rough change of the 
pattern on changing N .  The fluctuation theory is free from this disadvantage and changes 
patterns smoothly. The fluctuation of the number of planes in each region was estimated 
at 0.35 for all wavelengths treated here. 
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Figure 6. (a)-(e) Calculated diffraction patterns considering the fluctuation effect with 
trapezoidal modulation waves and (f) the x-ray crystal structure factor of the unit for 
A =  170A. 
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For A > 150 8, there was an unexpected serious deviation from the experiments. 
The calculated intensities of the low-angle satellites were rather large, which should be 
attributed to diffraction from the aluminium layers. In order to correct the calculated 
values, the ratio of atomic scattering powers must be changed (fixing that of MO and 
changing that of Al). No parameters in equation (3) can rectify the deviations except for 
this ratio. Adjusting the intensities of the low-angle peaks for A = 330 A (figures 6 ( d )  
and ( e ) ) ,  we obtained the value of A1 atomic scattering factor 5.4 (if that of MO = 42), 
which also gave a remarkable improvement of the pattern for A = 170 A.  Without this 
correction the intensities are always nearly equal using equation (3) type theory, and 
such a case is more invalid when the wavelength approaches the film thickness. We think 
the reduction is not the change of scattering powers of individual atoms but that of 
individual layers. Since the correction was more necessary for films with large wave- 
lengths, this reduction of the atomic scattering power should correspond to loss of 
perfection of parallel layer stacking rather than loss of short-range order in the grain. 

In order to explain the satellite intensity inversion for A < 40 A, three-step models 
were employed, which take account of some kinds of compound layers, such as A13Mo 
and Mo3Al, at interfaces. However, these compound layer models proved to be wide of 
the mark. The reason for this failure is that the scattering power of compound layers is 
always intermediate and that the more the compound layers are formed the more pure 
A1 and MO layers decrease. 

In summary, we have calculated the x-ray diffraction patterns using the step and 
trapezoidal models taking account of the wavelength fluctuation. We found a rather 
rapid decrease of the satellite intensities as a function of their orders in the trapezoidal 
model. The fluctuation of the wavelength was evaluated at 0.35 throughout all wave- 
lengths, which is reasonable if the fluctuation of the wavelength is caused by the fluc- 
tuations of the deposition rates. In the large-wavelength region the crystal structural 
factor of the unit already contains the Laue functions, as the unit contains many atomic 
planes already, and the functions have sharp peaks and determine the outline of the 
diffraction patterns (figure 6 ( f ) ) .  We are now able to conclude that for the small- 
wavelength region the patterns are determined by inter-diffusion and for the large- 
wavelength region by atomic plane stacking, inter-spacing and parallelism between 
planes, in the unit structure, which is less important in the former case. We emphasise 
that no intensity inversion occurs by insertion of any kind of compound layer. 

4. Transport properties 

Figure 7 shows a graph of the resistivity (4.2 and 280 K) versus the inverse modulation 
wavelength for a series of Mo/Al samples with a 1 : 1 composition. For wavelength 
above 60 8, the intensity is approximately inversely proportional to the individual layer 
thickness, as predicted for the wavelength-limited mean free path, and the TCR are 
positive in sign. In this wavelength region all the resistivities saturated by the residual 
below 50 K showing that the films are quite disordered compared with the bulk materials. 
The typical resistivity ratio, p(280 K)/p(4.2 K), was about 1.2 and not as small as for 
metallic multilayers. On decreasing the wavelength down to 60 A, no saturation but a 
negative resistivity gradient with respect to the temperature was observed, where the 
resistivity was 100-150 ,LLQ cm. 

Figure 8 shows the gradients of the resistivity versus temperature curves as a function 
of wavelength. When they are divided by the resistivities (l/p)(dp/dT) they get close 
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Figure 7. Electrical resistivity at 280 (0) and 4.2 K (0) as a function of inverse wavelength 
for a series of Mo/AI with 50% aluminium composition. 
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Figure 8. Temperature gradient of the resistivities versus the wavelengths. 

to the horizontal line (TCR = 0) from the negative side, because the resistivity itself 
becomes progressively larger with decreasing wavelength. The TCR shows a rather 
sudden change from positive to negative values as a function of wavelength. It changes 
sign where the broadening and shift of the Bragg peak occur. 

The origin of the high resistivity, especially when surpassing the expected value from 
the linear dependence in figure 7, and of the non-metallic behaviour at small wavelengths 
should be explained theoretically. Here we offer an explanation using the resistivity 
theory by Dimmich (1985). This theory is based on an interfacial scattering like Fuchs', 



Structure and resistivity of Mo/Al multilayers 1191 

A-’ (10-3 a-’, 
Figure 9. Calculated resistivities at 273 K using temperature-independent parameters 
p = 0, R = 0.67 and b ,  = b2 = 65 A for films with positive TCR. 

and grain boundary scattering of polycrystalline films like Mayadas-Stokes (Mayadas 
and Shatzkes 1970). It allows a finite probability p of coherent passage of an electron 
across an interface and assumes a reflection coefficient R for an electron striking a grain 
boundary in the metal layer with an average distance b. All the temperature dependences 
follow from the temperature dependence of the mean free paths of the electrons. 
Consequently, this dependence plays the key role in TCR. Besides the probability and 
the reflection coefficient, geometrical parameters, such as layer thicknesses d ,  and d2 ,  
average grain sizes bl and b2, and base resistivities are to be set. In Dimmich’s calculation, 
infinitely thick films and bulk resistivities were basic requisites, but we do not have to 
obey the latter limitation. 

The results are shown in figure 9, for which temperature- and wavelength-inde- 
pendent R andp and the bulk resistivities and mean free paths were used. High reflection 
coefficients and low probabilities of coherent passage were indispensable to explain the 
high resistivities in figure 7 .  If the base resistivities were not those of the bulk, but were 
treated as variable parameters, a closer fit could be performed. Except for the large 
deviation at A = 65 8, where the TCR is nearly zero, the agreement is not worse and is 
better for A > 150 A with a smaller R and a larger p .  The most uncertain geometrical 
parameter 6 (common to both layers for simplicity) is the most dominant one in our 
calculation and still more dominant at lower temperatures. Mayadas and Shatzkes (1970) 
assumed 6 to be equal to the film thickness and believed0 < R < 0.3 to be reasonable. 
In the region from 250 down to 80 8, a constant grain size model calculation with the 
parametersp = 0, R = 0.67 and b = 65 A was most preferable and a change o f p  made 
only a trivial difference, as expected. 

The facts that a high boundary scattering coefficient and an extremely small grain 
size are indispensable for a reasonable fitting means that the key factor is not the 
roughness of the interfaces, namely coherent passage across interfaces, but grain bound- 
ary scattering. Even with the grain scattering model, the grain size and the reflection 
coefficient are too large, which suggests a more or less short-range disordering of the 
crystal structure. At this stage it is impossible to take account of the disordering effect. 
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TCR were also calculated using the same parameters taking account of the tem- 
perature dependences of the bulk mean free paths for the films with evidently positive 
TCR. When A = 130 A, the calculated TCR = 6.2 X K-', which is to be compared 
with the experimental value 5 X 10-4K-'. Generally, the higher the resistivity, the 
smaller is the TCR, and negative TCR are usual for high-resistivity materials. This behav- 
iour is more emphasised in metallic amorphous materials. In our calculations with 
temperature-independent parameters, no negative TCR were derived. 

When the resistivity of a metal is considered, it is usually divided into different 
contributions according to Matthiessen's rule, just like scattering due to an ideal lattice, 
impurities and structural imperfections. The latter two are thought to be temperature- 
independent in metals. In our consideration the last one was divided into two contri- 
butions, moreover. The first part consists of the interface or surface scattering and the 
grain boundary scattering (the geometrical scatterings), and the second consists of the 
rest. Now let the intrinsic scattering be composed of the lattice scattering and scatterings 
due to all structural imperfections except the geometrical. Here we describe the 
resistivity as follows (this picture becomes invalid with increase of resistivity of metals 
but still useful when TCR 3 0): 

P = P i n t  + P i m p  + P g m t  ( 5 )  
where int represents intrinsic scattering, imp impurity scattering and gmt the two geo- 
metrical scatterings. If the intrinsic scattering is controlled by phonon scattering charac- 
teristic of bulk metals and the impurity scattering is almost temperature-independent, 
no change of the sign of TCR took place. There the geometrical scatterings could only 
suppress the temperature gradients, especially at low temperature. In order to derive a 
negative TCR, p and R should decrease, or the intrinsic scattering should decrease 
with increasing temperature, which is quite different from the crystalline metal lattice 
scatterings. 

It is generally known that, when an extremely thin film less than 100 A in thickness 
is deposited, the film consists of many islands or coalescences of them (a network 
structure), and the resistivity increases progressively with decreasing film thickness. This 
structure may change the intrinsic scatterings remarkably, and at least the geometrical 
scatterings are seriously affected. For these films, thermally activated and non-ohmic 
conductions are always recognised. As a multilayer film is an assembly of extremely thin 
layers, it is natural that the film should be a network film and its TCR be negative. In 
order to check the conduction behaviours of negative TCR films we measured the I-V 
(current-voltage) characteristics at low temperature. Contrary to our expectation, only 
ohmic behaviours were verified even for the perfectly negative TCR regime in figure 8. 

One cross-sectional view by TEM is shown in figure 10, where the wavelength is 33 8, 
and the TCR is undoubtedly much less than zero. The direct observation shows that the 
size of the crystal grains is not small and that the grains are highly oriented (Ichinose et 
a1 1988). Patches of coherent regions extending over many layers and interfaces are 
observed and no network structure can be recognised, though slightly wavy interfaces 
do occur. Furthermore the inter-atomic spacings are nearly the same as indicated by the 
x-ray diffraction studies (dMo( 1 10) = dAl( 1 1 1)). These facts argue against the extremely 
small grain size and the consequent large reflection coefficient in our resistivity calcu- 
lations. It is an obvious aim of future investigations to explain the cause of the coherent 
interfaces despite the structurally dissimilar metals. 

Nb/Cu is the most precisely investigated CMF regarding transport properties. Here 
negative TCR conduction is explained by localisation-type theories, electron localisation 
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Figure 10. Lattice image of Mo/AI viewed in the direction perpendicular to the film. The 
interfaces prove to be smooth and ordered irrespective of each layer being extremely thin. 

effects and/or electron4ectron interaction effects (Werner et a1 1982). Another CMF 
that shows clear negative TCR at small wavelengths is Mo/Ni (Khan et a1 1983), where 
the change of the electron conduction behaviour is believed to be due to the structural 
changes that were indicated by surface-phonon studies. In Al/Ge, the other case, 
the resistivity increases extraordinarily with decreasing wavelength down to 160 A 
(Haywood and Ast 1978) and presumably a negative TCR would be observed (there were 
no TCR data in their paper). The situation was quite different from those of two previous 
metallic CMF and Mo/Al since Al/Ge shows negative TCR because of obvious network 
structure, which was suggested by electron microscope studies. 

Now we should stress that there are neither network structure, compound layers nor 
insulating layers in Mo/Al. Impurity is one of the most likely reasons for high resistivities 
at short wavelengths. As the growth rates were constant for the same sputtering 
conditions, the concentrations of impurities should be almost the same. For films with 
A = 40-60 8, the resistivities of the standard condition (high growth rate) are a little 
larger than those prepared under the higher Ar pressure, and the deviation in figure 7 
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is already obvious at 70 A (standard condition). So we think impurity is probably less 
important. Furthermore, impurity cannot usually change the sign Of  TCR. TheTEMimages 
denied obvious compound (oxidised) regions. With decreasing wavelength structural 
changes occur, which change the electronic structures and sometimes make TCR negative. 
At this stage what can be said is that the conduction behaviour is intimately concerned 
with the gradual disordering indicated by the diffraction studies. The behaviour in the 
non-metallic regime is quite like those of amorphous materials. 

Furthermore, we observed increases of superconducting transition temperature. 
Molybdenum and aluminium are superconducting metals with low transition tem- 
peratures, 0.92 and 1.2 K, respectively. Geerk et a1 (1982) studied the superconducting 
properties of Mo/Al as well as Nb/Al and obtained the temperature 3.1 K for Mo/Al 
(A = 40 A) and 2.9 K for Nb/Al (A = 24 A). The latter is too low for a proximity effect 
because the temperature of bulk niobium is as high as 9.3 K. It is closer to the transition 
temperature of amorphous niobium. Like niobium films, highly resistive molybdenum 
and aluminium films have enhanced transition temperatures around 9 K and between 2 
and5 K, respectively (Collver and Hammond 1973, Strongin and Kammerer 1968). The 
transition temperatures were no less than 3.5 K for our Mo/AI with A < 70 A. Perhaps 
the main reason for this enhancement is neither the superlattice structures, which affect 
the band structure, nor the inter-diffusion, but the short mean free paths in the films. 
The resistivities of single-component molybdenum and aluminium films prepared under 
various sputtering conditions were also measured, and occasionally transition tem- 
peratures as high as 7 K were observed for comparatively resistive molybdenum films. 
For large wavelengths they were less than 3 K, as expected for many other CMF. 

5. Conclusions 

We have shown that fine Mo/Al CMF can be fabricated even by a simple multi-target 
sputtering apparatus. The structure of the films were highly textured with manifolds of 
x-ray diffraction patterns. The calculations of the patterns indicated that inter-diffusion 
determines the diffraction patterns in the small-wavelength region and that the crystal 
structure factor of the unit structure does so in the large-wavelength region. All the 
diffraction studies showed the existence of a structural transition region between 40 and 
60 A and that the interfaces are partially coherent. The resistivity increased remarkably 
with decreasing modulation wavelengths in the region less than 60 A. Negative TCR were 
found for small wavelengths but no network structure was observed. It may be better to 
discuss the origin of negative TCR as conduction in disordered materials. This will be the 
subject of further theoretical investigations. 
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