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J. Phys.: Condens. Matter 3 (1991) 7651-7662. Printed in the UK 

Ab initio electronic-structure calculations on the Nb/Cu 
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t Faculteit Natuurkmide en Sterreukmde, Vrije Univcrsiteit, De B o e l e h  1081, 
1081 HV Amsterdam, Tlie Netherlands 
t Researdl Institute of Materials, Ibtholieke Universiteit Nijmegen, Toernooiveld 1, 
6525 ED Nijmegen, The Netherlands 

Received 13 May 1991 

Abstract .  Ab initio electrotkstructure calculations are reported for coherent and 
incoherent Nb/Cu multilayem. An incoliercnt unit cell describing threeNb BCC (110) 
layers and three Cu FCC (11 1) layers is constructed for the layers in the Nishiyama- 
Wassennan orientation and with relaxed atomic positions a t  the interface. It is 
found that the total density of states is a combination of the broadened DOS curves 
of the parent metals and that at the interface Nb has a decreased, and Cu has an 
increased, density of states at the Fermi energy. These results are in agreement with 
experimetital results and for Nb can be explained by a broadening of the density of 
States. 

Possible coherency for small modulation wavelengths is investigated by calculating 
the total energies for overall BCC [I101 and overall FCC [ I l l ]  Nb/Cu multilayers 
consistingofonelayerof eadimetdandcomparing these with the totalenergyresults 
of the incoherent structure. The p a s i t i v e i i i t e ~ ~ ~ e n e r g y  fourid for the Nb/Cu system 
favours the incoherent multilayer over the coherent multilayerr, where a positive 
rtruclural energy is also involved. 

1. In t roduct ion  

Nb/Cu is one of the best-studied artificial compositionally modulated structures in 
the relative short history of metallic multilayers (ML). The properties studied since 
the first report on this system by Schuller 111 in 1908 include elasticity [2-41, the 
superconducting transition temperature T, [5] and the upper critical field H,, [6]. In 
particular in experimeuts and theories on the dimensional crossover of the temperature 
dependence of the upper critical field the Nb/Cu system has played an important 
role. Structural studies [ l ,  7) have indicated that the Nb/Cu ML comprises Nb BCC 
(110) and Cu FCC (111) layers with both elements retaining the values of the bulk 
lattice parameter. The combination of these dissimilar structures makes the Nb/Cu 
ML system a clear example of an ML that is incoherent in the modulation direction. 
Despite the wealth of experimental information that exists on this system, very little 
is known either experimentally or theoretically about its electronic structure. 

In preparation for future research on the interpretation of Superconducting prop- 
erties on the basis of calculated electronic structures employing the formalism of Taka- 
hashi and Tachiki [SI we present here electronic-structure calculations for the Nb/Cu 

0953-8984/91/397651+32$03.50 0 1991 IOP Publishing Ltd 7651 



7652 

ML system. We have used the localized spherical wave (LSW) 191 method for perform- 
ing the calculations. To that end a unit cell model for the incoherent Nb/Cu ML was 
devised. The way in which this w a s  done is described in section 2. Candidates for 
a possible coherent Nb/Cu ML structure are also described in this section along with 
the structures of reference systems facilitating t.he interpretation of the ML results, In 
section 3 the computational details are given. In section 4 the results are presented. 
Concluding remarks are made in section 5. 

H van Leuten el  a1 

2. Structure 

In spite of the many experiments on the Nb/Cu ML system, detailed knowledge of 
the structure is still not available. For large modulation wavelengths, A, it has been 
established [1,7] that the metals are ordered as Nb (110) and Cu (111) layers with 
elemental lattice spacings of 3.30 and 3.61 8, respectively. For a A of about 20 A, 
an order-disorder transition is observed, and for smaller A, x-ray diffraction experi- 
ments show one broad peak indicating a large distribution of the interatomic spacings. 
Experimental details 011 the relative orientation of the FCC and BCC planes and the 
precise quality of the modulation of the composition are not, as far as we know, yet 
available, Probably such studies are complicated by the grain-like nature of the Nb/Cu 
multilayers. The grains exhibit a wire texture and are oriented randomly around the 
normal of the layers [7, 101. The Nb-Cu phase diagram shows a maximal mutual 
solubility of the metals of only 4% [5]. Furthermore it was found [lo] that very little 
interdiffusion occurs once the ML samples are prepared and that the Nb/Cu interface 
width is restricted to two interatomic planes [ I l l .  In the current work interdiffusion 
is neglected. 

I t  must be clear from this that  there is no clear choice for an incoherent Nb/Cu unit 
cell and that we had to construct one. In doing so, the constraints were that this cell 
must contain both Nb and Cu in their elemental structures, or a good approximation 
to these structures, and, for economy, that the cell should not contain too many a t o m  
per layer. A procedure for accomplishing this was given in an earlier study on Nb/Zr 
ML structures [9]. I t  can be summarized as follows. 

(i) The translational vectors perpendicular to the modulation direction that de- 
scribe both the Nb and Cu atoms in the planes must be found. These vectors determine 
the number of atoms per layer. 

(ii) A commensurate match between BCC (1 10) and FCC (111) layers is impossible. 
They are incommensurate or at best partially commensurate. This implies that the 
elemental BCC and FCC structures have to be deformed if the metals are to be combined 
into one unit cell. The deformation has to be chosen so as to render the smallest 
possible effects on the electronic structure. 

(iii) The unit cell is constructed by stacking (distorted) BCC (110) and FCC (111) 
layers. 

(iv) Finally, a model for the relaxation a t  interface has to be devised. 

There are a number of interesting studies [12-161 on the epitaxial energy of FCC 
(111) on BCC (110) layers. The possible commensuration of these layers has been 
investigated as a function of the lattice parameter ratio of adsorbate and substrate, 
relative positions and orientations of the layers. For a given ratio, energetically pre- 
ferred orientations emerge. These can provide useful guides in determining the lattice 
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vectors perpendicular to the modulation direction. The ratio of the lattice param- 
eters of Cu and Nb is 1.09, which is close to a preferred ratio in the Nishiyama- 
Wassermau (NW) orientation. In this orienlation there is commensuration between 
the FCC [ l l i  and the BCC [lfo] directions. The in-layer spacings in these directions 
satisfy acu k 1.5 = a N b 4 ,  and the ratio is 1:15. This is the C(z; 1) orientation of 
[13]. Note that in this situation there is no commensuration between other low in- 
dex directions. For instance along the directions perpendicular to the commensurate 
directions, the BCC [OOl]  and FCC [IiO] directions, the in-layer spacings are related 
by aNb = ?&!Q,,. (This is the C(y; 1) orientation of [131.) For this reason such a 
situation is commonly referred to as axially commensurate. Axial commensuration is 
the best possible match between FCC (111) and BCC (110) planes because the in-plane 
distances prevent overall commensuration. 

The lattice vectors in the (I, y) plane, perpendicular to the modulation direction, 
are defined as the independent vectors which point to positions common to a Nb and 
a Cu atom, the origin also being a common position. We started looking for such 
positions with the layers in the N W  orientation. For 3a and 2&aC, there is a close 
match in the BCC [OOI] direction which differs by 0.31 l ,bThis  position combined with 
the corresponding positions (34 ,  &)aNb and ( 2 f 4 ,  &)acu results in a cell with 
three Nb and four Cu atoms per layer. The mismatch between the latter positions 
is (0.06, 0.12) 8,. An attempt was made to obtain similar small cells with a better 
positional match by considering deviations from the NW orientation. Rotating the 
planes around the z-direction only yielded cells with 12 or more atoms per layer. In 
this procedure the angle Q between the commensurate directions of the NW orientation 
was varied in 300 steps between 0 and x / 6  rad keeping the lattice parameters of Cu, 
aCu, and of Nb, Q~, , ,  fixed. The absolute tolerance of the positional match was taken 
to be 0.1 A. 

Averaging the positional vectors of Nb and Cu for the two matching situations 
results in the vectors VI = (10.0553,O.O) and V, = (11.5185,2.271). The vector V, 
is redefined as V, - VI giving V, = (1.463,2.2721). For this cell we have axial com- 
mensuration in the y-direction and forced commensuration in the r-direction where 
three Nb distances are commensurate with four Cu distances, giving seven atoms per 
Nb/Cu bilayer. We note that this is close to the C(r ;  1) orientation of [13], where 
the definition of -2 and -y axes are interchanged. Because the NW lattice parameter 
ratio is not perfectly satisfied Cor Nb and Cu and we have forced commensuration the 
elemental crystal structures are distorted in the incoherent ML unit cell. 

The continuation in the modulation direction is made by stacking the metal layers 
according to the way in which they are stacked in the elemental metals. For the Nb 
part this is an ‘AB’ stacking such as (f,O,AzNb/aNb) and for Cu an ‘ABC’ stacking 
such as (i, ~ , A t c , / n c , ) .  The interlayer distances, Az, were determined by keeping 
at least one nearest-neighbour distance across the layers the same as in the elemental 
metals. The distances found in this way, 2.3212 8, for Nb and 2.0681 8, for Cu, were 
very close to the bulk interlayer distances 

The effect of the lattice distortion on the electronic structure was investigated 
by calculating the structures of Nb and Cu in the bulk deformed crystal according 
to the constructed incoherent ML. These structures, which will be called 1:0 and 0:l 
respectively, are both triclinic with one atom per unit cell (space group C:, number 
2 in the International Tables [17] (IT)). They are to be compared with the elemental 
metals BCC Nb, 0; and FCC Cu, OE, which were also calculated. The distortion 

and 
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caused a splitting of the Nb and Cu energy levels that are degenerate in the centre 
r of the Brillouin zone (BZ) of the elemental metals. At the next energies above the 
cband in r, the metals Nb and Cu have a threefold (tz,) and a twofold (eg) degenerate 
level. In Cu these two degenerate levels are well below the Fermi energy and therefore 
we will ignore their splitting but in Nb the triply degenerate level is only 0.5 eV above 
the Fermi level. Splitting of this level can result in changes in the shape of the Fermi 
surface. Indeed, calculating Nb in the 1:0 structure results in a splitting of the levels 
in l', shifting one band helow the Fermi energy. A simple averaging of the matching 
positions of Nb and Cu turns out to be too crude for the Nb part of the ML. In order 
to improve upoii tliis we use the freedom that is given in the imperfect match and take 
as a second choice for the in-layer vectors a 2:l averaging of the Nb compared with 
the Cu positions. In lhis case the ML structure is closer to the elemental Nb structure, 
but the Cu part is worse. The Nb in this ML structure still shows split levels, but the 
lowest level of the previously degenerate levels stays above the Fermi energy. From 
now on the cell obtained by the 2:l averaging of the Nb and Cu positions will be used. 
The lattice vectors become VI = (10.0035,O.O) and V, = (1.5234,2.2925). 

The final step i n  the dctermination of the ML unit cell is the relaxation of the 
atoms a t  the Nb/Cu interface. This was done in a manner previously presented 191, 
based on a procedure to obtain a similar overlap of Wigner-Seitz (WS) spheres at  the 
interface as in the bulk-like parts of the constitueut metals, while the unlike atoms 
are optimized to have an overlap that is the average of the bulk-like overlaps. We 
use the following input parameters. The WS radii Rws of the metals are 1.4146 8, for 
Cu and 1.6180 A for Nb. From the R,, of the elemental metals Cu (1.4108 A) and 
Nb(1.6248 A) it follows that in the incoherent ML Cu has a somewhat larger volume 
and Nb has a somewhat smaller volume. The equilibrium overlap distances d,, defined 
as the difference beheen the sum of the Rws of the two WS spheres and the distance 
between their centres, were laken as 0.2632 A for Cu and 0.3886 8, for Nb. An Nb/Cu 
interface with inversion symmetry and a c-axis of 13.1679 A w a s  taken as the input 
structure for this procedure, This c-axis is three times the interlayer distance of Nb 
plus three times the ititerlayer distance of Cu. It is the length of the V, vector that 
points in the z-direction. By this procedure the interface distance is the average of 
the Nb and Cu inlerlayer distances. The Nb interface layers have an atom placed at  
the origin and in the 'ABC' stacking of the Cu layers the central 'B' layer also has an 
atom a t  the origin. The inversion symmetry is maintained throughout the procedure 
and leaves the Cu slab fixed between the Nb slabs. Only the interface atoms move 
and the final result is also symmetrical inversion. The largest WS sphere overlap no 
longer occurs across the Nb-Cu interface but between Nh spheres which are connected 
by the vector V,. The shared volume is only 3.2% of the volume of a Nb sphere. 

The final Nb/Cu 3:3 uuit cell for the incoherent multilayer has space group C:, 
number 2 in the IT, with 21 atoms in 14 classes. The atomic positions relative to the 
lattice vectors {K} are given in t.able 1. The positions inside the unit cell, projected 
in the (z,y) plane, are also shown in figure 1 .  

The inter-layer distance a t  the interface becomes wider which is an effect of the 
interface relaxation procedure. This is mainly due to the Nb atoms, whose change in 
average z-direction is more than ten times larger than that of the Cu interface atoms. 

Two other coberent structures were also considered besides the incoherent struc- 
ture. The first one consists of an alternate stacking of Nb and Cu both ordered in FCC 
(111) layers. This rhombohedral system, described by the space group Did, number 
166 iii the IT, will be referred to as NbCu FCC. This structure was calculated with 

E v a n  Leuken et ai 
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Figure 1. Atomic positions of and Cu projected in the (z,y) plane inside the 
incoherent Nb/Cu 3:3 writ cell wlridi is defined in this plane by the lattice vectors VI 
and V,. The atoms are labelled according t o  the different dasses of table 1. The full 
lines between the Cu positions with labels 10, 11 and 12 show part of the distorted 
FCC (111) plane. Tlie broken lines between theNbpositionsindicatepart of the BCC 
(110) plane. The label ‘i’ indicates tlie inversion centre. 

three different lattice parameters, aCur and wi th  the values increased by 2 and 10%. 
The second structure consists of an overall stacking of BCC (110) layers, alternatingly 
formed by Nb and Cu atoms. This C FC orthorhombic system is described by the 
space group Di:, number 65 in the IT, and will be referred to as NbCu BCC. It  was 
calculated with only one lattice parameter, that of elemental Nb, aNb. 

Table 1. Relative positions of the a tom in the different classes for t lx  incoh-t 
Nb/Cu 3 3  multilayer. 

Class z Y 1 

Nb bulkl. 1 
2 

Nh interf. 3 
4 
5 

Cu inteii. 6 
7 
8 
0 

Cubulkl. 10 
11 
12 

0.1667 
0.5000 
0.0179 
0.3659 
0.5008 
0.0713 
0.3205 
0.5702 
0.8216 
0.0000 
0.2500 
0.5000 - 

0.0000 0.0000 
0.0000 0.0000 
0.0151 0.1713 
0.7725 0.1693 
0.8219 0.1665 
0.3474 0.3439 
0.3573 0.3426 
0.3594 0.3432 
0.3500 0.3439 
0.0000 0.5000 
0.0000 0.5000 
0.0000 0.5000 

3. Calculat ions 

Ab initio, self-consistent, localized-spherical-wave (LSW) calculations [9] using a scalar- 
relativistic Hamiltonian were carried out. We used local-density exchangecorrelation 
potentials inside the space filling, and therefore overlapping, spheres around the atoms. 
All electrons were included in the self-consistent calculations. 

In the iterated procedure a modified Broyden method [18] for accelerated conver- 
gence was used and the k-points were distributed uniformly in an irreducible part of the 
first Brillouin zone (BZ). A distribution corresponding to a volume of Bz per k-point 
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of the order of 4.9 x for the incoherent system was used. When the system 
was close to convergence the density of k-points was increased to 2.9 x A-3. The 
volume per k-point used for the other systems was A-3 a t  most. Self-consistency 
was assumed when the changes in the local partial charges in each atomic sphere de- 
creased to the order of lo-". Subsequently the densities of states were constructed by 
solving the Hamiltonian for the same density of k-points and sampling the eigenvalues 
in a histogram of 300 channels each wit,Ii a width of 4.33 mRyd. 

In constructing the LSW basis, the spherical waves were augmented by solutions 
of the scalar-relativistic radial equations indicated by the atomic-like symbols 5s, 5p, 
4d and 4s, 4p, 3d corresponding to the valence levels of the parent metals Nb and Cu 
respectively. The internal 1-summation, used to augment the central Hankel function 
at  surrounding atoms, w a s  extended to 1 = 3, resulting in the use of 4f orbitals for Nb 
and for Cu. 

The BCGBased structures have typical screening cluster sizes of fifteen atoms, 
consisting of a central atom and two neighbouring shells, one with eight and one with 
six atoms, giving 126 degrees of freedom for screening the central Hankel functions. 
The FCCbased structures have shells of twelve and six atoms, resulting in 162 degrees 
of freedom. The screening clusters for the atoms in the incoherent ML have values 
between these extremes and c.onsist of seventeen or eighteen atoms giving 144 or 153 
degrees of freedom. 

B van Leuken e l  a1 

4. Resu l t s  

In the following subsectioiis we present the results for the incoherent Nh/Cu ML in 
the form of density of states curves (4.1) and the magnitude of the density of states 
a t  the Fermi energy (4.2) and compare tliem with the results of the elemental metals 
and those of the Nb I:O and Cu 0:l systems. In subsection 4.3 the energies of these 
systems are discussed together with the energy results for the coherent BCC and FCC 
multilayers. 

4.1. Densify  of s ta tes  

The total and layer-resolved density of states (DOS) curves of the incoherent Nb/Cu 
3:3 ML are given i n  figure 2. Only one class from the classes within a layer is given. 
The other classes do not differ significantly from the ones presented. 

The Nb/Cu 3:3 total DOS of figure 2 ( a )  can be divided in three different energy 
regions. The most pronounced region extends from -5.5 to -2 eV and is characterized 
by a collection of peaks that dominate the DOS. At smaller energies, from -5.5 eV 
downwards to about -9.5 eV the DOS is flat and smoothly decreasing. From -2 eV 
to above the Fermi level the DOS is also constant but the density is higher than in the 
low energy region. There are some small peaks in the high energy region a t  about 0.7, 
3.3, 3.9 and 4.9 eV. 

Using the other panels of figure 2 the different regions can be easily ascribed to 
the constituent metals. The low energy region is due almost exclusively to Cu states 
and in the region from -5.5 to -2 eV the peaks are also clearly of Cu origin. Nb 
also has a state densit,y in the latter region but it has considerable less structure than 
Cu. The effect of the N h  states can be seen as an increase in the intensity of the DOS 
without any alteration in the shape determined by Cu. For the states above -2 eV 
the build-up of the DOS is exactly the opposite. Here the Nb states are responsible for 
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.5 O 5 

Energy (ev) 
Figure 2. Density of states curves for the ( a )  Nb/Cu 3 3  multilayer and a represen- 
tative curve for the atonu. in the different layers, ( 6 )  Nb-bulk-like, ( c )  Nb-interface, 
( d )  Cu-interface and (e )  Cu-bulk-like. The liorizontd axis is in electronvolts (eV) 
relative to the Fermi energy and the vertical axis is in arbitrary u n i t s .  

the structure and the flat Cu states merely add to the total density without altering 
the shape. 

Before discussing the layer-resolved DOS curves of the incoherent ML we consider 
figure 3, in which the DOS curves of the elemental metals and the metals in the ML 
crystal structure, Nb 1:0 and Cu O:I, are presented. From this figure the effect of 
the multilayer structure on the DOS curves of the elemental metals can be seen. The 
1:0 and 0:l curves still bear a fair resemblance to the curves of the elemental metals. 
This is a further indication that the distortions of the FCC and BCC structures are 
not too severe. The most striking differences are observed for the sharpest peaks 
and can be identified as broadening. The distortion of the BCC and FCC lattices has 
raised the degeneracies of the levels, as was discussed in section 2, and there are some 
corresponding changes in the dispersion of the bands. As a consequence the peaks 
that are sharp in the bulk Nb and Cu appear broadened in the 1:0 and 0:l systems. 

The layer-resolved DOS curves in figure 2 are still different from the 1:0 and 0:1 
results because here the atoms have different environments caused by the multilayer- 
ing. Their environments have suffered both chemical and structural changes because 
of the (relaxed) interface. The effect that this has on the DOS of the different layers 
of the incoherent ML will now be discussed. 

If we consider the sequence of DOS curves for Nb (figure 3 ( a ) ) ,  Nb 1:0 (figure 3 ( b ) )  
and the layer-resolved curves of Nb in the ML (figures 2 ( b )  and ( c ) ) ,  the effect of 
increased broadening strongly emerges. The broadening effects are clearly stronger in 
the ML than in the 1:0 structure which is not surprising from the earlier discussion. 
The Nb cnrvw of figures 2 ( b )  and (c) look very much alike. This similarity is ascribed 
to the small modulation wavelength and the open structure of the BCC (110) layers 
which cause a relatively small difference between the environment of the interface and 
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-5 0 5 

Energy (eV) 

Figure 3. Deiisityofstatescurvesfor (o)elementalBcc Nb, ( b )  Nbiniheniultilayer 
crystal structure, denoted as Nb 1:O. (c)  Cu in bhe mdtilayer crystal structure. 
denoted Cu 0:l and ( d )  eleniental FCc  Cu. Ares are as in figure 2. 

the bulk-like layers. There are some small differences: for instance the Nb interface 
DOS has a somewhat lower density in the -3.5 to -1.5 eV region and there is some 
difference in the peaks around about 4 eV. Note also the appearance of a small peak 
at  -4.4 e\' in figure 2( c) which causes an extension towards the lower energies of the 
Nb-interface DOS curve in the ML. This peak h a s  a large counterpart in the DOS curves 
of the Cu layers and is a sign of Nb-Cu interaction. 

What is striking about the different Cu DOS curves is that elemental Cu (fig- 
ure 3 ( d ) )  compared with Cu 0:l (figure 3(c)) is quite similar in manner to bulk-like 
Cu (figure 2 ( e ) )  compared wi th  Cu interface (figure 2 ( d ) ) .  The appearance of sharp 
peaks in the bulk-like Cu DOS is thought to have its origin in the interface relaxation 
process. The Cu atoms in the bulk-like layer have exactly the same in-layer positions 
as the Cu atoms in the Cu 0:l  basal plane, the distorted FCC (111) layer. However, 
the close-packed nature of this layer causes the interface atoms in the relaxation pro- 
cedure to be centred over this layer, whereas in the 0:l structure they are positioned 
according to the (4,:) stacking. In this latter stacking the smallest deviation from 
the average interatomic distance is about twice as large as the largest deviation for 
the relawed interface. We note that Lhere is a shift of 0.5 eV in the positions of the 
peaks at  their onset. In both ML Cu DOS curves the peaks start a t  -2 e\' whereas in 
the Cu and Cu 0: l  DOS they start a t  -1.5 eV. 

4.2. DOS ai the Fenni  energy 

The Nb/Cu system has been the subject of recent detailed studies on the dimensional 
crossover of the temperature dependence of the critical field in the proximity of coupled 
multilayers [6, 5, 11, 19, 201. In the theoretical description of this phenomenon [SI, as 
well as for the calculation of the superconducting transition temperature T, [5, 211, 
the electronic density of states a t  the Fermi level, N ( E F ) ,  is an important parameter. 
The  value of N ( E F )  as an input parameter is usually taken to be the bulk value and 
this is kept constant for the different layers of one metal in the multilayer. In our 
calculation we studied the behaviour of N ( E F )  across the layers and tried to learn 



Electronic-structure calculations on the Nb/Cu multilayer system 7659 

about the mechanisms that alter the DOS at EF from the bulk values. 
The N ( E F )  values, given in table 2, were determined from the DOS results by 

linearly interpolating between the DOS values of the two histogram energies adjacent 
to the Fermi energy. The results for the different layers of the ML are the average 
values of the N ( E F )  of the atoms in the layers. 

Table 2. Densities of states at the Fern" energy E p  in states per Rydberg-atom. 

Nb BCC 19.4 
Nb 1:0 19.1 

Nb bulk-like 13.5 
Nb inteifaee 17.4 
c u  iI,te,face 4.8 
Cu bulk-like 4.0 

C" 0:1 2.6 
CU FCC 4.6 

Nb/Cu 3:3 9 2  

The N ( E F )  values of the elements are of the same order as those calculated by 
hloruzzi el a1 [22], which are 19.0 for Nb and 3.9 for Cu. These smaller values could 
be partially due to the smaller lattice constants which were used in their calculations. 
The agreement for Nb is good but the difference for Cu needs some further comment. 
The histogram sampling method we use for the eigenvalues has the advantage that it 
is easily implemented for different crystal structures, but a disadvantage is that  it is 
not very efficient. Unless a high 12-point density is used when constructing the DOS 
this method can produce considerable noise, especially for energy bands with large 
dispersion. In the case of FCC Cu, although 2255 12-points inside an irreducible part of 
the first BZ were used, corresponding to a volume of 3 . 5 ~  10W6 A-3 per k-point, noise is 
still seen around the Fermi energy in figure 3 ( d ) .  This noise is believed to be the main 
cause for the overestirnatiori of the N(E,) of Cu. In the case of an approximately 
linear energy dependence of the density of states around EF on which the noise is 
superimposed, N(E,) can be determined by averaging the values of the histogram 
channels that are symmetrically dist,ributed around EF.  Increasing the number of 
histogram channels for the determination of N ( E F )  of Cu FCC gives a value of 3.8 
when four to eight channels are used and a value of 3.9 for up to 16 channels. In the 
latter case the averaging is over an energy region of about 1 eV. 

Comparing the N ( E F )  values which correspond to figure 3, we observe close values 
for Nb BCC and Nb 1:0, which is the structurally biased component in the construction 
of the incoherent cell. However, the N(EF) of Cu decreases when forced into the Cu 
0:l structure. There is also noise in the Cu 0:l DOS but since this noise is of the order of 
0.5 states/Ryd atom it cannot explain the low value of N ( E F ) .  Turning to the results 
for the layers in the incoherent ML we observe that both Nb layers have a lower N ( E F ) .  
The decrease is relative to the elemental as well as the Nb 1:0 N(EF). The lowering 
is the clear effect of the broadening of the Nb DOS curves. The difference between the 
Nb-bulk-like and the Nb-interface result is caused by the different interaction these 
layers have with Cu. The Cu-interface N ( E F )  is higher than both the Cu 0:l and 
Cu FCC results due to the covalent interaction with the neighbouring Nb states but 
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for Cu-bulk-like the result is less clear. Its N(EF) is both higher than the value of 
3.9 from r22] and the Cu 0:l result but lower than the Cu FCC result. If we consider 
the overestimation of the Cu FCC N ( E F )  caused by the noise and a clear increase 
from the value of its parent structure Cu 0:1, we conclude that the N ( E , )  of bulk-like 
Cu is also increased. These observations of a decreased Nb N(E,) and an increased 
Cu N ( E , )  at the interface are in agreement with the literature. From figure 2 of 
Homma et a /  [ l l ]  and figure 2 of Banerjee et a/ 15, 231 the multilayering can be seen 
to decrease the N(E,) of Nb, which can be explained as an effect of broadening [ll].  
A higher Cu N ( E F )  is a possible explanation for the increased spin-lattice relaxation 
rate found by Yudkowsky el a /  [24] in Cu NhlR experiments on an Nb/Cu ML. However, 
they speculate khat the atoms in the central Cu layers have a higher N(E,) and the 
interface Cu layers have a lower N(E,) .  Yudkowsky et a/ also mention that a higher 
N ( E F )  for Cu is consistent with the expansions observed for the interlayer distances. 
Schuller (unpublished) speculates that this is due to electron transfer from Nb to Cu 
layers. We find electron transfer from Nb to Cu but this is a clear interface effect, as 
must be concluded from extrapolation to larger layer thicknesses. This implies that, 
if the latter speculations are correct, CII must have a higher N(E,) at the interface. 

The total N ( E F )  of the Nb/Cu 3:3 ML is given in the bottom row of table 2. I t  
is somewhat lower than the weighted average of the N ( E F )  values of Nb and Cu of 
Moruzzi et  a/ [22]. 
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4.3. Told energies 

In this subsection we study the total and layer-resolved energies of the incoherent 
system and the energies of the coherent BCC and FCC systems. The energies for 
the different systems in  the mRyd/atom relative to the energies of the bulk metals, 
-7631.657 Ryd for Nb BCC and -3304.756 Ryd for Cu FcC, are given in table 3. 

Table  3. Eiicrgies in mRyd/atom. 

Total incoh. 12 

Nb bulk-like -23 
Nb interface -20 
Cu interface 47 
Cu bulk-Like 13  

NbCuFcc  35 
N b C u ~ c c  47 

~~ 

The energy in the first line in table 3 is obtained from the difference between the 
total energy of the incoherent system and nine times the Nb energy plus twelve times 
the Cu energy, divided by 21, the total number of atoms in the incoherent unit cell. 
The layer-resolved energies are average values for the atoms per layer. For most atoms 
the deviations from these average values are only a few mRyd. The largest deviation 
occurs in  the Nb interface layer, with a difference of G mRyd. The value for NbCu FCC 
is the minimum of energy AE,, in a parabolic fit of the three energy value differences 
A E  for the FCC systems with the three different lattice parameter values aFCC. 

A E  = 4 E 0  + n(nFcc - a,,)' ( 1 )  
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where or = 0.4280 and no = 3.9042 A. The minimum energy and lattice parameter 
values AEo and a,, are close to the values of the system where acu is increased by lo%, 
which are 37 mRyd/atom and 3.971 A. Evidence for an energy minimum between the 
2% and 10% systems has already come from the hydrostatic pressure [25] vaIue that 
changes sign on going from the 2% to the 10% system and it is very small for the 10% 
system. The hydrostatic pressure value of the NbCu BCC with a lattice constant a,, 
was already small so we performed no further calculations for this system. 

The energy of the incoherent ML is 12 inRyd higher than that of the corresponding 
bulk parts. The origin of this energy raise can he seen from the four subsequent rows 
in table 3. From these we learn that the Nb atoms in both layers of the bfL are 
about 20 mRyd more stable than the elemental Nb atom. In contrast, the Cu atoms 
have an energy that is higher than that for bulk Cu. As the total increase in the 
Cu energy is larger than the total decrease in the Nh energy and as there are more 
Cu atoms than Nb atoms per layer the incoherent Nb/Cu 3:3 ML is higher in energy 
than the combined energies of the bulk metals. Significantly, the bulk-like Cu atoms 
are 34 mRyd lower in energy than the interfacial Cu atoms which is the right trend. 
For larger layer thicknesses the innermost layers should behave as real hulk. The 
similarity of the energies of the Nb layers in the ML and the variation in the energies 
of the Cu layers is in line with observations made for the layer-resolved DOS curves of 
the ML. Again, the structural differences between the open Nb BCC (110) layers and 
the close-packed Cu FCC (11 I )  layers are believed to be the cause of this. 

Let us now consider the total energies of the coherent systems. These calculations 
were carried out to investigate the possibility of coherent Nb/Cu multilayers for small 
A. The Nb/Cu FCC and Nb/Cu BCC systems, which are both pure interface systems, 
have an energy that is higher than the sum of the Nb BCC and Cu FCC energies. Their 
values are also larger than the energy of the incoherent system. The increase in the 
energy of the incoherent h / l ~  with respect to the bulk metal energies must be due to 
the interface only as we found differences of less than 1 mRyd between the energies of 
the undisturbed elements and the 1:0 and 0:l  structures. With the Nb-Cu interface 
already raising the total energy, t,he structural energy costs to provide registry between 
the lattices of the Nb and Cu atoms raises the energy of the multilayers even further. 
This high energy for the coherent multilayers is evidence for the combined effect of 
the positive interaction energy and the structural energy costs. 

5. Concliisioiis 

Despite the fact that only partial commensuration is possible between FCC (111) and 
BCC (110) layers, the incoherent Nh/Cu 3:3 cell we have found is quite satisfactory. 
The DOS curves and the energies of Nb (1:O) and Cu (0:l) in the slightly deformed 
structure of the constructed ML compare well with those of pure Nb and Cu. The 
total energy differences are even smaller than 1 mRyd. 

The ML total DOS can be considered to be a combination of broadened elemental 
DOS curves. For Cu the broadening is found only at  the Nb/Cu interface. For Nb 
both the interface and the bulk-like layer are broadened by the multilayering which 
reflects the more open nature of the BCC structure. The DOS at the Fermi level shows 
a behaviour similar to that found in experiments. The broadening causes the Nb DOS 
a t  EF to decrease [ll] and a slight increase is found for the Cu DOS a t  EF in the ML 
~ 4 1 .  
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The total energy that is calculated for the incoherent ML makes it clear that  the 
energy contribution of the interface interaction to the total energy is positive. A 
negative interaction energy could have counterbalanced or overcome the structural 
energy costs of forming a coherent ML, leading to possible coherent multilayers for 
small modulation wavelengths as was found for the Nh/Zr system [9, 261. Coherent 
Nb/Cu multilayers in which, besides a positive interface interaction, there is also 
necessarily a positive structural energy contribution, are therefore excluded on the 
basis of our total energy results. In fact, one could speculate that the order-disorder 
transition, observed a t  a A of about 20 8, when decreasing A, is an indication that 
even for the smallest A Nb tries to retain its BCC [110] structure and Cu tries t o  stay 
FCC [lll] modulated. Then, due to the large lattice mismatch and the inlerdiffusion, 
disorder for small A becomes understandable. 
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