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NbZr multilayers. II. Extended x-ray-absorption fine-structure study
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Extended x-ray-absorption fine-structure (EXAFS) measurements have been used to study the
atomic-scale structure of a series of ten multilayer films of NbZr with layer-spacing periods A rang-

0

ing from 4 to 200 A. It is found that the Zr layers have a gradual hcp-to-bcc transformation as the
0

layer-spacing period decreases, being predominately hcp for A &&50 A and predominately bcc for
0

A « 50 A. It is also shown that the layers are not sharp but rather that there is significant interdif-
fusion. Assuming that one multilayer period contains two interdiffusive layers at the boundaries be-
tween the two constituent films, we estimate that diffusion lengths of Nb into Zr and Zr into Nb at

0

the interlayer are about 15 A for sputtered NbZr multilayers.

I. INTRODUCTION

Although studied less than their semiconducting rela-
tives, multilayers of metal films exhibit some interesting
phenomena in, e.g., their mechanical' and magnetic prop-
erties. Soft phonons and additional interactions3 at the in-
terfaces may, furthermore, enhance superconductivity.
Structurewise, it has been proposed that the atomic posi-
tions in the different films are positioned in such a way as
to give a coherent structure in the multilayer, with the
structure of one of the constituent films being pulled to
the same symmetry as the other if the films are thin
enough. '

Extended x-ray-absorption fine structure (EXAFS) is an
excellent method to study the local environment of
atoms. The average number of different neighbors, their
distances to the absorbing atom, and the spread in dis-
tances, can be estimated. This study has combined x-ray,
EXAFS, and superconductivity information to character-
ize multilayers of Nb and Zr films fabricated by a sputter-
ing process. Here, we concentrate on the EXAFS results
to show that the technique is applicable in the study of in-
terfaces, and that the hcp Zr is indeed transformed into a
bcc phase for small multilayer periods. These EXAFS re-
sults are compared, where appropriate, to the x-ray dif-
fraction results contained in Ref. 6.

II. SAMPLE PREPARATION
AND CHARACTERIZATION

Samples were made by sputtering from two well-
separated Nb and Zr electrodes. Substrates of kapton (for
the EXAFS experiment) and sapphire (for the x-ray-
scattering and superconductivity experiments) were
clamped to a table rotating below the electrodes. The
sputtering rates were adjusted to give equal thicknesses of

the two constituents as the table passed by. The amount
of deposited material depended on how rapidly the sub-
strates passed the electrodes and also on the sputtering
rate from each source. By varying the speed of the table
rotation, periods A of 4—200 A were realized Stan-.
dard samples of dilute solutions of Nb in Zr and Zr in Nb
were made in a separate sputtering unit operated in the
phase-spread mode. All films were deposited at room
temperature. Some of the materials prepared on kapton
were checked using x-ray diffraction to verify that the
sample characteristics were substrate independent.

Microprobe measurements showed (in agreement with
the absorption-edge steps in our experiment) that the
Nb:Zr ratio was indeed about 1:1,with the largest devia-
tion being 45:55 for the A=31 A sample. The x-ray-
diffraction results indicate that the films were strongly
textured with the [002] direction perpendicular to the film
plane for hcp Zr and the [110] direction perpendicular to
the film plane for the bcc Nb film. The x-ray lines at
small angle exhibited satellites, the separation of which
confirmed the layer spacing expected from the fabrication
process. From the widths of the satellite lines we con-
clude that the layer thicknesses are uniform throughout
the samples. For small A, only the first pair of satellites
were clearly seen. This indicates that the concentrations
of Nb and Zr do not change abruptly at the interfaces, but
rather they change more smoothly. Satellites were seen
also in the small-A samples, at least down to A = 13 A, in-
dicating a modulation even on a fine scale.

Both the hcp and bcc x-ray-diffraction lines were seen.
From these we could determine lattice constants as needed
for this study. The hcp-line intensity decreased rapidly
for A less than 50 A, indicating that the structure for
A & 50 A is predominately bcc. No hcp line was seen for
A =19 A, but a weak line that could be indexed as hcp ap-
peared for the A=4 A sample.
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transmitted intensity in order to reduce the fraction of
higher harmonics in the beam. The incident- and the
transmitted-radiation intensities were determined by ioni-
zation chambers filled with Ne gas at atmospheric pres-
sure. Photographs of the transmitted x-rays were taken to
assure there were no gross inhomogeneities in the samples.

The uniform periodicity was verified by secondary-ion
mass spectroscopy (SIMS). The high energy of the im-

pinging sputtering ions in that method, however, limits
the depth resolution, and no detailed information of the
concentration profile at the interface could be obtained.
For the A=200 A sample, SIMS shows that the outer-
most Zr film contained no Nb, at least in the first 30 A of
the layer. The layering appeared clearly in the shallow
etch pit left by the SIMS sputtering. It could be studied
by both optical and electron microscopy.

B. EXAFS a,nalysis

The EXAFS information was extracted from the ab-
sorptance using a standard procedure. ' The slowly vary-
ing background was subtracted using a polynomial, the
parameters of which were determined from the transmis-
sion at 900 to 100 eV below the edges. oM, z,(co) was then
approximated by a sixth-order polynomial in (iruu —E,i, )'
fitted from an energy just above the edge to the maximum
energy. E,i, was chosen as the energy at which the absorp-
tance discontinuity at the edge had reached its half value
(excluding the threshold spike). The fine-structure func-
tion was converted to k space, multiplied by k to give
kg(k), then Fourier-transformed to r space. The latter
was performed over a window of 2.4S—14.4 A ' for Zr
absorbers and 2.7—19.3 A for Nb. Both squax'e windows
were broadened by convolution with a Gaussian of width
0.7 A-'.

The Fourier transform P(r) of the EXAFS, kX(k), gives
a qualitative picture of the radial distribution of neigh-
bors. Changes in symmetry, e.g., can easily be seen. In a
more quantitative analysIs we can compare the real and
imaginary parts of (t)(r) with those calculated from
theoretical backscattering potentials or with those from
standards with a known structure. %"e have chosen the
latter procedure and used sputtered Nb and Zr films or
Nb and Zr foils to give Nb-Nb and Zr-Zr backscattering
signatures. Nb-Zr and Zr-Nb signatures at the first-
neighbor peak were obtained from sputtered dilute-alloy
films where Nb (or Zr) absorbers sit in mainly a Zr (or
Nb) environment. The alloy standards had bcc structures.
One- or two-Gaussian fits of signatures to P(r) of the lay-
ered samples gave the relative amplitudes (information
containing the coordination numbers), the shifts in neigh-
bor separations, and the additional Debye-%aller broaden-
ings of the pair radial distribution functions in question,
as compared to the first neighbors of the signatures.

A study of the EXAFS is weil suited for the investiga-
tion of the local environments of atoms. ' ' The back-
scattering of electrons photoexcited from the L shell of
the absorbing atom 3 gives rise to structure in the absorp-
tion cross section, oz(co)=oz(ca)[l +Xq(co)]. Assuming
no multiple scattering and a polycrystalline sample, the
EXAFS is given by

—2. .yi. -2 2k'
Xg(k) =—g ~ sin[2kr~+5i(k) je

J J

where P„~ is the pair correlation function of the absorbing
atom A with the backscattering atoms P, and gz& is a peak
function. I'zp contains the structural information of in-

terest.

where k is the wave vector of the ejected electron,
iri k /2m=iriai —E,i„ fico is the photon energy, and the
threshold energy E,„ is given by the E edge. F~(k) is the
backscattering amplitude depending upon the kind of
atoms present in shell j, and 5i(k) is a phase shift depend-
ing both on the scattering and absorbing atoms. The
mean free path of the excited electron is A,. Hence X~(k)
gives information about the number of neighbors JVJ at
distance r~ from the absorbing atom and the mean-square
fluctuation crj of r~ arising from structural and thermal
disorder.

For this study we have analyzed the Fourier transform
P(r) of the EXAFS kX(k), given by

Pg(r)=g J dr (r )Pap(r ')4'p(r r'), '(2)—
0

A. EXAFS experimental technique

Several strips were cut from the multilayer samples
sputtered on the kapton substrates. They were stacked on
each other to obtain the optimal thickness of about 30
pm, i.e., about 2.5 absorption lengths. During the investi-

gations they were cooled to 77 K in an exchange-gas at-
mosphere of He. The plane of the films was perpendicu-
lar to the photon-beam direction for all the films studied.

Transmission EXAFS was taken at both the Nb (19-
kev) and Zr (18-keV) K edges using the facilities at the
Stanford Synchrotron Radiation Laboratory (SSRL) (VII-
3 VA'ggler line). The radiation wavelength was varied by a
Si(220) crystal monochromator and the photon energy was
swept from 1000 eV below to 1600 eV above the edges.
The crystal was detuned to one-half of the maximum

EXAFS oscillations of good quality were obtained for
samples with modulation periods from 4 to 200 A. Exam-
ples of kg(k) are given in Fig. 1 for the Zr K edge. The
6=13 A sample had a considex'ably lower EXAFS ampli-
tude (both at the Nb and Zr edges) than the others Th.is
means that a quantitative analysis of that sample gives
less rehable results than for the other multilayers. Similar
difficulties were observed with this sample in the x-ray-
diffraction analysis. This indicates that this sample is
more disordered than the others. The origin of this is not
know'n.

Fourier transforms of the EXAFS at the Zr EC edge are
given in Fig. 2, while those at the Nb edge are px'esented in
Fig. 3. Already from the data in Fig. 3 we can conclude
that the crystal symmetry relative to the absorbing Nb
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FIG. 4. Average numbers of Nb and Zr neighbors to an ab-
sorbing Zr atom as a function of modulation period are
displayed in the upper part. The total average coordination
number of a Zr atom is also shown. It equals 12, characteristic
of an hcp structure, at large A, while it approaches the bcc value
of 8 at small A due to the hcp-to-bcc transition. The rniddle
part of the diagram gives the variations of the Zr-Zr and Zr-Nb
distances. The latter becomes very uncertain when the average
number of Zr-Nb pairs becomes small at large A. The width of
the Gaussian Zr-Zr distribution is given in the lower part. The
parameters were obtained by fits in real space to standards of
sputtered films of Zr and Nbo9Zro~ using a fitting range of
2.35—3.15 A. The indicated error bars were obtained as
described in the text—the true errors could be larger. The errors
in the total coordination number are not drawn —they would be
a combination of those of the individual coordination numbers.

D. Fit results

To obtain quantitative results, the P(r)'s for the mul-
tilayers were fitted to those of standards. For large A' s, it
was sufficient to use one-Gaussian fits, i.e., to compare
the EXAFS for Nb and Zr in multilayers with those of
the pure films of Nb and Zr. These one-Gaussian fits for
the EXAFS at the Nb edge degI'aded gradually as A de-
creased. For the Zr-edge data, on the other hand, accept-
ably small quality-of-fit parameters, R values, were ob-
tained when A was large. However, for A less than about
100 A, the fits to a one-Gaussian (Zr-Zr) peak became
woI'sc with rapidly growing R values. The/ becaIIlc coID-
pletely unacceptable for A less than about 50 A. Evident-
ly, the Nb and Zr layers behave differently as the mul-
tilayer period decreases. We have already argued that the
Zr layers (more or less) transform to a bec structure as
their thicknesses become small.

Better fits with much smaller R values were obtained
with two-Gaussian fits. In thesewe u, sed the P(r)'s of the
Nb (or Zr) film and of the Nbo 2Zro s (or Nba 9Zr&») alloy
film for the Nb-Nb (Zr-Zr) and Nb-Zr (Zr-Nb) signatures.

Physically unreasonable sets of parameter values could be
obtained with reasonable 8 values and were excluded.
Thc uncertainties ln thc paI'aIDctcIs pI'cscntcd ln thc dia-
grams are determined as the ranges within which the 8
value changes by a factor of 2 from the minimum value,
with the other parameters held fixed.

The results of the fits are summarized in Figs. 4 and 5
for the environments of Zr and Nb absorbers, respectively.
For the Zr-edge data we used a six-parameter fit (two sets
of numbers of nearest neighbors, distances, and spreads in
distances) since the hcp and bcc phases have different
numbers of nearest neighbors. In the ease of Nb, we could
Iestrict thc number of fit paramctcI's to five slI1cc the
number of nearest neighbors is the same if the Nb ab-
sorber sits in a bcc Zr or Nb environment. (We neglect
the relatively few numbers of Nb atoms in an hcp Zr envi-
ronment. )

FIG. 3. Fourier transforms P(r) of the EXAFS on the Nb E'
edge for (a) the Nb film; for NbZr multilayers with I'b) A=139
A, (c) A= 19 A, and (d) A=4 A; and for (e) the Nbo pro q alloy.
The vertical scales in each case are the same, varying from —0.5

0

to + 0.5 A . The transforms wer'e performed using a square
k-space window from 2.7 to 19.3 A ', broadened by a Gaussian
of width 0.7 A '. Note the double-peak structure in the vicinity
of 2—3.5 A for all these films, but most prominent for the Nb
film and the multilayer film with A=139 A [i.e., (a) and (b)].
This is due to the bcc structure of these films.
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FIG. 5. Average number of Zr neighbors to a Nb absoxber,
the Nb-Nb distance, and the width in the Nb-Nb distribution as
a function of multilayer period. The EXAFS fits were per-
formed in P' space over a Iangc 2.2—2.85 A, utilizing sputtered
films of Nb and Nb02Zro 8 as standards. It was assumed in the
fit that the sum of Zr and Nb neighbors to the Nb absorber
equals 8.

For the Zr-edge fits thei.e was a coinplication.
the hcp Zr signature from the Zr film to fit thc Zr-Zr
scattering in the multila, yers. This is the correct signature
for the large-A films where the overwhelming majority of
the Zr absorbers are in an hcp environment. However, for
the smallest A' s, the Zr atoms {or most of them) reside in
a bcc environment. Then lt ls not appropriate to usc a sig-
nature that does not take into account the next-nearest-
neighbor shell —the first two shells are quite close together
for the bcc structure. We have modified our fitting pro-
cedure for thc Zr-edge and small-A data in two ways. The
first way was to shrink the range of the fit in r space such
that the contribution from the second shell was deaccen-
tuated. The smaller range meant that the results became
less reliable. The second way was to use the Pz,{r)of the
bcc-structured Nba 2Zro s alloy as the signature for Zr in a
bcc Zr environment and the one of Nba 9Zre i for Zr in a
bcc Nb environment. This procedure gave good results
for A & 50 A, but poor results for A & 50 A where Zr re-
sides mainly ln an hcp cnvlronHlcnt. Cxood fits wclc ob-
tained for the 4- and 19-A-period layers and the parame-
ters agreed with those from the first procedure. Both of
thcsc pl occduI'cs ylcldcd paraIQctcf s ln good Rgl ccIDcnt
with those from fits using the hcp Zr-Zr standard, partic-
ularly the near-neighbor distances. {The fits are more
sensitive to changes ln the neighbor distances than to
changes in amplitudes. ) A discrepancy, however, was not-
ed for thc A=31 A sample. The fit with the bcc Zr stan-

da«gave few«Nb neighbors to the central Zr atom than
the hcp Zr standard did. However, for A=31 A we are in
the middle of the transformation region for hcp to bcc Zr,
and in view of the agreement for the other A' s, we think
the results obtained with the hcp signature to be the more
trustworthy ones for A =31 A.

From Fig. 4 we note that the number of Nb neighbors
to a Zr absorber increases continuously from zero as the
modulation period decreases. It becomes roughly equal to
4, the average number of Zr neighbors, at the smallest A
values. The coordination of the majority of the Zr atoms,
i.e., the sum of the Nb and Zr neighbors, remains at 12 for
large A but decreases towards eight as A becomes small.
Even for the A=19 A sample, however, Fig. 4 indicates
that part of the multilayer has an hcp environment. The
Zr-Zr distance stays essentially at the hcp value until
A=50 A, when its average value diminishes rapidly to-
wards the bcc value. The same value is approached by the
Zr-Nb distance. The spread in the ZI'-Zr separation,
ozr zr, lncI"cases Rt thc sRIQc tig1c. These results alc coIl-
sistent with the x-ray-diffraction data. They both give
definitive evidence for the hcp-to-bcc transition of the Zr
la.yers as A becomes less than 50 A.

The average number of Zr atoms surrounding a Nb ab-
sorber remains very low as A is decreased to a value of
about 80 A. It then increases, as depicted in Fig. 5, to-
wards a value 4, characteristic of a bcc random alloy
{A—&0). The average number of unlike neighbors seems to
be lower for a Nb atom than for a Zr atom at the same A.
However, this apparent discrepancy is not significantly
outside the uncertainties in the amplitudes. It should be
noted that there is an lncxease ln oz, z, as A increases
beyond 139 A. Such a change was also observed in the x-
ray-diffraction, so it is evidently not an artifact.

IV INTERLAYPR MODPI.

In addition to thc hcp-to-bcc transition of the Zr layers,
the results above indicate that interdiffusive regions
separate the Nb and Zr layers. As A decreases, the inter-
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g

f Cg (z)[1—Cg (z) ]n (z)dz
nA-8 A

Cg zdz

Here n(z) is eight for a bcc phase and 12 for an hcp
phase. The integration is over a full period A of the mul-

tilayer modulation. Also one has that

Cgzn z z
(4)

Cgz z

f Cz (z)n (z)dz
(5)

f C„(z)dz

For a multilayer sample that is all one phase, Eq. (5) gives

yg& & + g& &
—n, as 1t should.

nz-z +na-a =

layer regions become more dominant in the EXAFS spec-
trum and the average number of unlike neighbors to the
absorbing atom increases continuously. Hence it is not
sufficient to only consider Zr-Zr (and Nb-Nb) backscatter-
lng.

A general expression for the number of unlike neigh-
bors to the central atom can be written down for an arbi-
trary interdiffusion profile. The number of unlike-
neighbor pairs A-8 is proportional to CqC&n where C, is
the concentration of atoms of type i, and n is the total
number of neighbors to the central atom A. Each of these
factors is a function of distance into the film, z, due to the
layering and interdiffusion. The EXAFS measures the
mean number of 8 neighbors to an A atom which is then

iven by

I ct us f1I'st consldcl thc case whcIc thc avcIagc conccIl-
tration of 2 atoms equals that for the 8 atoms, i.e.,
C„=Czi= —,'. In this case it is obvious from Eq. (3) that
the number of 8 atoms around A is the same as the num-
ber of A atoms around B(nz z ——nzi „). Let us further con-
sider the limiting situation where the entire sample is in
the bcc phase. In this case n(z)=8 for all z and
n~ z +nz ~ ——8. We further assume that the mterdiffusion
profile is linear and that 3 (taken to be Zr) varies linearly
from 0 to 1 over a distance Di and from 1 to 0 over a dis-
tance Dz. The inequality of Di and Dz allows for asym-
metric diffusion profiles. The NbZr and ZrNb interlayers
do not necessarily need to be the same. Interdiffusion
occurs preferentially during the sputtering process and it
is not unreasonable to assume that the diffusion of Zr into
an already deposited bcc Nb layer is different from Nb
into hcp Zr. For this linear profile, Eq. (3) yields

8 &I+D2
nz, Nb

—
nwb z 3 A

f«Di+Dz &A It is obvious that if D, +Dz~~ A, the
linear profile disappears and one has a homogeneous alloy
with nz, Nb

—nwbz, —4
I.et us now relax the constraint that Cz ——Cz ———,. For

simplicity we consider a simplified model where we have
equally thick layers of Nb and Zr separated by interlayers
of thicknesses Di and Dz with average Zr concentrations
of xi and xz, respectively. We further assume that the in-
terlayers have a bcc structure. Then the average number
of unlike nearest neighbors to a Zr atom become approxi-
mately

=16[x,(1—x )D +x (1—xz)Dz]/[& —Di(1 —»i) —Dz(1 —»z)]
and correspondingly for a Nb atom,

x, )D, +x,(1—xz)Dz]/[A+D, (I —», )+D,(1—»z)] .

(7)

(8)

In Eq. (7), P '(Di ) is the probability of finding a Zr atom
in the interlayer D&. The unequal denominators in Eqs.
(7) and (8) allow for unequal nz, Nb and nNb z, . If we re-
quire that Cz ———,', then the denominators become equal to
A [i.e., Di(1 —2xi)+Dz(1 —2xz)=0] and nz, wb

n Nb-zr
If we further simplify the model and assume

xi ——xz ———,', we find that, for D i+Dz & A,

&zr-Nb =&Nb z, =4(Di+Dz)/&,

&z -Nb=&wb-z =4 .
This result differs from the linear-diffusion —profile case
in that these are a larger number of unlike neighbors,
larger by a factor of —', .

Such relations (linear profile and step profile with
xi ——xz ———,') are sketched in Fig. 6 where the dashed line
is drawn for Di+Dz ——25 A for the step profile and
Di+Dz ——37 A for the linear profile. The values of
Nz, Nb extracted from the experiments are also given. For
a symmetric profile, a value of Di+Dz ——25—37 A would
mean that the diffusion lengths of Nb into Zr and Zr into
Nb would be half this value, i.e., of the order of about 15
A. Such an interdiffusion is consistent with the x-ray-
diffraction results. For example, in Fig. 3 of Ref. 6 it is
readily seen that Di-Dz-15 A for the A=51 A sample,
although the profile shape is more sinusoidal than our tra-
pezoid or step profile. A %Nb z,&Xz, Nb can be obtained
if we assume that D»Dz and x,&xz. A comparison be-
tween Figs. 4 and 5 indicates that the Nb and Zr atoms
"see" different numbers of average neighbors of opposite
kind, However, the uncertainties in the extracted numbers
are large, so that the differences in the number of unlike
neighbors cannot be considered to be significant.
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V. CONCLUSIONS

We conclude that the Zr layers (in the multilayer)
transform to a mainly bcc-symmetry structure at small
Inodulatlon lengths. This can be caused by the proxlQlity
to the bcc Nb neighboring layers pulling the Zr, which by
itself is close to the bcc structure. In addition, the inter-
diffusion of Nb into Zr and Zr into Nb during sample
preparation is significant. From a comparison with a sim-
ple model, we concluded that the diffusion lengths charac-
terizing the NbZr and ZrNb interlayers is of the order of
15 A in the sputtered multilayers. Hence, at small A the
alloying of Zr and Nb becomes substantial, helping to
drive Zr bcc, the preferred structure over a large composi-
tional range in the Nb-Zr alloy system. Even if the extent
of the interdiffusion becomes of the same order as the
modulation period in the multilayer, there is still modula-
tion of the composition, at least down to A=19 A.
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