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Face-centered cubic Ni nanoparticles were formed in SiO2 by ion implantation and thermal

annealing. Small-angle x-ray scattering in conjunction with transmission electron microscopy was

used to determine the nanoparticle size as a function of annealing temperature, whereas the local

atomic structure was measured with x-ray absorption spectroscopy. The influence of finite-size

effects on the nanoparticle structural properties was readily apparent and included a decrease in

coordination number and bond length and an increase in structural disorder for decreasing

nanoparticle size. Such results are consistent with the non-negligible surface-to-volume ratio

characteristic of nanoparticles. In addition, temperature-dependent x-ray absorption spectroscopy

measurements showed the mean vibrational frequency (as obtained from the Einstein temperature)

decreased with decreasing nanoparticle size. This reduction was attributed to the greater

influence of the loosely bound, under-coordinated surface atoms prevailing over the effects of

capillary pressure, the former enhancing the low frequency modes of the vibrational density of

states. VC 2011 American Institute of Physics. [doi:10.1063/1.3594751]

I. INTRODUCTION

Nanoparticles (NPs) are of growing interest due to their

novel magnetic and optical properties that can deviate consider-

ably from those of bulk material. Such differences stem from

two major effects, namely: (i) a large relative fraction of sur-

face atoms compared to the NP core (or large surface-to-vol-

ume ratio) and (ii) carrier confinement in nanometer-sized

particles. The large surface-to-volume ratio for small NPs

results in a depression in the melting temperature for metallic

NPs1,2 and significant structural perturbations including

reduced coordination numbers and an increase in structural dis-

order3 compared to the bulk. Electron confinement in metallic

NPs yields the unique optical and magnetic properties, includ-

ing intense light absorption in the visible region,4 enhanced

nonlinear optical properties,5 reduced magnetic anisotropy bar-

riers, and enhanced magnetic moments compared to the bulk.6

Ion beam synthesis (IBS) is a novel NP fabrication

method with many advantages over other formation techni-

ques and, as a consequence, has been widely used for the fab-

rication of both metallic and semiconductor NPs in various

host matrices.7,8 The versatility of IBS stems from the ability

to: (i) introduce effectively any impurity into a desired host

matrix without solid solubility limitations and (ii) control of

the implanted ion concentration and depth within the matrix

by manipulation of the implantation fluence and energy,

respectively. Ni NPs formed by IBS are of particular interest

as the optical and magnetic properties are highly dependent

on the host matrix,9–11 post-implantation annealing atmos-

phere,12 and size.13 However, very few studies have

discussed in detail the effects of post-implantation annealing

on the structure and size of Ni NPs formed by IBS.

The vibrational properties of NPs are also of fundamen-

tal and technological importance, as the vibrational density

of states (VDOS) is key to the understanding of the thermo-

dynamic properties including the heat capacity, vibrational

entropy, superconductivity transition temperature, and melt-

ing temperature. There have been numerous theoretical stud-

ies of the influence of finite-size effects on the VDOS of

small Ni NPs (see, e.g., Refs. 14–16), although validation via

experimental studies is scant.

In the present article, we present a size-dependent struc-

tural characterization study of Ni NPs formed by IBS. Small-

angle x-ray scattering (SAXS) is used in conjunction with

transmission electron microscopy (TEM) to determine the

NP size, whereas x-ray absorption spectroscopy is used to

probe the NP structural and vibrational properties. The

manuscript is organized as follows: In Sec II we present the

experimental procedures for the formation and characteriza-

tion of the Ni NPs, in Sec. III the experimental results and

discussion of the key findings, including the size-dependent

structural and vibrational properties of Ni NPs are presented,

and, finally, in Sec. IV we summarize our main conclusions.

II. EXPERIMENT

Ni ions of 1 MeV were implanted at liquid-N2 tempera-

ture and to a fluence of 3� 1017 cm�2 into 2-lm-thick SiO2

layers thermally grown on Si (100) substrates. The peak Ni

concentration, calculated using TRIM,17 was 9 at. % at a depth

of 1 lm. Samples were then annealed at 800–1100 �C in

forming gas (5% H2þ 95% N2) for 0.5–1 h to promote metal

precipitation and NP growth.a)Electronic mail: djs109@physics.anu.edu.au.
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For the synchrotron measurements, a unique sample

preparation method18 was used to isolate the thin SiO2 layer

containing the Ni NPs: The Si substrate was removed

through mechanical grinding and selective wet chemical

etching with KOH, then multiple SiO2 layers were stacked

together between two Kapton windows. As a consequence,

considerable NP material was concentrated within the sam-

ple holder, scattering from the Si substrate was eliminated

and high-resolution measurements were enabled. Crystalline

Ni and NiO standards were prepared by sputtering a Ni film

of 200 nm onto a SiO2/Si wafer at room temperature (for the

Ni standard) and at 400 �C in an O atmosphere (for the NiO

standard). A 50 nm capping layer of SiO2 was then deposited

on both standards to prevent further oxidation. X-ray diffrac-

tion confirmed the crystalline phase of both standards.

Transmission SAXS measurements were performed at

beamline 13-ID of the Australian Synchrotron using 11.3

keV x rays. The scattering intensity I(Q) was collected for 5

s at a camera length of 1871 mm. A scattering pattern from

an unimplanted SiO2 sample was subtracted from all NP

spectra. Size distributions were determined using the nonlin-

ear least square fitting procedures in the IGOR-Pro-based

software package from NIST.19 Spherical particles were

assumed, consistent with TEM analysis.

TEM measurements were used to determine the NP

shape and size. Electron transparency was achieved with

conventional mechanical thinning, polishing, and dimpling

followed by ion milling. TEM images and diffraction pat-

terns were recorded with a Phillips CM300 microscope oper-

ating at 300 kV.

Fluorescence-mode x-ray absorption near edge structure

(XANES) and extended x-ray absorption fine structure

(EXAFS) measurements were performed at beamline 20-B

of the Photon Factory. Samples were measured at the Ni K-

edge (8.333 keV) between temperatures of 15–300 K. Spec-

tra were recorded using a 6� 6-pixel-array Ge detector with

the Si (111) monochromator detuned by 50% for harmonic

rejection. Data were collected to a photoelectron wave

number (k) value of 16 Å�1. For energy calibration, a Ni

face-centered-cubic (fcc) reference foil was simultaneously

measured in transmission mode. Background subtraction,

spectra alignment, and normalization of the EXAFS data

were performed with ATHENA.20 Isolated EXAFS spectra

were Fourier-transformed (FT) over a k-range of 3.3–15.7

Å�1 with an adaptive Hanning window and back FT over a

nonphase-corrected radial distance range of either 1.6–2.7 Å

(for the Ni standard and annealed samples) or 1.1–3.1 Å (for

the NiO standard and as-implanted sample) to isolate the

nearest neighbor(s) of interest. Structural parameters were

determined with ARTEMIS
20 utilizing the IFEFFIT

21 code with

theoretical scattering amplitudes and phase shifts calculated

ab initio with FEFF8.22 The amplitude reduction factors

(S0
2¼ 0.87 6 0.03 and 0.91 6 0.06) and energy shift parame-

ters (E0¼ 2.04 6 0.23 and 2.46 6 0.50 eV) were determined

for the Ni and NiO standards and then fixed for the subse-

quent fitting of all NP spectra. The coordination numbers

(CN) for the bulk standards were fixed at the theoretical val-

ues and floated for the NP samples. The bond length (R),

Debye–Waller factor (r2), and third cumulant (C3) for each

sample were allowed to vary during the fitting. For the

measurement-temperature-dependent EXAFS analysis, the

evolution of the first nearest-neighbor structural parameters

was determined by analyzing each data set over the 15–300

K temperature range individually with the CN fixed to the

values determined at 15 K. The R, r2, and C3 were allowed

to vary freely and the temperature dependence of the r2 was

fit with an anharmonic correlated Einstein model [the forth-

coming Eq. (2)] to determine the static and temperature-de-

pendent contributions to the total disorder.

III. RESULTS AND DISCUSSION

A. NP size as a function of annealing temperature

The background subtracted and fitted SAXS spectra are

shown in Fig. 1(a) as a function of the scattering vector Q for

different annealing conditions. The pronounced contribution

to the scattering intensity in all samples clearly reflects the

high electron density of the Ni NPs compared to the SiO2

matrix. The superimposed lines show the corresponding fits

with a Schulz distribution,23 which are in excellent agree-

ment with the experimental data. The reconstructed normal-

ized size distributions (volume weighted) are shown in

FIG. 1. (Color online) (a) Background-subtracted SAXS intensities (fitted

region shown in black with spectra offset for comparison) and (b) normal-

ized, volume-weighted NP size distributions deduced from SAXS.

113517-2 Sprouster et al. J. Appl. Phys. 109, 113517 (2011)

Downloaded 29 Jun 2011 to 130.56.65.35. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



Fig. 1(b) and the average NP radius for all samples are given

in Table I. Bright-field TEM images of the Ni NPs are shown

in Fig. 2 and demonstrate that all NPs are spherical with no

evidence of faceting at this magnification. Electron diffrac-

tion patterns (not shown) for all annealed samples exhibited

well-defined Debye–Scherrer rings typical of randomly ori-

ented fcc NPs. Both Figs. 1 and 2 show that the average NP

size and the distribution of NP sizes increases with increas-

ing annealing temperature.

Figure 3 shows an Arrhenius plot of the mean NP radius

(r) for all samples. Two distinct temperature dependencies

are observed and both were fitted with the standard Arrhe-

nius equation:

ln rð Þ ¼ ln Að Þ � Ea 1=kbT
� �

; (1)

where A is a pre-exponential factor, Ea is the activation

energy, kb is the Boltzmann constant, and T is the annealing

temperature. For the low temperature region, an activation

energy of 0.02 6 0.005 eV was calculated (dashed line in

Fig. 3). This practically athermal value was attributed to irra-

diation-enhanced diffusion at temperatures where thermally

induced diffusion is minimal or negligible.24,25 At elevated

temperatures (�800 �C), the activation energy was

0.53 6 0.09 eV (solid line in Fig. 3) and consistent with

increased Ni diffusivity. Similar activation energies have

previously been reported for Co (0.59 eV)26 and Cu (0.60

eV)27 NPs formed under comparable implant conditions and

indicates that the growth kinetics of these three metallic NPs

formed by IBS are indeed similar.

B. Size-dependent atomic structure

Ni K-edge XANES spectra are shown in Fig. 4 for the

bulk standards and the NP samples as a function of annealing

temperature. XANES at the K-edge involves the excitation

of a 1s photoelectron with features above the absorption

edge resulting from multiple-scattering resonances. The fea-

tures of the XANES spectra for the fcc Ni and rock salt NiO

standards are consistent with those previously reported.28

TABLE I. Refined EXAFS fitting parameters and SAXS size distributions.a

Sampleb R (Å) r2 (10�3 Å2) CN (atoms) C3 (10�5 Å3) Radius (nm)

Bulk Ni foil 2.474 (0.001) 2.76 (0.07) 12 (fixed) �1.0 (0.7)

1100 �C 2.473 (0.001) 2.78 (0.15) 11.5 (0.4) �3.7 (1.2) 6.0 (1.7)

1000 �C 2.471 (0.001) 2.97 (0.05) 11.1 (0.3) �3.4 (0.7) 3.7 (1.1)

1000 �Cc 2.470 (0.001) 3.09 (0.07) 10.5 (0.3) �3.5 (0.7) 3.2 (0.9)

800 �C 2.467 (0.001) 3.31 (0.07) 9.3 (0.2) �3.1 (1.2) 1.6 (0.5)

Bulk NiO (Ni–O) 2.061 (0.005) 4.08 (0.61) 6 (fixed) �15.4 (14.1)

Bulk NiO (Ni–Ni) 2.940 (0.002) 3.28 (0.21) 12 (fixed) �0.5 (2.8)

As-impl. (Ni–O) 1.869 (0.018) 6.13 (2.82) 0.7 (0.3) nm 0.9 (0.1)

As-impl. (Ni–Ni) 2.454 (0.003) 8.2 (0.43) 3.9 (0.7) nm

aR, r2, CN, and C3 are the bond-length, Debye–Waller factor, coordination number, and third cumulant, respectively.
bSamples were annealed for 1 h.
cThis sample was annealed for 0.5 h.

FIG. 2. TEM micrographs of (a) as-implanted and annealed (1 h) samples

(b) 800 �C, (c) 1000 �C, and (d) 1100 �C.

FIG. 3. (Color online) Arrhenius plot of the mean NP radius (r) as a func-

tion of inverse kbT where T is the annealing temperature and kb is the Boltz-

mann constant. The lines are linear fits to the experimental data with Eq. (1).
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For the latter, the shift to higher energy is the result of the

increase in Ni valence. XANES analysis reveals that the

annealed Ni NPs formed by IBS have the metallic fcc struc-

ture of bulk Ni, as consistent with electron diffraction results.

Ni NPs formed by IBS display a higher degree of structural

order compared to chemically synthesized NPs, which have

a complex, disordered structure.29 The origin of the latter is

still under investigation, but could potentially result from

chemical impurities introduced during reduction. The lack of

impurities in NPs formed by IBS again demonstrates the use-

fulness of this method for the controlled growth of metallic

NPs.

The XANES of the as-implanted sample differs consid-

erably when compared to the two bulk standards (Ni and

NiO) and is essentially featureless. SAXS and TEM meas-

urements (Figs. 1 and 2, respectively) show that very small

NPs are present even in the as-formed state. The XANES

and EXAFS results (detailed in the following) indicate that

the as-implanted NPs consist of metallic Ni, but are in a

highly disordered state, similar to those in Ref. 29.

Figure 5 shows the k2-weighted normalized Ni K-edge

EXAFS oscillations v as a function of wave number k for the

bulk standards and NP samples. The EXAFS amplitude

increases with increasing annealing temperature, consistent

with NP growth. Figure 6 shows the corresponding non-

phase-corrected FT spectra. The amplitude of the FT spectra

is highest for the Ni standard and decreases for decreasing

annealing temperature or, equivalently, decreasing NP size.

The peak between 2 and 3 Å results from single-scattering

photoelectron events between the absorbing atom and the

first nearest-neighbor shell of atoms. The signal at higher dis-

tances (between 3 and 6.5 Å) is the superposition of both sin-

gle-scattering photoelectron paths from the more distant

shells and the contributions from multiple scattering paths.

The decrease in the nearest-neighbor peak amplitudes and

slight broadening with decreasing NP size reflects a decrease

in the average CN and an increase in the disorder (r2), both

attributable to the increase in surface-to-volume ratio for

small NPs. The superimposed dots in Fig. 6 are the corre-

sponding fits to the first nearest-neighbor shell and structural

parameters are given in Table I.

The Ni–Ni analysis for the bulk standard and NP sam-

ples summarized in Table I readily reveals size-dependent

trends in the structural parameters. These quantitatively con-

firm the results discussed previously and include a reduced

CN, a contraction in R, an increase in r2, and a negative C3

for decreasing NP size. Similar trends have been reported for

other elemental metal NPs formed by IBS.25,26,30,31 As the

NP size decreases, the relative fraction of under-coordinated

FIG. 4. (Color online) XANES spectra at the Ni K-edge for bulk standards

and NP samples.

FIG. 5. (Color online) k2-weighted EXAFS spectra for bulk Ni and all NP

samples.

FIG. 6. (Color online) Phase-corrected FT EXAFS spectra for bulk Ni and

all NP samples (fits to the first NN shell shown as symbols).

TABLE II. Einstein temperature (HE) and structural disorder (r2
S) obtained

from temperature-dependent EXAFS analysis.

Sample HE (K) r2
S (10�3 Å2)

Bulk Ni 299.5 (1.5) 0.12 (0.03)

3.7 (1.1) nm 297.1 (1.4) 0.12 (0.03)

3.2 (0.9) nm 296.4 (1.5) 0.17 (0.03)

1.6 (0.5) nm 292.3 (1.3) 0.52 (0.03)
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surface atoms increases leading to a decrease in the average

CN. The increase in r2 with decreasing NP size is also attrib-

utable to the increasing surface-to-volume ratio as disordered

surface atoms reconstruct to accommodate material and

bonding differences across the NP-matrix interface.32 The

negative C3 measured for all NP samples indicates that the

bond-length distribution is skewed toward shorter distances

and is attributed to the contracted bonds associated with the

surface/interfacial atoms.

Table I demonstrates there is a mean bond-length con-

traction as the NP size decreases. This contraction results

from capillary pressure induced by surface tension, where

the former is proportional to inverse NP size.14 Using a sim-

ple liquid-drop model,33 the surface tension f is calculable

from DR ¼ �ð4=3ÞKRbf ð1=DÞ, where DR is the relative con-

traction in R, K is the bulk compressibility, and Rb is the

bulk bond length. Using K and Rb for bulk Ni yields a sur-

face tension of 1.9 6 0.3 J/m2, identical (within error) to that

predicted by Meyer et al.,14 although also comparable to the

bulk value of 1.7 J/m2.34 Other elemental metal NPs embed-

ded in SiO2 exhibit a similar trend [Pt (Ref. 25), Au (Ref.

31), and Cu (Ref. 30) NPs have surface tensions of 1.7, 3.6,

and 7.0 J/m2 respectively].

A bond-length contraction was also observed in Ni NPs

deposited onto polymer films,35 although such NPs were

appreciably smaller (0.4–0.6 nm in radius) than those studied

here and the contraction was attributed to changes in their

electronic configuration. Given the similarity in the XANES

spectra for all the NPs, we conclude changes in electronic

configuration do not yield the bond-length contraction

observed herein.

The EXAFS and FT spectra for the as-implanted sample

shown in Figs. 5 and 6, respectively, both exhibit signifi-

cantly less structure compared to those annealed at higher

temperatures. This difference is attributed to multiple Ni

environments including metallic Ni atoms in very small NPs

and a small fraction of oxidized Ni atoms dissolved in the

matrix in a disordered, noncrystalline arrangement. The

structural parameters for the Ni–Ni and Ni–O shells are

given in Table I. The increase in r2 for the Ni–O shell in the

as-implanted sample indicates that, as expected, the small

fraction of oxidized Ni is indeed in a more disordered form

than in the crystalline NiO standard. The significant reduc-

tion in the Ni–Ni bond length relative to the annealed sam-

ples is attributed to the very small size of the Ni NPs in the

as-formed state. Further, the Ni–Ni EXAFS results demon-

strate that the as-implanted NPs are not in a purely amor-

phous phase given that the trends in the structural properties

are not consistent with previous work.36

C. Size-dependent vibrational properties

The vibrational properties of Ni NPs were probed with

temperature-dependent EXAFS measurements. The FT spec-

tra for bulk Ni and Ni NPs of 1.6 nm radii are shown in Fig.

7 as a function of the measurement temperature. The

decrease in amplitude with an increase in temperature results

from the increase in thermal disorder. The experimental r2

values determined from the EXAFS data are plotted as a

function of measurement temperature in Fig. 8. The r2 is

vertically offset for the NPs due to enhanced structural disor-

der. The r2 increases with temperature more rapidly for the

NP samples compared to bulk Ni yielding a lower Einstein

FIG. 7. (Color online) FT EXAFS spectra for (a) bulk Ni and (b) 1.6 nm Ni

NPs as a function of measurement temperature. Temperatures are given in

degrees Kelvin.

FIG. 8. (Color online) Thermal evolution of r2 for bulk Ni and NP samples.

Lines are fits with Eq. (2).
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temperature and indicating that the NPs have looser (less

stiff) bonding relative to bulk material. The corresponding

best fits with the correlated Einstein model37,38 is given by

r2 ¼ �h2

2lkBHE
� coth

HE

2T

� �
þ r2

static; (2)

where �h is the Planck’s constant divided by 2p, l is the

reduced mass for the absorber–scatterer pair, and HE is the

Einstein temperature, shown in Fig. 8. r2
S is the temperature

independent (or static) contribution to the total disorder. The

separate thermal (HE) and structural contributions (r2
S) to the

total disorder are listed in Table II.

The vibrational properties of NPs are sensitive to the

presence of both capillary pressure and loosely bound, disor-

dered surface atoms that shift the phonon VDOS to higher

and lower frequencies, respectively.14,15 With reference to

Table II, the influence of finite-size effects on the vibrational

properties of Ni NPs are readily apparent with a decrease in

size leading to a decrease in the HE, suggesting that under-

coordinated surface atoms are the dominant influence. Simi-

lar size-dependent changes in the vibrational properties have

been reported for Co (Ref. 16), Cu (Ref. 39), and Sn (Ref.

40) NPs embedded in SiO2 and supported Au NPs.41 In con-

trast, both supported42,43 and embedded44 Pt NPs have

higher HE relative to bulk material suggesting instead that

capillary pressure is the dominant contribution for this metal.

Indeed, for a given NP size, the calculated capillary pressure

increases as Au<Cu<Ni<Pt (Ref. 14) and is entirely con-

sistent with the results presented previously.

IV. CONCLUSION

In summary, Ni NPs were formed in SiO2 by ion im-

plantation and thermal annealing. The evolution of the NP

size and structure was studied using a combination of SAXS,

TEM, XANES, and EXAFS. The average size and distribu-

tion of sizes increased with increasing temperature. The cal-

culated activation energy showed that Ni, Co, and Cu NPs

formed by IBS share common growth kinetics. The NPs

were fcc in structure and finite-size effects were readily

apparent with the coordination number decreasing and disor-

der increasing with decreasing NP size. Such trends were

consistent with the increasing relative fraction of disordered

surface atoms. The bond length also decreased with decreas-

ing NP size as attributed to capillary pressure. An examina-

tion of the Ni NP vibrational properties showed that surface

effects dominate over those of capillary pressure and induce

a shift of the VDOS to lower frequencies manifested by a

decrease in Einstein temperature. These results highlight

how the NP structural and vibrational properties are inti-

mately linked to finite-size effects and further demonstrate

the advantages of IBS for the production of embedded metal

NPs.
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