PHYSICAL REVIEW B 81, 235413 (2010)

Growth Kkinetics of intermetallic alloy phase at the interfaces of a Ni/Al multilayer

using polarized neutron and x-ray reflectometry

Surendra Singh,! Saibal Basu,! M. Gupta,? C. F. Majkrzak,? and P. A. Kienzle?
1Solid State Physics Division, Bhabha Atomic Research Center, Mumbai 400085, India
2UGC-DAE Consortium for Scientific Research, University Campus, Khandwa Road, Indore 452 017, India

3NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA

(Received 9 December 2009; revised manuscript received 8 February 2010; published 9 June 2010)

Al-Ni-based binary alloys offer several intermetallic phases of immense technological importance. We have
attempted to understand the growth of interface alloy in an Al-Ni multilayer sample as a function of annealing
time using primarily x-ray reflectometry (XRR) and polarized neutron reflectometry (PNR). Powder x-ray
diffraction was also used to determine various crystallographic phases in the sample. The multilayer showed
remarkable stability with respect to annealing time, following an initial alloy formation at the interface.
Stability of such multilayers is important for their applicability as corrosion resistant coatings as well as
metallization layers in microelectronic devices. Using XRR and PNR data we have identified the interface
layer as Al3Ni intermetallic phase. Magnetic depth profile obtained from PNR shows that the interface alloy
layer is magnetically dead. From the Bragg peak intensities of polarized neutron reflectivity measurements, we

have estimated the diffusion lengths after annealing at 160 °C for 1-8 h.
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I. INTRODUCTION

Intermetallic compounds consisting of a transition metal
and aluminum are the subject of important industrial devel-
opments because of their high strength, hardness, high melt-
ing point, and resistance to oxidation along with favorable
electronic and magnetic properties.'~® In addition, the inter-
metallic compounds in the form of thin-film structures play
an important role in heat and corrosion resistant coatings or
in metallization layers of microelectronic devices as well as
in the areas of metallurgy and medicine.” The intermetallics
of Al and Ni are the most studied ones because of their
extremely desirable mechanical and thermal properties.® Ni
and Al both have fcc structure at room temperature with cell
parameters 3.52 A and 4.05 A, respectively, with Al having
larger atomic radius. Al is soluble up to 20 % in Ni. Most
importantly, apart from disordered solid solutions, Ni and Al
form several ordered intermetallics. These are: AI3Ni, Al,Ni,
Al3Ni,, AINi, and AlNij in order of increasing Ni concentra-
tion. The last one is of immense technological importance
due to its large strength to weight ratio and high melting
temperature. Stability of various intermetallic phases against
thermal annealing is extremely important for their applica-
tion. The alloy phases evolve from solid-state reactions at
interfaces of their components. Multilayer samples are ideal
for studying such reaction kinetics, since they provide a large
number of interfaces. To understand the kinetics of alloy for-
mation, one needs to characterize the interfaces during alloy
formation in such multilayer samples. Rothhaar et al.® have
studied phases formed after annealing of an Al/Ni stack with
an average composition AlysNips, using Auger electron
spectroscopy (AES) for depth profiling and x-ray diffraction
(XRD). Depending on the temperature during annealing (be-
tween 160 and 330 °C for 45 min), they found that succes-
sively Al3Ni, Al3Ni,, and then AlNi-ordered alloy phases
formed. Since Ni is more mobile than Al due to its smaller
atomic radius, such multilayers also show a large tail of Ni
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penetrating into Al layers. Some earlier works®!? focused on
the interface properties of Ni/Al multilayers, using several
techniques, viz., ion-beam depth profile, x-ray absorption
spectroscopy, AES with sputtering depth profile, etc., which
are limited in depth resolution. Some destructive techniques
also cause relaxation and modification in the layers during
sputtering, making physical interpretations more difficult.
Neutron and x-ray reflectometry'!~!> are two nondestructive
tools with depth sensitivity as low as 0.1 nm which allow
one to examine the structure of thin films and multilayers
with high depth resolution.

In this paper we present extensive polarized neutron and
x-ray reflectivity measurements of Ni/Al multilayer samples
that were grown by ion-beam sputtering and were annealed
at 160 °C from 1 to 8 h under vacuum. X-ray reflectometry
(XRR) and polarized neutron reflectometry (PNR) tech-
niques were used to obtain depth-dependent chemical com-
position and magnetic-moment density in the sample, spe-
cifically targeting the composition of the interfaces. XRD
was used to identify the crystalline structure of the interface
alloy in the sample. While XRR depends on the electron-
density profile in the layers, PNR depends on the nuclear
coherent scattering length as well as the magnetic-scattering
length density profile. This difference allows one to quantify
the stoichiometry of the alloy at the interfaces, using the
density profiles obtained from PNR and XRR, in case of
binary alloys. In the present case we observed that the sto-
ichiometry matches with the crystalline structure obtained
from XRD. We find that the low-temperature anneal at
160 °C produced Al;Ni-ordered phase at the interfaces as
predicted by Bene’s rule'® and was also observed in an ear-
lier work.” Most interestingly this ordered alloy phase pro-
duced a “blocking effect” at the moderate anneal temperature
of 160 °C which inhibits further alloying at the interfaces,
though the sample was annealed for 8 h at this temperature.
We base our argument for such stability of the multilayer on
thermodynamics of phase formation and the structure of the
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interface alloy. We also show from PNR data that during the
annealing process aluminum also penetrates the Ni layers,
reducing the magnetic moment of Ni from 0.52 to 0.30 Bohr
magneton (ug). The interface alloy layers in the present
samples were magnetically dead.

II. SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUES

The Ni/Al multilayer sample was grown on Si substrate
by ion-beam sputtering. In order to avoid contamination dur-
ing deposition, the deposition system was thoroughly baked
at a temperature of 200 °C for 12 h to achieve a background
pressure of 2 X 10~ Torr. Deposition of both Al and Ni lay-
ers was carried out at a rate of 0.1 A/s. For the multilayer
sample, first an Al layer of thickness ~50 A was deposited
on Si substrate followed by Ni layer of thickness ~50 A.
Ten such bilayers were deposited in the present case. During
deposition, the thickness of each layer was monitored using a
calibrated water-cooled quartz-crystal-thickness monitor. The
as-deposited sample was characterized by PNR, XRR, and
XRD. XRR and XRD data were collected on a laboratory
x-ray source. The sample was annealed in steps for 1 h, 4 h,
and 8 h under vacuum at a temperature of 160 °C. After
each anneal PNR, XRR, and XRD data were collected on the
sample.

The PNR data from as-deposited as well as annealed
sample were obtained at the NG-1 reflectometer in NIST
Center for Neutron Research (Gaithersburg, MD) using a
neutron wavelength of 4.75 A.!7 The scattering plane was
horizontal, and the neutrons were polarized in the vertical
direction, in the plane of the thin film, using supermirror
polarizers. Typical polarization efficiencies exceeded 97%.
The data were normalized and corrected for detector and
polarizer efficiencies as described in Ref. 17. The reflectivity
was measured as a function of wave-vector transfer Q
[=47 sin(6)/\, where 6 and N\ are angle of incidence and
wavelength of neutron, respectively] for both spin-flip (R*~
and R™, i.e., reflected neutrons with polarizations opposite
to incident polarization), and nonspin-flip (R** and R™7, i.e.,
reflected neutrons with the same polarization) settings. In
case of R**, the neutron spin polarization is parallel to the
sample polarization and for R™~ the neutron spin polarization
is opposite to the sample polarization. The difference be-
tween two nonspin-flip cross-sections, R** and R™™, is deter-
mined by the component of the magnetization parallel to the
applied magnetic field (in-plane magnetization of sample).
The remaining two spin-flip cross-sections, R*~ and R™*, are
related to the magnetization components perpendicular to the
applied field. In all our data presented here, the spin-flip
reflectivities were negligible, indicating that the magnetiza-
tions in the layers were collinear with the magnetic field (4.3
kG in the present case). The momentum transfer (Q) depen-
dence of R** and R~ profiles are related to the Fourier com-
ponents of the magnetization depth profile, providing
magnetic-moment density as a function of depth. The neu-
tron reflectivity profile is usually fitted'>'® using a model of
the depth-dependent scattering length density (SLD) profile
p(z) (where z is the film depth) with nuclear and magnetic
components
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Pragl@) = C2 Ni(D) i, (1a)

where the summation is over each type of atom in the sys-
tem, N is the in-plane average of the number density, b is the
nuclear coherent scattering length, and w is the magnetic
moment in Bohr magnetons. The constant C is 2.69 fm/ ug.
The sign before p,,,, in Eq. (1a) depends on the orientation
of the magnetization relative to the neutron polarization. In
the case of XRR the magnetic term is absent and the coher-
ent scattering length “b” in Eq. (la) is replaced by the Th-
omson scattering length for x rays, given by: ro(Z+f"),
where r is the classical electron radius (2.8 fm), Z is the
total number of electrons in the scattering atom, and f” is the
dispersion term. The dispersion term is negligible at the
x-ray energy considered here and the equation for x rays will
be

Pchem = 2 Ni(z)rOZi' (lb)

From both XRR and PNR, we obtain depth profiles of scat-
tering length density in a sample. Since N,(z) the number
density [Egs. (1a) and (1b)] remains the same for XRR and
PNR, in case of a multilayer with two elements, the value
obtained for scattering length density p(z) at the interfaces
from PNR and XRR allows one to estimate the stoichiometry
of the binary alloy at the interface quantitatively. For Ni and
Al multilayers, the density of the alloy layer can be explicitly
written in the form

PZLZZZM(Z) = Nai(2)b a1 + Nxi(2) by

X ray

and pl,n (2) = Nao(2)rgZag + Nni(2)roZn;.
(2)

Equation (2) allows one to find out the stoichiometry of the
interface layer from independent measurements of SLD us-
ing x-ray and neutron reflectometry. We had demonstrated
earlier that from XRR and PNR data one could obtain sto-
ichiometry of the alloy at the interface.'® The present XRR
data were collected on a Bruker’s D8 advanced laboratory
source.

Quantitative information on chemical and magnetic den-
sity profiles were extracted from the p(z) model that repro-
duces the data with the lowest possible value of x? using a
Genetic algorithm,?® which uses a matrix method'* for gen-
erating the reflectivity pattern for a given set of physical
parameters of the system.

III. RESULTS AND DISCUSSION

Figures 1(A) and 1(B) show XRD patterns recorded from
an as-deposited Ni/Al multilayer and from the same Ni/Al
multilayer annealed at 160 °C for 8 h, respectively. The
XRD pattern changed after the first anneal for 1 h. In the
subsequent anneals, the XRD pattern remained nearly un-
changed up to an annealing time of 8 h. We have shown only
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FIG. 1. (Color online) X-ray diffraction pattern of Ni/Al

multilayer sample from (A) as-deposited, (B) after annealing at
160 °C for 8 h. The standard x-ray diffraction lines of (C) Ni, (D)
Al and (E) AL3Ni.

the patterns corresponding to the as-deposited sample and
the pattern after 8 h of annealing at 160 °C. The XRD pat-
tern corresponding to the as-deposited multilayer sample
[Fig. 1(A)] clearly shows two well-defined peaks at 26 val-
ues of 38.4° and 44.5°. These peaks are due to the reflections
from fcc Al (111) and fce Ni (111), respectively. Only the Ni
(111) diffraction peak with lattice spacing of dyj(y)
=2.034 A was observed for Ni in the multilayer that shows
that the Ni layers had grown with a [111] texture along nor-
mal to the surface of the film. The XRD pattern confirmed
that as-deposited Ni and Al layers were crystalline but tex-
tured along preferred direction. Often such multilayer
samples with small layer thickness (~4-5 nm) grow with
strong texture.'®?! The broadening of the Ni [111] peak at
260=44.5° can be attributed to the effect of finite crystallite
size limited to the thickness of Ni layers. In addition, the
possibility of an Al (200) at 44.77° cannot be ruled out. We
have shown the lines for fcc Ni, fcc Al, and ordered alloy
Al;Ni in Figs. 1(C)-1(E), respectively. In the annealed
sample the peak due to Al has disappeared and a broad peak
has appeared at a slightly lower angle (~0.27°) compared to
the Ni [111] peak, which can be identified with AI;Ni phase.
Since there are a large number of possible Al;Ni peaks as
well as a possible Ni peak under this broad envelope, it is
difficult to determine the nature of the interface alloy con-
clusively from XRD alone. It has been shown later from the
scattering length density profiles obtained from XRR and
PNR that the alloy phase has indeed the stoichiometry of
Al3Ni phase.

The two nonspin-flip (NSF) reflectivities R** and R~ for
the (A) as-deposited and annealed multilayer sample at
160 °C for (B) 1 h, (C) 4 h, and (D) 8 h are shown in Fig. 2,
along with fits to the data generated from the corresponding
SLD model. The reflectivities of both as-deposited and an-
nealed multilayer samples have been offset for better visual-
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FIG. 2. (Color online) Measured NSF reflectivities R™" (solid
circles) and R~ (open circles) for (A) as-deposited sample and
sample annealed at 160 °C for (B) 1 h, (C) 4 h, and (D) 8 h, along
with fits (solid lines) to the data from the corresponding scattering
length density model (see text). The reflectivities of the as-
deposited and annealed samples have been offset for better visual-
ization. Inset shows the magnified version of measured NSF R**
data around first Bragg peak from as-deposited sample (closed
circle), sample annealed at 160 °C for 1 h (open circle), 4 h (open
triangle), and 8 h (open star).

ization. The NSF reflectivity pattern from as-deposited
sample clearly shows the presence of Bragg peaks up to
fourth order. The Bragg reflection obtained in the NSF re-
flectivity pattern corresponds to a bilayer thickness of 91 A
with individual thicknesses of 47 and 44 A for Ni and Al
layers. The interface roughness for as-deposited Ni on Al
was 8 A and Al on Ni was 6 A. The smaller oscillations
(Kiessig oscillation) between the Bragg peaks, separated by
AQ=27/D, due to the total multilayer thickness gives a total
thickness D~900 A for the as-deposited sample. The
sample was annealed for 1 h, 4 h, and 8 h, respectively. After
each anneal of the sample PNR and XRR data were col-
lected. All the Bragg peaks shift to marginally higher Q val-
ues after annealing, indicating small reduction in bilayer
thickness. The inset of Fig. 2 shows the magnified version of
the NSF (R**) reflectivity pattern around first-order Bragg
peak of as-deposited (closed circles) and samples annealed
for 1 h (open circles), 4 h (open triangle), and 8 h (open star),
to highlight the reduction in intensity as well as the shift in
Bragg peak toward higher Q value on annealing. The small
shift in the Bragg peaks we can only conjecture is due to
defects getting annealed out. The reduction in the intensity of
the Bragg peaks is due to alloying at the interfaces causing
loss of contrast at the interfaces. It is clear from Fig. 2 and
the inset that the modifications in the layer structure was
largest after the first anneal, following which the structure
did not change appreciably up to 8 h of annealing time. The
nuclear (chemical) scattering length density (p,j.,) model
used to successfully fit the data are shown in Fig. 3 for (A)
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FIG. 3. (Color online) The chemical (nuclear) SLD models for
(A) as-deposited Ni/Al multilayer samples as well as the sample
annealed at 160 °C for (B) 1 h, (C) 4 h, and (D) 8 h from the fits to
the NSF PNR reflectivity data. The solid line in (B) is the model for
the density profile in absence of any interface roughness, which has
been plotted for better visualization of interfaces.

as-deposited and annealed samples at 160 °C for (B) 1 h, (C)
4 h, and (D) 8 h, respectively. The best-fit p(z) model for the
as-deposited sample shows that the p,,, values for Ni and
Al layers are 9.35X 10° A=2 and 2.01 X 107° A2, respec-
tively, close to their natural bulk values. In Fig. 3(B) the
solid line is SLD profile from the sample annealed at 160 °C
for 1 h considering zero interface roughness, used as a guide
to the eyes for visualization of the interface alloy layer be-
tween Ni and Al layers. The dashed line in Fig. 3(B) is the
chemical SLD after including the effect of interface rough-
ness due to alloying as represented by an error function at the
interfaces. After annealing the sample at 160 °C for 1 h, the
individual layer thicknesses of Ni (35 A) and Al (12 A)
have substantially reduced from the as-deposited values of
47 A and 44 A, respectively. An interface layer has grown
at their cost. We obtain an interface layer thickness of 22 A.
The interface alloy layer has a SLD p_j,,,=5.20X 10° A2,
On further annealing the sample up to 8 h at the same tem-
perature (160 °C) we did not find any major changes in the
structural parameters obtained from NSF reflectivity data.
The magnetic SLD (p,,,,) models for best fit of the NSF
reflectivity data from the as-deposited sample and the sample
annealed at 160 °C for 1 h, 4 h, and 8 h are shown in Figs.
4(A)-4(D), respectively. The p,,,, for each Ni layer for the
as-deposited sample is 1.10X107° A2 giving approxi-
mately 0.52 wug per Ni atom, marginally less than its bulk
value (~0.56 up). The reduction in Ni layer thickness on
annealing is coupled with further reduction in magnetic mo-
ment of the Ni atom to 0.30 wp per Ni atom. The alloy layer
at the interfaces shows zero magnetic moment. There are first
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FIG. 4. The magnetic-scattering length density profile from fits
to the polarized neutron reflectometry data (R** and R™") for (A)
the as-deposited sample and the sample annealed at 160 °C for (B)
1 h, (C)4h, and (D) 8 h.

principle calculations on Ni films,?? which show a reduction
in magnetic moment of the Ni atom from 0.56 to 0.25 ug on
reducing the nearest neighbor from 4 to 1. In the present case
we can attribute this reduction to loss of Ni neighbors due to
interface alloying and partially to diffusion of Al in the Ni
layer. We later attempt to estimate this diffusion length from
reduction in the intensity of Bragg peaks in PNR on anneal-
ing.

The XRR data are plotted as a function of momentum
transfer Q for the as-deposited sample (closed circles) and
the sample annealed at 160 °C for 8 h (open circles) in Fig.
5. We have also shown in the inset of Fig. 5, the XRR data
up to 0.1 A~! for the sample annealed for 1 h, 4 h, and 8 h
to highlight that after the first anneal there is no further
change in the reflectivity. To obtain the structural parameters
of the multilayers, we have fitted the XRR data to an electron
SLD model taking into account the real and the imaginary
parts of the scattering length, where the latter is related to
absorption. Open and closed circles in Fig. 5 are experimen-
tal data whereas the solid lines are fit to measured data using
a complex SLD model. The real part of the fitted SLD for the
as-deposited and the annealed samples is shown in Figs.
6(A) and 6(B), respectively. In case of the as-deposited
sample the Bragg reflections occur at Q=2mn/d,,;, where n is
an integer and dy;=~90 A is bilayer thickness. Bragg peaks
up to fifth order due to the bilayer periodicity are seen in the
as-deposited film. XRR data from as-deposited multilayer
gave individual thicknesses of 49 A and 41 A for Ni and Al
layers, respectively. The thickness of the Ni and Al layers for
the XRR data are marginally different from the values ob-
tained from PNR fits. One can see from Fig. 5 that the higher
order Bragg peaks in XRR have also reduced in intensity
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FIG. 5. (Color online) XRR pattern for as-deposited Ni/Al
multilayer sample (closed circles) and sample annealed at 160 °C
for 8 h (open circles). Continuous lines are fits to data. Inset shows
the measured XRR data from sample annealed at 160 °C for 1 h
(open circles), 4 h (open triangles), and 8 h (open rectangles) to
highlight stability of the XRR pattern against annealing.

after annealing due to alloy formation at the interface. The
alloy phase, which formed at the interface during the first
anneal, inhibited further alloying.

For the as-deposited sample the fitted density profile
[SLD profile in Fig. 6(A)] shows Ni and Al layers with rea-
sonably sharp interfaces, which correspond to the solid line
in Fig. 6(A). The fitted SLD for XRR data from the sample
after annealing clearly shows an intermediate alloy layer
sandwiched between Ni and Al layers [Fig. 6(B)]. The solid
line is the histogram of SLD from the best fit and the dashed
line in the same figure is an error function, representing a
continuous change in density to model the interface rough-
ness. Since the XRR pattern also does not change apprecia-
bly after the first anneal, we showed data and fits along with
the corresponding SLD profiles only for the as-deposited
sample and from the same sample after annealing it for 8 h,
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FIG. 6. (Color online) The chemical scattering length density
profile for (A) as-deposited and (B) annealed sample at 160 °C for
8 h as obtained from measured XRR data. The solid line in (B) is
the model for the density profile in absence of any interface
roughness.

in Fig. 6. Fits show that on annealing at 160 °C the indi-
vidual Ni and Al layer thicknesses have substantially reduced
from original values of 49 Aand41 Ato34 A and 12 A,
respectively, and an interface alloy layer of thickness ~20 A
has formed in this process. These thickness parameters are
close to the value we obtained from PNR measurements. The
excellent match between physical parameters obtained from
the NSF, PNR profile, and XRR profile for the as-deposited
sample and the sample annealed at 160 °C is evident in
Table 1. We also observe that the Bragg peaks in the XRR
pattern also systematically shifted toward higher Q values,
similar to the PNR data, presumably due to defects getting
annealed out. The average scattering length density of the
interface layer, as obtained from XRR measurements for the
annealed sample is 4.30 X 10~ A=2. To quantify the compo-
sition of the interface layer we have used XRR and PNR data
together as shown in Eq. (2). Using the p,j,,, values obtained
from XRR and PNR we obtained the stoichiometry of the
interface alloy layer, AL:Ni ratio, 2.9:1, identifying the inter-
face phase as Al3Ni.

TABLE I. Physical parameters obtained from PNR and XRR measurements of as-deposited sample and sample annealed at 160 °C. The

errors on the parameters are less than 5%.

Parameters [d=thickness(A),
Penem=nUClear-scattering length density (1070 A~2),

and o-=roughness(/°\)] extracted from PNR measurements

Parameters [d=thickness(A),
Perem=electron-scattering length density (1075 A2,
and o-=r0ughness(/°%)] extracted from XRR measurements

As deposited Annealed As deposited Annealed
Layer d Pehem o d Pehem o d Pehem o d Pehem o
Alloy 22 5.17 3 20 4.30 3
Ni 47 9.35 6 35 8.68 7 49 5.95 7 34 5.8 6
Alloy 22 5.17 3 20 4.30 3
Al 44 2.01 12 1.80 7 41 2.24 7 12 2.1 7
Subs. 1.84 5 1.83 5 1.94 5 1.93 5
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FIG. 7. (Color online) (A) Thickness variation in individual Ni
layer (closed circles), Al layer (open circles), and alloy layer (closed
squares) as a function of annealing time. (B) The average magnetic
moment of Ni atom in individual Ni layer (closed circles) as a
function of annealing time.

We observe that though the sample was annealed only at
160 °C, there was rapid alloying at the interfaces during first
1 h of annealing, evident from XRD, PNR, and XRR data.
The remarkable stability of the multilayer film following the
first anneal is the most important observation in the present
set of studies supported by XRD, PNR as well as XRR data.
The results have been consolidated in Figs. 7(A) and 7(B), in
which we have combined the plots of thickness of the alloy
layer (magnetically dead), thickness of Al and Ni layers and
the magnetic moment in the Ni layers as functions of anneal-
ing time. This plot highlights the observation that following
the first anneal, the multilayer showed remarkable stability
against further annealing. In addition PNR measurements
also show that the alloy layers at the interfaces are magneti-
cally dead and that there is a large reduction in magnetic
moment in the Ni layers due to diffusion of Al into the Ni
layer.

Another important parameter which could be quantified
from PNR and XRR reflectivity data is the diffusivity of the
constituent elements at the interfaces. The observed decay of
Bragg peak intensity in PNR measurements from the sample
annealed at 160 °C for 1-8 h could be used to calculate the
diffusivity of the constituent element as well as the interdif-
fusion length at this annealing temperature using the
expression”’

In[Z(1)/1(0)] = — 87*n*D(T)t/dy,, (3)

where I1(0) is the intensity of the nth order Bragg peak at
time =0, D is the diffusivity at the annealing temperature 7,
and dy, is the bilayer periodicity. The average diffusion
length L, is related to the diffusivity D(T), through the rela-
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tion: L;=\6D(T)t, where ¢ is the annealing time. The Bragg
intensity for first-order peak (inset of Fig. 2) was determined
after subtracting the background due to Fresnel reflectivity.
We obtained a diffusion length of approximately 23.5 A af-
ter the sample was annealed at 160 °C for 1 h, which re-
mained almost constant with time. The diffusion length ob-
tained from this measurement is close to the thickness of
alloy layer at interfaces as obtained by XRR and PNR mea-
surements.

In the present case the low-temperature anneal at 160 °C
produced an Al;Ni phase at the interface conforming to the
rule that in case of metal-metal nucleation, the first phase
that forms is the one adjacent to the low-temperature eutectic
in the binary phase diagram.'® This observation is also in line
with earlier work by Rothhaar et al® Once AI;Ni phase
forms at the interface, the stability of the multilayer against
further annealing may be attributed to the thermodynamics
of phase formation and structure of the interface alloy. Ni
and Al both are fcc metals. When mixed to form binary
alloys they form NijAl and Al3Ni at two ends of the phase
diagram; the former is the high-temperature eutectic and the
later is the low-temperature eutectic. While NizAl has an
ordered fcc phase, AIL3Ni is orthorhombic. Both have
A3B-type coordination, where each A atom is surrounded by
12 B atoms and vice versa. These structures have the largest
number of nearest neighbors among all the metallic lattices.
From the point of view of energy, A-B bonds are preferred to
A-A or B-B type of bonds. This will reflect in the free energy
“F” for the system, given by U-TS (U, T, and S are internal
energy, temperature, and entropy, respectively), where the
bond energy gives the internal-energy part “U.” Since we
have annealed at a comparatively low temperature, the en-
tropy term cannot override the internal energy to cause any
fluctuation in the composition necessary for mixing and dif-
fusion, leaving a stable multilayer. Also the interface alloy
Al3Ni in this case is an orthorhombic phase and does not
have the directional symmetry of a cubic fcc phase. In case
the interface alloy grows with some preferred orientation,
that might cause anisotropic diffusion with a low-diffusion
constant normal to the planes of the multilayer.

IV. SUMMARY AND CONCLUSIONS

To summarize, we have characterized the kinetics of alloy
formation in a Ni/Al multilayer by annealing the sample at
160 °C. The as-deposited sample and the annealed sample
were characterized using x-ray diffraction, polarized neutron
reflectometry, and x-ray reflectometry. We observed that ini-
tially the Al;Ni phase formed as the interface alloy layer in
the multilayer sample. The sample showed remarkable sta-
bility against any further annealing at this temperature. The
layered structure remained almost the same up to 8 h of
annealing time. This has been confirmed from all three mea-
surements independently. PNR showed that the interface al-
loy layer was magnetically dead and the magnetic moment in
the Ni layer reduced from 0.52 to 0.30 wg per Ni atom due
to Al diffusion into the Ni layers.
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