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An in situ optical pump/x-ray probe technique has been utilized to study photo-initiated solid-
state diffusion in a Ni-Pt multilayer system. Hard x-ray diffraction has been used to follow the
systematic growth of the NiPt alloy as a function of laser intensity and total energy deposited. It
is observed that new phase growth can be driven in as little as one laser pulse, and that repeated
photo-excitation can completely convert the entire multilayer structure into a single metallic alloy.
The data suggest that lattice strain relaxation takes place prior to atomic diffusion and the formation
of a NiPt alloy.

Understanding the forces that drive atomic motion has
long been of interest for a variety of fields, ranging from
studies of structural phase transformations to chemical
reactions. For example, diffusional mixing in bi-metallic
systems can lead to the production of new phases and
alloys that can have useful electromagnetic and catalytic
properties1,2. Studies that reveal atomic motion during
solid-state mixing can lead to a fundamental understand-
ing behind the production of these novel molecular struc-
tures.
In many cases compositional gradients and thermal ex-

citation are the main factors that drive atomic transport.
For example, studies of thermal activation in Nickel-
Platinum systems have shown that the atomic diffusion

constant is 10−13−10−10 cm2

s
over a temperature range of

1200-1600K3. In addition, in systems with planar sym-
metry, the amount of mixed phase material can be de-
scribed by a simple power law as a function of time4

W = Wo +Atn (1)

whereby in diffusion limited systems, n=0.5 as described
by Fick’s Law. However, in systems with steep composi-
tional and/or thermal gradients, it has been shown that
the growth of new phase material does not follow a stan-
dard diffusion rate model, especially at early times where
n ∼15. Therefore experimental methods that can simul-
taneously measure the composition and growth of this
new mixed phase are desirable to fully characterize the
atomic motion.

X-ray diffraction (XRD) scattering methods are the
preeminent tool for structural refinement of systems at
the nanoscale. In particular, the angular positions of
diffraction peaks are governed by the Laue equation,

~G = ~ko − ~ki (2)

where ~G is the reciprocal lattice vector associated with

the material composition and ~ki,o are the incident and
output x-ray wavevectors. Accurate measurement of the

scattering vector allows one to reconstruct the chemi-
cal composition of condensed phase materials6. Further-
more, when integrated with simple thermal excitation,
the kinetics of compositional changes can be directly
revealed7. For example, as early as 1940, it was shown
that XRD methods can be used to study diffusional mix-
ing in solids8. These studies, however, have primarily
been limited to the quasi-static regime, i.e. where the
sample is in thermal equilibrium with the environment.
Under these conditions many different diffusional path-
ways within the complex energy landscape are sampled,
making it difficult to identify the specific forces that drive
the atomic motion.

In contrast, picosecond optical excitation can provide
a nearly instantaneous pulse of energy to the atomic lat-
tice which in turn drives the system to a highly non-
equilibrium state. In particular, when intense optical ra-
diation interacts with a metal, a large number of “hot
electrons” are generated within the optical penetration
depth of the material. This electron plasma very rapidly
diffuses through the metal and thermalizes with the
atomic lattice on picosecond timescales9,10. Pulsed laser
systems can generate temperature jumps in solids well in
excess of 1000K11–13. Previous studies integrating pulsed
laser excitation with small angle x-ray scattering tech-
niques have provided direct evidence of optically driven
atomic diffusion solid state systems14,15. However, small
angle x-ray scattering is only representative of the modu-
lation in the composition profile of a multilayer film, and
is not very sensitive to the molecular composition of the
newly formed phase.

In this work, optical pump/wide angle XRD measure-
ments have been used to study the in situ photo-induced
atomic diffusion and alloy formation in a Pt-Ni multilayer
film. This prototypical system was chosen because of its
simple structural phase diagram16 and well separated lat-
tice parameters of the individual atomic species as well
as the metallic alloy. The use of wide angle x-ray scat-
tering allows the reconstruction of both the composition
profile of the new phase formation as well as revealing
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FIG. 1. Top: Experimental Setup. Bottom: complete ra-
dial integration of the two-dimentional diffraction pattern of
the as-prepared sample. Inset: time-resolved x-ray diffraction
measurement of a laser excited NiPt alloy.

the lattice strains within the multilayer structure.

For the experiments described below, a metallic mul-
tilayer system was grown via sputtering on a stan-
dard silicon wafer. The multilayer was comprised of 11
(10) layers of Ni (Pt), each approximately 5nm thick.
Experiments were performed at the BioCARS undu-
lator beamline (sector 14-ID) at the Advanced Pho-
ton Source (APS) at Argonne National Laboratory17,
whereby 48000, 12.0keV, hard x-ray pulses illuminated
the sample at a fixed incident angle of approximately
5 degrees (see figure 1). At this angle and x-ray en-
ergy, the average attenuation depth within the sample
was approximately 300nm, therefore the x-rays are able
to sample the entire multilayer structure with limited
attenuation. The resulting two-dimensional XRD pat-
tern was collected by a Rayonix MX340-HS camera. The
output scattering vector was calibrated using a standard
CeO2 polycrystalline sample. Background dark images
and transient hot pixels (generated by external electri-
cal and/or cosmic sources) were manually removed from
each two-dimensional diffraction image.

Upon a simple radial integration of the entire diffracted
signal (see figure 1), we observe several diffraction peaks
associated with the sample. In the diffraction region as-
sociated with the 111 family of diffraction planes of Pt
and Ni (4.1 to 5.0nm−1) “fast” periodic modulations in
the diffraction intensity are clearly visible consistent with
the existence of a multilayer structure. In addition, we
observe two broad peaks centered approximately at 5.1

and 5.65nm−1, consistent with the (200) peaks of Pt and
Ni respectively. The lack of periodic modulations around
these peaks suggests that the mulitlayer was grown in a
direction parallel to the (111) diffraction planes of Pt and
Ni.

In an effort to deconvolve the multilayer diffraction
signal with the atomic composition, each background
subtracted diffraction image was radially integrated into
60 degree φ bins such that the off-axis (200) and (111)
diffraction planes (located at |φ| > 30◦) could be isolated
from the “on-axis” diffraction patterns (φ ∼ 0◦). As the
off-axis directions have limited sensitivity to the recipro-
cal lattice vector of the multilayer, the x-ray scattering is
dominated by the material composition. In contrast, the
on-axis diffraction patterns include significant contribu-
tions from the modulations of the chemical composition
associated with the multilayer, thereby suppressing the
signal from individual atomic layers. However, the mod-
ulation depth within the observed multilayer diffraction
pattern is highly sensitive to both the periodicity and
composition gradient at the boundary interfaces, provid-
ing a method to detect small changes in atomic compo-
sition at the boundary interfaces. Therefore analyzing
both the on and off-axis diffraction contributions simul-
taneously can provide complementary information on the
chemical composition of the sample. Prior to peak fitting,
an additional background subtraction was performed on
each radial integration. For each series of laser excita-
tions, three independent measurements on different loca-
tions on the crystal surface were performed.

Optical pump pulses were generated by a Spectra
Physics Spitfire laser system, which delivered ∼1ps,
800nm pulses of radiation to the sample. The laser was
incident on the metallic surface approximately parallel to
the surface normal, providing a quasi-homogenous laser
intensity over the entire x-ray interaction region. The
optical intensity was controlled via a neutral density fil-
ter. At 800nm, the optical absorption depth (reflectiv-
ity) of Ni and Pt is 14.5nm (68%) and 12.8nm (71%)
respectively18, implying that the optical radiation only
penetrated the first few multilayer periods, and that ap-
proximately 30% of the incident optical energy was ab-
sorbed into the multilayer structure. Time-resolved XRD
experiments of a laser annealed PtNi alloy film upon
exposure of a 50mJ/cm2 optical pulse (see figure 1 in-
set) indicate that the ultrafast laser excitation provides
a quasi-instantaneous lattice strain within the sample.
Simple extrapolations using linear thermal expansion im-
ply that the laser imparts a temperature rise in excess
of 450K within the sample with a characteristic decay
time of 20-50ns, consistent with thermal diffusion to the
environment19–21. While time-resolved XRD measure-
ments were possible on the annealed alloy, due to the
irreversible structural changes within the as grown sam-
ple, time-resolved measurements were not possible given
the size of the sample and lack of precise rastering capa-
bilities during the current experiment.

In figure 2, the two-dimensional XRD patterns and
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FIG. 2. Measured XRD pattern of Ni-Pi multilayer. Top: 2D
diffraction pattern of the as prepared (left) and laser excited
(right) sample. Dashed lines represent equal magnitude in the
scattering vector. Solid lines are the “φ” angle with respect to
the surface normal of the sample. Bottom: radial integrations
of the 2D diffraction pattern at φ = 0◦ (top) and |φ| > 30◦

(bottom) for the as prepared (black) and upon exposure to
three, 250 mJ/cm2 laser pulses (red). Dashed lines represent
scattering vectors associated with bulk Pt and Ni.

resulting on and off-axis radial integrations are shown for
the as-prepared multilayer sample. Direct inspection of
the XRD patterns reveal that the deposited multilayer is
preferentially grown such that the (111) lattice planes are
parallel to the surface of the substrate, i.e. only the (111)
family of diffraction peaks are observed along φ = 0◦.
To reconstruct the composition of the sample, the mea-

sured XRD patterns around φ = 0◦ were compared di-
rectly to simple one-dimensional kinematic calculations
of the scattered intensity profile22–24. Fits reveal that
the as grown sample possessed approximately 18.5(6) and
25.5(7) atomic planes of Pt and Ni respectively in each
metallic layer, with approximate lattice parameters of
0.397nm and 0.3535nm for the Pt and Ni respectively,
significantly larger than accepted bulk values for the con-
stituent metals (0.3924nm and 0.3524nm respectively).
Fitting the off-axis (111) family of diffraction peaks to

a series of Gaussian curves, the as-grown sample was de-
termined to be comprised of 59(1)% Ni and 39(1)% Pt
consistent with the analysis above. The fits indicated
that the atomic lattice parameters in the off-axis direc-
tion are 0.39041(2)nm and 0.35358(14)nm for the Pt and
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FIG. 3. XRD patterns of the as prepared (black), after one
laser pulse (red), two laser pulses (green), and three laser
pulses (blue) at a laser fluence of 250 mJ

cm2
Top: φ = 0◦. Bot-

tom: |φ| > 30◦. Dashed lines represent scattering vectors
associated with bulk Pt and Ni.

Ni respectively, indicating that the system in under sig-
nificant asymmetric lattice strain prior to laser exposure.

Following exposure of only three laser pulses at an op-
tical fluence of 250 mJ

cm2 , dramatic changes in the XRD
patterns are apparent (see figure 2). Under these condi-
tions, if we assume that the imparted temperature rise
in the sample is proportional with in incidient laser in-
tensity, the material will have experienced a temperature
jump in excess of 2200K, well above the reported melting
temperature of both Pt and Ni. The diffraction intensity
is almost eliminated in both the atomic Ni (111) and Pt
(111) peaks. In addition, there is a set of new diffrac-
tion peaks at Q∼4.65 and ∼5.35nm−1, consistent with
reported lattice parameters of PtNi alloys25.

To follow the formation of the new mixed phase, XRD
measurements were taken as a function of laser expo-
sure (see figure 3). After a single laser pulse, both the
Pt (111) and Ni (111) multilayer peaks have systemati-
cally shifted to larger scattering vectors. In addition, the
diffraction contrast associated with the multilayer peri-
odicity is significantly reduced, consistent with atomic
diffusion across the Pt-Ni boundary. However, as the
diffusion has not been completed, the multilayer diffrac-
tion pattern dominates the on-axis contribution, thereby
suppressing the diffraction contribution due to the com-
position of the alloy. In the off-axis directions, the scat-
tering vectors of the Pt (111) and Ni (111) peaks shift
and a clear PtNi (111) diffraction peak is observed.

Further laser excitation displays the growth of both
PtNi (111) and (200) peaks, and after only three laser
pulses, 93(2.5)% of the sample has been converted to the
new metallic phase. Subsequent laser pulses do not ap-
pear to convert any additional material to the alloy sug-
gesting that atomic diffusion is completed. Concurrent
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FIG. 4. XRD patterns of the as prepared (black) and follow-
ing laser excitation of 100 mJ

cm2 (red). Top: φ = 0◦ bottom:
|φ| > 30◦. Dashed lines represent scattering vectors bulk Pt
and Ni.

XRD patterns along φ = 0◦ direction not only include
the formation of the PtNi (111) peak, but a significantly
suppressed PtNi (200) peak as well, suggesting that that
the alloy formation is slightly amorphous.

Upon further inspection, the scattering vector of the
PtNi alloy peaks are dependent on the φ angle, suggesting
that the new phase has formed under significant static
strain. After an additional 10 laser pulses (not shown)
the peaks converge to approximately the same scattering
vector suggesting that repeated laser exposure leads to
a more isotropic alloy. However, under these conditions
there is significant visible surface damage to the sample
as well as a global loss of XRD intensity, consistent with
a large amount of material being removed by the laser
excitation.

To minimize laser ablation and to more closely follow
the growth of the new metallic phase, the optical flu-
ence was reduced to 100 mJ

cm2 (see figure 4). At this laser
intensity, we estimate that the laser provided a temper-
ature rise on the sample of about 900K, below the melt-
ing temperature of Pt or Ni. Upon repeated laser expo-
sure, the total integrated XRD intensity did not change
over 200 laser pulses, suggesting that optical ablation
was minimized. Like the data at higher laser intensities,
after 100 laser pulses, a Pt and Ni lattice shift is ob-
served and a clear PtNi (111) XRD peak is formed in the
off-axis scattering directions. In the φ = 0◦ direction,
like above, there is no direct evidence of the formation
of a new phase due to the residual multilayer periodic-
ity, however, the diffraction contrast associated with the
multilayer periodicity is reduced, consistent with atomic
migration across the Pt-Ni boundary.

Gaussian peak fitting of the (111) family of peaks in
the off-axis directions, reveals the structural changes in
detail as a function of laser exposure (see figure 5). For
the 100 mJ

cm2 excitation, after the only 10 laser pulses, the

Pt and Ni lattice expands, 0.17% and 0.25% respectively,
without any evidence for alloy formation. After 50 laser
pulses, XRD peaks associated with the metallic alloy ap-
pear, which grow in amplitude approximately linearly
with laser excitation, reaching greater than 10% conver-
sion in 200 laser pulses. During the repetitive laser expo-
sure the measured Pt lattice parameter is slowly reduced
over several hundred laser pulses, while the Ni lattice con-
tinues to expand another 0.3%. The lattice parameter of
the alloy also change linearly with laser exposure grow-
ing from 0.37110(18)nm to 0.37325(12)nm in the first 200
laser shots, consistent with changes in chemical concen-
tration in the alloy layer.

In the 250 mJ
cm2 data, after a single laser pulse the Pt

and Ni lattice parameters have increased 0.3% and 0.9%
respectively, while 7.5 ± 1% of the sample converted to
the alloy. The second laser pulse leads to a compression
of the Pt and a further expansion of the Ni lattice in
conjunction with a significant increase in alloy produc-
tion. Finally after three laser pulses, the sample is over
93% in the alloy state. Like above, the lattice parameter
of the alloy peak appears to change with the growth of
the new phase. In particular, after one laser pulse the
peak position is consistent with a nickel rich alloy, and
after repeated laser excitation the resulting in a lattice
parameter is consistent with a equal mixture of Ni and
Pt. Along the φ = 0◦ direction, the Pt lattice param-
eter has compressed by ∼2%, and after two laser shots,
the XRD pattern is comprised of a superposition of the
multilayer structure with metallic alloy state, suggesting
that the new mixed phase was formed non-uniformly as
function of material depth. After three lasers shots, XRD
pattern is dominated by the metallic alloy.

The apparent correlation between the shifting of the
lattice parameters with appearance of the alloy state sug-
gests a diffusional pathway for the growth of the new
phase. In particular, there are several sequential and
correlated events that occur during the mixing process;
1. The rapid change of both Pt and Ni lattice parameters
2. The simultaneous shift in the Ni lattice peak and the
production of the PtNi alloy. 3. Relaxation of strain in
the PtNi alloy.

The initial change in the Pt and Ni lattice parame-
ters prior to any significant new phase formation suggests
that a reduction in lattice strain precedes atomic migra-
tion across the interface. As lattice strain is dependent
on the atomic defect concentration26 and the lattice pa-
rameter of alloys can be described by Vegard’s law27, the
subsequent slow evolution of the Pt lattice parameters to
smaller values and the rapid migration of the Ni and PtNi
lattice parameters to larger values, is consistent with Pt
atoms preferentially migrating into the Ni rich areas. In
addition, as data from excitation at 100mJ/cm2 demon-
strate a linear progression of alloy formation as a function
of laser exposure, consistent with linear power law as de-
scribed by equation 1. Following the fore-mentioned dif-
fusional steps, the observed residual φ-dependent strain
in the resultant alloy suggests that even after atomic dif-
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FIG. 5. Results of Non-linear least square fittings to mea-
sured data as a function of laser excitation. Left column:
incident laser fluence 100 mJ

cm2
Right column: incident laser

fluence 250 mJ

cm2 Top row: Alloy percentage. Bottom row:
Retrieved lattice parameters of Pt (red), Ni (blue), and PtNi
alloy (black). Dashed lines represent scattering vectors bulk
Pt and Ni. Error bars represent standard errors from fits.

fusion has been “completed”, atomic mixing is still ongo-
ing, producing a more isotropic alloy upon repeated laser
exposure.

In conclusion, we have measured the in situ growth
of a metallic alloy driven by intense optical radiation.
The data suggest that photo-driven structural changes
are mediated by a multistep process, which includes
atomic lattice relaxation followed by atomic migration.
On-going integration of precise, and repeatable, lateral
control over the sample position will allow future experi-
ments to explore these atomic motion using time-resolved
x-ray diffraction technique to explore the motion at both
the atomic scale and the sub-nanosecond timescales.
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