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Amorphous electrodeposited nickel —phosphorus alloys with 22 at. % of phosphorus (Ni22P)
have been analyzed in the amorphous and re-crystallized state by EDXD and XPS surface
analysis. The re-crystallization kinetics have been determined following in situ structural
changes by EDXD. Distinct diffraction patterns indicating the presence of NizP confirm alloy
re-crystallization at 645 °C. The XPS results show that all the core level binding energies of
nickel such as Ni2ps;s and Ni2pye and phosphorus (P2p, P2s) remained constant after the
change from X-ray amorphous to crystalline structure of the NiP alloy. Differences observed
were as follows: (a) the binding energy difference between the Ni2p main lines and the
satellite, (b) the fine structure of the NiLMM Auger lines, and (c) the density of states in
the valence band in the region of the Ni3d electrons. On the basis of these results from
EDXD and XPS, it can be concluded that the change in alloy structure from X-ray amorphous
to crystalline influences the electronic structure of the NiP alloy but not the chemical state
of phosphorus. An explanation based on the screening model proposed in the literature is

discussed.

Introduction

Electroless deposited Ni—P alloys have many indus-
trial applications! owing to their bright appearance,
good mechanical properties, high hardness, and out-
standing corrosion?3 and wear resistance as well as
catalytic properties.* For these reasons, wide applica-
tions were found in the electronic industry as an
underlayer in thin film memory disks.?8 These excellent
technological properties, however, are closely related to
the amorphous structure of the electrodeposited Ni—P
alloys. It is well-established that electroless deposited
alloys with phosphorus content P < 7 wt % are crystal-
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line whereas at P > 9 wt % the alloys have an X-ray
amorphous structure.”8 High phosphorus contents to
reach the eutectic (ca. 11.5 wt %, 20 at. %) or hypereu-
tectic compositions can be obtained in acidic plating
baths.?

The crystal structure of the Ni—P alloys as well as
their re-crystallization has been determined by X-ray
diffraction (XRD), electron diffraction, or transmission
electron microscopy (TEM) and differential scanning
calorimetry (DSC)”8 and, more recently, by magneto-
thermal studies.!011 The overall crystallization process
consists of an eutectic transformation with Ni and NisP
as final products at high temperature, preceded by a
primary crystallization at low temperatures of Ni in the
hypoeutectic alloys (phosphorus 15—19 at. %) and of Ni,
NigP, and NigP5 phases in the hypereutectic alloys
(phosphorus > 20 at. %). Primary crystallization at low
temperature is absent in the alloys with eutectic com-
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position (19—20 at. % P). This crystallization process
has received new interest as a possibility to obtain
nanocrystalline Ni—P alloys that can be produced by
controlling the heating procedure, time, and tempera-
ture of the transformation.?12

Whereas in structural studies of crystalline or re-
crystallized Ni—P alloys clear diffraction peaks of nickel
and NigP phases are found, these well-defined peaks
disappear with increasing phosphorus content and only
a broad, unresolved peak between 40 °C and 50 °C
appears.”® This is usually interpreted as absence of
long-range translational order characteristic of crystal-
line alloys.!®> However, this broad X-ray diffraction
pattern of “X-ray amorphous alloys” might be an un-
certain basis for deciding whether a structure is amor-
phous or nanocrystalline because it is well-known that
diffraction peaks become progressively wider and less
intense as the average grain size decreases.!*15 So the
“true” structure of the “amorphous” Ni—P alloys is still
under discussion; the more recent literature considers
these alloys nanocrystalline. More powerful techniques
such as neutron diffraction methods, particularly iso-
topic substitution neutron diffraction, have been used
to obtain more detailed information on the alloy struc-
ture.1® From these measurements total and partial pair
correlation functions in metallic glasses were deter-
mined.'® For the amorphous Ni—P alloys with 20 at. %
phosphorus a Ni—Ni distance of 2.56 A was calculated
in agreement with earlier results from XRD,” corre-
sponding closely to the atomic diameter of nickel (2.48
A) whereas the Ni—P distance of 2.26 A yields an
apparent diameter of the P metalloid atom of ca. 2 A,
much smaller than the atomic diameter of phosphorus
(2.56 A). In addition, from the P—P distance of 3.73 and
4.30 A, respectively, the metalloid atoms do not appear
as nearest neighbors but at larger distances in a
coordination shell around 4 A, which is split into two
subshells.1® From these features it was concluded that
the structure of the amorphous Ni—P alloy is not
“random” but governed by a chemical ordering effect due
to chemical interaction between the Ni atoms and the
metalloid P.17

This chemical interaction, precisely the chemical state
of nickel and phosphorus and the electronic structure
of amorphous Ni—P alloys, are studied best by X-ray
photoelectron spectroscopy (XPS). The binding energies
of core-level electrons in general provide chemical state
information about near-surface atoms or ions. From a
previous work of some of the authors,!8 the oxidation
state of phosphorus in the Ni—P alloys was found to be
slightly negative with respect to elemental phosphorus,
indicating the formation of partially covalent bonds with
nickel. For nickel the determination of the chemical
state based on XPS binding energies is not always
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possible: the binding energy range of Ni2ps/, electrons
for Ni metal and conducting nickel compounds (NiS,
NiAs, etc.) are similar within ca. 0.2 eV [ref 19 and
literature cited therein]. Apparently, the ligand (here
phosphorus) has little effect on the Ni2p main line
binding energies. The only systematic difference ob-
served in changing from metallic nickel to NiS or NiAs1?
was an increase of the binding energy separation
between the satellite and the main peak of the Ni2p
spectra. As a consequence, it is the binding energy of
the satellite peak that is influenced by the presence and
nature of the ligand and should be influenced also by
the coordination shell and nearest number of phospho-
rus atoms; thus, XPS should reveal differences—if
present—in the electronic structure of Ni—P alloys
between amorphous and re-crystallized state.

In this work, the structural changes (phase transi-
tions) during the crystallization of the nearly eutectic
electrodeposited Ni—P alloy with 22 at. % of phosphorus
(Ni22P) have been studied by energy-dispersive X-ray
diffraction (EDXD), collecting the diffraction pattern
statically with a simple experimental setup that re-
quires no movement of the sample. Changes in the
chemical state and electronic structure have been
investigated by X-ray photoelectron spectroscopy (XPS).
The combination of these complementary techniques
and of the results—to our knowledge—is new and can
provide new insights into the crystallization process of
Ni—P alloys.

2. Experimental Section

2.1. Synthesis of Ni—P Alloys. Ni22P alloys were obtained
by electro-deposition on copper foil. Prior to deposition, the
substrate was degreased in an alkaline solution and etched
in HySO4 solution. The substrate was masked with lacquer to
have an effective plating area of 42 x 80 mm?. The electro-
deposition of Ni—P was carried out under galvanostatic control.
The plating solution contained 0.64 M nickel sulfate (NiSO,),
0.11 M sodium hypophosphite (NaH3POs), 0.5 M phosphoric
acid (H3POy), 0.33 M boric acid (H3BOs), and 0.33 M sodium
chloride (NaCl), and the solution pH was 1.8, temperature 70
+ 1 °C, current density 2.7 A/dm?, and plating time 150 min.
All reagents were of analytical grade.

An anode of pure Ni was placed in a filter bag. Special care
was taken to ensure the deposit uniformity. Ni—P electrode-
posits usually show some lowering in P content with thickness
going from the substrate to the top due to the rise in pH and
bath depletion in hypophosphite. To avoid this, a high ratio
bath volume/deposited surface area was here employed, to-
gether with a periodical correction of pH, and vigorous stirring.
Some approaches to compositional depth profiling (X-ray
microprobe with different penetration depths, analysis of
deposits obtained in sequence) were performed and uniform
distribution of P, within the experimental errors, was found.
The substrate was mounted on an oscillatory holder to stir
the solution at the cathode and prevent hydrogen bubbles
adhering to the growing deposit. The plating time was adjusted
to obtain 30—40 um thick coatings, which were found to be
poreless. Details of the electro-deposition procedure are pro-
vided in ref 20.

2.2. Chemical Analysis, ADXD, Thickness Measure-
ments. The alloy composition was determined by wet chemical
analysis. Deposits were dissolved in boiling nitric acid. Atomic
absorption spectroscopy was used for determining nickel
whereas the amount of phosphorus was quantitatively deter-
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mined by the phosphomolybdate blue method.??> The NiP
alloy under study contained 22 at. % P (ca. 14 wt %).

The structure of this alloy was tested by conventional ADXD
(angular-dispersive X-ray diffraction, see section 2.3) measure-
ments. By previous investigations, samples of this kind with
less than 12 at. % P were found to be crystalline; samples
containing more than 18 at. % P showed X-ray amorphous
structures. For the transitional range, 12—16% P, either
crystalline or amorphous structures were revealed.?® According
to this statement, the sample under testing exhibited an
amorphous structure, as will be shown in the section dedicated
to diffractometry.

The thickness of the NiP layer was estimated by measuring
the weight gain during deposition. The applicability of this
approach was proven by observation of a polished cross section
of coatings under a metallographic microscope. The sample was
about 40 um thick.

2.3. The EDXD Technique and Its Application to
Phase Transitions. An ordinary ADXD diffractogram rep-
resents the intensity of a monochromatic radiation diffracted
by the sample as a function of the scattering angle 2¢. In this
case, also the energy E (or, equivalently, the wavelength) of
the X-ray radiation utilized has to be specified. Changing the
radiation energy, each diffraction peak is shifted to a different
angular value (higher if the energy is decreased and vice
versa). Instead, if the diffracted intensity is expressed in terms
of the scattering parameter ¢, a universal diffractogram
independent of the radiation energy is obtained. The scattering
parameter g represents the momentum transferred from the
radiation to the sample and can be expressed as follows

_ 2.
q—hCEsmﬁ

where c is the speed of light, & is Planck’s constant, E is the
energy of radiation, and ¥ is the scattering angle. According
to this expression, a ¢ scan can be performed in two ways.
The first is the aforementioned conventional ADXD method,
which consists of using a monochromatic radiation (E fixed)
and carrying out an angular scan. Alternatively, a continuous
spectrum radiation, containing photons of any energy up to a
maximum value, can be used. In the latter case, the angle ©
is kept unchanged during the acquisition and the technique
is called energy-dispersive X-ray diffraction (EDXD). In the
EDXD measurements, a solid-state detector capable of distin-
guishing the chromatic components of the diffracted spectrum
executes the energy scan.

A detailed treatment of the advantages of the latter method
can be found in refs 24—28. Summarizing briefly, in EDXD
no sample or detector motion is required; thus, the analyzed
area and the scattering volume of the sample is constant.
Complex experimental devices such as the high-temperature
chamber used in this work can be easily utilized due to the
simple geometrical arrangement. In addition, the integrated
intensity of the white radiation utilized as the primary beam
is one order of magnitude higher than that of the fluorescence
line used in ADXD in the same working conditions. As a
consequence, a proportional decrease of the acquisition times
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Figure 1. Picture of the custom high-temperature chamber.
(1) Collimation slits, (2) sample holder, (3) heating system
(crown of spiral-shaped electrical resistances), (4) cylindrical
beryllium window, (5) refrigerating system, (6) evacuation
pipe.

at a parity of statistical accuracy is obtained. Furthermore,
the higher energy of radiation increases the penetration of the
X-rays into the material under testing. This allows measure-
ments on metallic samples in the transmission geometry,
which is more reliable since the optical paths of X-rays are
independent of both the photon energy and the scattering
depth. For this reason, the EDXD technique was used to follow
the time evolution of the system upon heating, while the ADXD
technique (due to its higher resolution) was used to investigate
the system in static conditions.

The Chamber. The high-temperature chamber is constituted
by a sample holder surrounded by a crown of electrical
resistances (see Figure 1) connected to a power supply. A
feedback thermocouple controls the current flowing through
the heating resistance, such that the temperature is stable
within 1 °C. The cover of the sample holder is a stainless steel
block with a cylindrical beryllium window to allow the passage
of the X-ray radiation. After the cover is closed, a turbo-
molecular pump provides a working pressure of 10~* Pa in the
chamber. A hydraulic refrigerating system maintains the
temperature of the external part of the chamber close to room
temperature.

The Diffractometer. A noncommercial EDXD diffractometer
was used in this work.?® It is provided with a usual tungsten
anode X-ray tube. In the present measurements, the angle
was set at 11°. The beam produced by the X-ray tube is not
monochromatized (white) but just collimated by two W slits
to reduce its angular divergence. The source is an Italstruc-
ture, fine-focus (0.4 mm x 8 mm) tube, whose maximum power
is 2 kW. The working conditions were 55 kV and 25 mA. The
beam enters the high-temperature chamber through the
beryllium window and impinges the NiP sample (ca. 40 ym
thick) in the transmission configuration. The scattered beam
is collimated in the same way as the incident one and reaches
the energy-dispersive detector. The energy-dispersive detector,
manufactured by EG&G-Ortec company (GLP series), is
provided with a planar high-purity Ge crystal as its sensitive
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element and is suitable to detect X-ray photons below 150 keV.
Thus, this detector is capable of distinguishing the energy of
the photons contained in the scattered beam, producing a
current pulse whose intensity is proportional to the energy of
the absorbed photon. In this way, the number of pulses equals
the number of photons and the time integral of each pulse
accounts for the photon energy. The detector is connected to a
Multi Channel Analyzer (EG&G Ortec 92-X Spectrum Master),
which digitally reconstructs the spectrum of the scattered
radiation. The final result is a diffractogram in the form of a
histogram: its x-axis is divided into small intervals of the same
amplitude (channels) proportional to the energy, while the
integer value contained in each channel represents the number
of photons detected at that energy.

Measurement Procedure. The sample was put in the high-
temperature chamber, which was evacuated after closing, and
heated in a time negligible in comparison to the duration of
the measurements. The sample was then submitted to a
sequence of irradiations, lasting At=500 s each, and the
resulting diffractograms were recorded providing, in this way,
a description of the structural evolution of the system under
testing.

In this way, it was possible to calculate the coordinate x(¢),
which represents the stage of the sample transformation at
the instant ¢, just doing a comparison among the raw spectra,
with no need of processing or correcting them. x(¢) can be
obtained?® as the average over q of the ratio [I(q,t) — I(q,t1)]/
[I(q,t2) — I(g,t1)], where I(q,t) is the intensity scattered in
correspondence of a ¢ value in the generic instant ¢, while ¢,
and #; are the beginning and the end of the transition,
respectively. Indeed, the intensity of each white X-ray beam
scattered by a sample can be expressed as the sum of different
quantities, namely, coherent (or Thomson’s) and incoherent
(or Compton’s) single scattering contributions and multiple
scattering contribution. These quantities are all weighted by
coefficients characteristic of the scattering process (intensity,
polarization, and X-ray absorption of the incident beam). If
the density of the alloy does not change much upon (re)-
crystallization of the sample (as in the present case), the
coefficients of the scattering process and the incoherent
contribution are almost constant. Neglecting the multiple
scattering, which is small when the sample is thin like ours,
the only quantity that changes during the phase transition is
the coherent single scattering, that is to say, the diffracted
intensity.

This simplifies the experimental procedure very much,
prevents artifacts, and makes the EDXD method for phase
transitions easy to apply. The parameter x(¢) obtained is the
equivalent of the reaction coordinate for chemical transforma-
tions. It is defined as the portion of the sample that has turned
to the final phase at the time ¢, so that its value is zero at the
beginning and unit at the end of the process. Through x, the
transformation rate can be parametrized by means of the time
derivative of x, i.e., in terms of the adimensional parameter
[dx(2)/dt]-A¢. Finally, Liquori’s phenomenological model for
phase transitions was used for checking on the correctness of
x vs t curves profile.?” Indeed, several structural transitions
can be activated thermally in the (initially) amorphous samples.
Therefore, to observe and analyze the various processes
separately, it is necessary to be sure that a process is concluded
before increasing the temperature to activate the successive
process; otherwise, a mix of the two would be detected.
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2.4. X-ray Photoelectron Spectroscopy (XPS). XPS
analyses were performed with an ESCALAB spectrometer
(Vacuum Generator Ltd., U.K.). The vacuum system consists
of a turbo-molecular pump, fitted with a liquid nitrogen trap
and a titanium sublimation pump. The residual pressure in
the spectrometer during the data acquisition was always lower
than 5 x 1076 Pa. The specimens were mounted on a metallic
sample holder and the surface was covered with a gold mask
to allow the analysis of ca. 1 cm?2. The X-ray source was a non-
monochromatic Al Ko (1486.6 eV) twin anode run at 20 mA
and 15 kV. This source allows measuring the P-Auger lines
with higher kinetic energies using the Bremsstrahlung. The
X-ray angle of incidence with respect to the surface normal is
30°; the photoemission angle with respect to the surface
normal is zero. The transmission function was found to be
proportional to KE=05.31 All the spectra were obtained in the
digital mode (VG ECLIPSE software on IBM). A constant
energy of 20 eV was set across the hemispheres of the electron
analyzer operated in the fixed analyzer transmission (FAT)
mode, giving a full-width at half-maximum (fwhm) value of
1.1 eV for the Ag 3ds. transition; the PKLL lines and the
survey spectra were registered with a pass energy of 50 eV.
The instrument was calibrated using the inert-gas-ion-sputter-
cleaned reference materials SCAA90 of Cu, Ag, and Au.?? The
binding energy results here presented are the mean value over
three independent measurements and the standard deviation
has been found to be +0.1 eV for all the peak positions.

The oxide-free surfaces of NiP alloys were obtained using
an AG21 ion gun fitted in the analysis chamber of the
spectrometer. Ion etching was performed with Ar" at 5 keV,
30 uA for 3 min; the residual pressure was 107 Pa during
etching. Under these conditions no preferential sputtering of
the NiP alloy was observed and only the removal of the
external layers (contamination and oxidized layer) was ac-
complished.

3. Results

3.1. EDXD Measurements. A series of preliminary
tests was performed to establish the link between the
temperatures of transition and the corresponding time
of transition.?® Then the measurements were carried out
in the way discussed above. The first and the last
diffractograms obtained on the initially amorphous alloy
with P content of 22% at the lowest transition temper-
ature of 250 °C is shown in Figure 2a. At the beginning
essentially two broad peaks at 3.08 and 5.21 A;l,
respectively, together with a shoulder around 7.50 A™!
could be observed. During the 290 X-ray irradiations
(up to 39 h) at 250 °C, the main peak splits in three
peaks at 4.94, 5.25, and 5.59 A-1. The broad peak at
3.08 A~ develops into a sharp intense peak at 3.22 A™!
and a small one at 2.97 A™?, other minor peaks appear-
ing at 3.67, 3.90, 4.14, 4.60, and 6.52 A~1, respectively.
This peak splitting indicates that the broad peaks
arising from the nanocrystalline material are actually
several overlapped peaks that become apparent follow-
ing crystal growth.

After 39 h from the beginning of the heating the
diffractogram did not change anymore and the sample
had reached its stable configuration at 250 °C.

The temperature was increased until 340 °C, inducing
further structural change as shown by the diffracto-
grams in Figure 2b. In this case, the temperature was
held at 340 °C for 24 h, but preliminary measurements
had been carried out for a longer time (about 1 week)
to be sure that no further transformation occurred at
that temperature in 24 h. The main peaks at 4.94 and
5.59 A~! remained constant in position, while the peak
at 5.25 A~1 disappeared. Furthermore, the diffraction
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Figure 2. Diffraction patterns of the Ni22P alloy recorded
with the EDXD technique. (a) Comparison of the first and last
diffraction pattern at 250 °C. (b) Comparison of the first and
last diffraction pattern at 340 °C. (¢) Comparison of the first
and last diffraction pattern at 645 °C.
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pattern became richer and more structured due to the
appearance of numerous new reflections (see Figure 2b).

Increasing again the temperature up to 520 °C, the
spectra did not change anymore, showing that the
crystallization taking place at 340 °C was completed,
in agreement with DTA analyses.3*

Finally, the temperature was increased once more
until 645 °C. This is the highest temperature of re-
crystallization observed below the melting point. How-
ever, as can be seen in Figure 2c, the diffractograms
showed only slight modifications, the peaks becoming
a little more intense and sharp but substantially
unchanged. The entire real-time sequence of the dif-
fraction pattern is shown in Figure 3a.

3.2. XPS Results. XPS spectra of the Ni22P alloy in
the amorphous state and after complete re-crystalliza-
tion at 645 °C (as described above) were recorded after
argon ion sputtering for 3 min in order to remove only
the outermost layers. The quantitative analysis con-
firmed the composition of the bulk alloy: this indicates
that no preferential sputtering occurred. For comparison
the spectra of NigP powder were recorded, too. As an
example the survey spectrum of the re-crystallized alloy
after argon ion sputtering for 3 min is shown (Figure
4). Only signals from nickel and phosphorus are re-
vealed; carbon contamination and oxygen are absent.

In the following, the high-resolution XP spectra of the
Ni2p, P2p, P2s, and the X-ray excited PKLL Auger
signal of the electrodeposited alloy Ni22P in the amor-
phous and re-crystallized state together with the spectra
of NigP powder are shown. The corresponding binding
energies are summarized in Table 1 for Ni2ps/e, Ni2py/s,
P2p, and P2s together with the kinetic energy of the
PKLL signal.

Nickel Ni2p Region. The high-resolution XPS spectra
of the Ni2p region (Figure 5) show a clear distinction
between metallic nickel, the Ni22P alloy in the amor-
phous and re-crystallized state, and NisP powder,
respectively. The binding energy of the Ni2pss and
Ni2py2 main peaks remains almost constant (Table 1),
but the position of the satellite (distance from the Ni2pg/
line) increases from metallic nickel, the Ni22P alloy in
the re-crystallized state to the NisP powder (Figure 5,
Table 1). In XPS analysis a change in chemical environ-
ment or oxidation state of an atom usually is ac-
companied by a change in binding energy of the atom
(concept of chemical shift*?); e.g., a change from metallic
nickel to nickel oxide or nickel hydroxide results in an
increase of the binding energy of the Ni2p signal (Table
1). A constant binding energy of the Ni2p signal as found
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for the NiP alloys (Table 1, Figure 5) however cannot
be interpreted in a straightforward manner as there has
been no change in the chemical environment or oxida-
tion state of the nickel atom as has been shown for
conducting nickel compounds such as Ni, NiS, and
NiAs.19 In the case of conducting nickel compounds such
as Ni—P alloys, the detailed analysis of the main peak/
satellite structure becomes particularly important. In-
deed, in this work the binding energy difference main

peak/satellite increases from metallic nickel (5.7 eV) to
sputtered NisP powder (7.2 eV), indicating a change in
the electronic structure.

Phosphorus P2p and P2s Region. The high-resolution
signals of the phosphorus P2p region are shown in
Figure 6. The sputter-cleaned Ni22P alloy in the amor-
phous as well as in the re-crystallized state show a
single peak at a binding energy of 129.4 eV. The doublet
P2pso/P2py2 was fitted with an energy difference of 0.9
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Figure 4. XPS survey spectrum of sputter-cleaned Ni22P

alloy after re-crystallization at 645 °C. Al Ka 300 W, pass
energy 50 eV.

Table 1. Binding Energies of the Ni2P, P2P, and P2s and
Kinetic Energy of the PKLL Signals (Amorphous and
Re-crystallized Ni22P Alloy, Reference Compounds,
Sputter Cleaned)®

Ni2pse Ni2pye Nisat Asat P2p P2s PKLL sat
sample eV) (V) (V) (eV) (eV) (eV) (eV) (eV)

Ni22P 852.8 870.1 859.2 6.4 129.4 187.2 1858.2 1850.8
amorph
Ni22p 852.8 870.0 858.8 6.0 129.4 — 1858.2 1850.8
recryst
NigP 8529 870.1 860.2 7.2 129.5 — 1858.0 1850.9
powder sp
Ni 852.8 870.1 8585 5.7 — - - -
metal
NiO 854.8 - 856.1 1.3
861.5 6.7
Ni(OH), 856.3 - 857.3 1.0
862.4 6.1

@ Data for NiO and Ni(OH); are included for comparison. The
standard deviation is found to be 0.1 eV for all the peak positions.

Ni metal /‘//\

recrystallized, \\Nm/ ;') ]
M MMW /‘( ~ ]
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"
_NisP powder
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Binding Energy (eV)
Figure 5. High-resolution XPS spectra of the Ni2p region
comparing the Ni22P alloy in the amorphous and re-crystal-
lized state with metallic nickel and NisP powder. Al Ko 300
w.

eV and a ratio of 0.5. The NisP powder shows the same
peak; in addition, a second P2p doublet is revealed at
133.7 eV corresponding to the oxidized surface of the
powder. The binding energies are summarized in Table
1. The binding energies of the P2s signal (Table 1)
confirm the results of the P2p signal.
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Figure 6. High-resolution XPS spectra of the P2p region
comparing the Ni22P alloy in the amorphous and re-crystal-
lized state with NisP powder as received. Al Ka 300 W.
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Figure 7. High-resolution spectra of the X-ray excited PKLL
Auger signals comparing the Ni22P alloy in the amorphous
and re-crystallized state with NisP powder sputtered. Al Ko
300 W.

PKLL Region. The X-ray excited Auger signals (PKLL)
of all the samples studied (Figure 7, Table 1) show a
main peak at 1858.2 eV. No differences between the re-
crystallized or amorphous state of the Ni22P alloy could
be detected. An additional small Auger peak was
revealed at a constant distance of ca. 7.4 eV from the
main peak, independently of the oxidation state of the
phosphorus compound. The presence and the difference
in energy of this additional Auger peak is in agreement
with an earlier work of Schaerli and Brunner.3?

Summarizing, the nickel and phosphorus more in-
tense photoelectron lines are insensitive to changes in
the structure of the Ni22P alloy observed by X-ray
diffraction. Ni2p satellite peak shapes however indicate
changes in electronic structure. The binding energy of
the satellite decreases after re-crystallization of the
Ni22P alloy.

4. Discussion

The transition from the amorphous to the crystalline
state of binary metallic glasses such as nickel—phos-
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phorus in the composition range P > 18 at. %23 affect
both the corrosion resistance??3 and the catalytic behav-
ior* of the alloys. It is, however, not yet fully established
if the changes in properties are due to a change in
structure or grain size or due to changes in the elec-
tronic structure of the Ni22P alloy or both.

4.1. Change in Morphology and ADXD Structure.
As discussed by Braedal et al.,'* the broadening of the
main (111) diffraction peak in electroless deposited NiP
alloys can be caused by a decrease in the grain size from
150 to 15 A. Indeed, on a series of electrodeposited Ni—P
alloy films the X-ray diffraction pattern showed a
gradual change from sharp to broad peaks with increas-
ing P content.”!» HRTEM observation revealed that the
crystallographic structure of an electrodeposited 18.5 at.
% P alloy was crystalline with a crystal size of about 10
nm. At 21.5 at. % P, a crystal size of 3 nm was found.1®
On the other side, also amorphous Ni—P alloys clearly
display short-range order.!6:17 Thus, the NiP alloys with
an amount of phosphorus higher than 18 at. % were
called X-ray amorphous or topologically long-range
disordered.?® The question if diffraction patterns re-
corded on electrodeposited as-plated NiP alloys indicate
a transition from crystalline to amorphous structure
with increasing phosphorus content will not be ad-
dressed further here.

In Figure 3a, the energy spectra (i.e., diffractograms)
acquired during the transitions have been shown. Ac-
cording to what is discussed in section 2.3, the transition
coordinate (Figure 3b) and its derivative (Figure 3c) can
be obtained from this sequence. Theoretically, the
transition coordinate should be calculated over the
g-interval (0 — o) but, due to the damping of the
diffractograms modulations at high g values, the aver-
age in the observed interval represents a very good
approximation. Therefore, x(¢) is calculated over the
accessible g-interval only.

The fact that the changes occur in the same regions
of the spectra both at 250 °C (Figure 2a) and 340 °C
(Figure 2b) might induce one to think that the first
transformation at 250 °C is not complete and further
heating just accelerates it. However, according to both
Avrami’s and Liquori’s theory,36:37 the kinetics of phase
transitions have a well-defined progression. In cor-
respondence of each phase transition, they start slowly
at the beginning, have a successive sudden onset, and
then relax to the final structure (Figure 3b). In terms
of the derivative of the reaction coordinate x(¢), this
means that the transition speed is small at first, then
rises, and, finally, decreases again. This agrees with the
shape of dx(¢)/d¢ plotted in Figure 3c. Similar curves
were found for the transitions at higher temperatures.33

Studies on the crystallization of electroless Ni—P
deposits with P content between 4.35 and 9.12 wt % (8—
16 at. %) indicated a fully annealed state at ca. 400 °C
and a change in the micro-hardness in the temperature
range between 360 and 400 °C in agreement with this
work (at 520 °C no changes to 340 °C were observed).
The final stable phase after crystallization at 600 °C
was found to be NizP.38 In a work on the crystallization
kinetics and phase transformation of electroless Ni—P
alloys with phosphorus content of 12—16 wt % (20—26
at. %), the sequence of phase transformation was found
to proceed from amorphous, intermediate metastable
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qlA )
Figure 8. Comparison of the diffraction spectra of the fully
re-crystallized electrodeposited Ni22P at. % alloy after nor-
malization to the incident beam spectrum (solid line) with the

diffraction spectra of crystalline NisP (black peaks) and with
pure Ni (dotted bars).

phases + NisP, to stable NisP and fcc nickel?® in
agreement with the early work of Hur” and this work.

The g values calculated in this work from the diffrac-
tion diagrams (Figure 8) indicate that the crystal
structure of the re-crystallized Ni22P alloy after com-
plete re-crystallization at 645 °C closely resembles that
of NisP with a minor contribution of crystalline nickel
in agreement with ref 7. The NisP phase has been
identified as a stable phase formed at re-crystallization
at 600 °C.73? The slight shift observed in peak position
is due to a little uncertainty on the absolute value of
the diffraction angle. Minor differences in peak intensity
can be attributed to the fact that the NigP powder taken
as reference was composed of relatively big particles
whereas the NisP phases supposed to be formed in the
re-crystallized alloy have much smaller dimensions and
might still be embedded in a fcc nickel matrix.

4.2. Change in Electronic Structure. The high-
resolution XPS and XAES spectra of the Ni22P alloy
show that the binding energies of the core levels of
nickel and phosphorus remain constant (Table 1), dif-
ferences between the as-plated (amorphous) state and
the re-crystallized state can be revealed only in the Ni2p
satellite structure (Figure 5, Table 1). Based on the
concept of “chemical shift” usually valid in XPS mea-
surements, this would indicate, in a first interpretation,
that nickel and phosphorus have the same chemical
state irrespective of the crystallographic structure.
However, as shown below, the binding energy of nickel
in conducting compounds can remain constant despite
a change in the chemical environment. The phosphorus
atoms (ligands) and their nearest neighbor position
(dependent on the structure of the alloy) influence the
energetic contributions of the nickel atoms in the alloy.

XPS Signals of Ni Binary Compounds. From the
literature it is known that for metallic nickel two
distinct final states are possible upon ejection of a core
level photoelectron: either ¢~13d%4s2 or ¢~13d104s1,19:40
These two final states result in two XPS peaks, a main
peak and a satellite peak at a binding energy distance
of 6—8 eV. The relative intensity of the two peaks is
determined by the probability of filling the 4s or the 3d°
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holes. The origin of the two photopeaks is described in
ref 40. It has been shown that these main peak/satellite
structures hold for all Ni bands (2p, 3s, 3d).4°

The influence of nonmetallic ligands in conducting
nickel compounds such as NiS or NiAs on the difference
in binding energy between the two final states (main
and the satellite peak) has been discussed.!® The less
intense screening of the core-hole by the fewer “metallic”
(nonbonding) 3d electrons of nickel in NiS or NiAs
compounds has been proposed as explanation for the
higher binding energy of the satellite.1?4? The same
concept can be adopted for the conducting Ni22P alloys
studied in this work.

The experimental Ni2p data (Table 1) show that the
Ni2p peak binding energies of the Ni22P alloys do not
reflect the crystalline structure in which Ni is bonded
to phosphorus but the change in crystal structure is
accompained by a decrease in the binding energy
difference between the Ni2pse main peak and the
satellite; it decreases from 6.4 eV in the amorphous to
6.0 eV in the re-crystallized Ni22P alloy (Table 1). It is
thus shown for the first time that not only the type of
ligand (P, S, As)! but also the crystal structure changes
the electronic structure of the conducting nickel com-
pounds.

4.3. Structural and Chemical Order. From neu-
tron diffraction experiments with isotopic substitution
of the nickel atoms, it was concluded!® that the phos-
phorus metalloid atoms in amorphous NiP alloys do not
appear as direct neighbors (no peak around 2 A), but
they occur as a double peak with a pronounced distance
correlation at two different distances around 4 A. From
experiments and Monte Carlo simulation!617 the aver-
age correlation number of nickel with respect to phos-
phorus was found to be ca. 9 (with a broad distribution
between 8 and 11). This allows us to conclude that the
metalloid atoms in the amorphous NiP alloy are not
distributed randomly in a framework of nickel metal
atoms (as assumed in the past) but play a dominant role
in the amorphous structure by establishing their own
neighbors of about nine metal atoms by chemical
interaction with the metal atoms.

On the other hand, the experiments with EDXD
technique in this work show clear changes from “amor-
phous” (broad peaks) to crystalline structure (similar
to NigP) after re-crystallization at 645 °C (Figure 8).
These changes are not reflected in the high-resolution
XPS spectra (Figures 5—7). The only difference revealed
is the distance of the final state satellite in the Ni2p
spectra (Figure 5, Table 1). A possible explanation of
the insensitivity of the nickel and phosphorus core lines
to structural changes (as revealed by EDXD) in the
Ni—P system and simultaneously of the pronounced
sensitivity of the energy difference of the two final states
of the Ni2p core hole after photoionization can be based
on the electronic structure of the Ni—P alloys.*244 The
two XPS photopeaks (main peak and satellite) are the
result of two distinct final states. The binding energy
difference between the main peak and its satellite is
affected by the presence and nature of the ligand (as
shown in the literature for P, S, or As,194! the concen-
tration of the ligand,*! or the structural order (this work,
Figure 5). In both, the amorphous and re-crystallized
Ni—P alloy, the 3d° band straddles the Fermi level and
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comparing the Ni22P alloy in the amorphous and re-crystal-
lized state. Al Ka 300 W.

the 3d® band is ca. 2 eV below the Fermi level and
provides equivalent screening in the solids (“metallic”,
nonbonding electrons). The band of the P2p electrons
of Ni—P (molecular orbital of dominantly ligand char-
acter, bonding electrons) extends from about 4 to 8 eV
below the Fermi level and is not involved in filling the
3d? band. A higher binding energy value of the final
state satellite peak corresponds to a deeper potential
well after core hole formation,'%4% hence to a lowered
screening of the valence band region due to a higher
number of Ni3d bonding electrons (higher density of
state at the Fermi level). XPS valence band spectra
showed a lower density of state near the Fermi level
when adding phosphorus to Ni—Pd alloys,** interpreted
as covalent bond formation between metal atoms and
phosphorus. The reduction of the magnetic susceptibil-
ity, Knight shift, and NMR spin relaxation rate (all
dependent on the density of states at the Fermi level)
of amorphous Pd—Ni—P alloys after phosphorus addi-
tion have been explained with this concept.** Similar
results were reported for a Ni—P alloy with 18.9 at. %
phosphorus,*? where no significant differences between
electrodeposited and melt-spun NiP alloys were found.

A change from the amorphous to the crystalline
structure of the electrodeposited Ni22P alloy is ac-
companied by a decrease in the energy difference
between main and satellite peak in the Ni2p spectrum
(Table 1). In light of the concept presented previously,*°
the re-crystallized alloy should present a more intense
screening, thus a higher number of nonbonding Ni3d
electrons or—as a consequence—a lower number of
bonding Ni3d electrons located at ca. 4—8 eV below the
Fermi level. When the high-resolution valence band
spectra (Figure 9) of the Ni22P alloy in the amorphous
and re-crystallized state is examined in detail, a higher
intensity in the range 4—8 eV can be noted for the
amorphous Ni22P alloy; thus, the concept of screening
might be substantiated.

5. Conclusions

This combined XPS and EDXD study on thermally
induced crystallization of electrodeposited nickel—
phosphorus alloy has shown what follows:
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EDXD is well-suited to follow in detail the thermally
induced crystallization. The (re)crystallization kinetics
at all three temperatures applied (250, 340, and 645 °C)
follows Liquori’s law, as expected. Only at or above 340
°C a complete re-crystallization was observed; the
crystallographic phases formed are similar to crystalline
NigP.

The XPS Ni2p and P2p core lines as well as the X-ray
induced Auger line PKLL do not change in shape and
binding energy when the alloy undergoes transition
from the amorphous to the fully re-crystallized state.
This indicates that re-crystallization does not induce
changes in the formal net charge on P and Ni atoms in
the alloy. Only the decrease in binding energy difference
between the two states in the Ni2p spectra (Ni2pse main
peak and its satellite) indicates a different electronic
structure of the alloy when changing from X-ray amor-
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phous to the crystalline state. It is hypothesized that
the amorphous state shows a higher number of bonding
Ni3d electrons with respect to the crystallized one. This
change in the electronic structure could be verified in
the high-resolution valence band spectra of the NiP
alloys, where a higher intensity can be noted in the
range 4—8 eV below the Fermi level.

In conclusion, the re-crystallization of the electrode-
posited amorphous alloy results in a rearrangement of
the nearest neighbors of the P and Ni atoms or in other
words in the transition from a chemical order (amor-
phous) to a structural order.

Acknowledgment. Financial support from Italian
MURST (60% grant to A. Rossi) is gratefully ack-
nowledged.

CMO030606X



