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Phonon density of states of self-assembled isolated Fe-rich Fe-Pt alloy nanoclusters
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The Fe-projected phonon density of states (PDOS) of monolayer-thick films of self-assembled, size-selected,
isolated 'Fe,_,Pt, alloy nanoclusters (NCs) (height: ~2 nm, diameter: ~8 nm) supported on flat
Si0,/Si(111) substrates has been measured by nuclear resonant inelastic x-ray scattering. The samples were
characterized by atomic force microscopy (AFM), transmission electron microscopy, and x-ray photoelectron
spectroscopy (XPS). Surface segregation of Pt and PtSi formation at the NC surface due to the sample-
preparation process is inferred from the XPS data. As compared to the bulk, pronounced modifications of the
PDOS beyond the bulk cut-off energy are observed in bee Y'Fe gPty , (core)/PtSi(shell) NCs. By contrast, the
PDOS of fee 37Fey 75Pty 55 (core)/PtSi(shell) NCs retains features of bulk ordered Fe;Pt Invar alloys (presum-
ably due to a thicker PtSi shell), in particular, the transverse-acoustic [110] TA; mode near 9 meV. Apparently,
this mode is not affected by size effects. The existence of the [110] TA; phonon mode is a prerequisite for the
persistence of Invar-related effects in Fe;Pt NCs. Important thermodynamic properties of the NCs are derived,

such as the vibrational entropy per atom.

DOI: 10.1103/PhysRevB.80.125412

I. INTRODUCTION

The phonon density of states (PDOS), g(E), describes the
vibrational dynamics of atoms in solids and is a fundamental
property that affects phase stability and phase transitions in
alloys."> An important type of phase transition is the diffu-
sionless (displacive) austenite (fcc)-to-martensite (bet) (or re-
verse) transformation in Fe-based Invar alloys, e.g., in
FegsNiss or FesPt alloys.>* Invar alloys are ferromagnetic
and of basic and technological significance owing to their
remarkable properties, such as giant magnetovolume effect
and small thermal expansion.** An important characteristic
of Invar alloys, e.g., of L1,-(Cu;Au) ordered Fe;Pt, is the
pronounced softening of the low-energy (low-E) transverse-
acoustic [110] TA, phonon mode (shear mode) upon cooling
below the Curie temperature,”!! leading to elastic anomalies
and martensitic transformation at low temperature.’ These
effects have been discussed in terms of enhanced electron-
phonon interactions™® due to the high electronic DOS of d
electrons near the Fermi energy in Invar alloys.!>'* Thus,
detailed knowledge of the phonon spectrum is essential for
the understanding of Invar-related properties.!> Recently,
Fe;Pt nanowire arrays (with Invar composition) have been
fabricated.!®!7 The fundamental question arises whether the
Invar effect and the related martensitic transition are sup-
pressed in Fe;Pt (or other Invar-type) nanostructures due to
finite-size effects. In Fe-Ni nanoclusters (NCs), the marten-
sitic transition has been investigated experimentally'® and
the absence of structural instability below a certain NC size
has been observed. According to theory!®?° the transforma-
tion temperature upon heating scales with, and is inversely
proportional to, NC diameter. This is contrary to the trans-
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formation upon cooling, which appears to be suppressed due
to the high metastability of the fcc phase and the lack of
nucleation sites. Recent molecular dynamics simulations for
elemental Fe nanowires predict that the martensitic transition
temperature is inversely proportional to the wire diameter
during heating and depends linearly on applied axial tensile
stress.”! An essential prerequisite for the occurrence of the
martensitic transformation in Invar alloy NCs is the exis-
tence of the [110] TA, phonon mode, since softening of this
mode is the origin of this instability in the bulk.>>-%15 There-
fore, a fundamental question is whether the [110] TA; mode
still exists in Invar-alloy NCs. This is not clear, since in
isolated metallic NCs, due to their large surface-to-volume
ratio, distinct modifications of the phonon spectrum as com-
pared to the bulk PDOS have been predicted in Refs. 22-28
and recently observed on isolated supported Fe NCs.?
Therefore, the experimental determination of the PDOS in
Invar NCs is of fundamental importance.

This work presents an experimental study of the partial
PDOS of isolated, monodispersed, bimetallic nanoclusters.
Fe-projected PDOS curves, g(E), were obtained from °'Fe
nuclear resonant inelastic x-ray scattering (NRIXS). As com-
pared to the bulk case, we observe strong modifications of
g(E) of bee >'Fey Pt 5 alloy NCs extending beyond the bulk
cut-off energy. By contrast, such modifications are not found
in fcc °'Fey ;5Pty 55 alloy NCs with Invar composition. Here,
characteristic features of the PDOS of bulk L1,-ordered In-
var (Fe;Pt) alloys appear in g(E) of the Invar alloy NCs,
including a shoulder near ~9 meV which can be attributed
to the [110] TA | mode of the Fe;Pt Invar alloy. The existence
of this phonon mode is a necessary condition for the persis-
tence of Invar-related effects in low-dimensional systems.
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Moreover, important thermodynamic properties of the NCs
have been derived from the PDOS.

II. EXPERIMENTAL DETAILS AND SAMPLE
CHARACTERIZATION

Monolayer-thick films of size-selected, isolated >'Fe,_Pt,
NCs uniformly spaced over large surface areas were pre-
pared by micelle encapsulation?®-3! of >’FeCl; and H,PtCl,
salts in  PS(27700)-P2VP(4300) diblock copolymers.
Samples of bimetallic clusters with two different nominal
compositions of >'FeygPty, (sample 1) and >'Fe,;Pty;
(sample 2) were obtained by tuning the relative concentra-
tion ratio of the two metal salts.

NRIXS on the SiO,/Si(111) supported >’Fe-Pt NCs was
performed at RT in air at beamlines 3-ID and HP-CAT16 of
the Advanced Photon Source (Argonne) by tuning the syn-
chrotron beam energy around the resonant energy of 14.4125
keV of the *’Fe nucleus with an energy resolution of 2.3
meV (1.0 meV) for sample 1 (sample 2). The NRIXS method
and the data evaluation for extracting g(E) are described in
detail elsewhere 3236

Figure 1 shows atomic force microscopy (AFM) images
from (a) sample 1 (nominal >’Fey4Pty,) and (b) sample 2
(nominal ’Fey;Pty,) containing NCs deposited on
Si0,/Si(111). The average NC height before Ar* etching for
these samples is 2.1 £0.4 nm. The etching did not result in
distortions of the NC’s spatial arrangement. It did, however,
provide an ultrathin Si coating due to sputtering of Si atoms
from the Si(111) substrate that prevented the NCs from oxi-
dation upon air exposure, as evidenced by our cross-sectional
transmission electron microscopy (TEM) [Fig. 1(c)] and
x-ray photoelectron spectroscopy (XPS) data (see below).

High-resolution-TEM (HR-TEM) images from samples 1
and 2 (NCs deposited on C-coated Cu grids) are shown in
Figs. 1(d) and 1(e), respectively. Single-grain NCs were ob-
served in the case of sample 1, while multifaceted grains
were detected in sample 2. The resolution of our TEM was
not sufficient to detect a shell around the NC core. From
these images, the typical cluster diameters are ~8.2 nm. Ac-
cording to our TEM and AFM data the aspect ratio
(diameter/height) of our NCs is ~4. From the fast Fourier
transform analysis of the TEM images in Figs. 1(d) and 1(e),
a lattice parameter of a=0.309%+0.007 nm (0.379 £0.007
nm) was determined for sample 1 (sample 2), assuming the
bee (fec) phase. Our NRIXS results (see below) support the
bee (fee) structure for sample 1 (sample 2). As a reference,
the lattice parameters of bulk alloys with composition
Fey gPty, (bee) and Feg75Pty,s (fcc, FesPt) are given by
0.297 nm (extrapolated from data in Ref. 37) and 0.375
nm,*® respectively. Comparison indicates that the NCs in
sample 1 are close to bce Fe gPt », i.e., close to the nominal
composition, while the NCs in sample 2 are close to fcc
Feq75Pty»5, which differs significantly from the nominal
cluster composition of Fe(3Pt;;. As will be discussed later,
this is attributed to the segregation of Pt to the NC surface
leaving an Fe-rich core.

Figure 2 displays XPS spectra from the (a) Fe 2p and (b)
Pt 4f core-level regions of NCs, in sample 2 [(i) and (ii)] and
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FIG. 1. (Color online) AFM and HR-TEM images of sample 1
[(a) and (d)] and sample 2 [(b) and (e)], with Fe-Pt alloy NCs
synthesized as described in the text. (c) Cross-sectional TEM image
of nanoclusters similar to those in sample 2, but synthesized using
PS(81000)-PVP(14200) and deposited on SiO,/Si(111). All images
were taken after polymer removal by annealing in UHV at 500 °C
and subsequent Ar*-sputter etching (0.5 keV, 20 min) at room
temperature.

sample 1 [(iii) and (iv)], deposited on SiO,/Si(111). Ar*
etching resulted in an ultrathin Si coating on the samples that
largely protected the NCs against oxidation, since no Fe**
signal (e.g., Fe®* 2p;), in Fe,05: at 711 eV)* was detected
on these samples by XPS after air exposure. The binding
energy (BE) of Fe in these bimetallic clusters (2ps,, 707.3
eV) is in agreement with that of metallic iron (707.0-707.3
eV)* or Fe 4Pty s, films (707.5 eV).*’ By contrast, a very
large BE was measured for Pt in our NC samples (4f5,,
73.0-73.1 eV) before and after air exposure. These BEs are
up to +2.0 eV larger than for bulk Pt° (45, 71.1 eV)* and
are attributed to the formation of PtSi (4f5,, 73 eV).*! Our
annealing treatment in vacuum (at 500 °C) resulted in pref-
erential segregation of Pt to the NC surface, which readily
reacted with Si during the subsequent Ar*-etching procedure.
This trend for Pt segregation is in agreement with calcula-
tions and experimental results on Fe-Pt systems.*>~* We in-
fer that our NCs carry a thin PtSi shell, which is much thin-
ner for the NCs in sample 1 because of its weaker Pt-4f
signal (20% Pt content) as compared to sample 2 (70% Pt
content), and because the nominal and actual compositions
of the NC core (Fe gPt,,) agree fairly well with each other,
contrary to the case of sample 2. We expect that the observed
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FIG. 2. (Color online) XPS spectra (Al Ka=1486.6 eV) of the
(a) Fe-2p and (b) Pt-4f core levels of similarly sized Fe-Pt alloy
nanoclusters in samples 1 and 2 deposited on SiO,/Si(111). The
spectra were measured after polymer removal by annealing in UHV

at 500 °C followed by Ar*-sputter-etch [(i) and (iii)], and after
subsequent air exposure for 4 days [(ii) and (iv)].

Pt surface segregation and PtSi shell formation will influence
the PDOS of the NCs (see below).

III. NRIXS RESULTS AND DISCUSSION

Figure 3 displays NRIXS spectra (raw data) of (a) sample
1 (NC core: bee 2'Feq gPty ) and (b) sample 2 (NC core: fcc
5"Fe, 75Pty»5). The main features of these spectra are an in-
tense elastic peak at E=0 meV (Mossbauer or zero-phonon
line) and side bands at higher and lower excitation energies
E corresponding to phonon-assisted excitation of the nuclear
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FIG. 3. (Color online) Experimental NRIXS spectra (raw data)
taken at RT from Fe-Pt alloy NCs supported on SiO,/Si(111): (a)
sample 1 (bce alloy) and (b) sample 2 (fcc alloy).

resonance by photons via phonon creation (E>0) and anni-
hilation (E <0). A broad and nearly structureless phonon ex-
citation spectrum is observed for sample 1 [Fig. 3(a)], while
sharper phonon features near ~31 and ~13 meV and a cut-
off near 40 meV are noticed for sample 2, Fig. 3(b).

Figure 4(a) presents the Fe-projected (partial) PDOS,
g(E), of sample 1 (bce >’FeygPty,) (full squares) and of a
reference bulk bee >'Fe foil (full-drawn line), obtained from
measured data. Also shown is the PDOS of a reference NC
sample (reproduced from Ref. 28, full circles) containing
similarly sized, isolated, elemental bcc STFe NCs (of
~2.3 nm average AFM height), subjected to an identical
preparation technique and carrying an Fe-oxide shell,?®
sample 3. Clear differences between g(E) of sample 1 and
bulk bee Fe are observed: (i) the strong suppression of the
longitudinal acoustic (LA) phonon peak at ~36 meV and of
the transverse acoustic (TA) modes near ~27 and
~22 meV, an effect that may be attributed to phonon damp-
ing due to confinement.*#® However, a residue of the 36
meV phonon peak is visible in the g(E) of sample 1, which
proves the existence of the bee structure in the °'Fe, gPtq,
NCs, in agreement with our TEM results. (ii) The enhance-
ment of g(E) at low and high energies, where excitations
extend beyond the cut-off energy of ~40 meV of bulk bcc
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FIG. 4. (Color online) PDOS, g(E), of Fe-Pt NCs, obtained from
the data in Fig. 3: (a) sample 1 (bce >'Feg gPty ) (full squares). Also
shown: measured g(E) of bulk bcc 3TFe (full-drawn curve) and of
elemental bee >’Fe NCs (sample 3) from Ref. 28 (full circles). (b)
sample 2 (fcc 'Feg75Pty 25) (open circles). Also shown: measured
g(E) of a bulk L1,-ordered Fe 75Pt -5 Invar alloy (Refs. 10 and 11)
(full-drawn curve). Inset in (b): low-energy part of g(E).

Fe. This effect is less pronounced than for sample 3.28 Ac-
cording to theory, the low-E enhancement is attributed to
low-coordinated vibrational surface states, 228 while the
high-energy (high-E) enhancement has been predicted to de-
pend on compressive stress due to enhanced capillary forces
in the NCs?>#7 or to shrinkage of near-neighbor atomic bond
lengths of specific atoms relative to bulk.>=2” In fact, it was
observed experimentally in isolated *’Fe NCs that the low-
and high-E enhancements in g(E) depend on the thickness
and type of the Fe-containing shell around the *’Fe NCs [i.e.,
Fe,0; or FesC (Ref. 28)]. Therefore, the remarkable de-
crease in the low-E and high-E regions of the PDOS of
sample 1, as compared to that of sample 3 [Fig. 4(a)], can be
attributed to the different shell structures (PtSi versus
5"Fe,0,). Since we measure the >’Fe-projected PDOS, the
presence of Pt and Si atoms (and the decrease in the number
of ’Fe atoms) at the NC surface of our sample 1 is expected
to reduce the low-E part of g(E) as compared to pure >'Fe
NCs.
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The striking features of the Fe-projected PDOS of sample
2 (fce 37Fey 5Pty »5) (open circles) are a strong and dominant
peak at ~31 meV and relatively weak PDOS in the
medium- and low-E regimes of g(E), with weak bands near
~20 and ~25 meV, Fig. 4(b). The ~31 meV peak lies at
significantly lower energy than the main 36 meV peak of
bulk bee Fe, Fig. 4(a). The cut-off energy of sample 2 is at
~4O4gneV, as is also revealed by the NRIXS raw data, Fig.
3(b).

For comparison, we have reproduced in Fig. 4(b) (full-
drawn line) the g(E) curve of Ll,-ordered bulk Fej5Ptg s
Invar alloy (with a long-range order parameter S=0.8) mea-
sured also by NRIXS by Wiele et al.'!!' A comparison of
these two g(E) curves reveals distinct differences, but also
similarities: (i) both g(E) curves span roughly the same en-
ergy range; (ii) the strong PDOS peak at ~31 meV in
sample 2 almost coincides with the most intense peak in g(E)
at ~30 meV (optical phonon modes>®) in the bulk Invar
sample; (iii) the weak peaks near ~20 and ~25 meV for
sample 2 coincide with phonon bands (other optical
phonons>®) at analogous positions in the bulk Invar sample;
however, these phonon bands are considerably reduced in
their g(E) intensity (by about 50%) in the NCs of sample 2
as compared to g(E) of the bulk Invar alloy; (iv) a small
blueshift of the cut-off energy from ~38 meV in the bulk
Invar sample to ~40 meV in sample 2 exists; (v) a shoulder
at ~9 meV is visible in the g(E) of both samples, although
g(E) at the shoulder of sample 2 is reduced (by ~50%)
relative to that of the bulk Invar sample [Fig. 4(b) and in-
sert]. The energy of this shoulder (~9 meV) agrees well
with that of the [110] TA, mode (at the Brillouin zone
boundary) in bulk ordered Fe;Pt at RT.>-!! This can be seen
in the inelastic neutron scattering (INS) results by Noda and
Endoh.® In Fig. 1 (panel for 3,) of Ref. 6, the [110] TA,
dispersion curve of bulk ordered Fe;Pt Invar alloy at 295 K
can be observed to merge horizontally at the zone boundary
(at a reduced wave vector {[110]=0.5) at a phonon energy of
~9 meV. This implies zero group velocity and enhanced
g(E) at that energy. Similar features (and, moreover, the
mode softening upon cooling) can be seen in the [110] TA,
disperson curve of L1,-ordered Fe,,Pt,s Invar alloy, obtained
by Kistner et al.® from INS (see Fig. 1 of Ref. 8). Wiele et
al.'® and Wiele,!! in their NRIXS work, identified the shoul-
der near 9 meV in g(E) of bulk ordered Fe-Pt Invar alloys
with the [110] TA; mode and, in fact, observed a redshift
(phonon softening) of this mode upon decreasing the tem-
perature, in qualitative agreement with the INS results.®%
Therefore, by analogy with the literature reports just de-
scribed, we attribute the g(E) shoulder at ~9 meV, observed
in our Fig. 4(b) for sample 2, to the [110] TA; phonon mode
responsible for the soft-mode behavior in bulk Fe;Pt Invar
alloys and for the martensitic transition at low 7.37-!1

The appearance of the [110] TA; phonon mode in g(E) of
sample 2 unambiguously proves that Pt atoms are dissolved
in the fcc Fe lattice of the core of these NCs, and that the
average alloy composition in the core is on the Fe-rich side,
in agreement with our TEM results. This follows from the
fact that at the Brillouin zone boundary of the [110] TA,
phonon mode only Fe atoms vibrate in a rigid cubic lattice of
heavy Pt atoms [M, and M, modes in ordered Fe;Pt (Refs.
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TABLE I. Thermodynamic parameters derived from NRIXS measurements.

Lamb-Mossbauer

Kinetic energy

Vibrational entropy Vibrational specific heat

Sample factor (meV/atom) (kg/atom) (kg/atom)
Feq gPty» NCs (bce), sample 1 0.742 (4) 43.8 (6) 3.00 (6) 2.63 (8)
Feg.75Pty.»5 NCs (fcc), sample 2 0.773 (4) 44.1 (8) 2.91 (6) 2.61 (9)
Fe NCs (bcc), sample 3 (Ref. 28) 0.612 (3) 45.0 (9) 2.95 (7) 26 (1)
Fe Nanocrystalline (Ref. 45) 0.755 (1) 43.2 (1) 3.17 (2) 2.68 (2)
Fe NCs (fcc) in Cu (Ref. 52) 0.734 (4)

bee Fe (bulk) (Ref. 53) 0.7951(6) 42.54(6) 3.133(9) 2.723(9)

5-8)]. Also important in this context is the observation by
Fultz et al.*° that on the Pt-rich alloy side, L1,-ordered bulk
FePt; alloys exhibit a dominant sharp peak (optical phonons)
in g(E) at 25 meV, i.e., at significantly lower energy than our
~31 meV peak, mainly caused by the higher average mass
of FePt; as compared to Fe;Pt. Further, no significant feature
of the TA; mode near ~7-9 meV is observed in g(E) of
Pt-rich L1,-ordered bulk FePt;.** From these considerations
and from observations (i)—(iii) and (v) above, we conclude
that the core of the alloy NCs in our sample 2 is close to the
Fe;Pt Invar composition and is highly L1, ordered due to the
relatively high annealing temperature of 500 °C under UHV
conditions. Since the presence of the [110] TA, phonon
mode is an intrinsic property of bulk Fe-based ordered Invar
alloys,>!! the existence of this mode observed in our ordered
Feq75Pty»5 alloy NCs is a prerequisite for the existence of
intrinsic Invar related properties of these NCs. Therefore, the
observation of the [110] TA; mode provides strong indirect
evidence for the persistence of Invar-related properties in
FC3Pt NCs.

The remarkable reduction in the g(E) intensity observed
in the ~20 and ~25 meV (optical) phonon bands of the
NCs [item (iii) above and Fig. 4(b)] may be due to one or
more of the following reasons: (a) higher L1, ordering in the
NC:s than in the bulk ordered Fe;Pt alloys of Refs. 10 and 11.
Wiele et al.®"'! have observed that, with increasing L1, or-
dering, the g(E) contributions of these medium-energy bands
decrease relative to that of the dominant ~30 meV peak,>®
and, moreover, that the ~30 meV peak shifts (by ~1 meV)
to higher energy.®!! A similar blueshift is observed for our
NCs [item (iv) above]. (b) In-plane projected g(E); since our
NRIXS experiment is performed at grazing incidence of the
x-ray beam relative to the SiO,/Si(111) wafer (substrate), it
is the in-plane projected PDOS of our NCs that is measured.
Any structural anisotropy, induced, for instance, by mechani-
cal stress between NC and substrate, could result in changes
in the PDOS, where certain phonon modes can be enhanced
or suppressed relative to the isotropic case. Since Wiele et
al.®" used a polycrystalline bulk Fe;Pt sample in their
NRIXS experiment, their measured g(E) is the isotropic
case. (c) Phonon conversion at the NC interface; it is known
that the presence of interfaces may change the character of
optical phonons from pure longitudinal optical (LO) or trans-
verse optical (TO) to a mixture involving LO, TO, and inter-
face modes.”! Since mixing results in larger dispersion, the
PDOS in NCs can be modified.

It is worthwhile mentioning that g(E) of our sample 2 (fcc
5"Fe, 15Pty0s) presents some resemblances with data previ-

ously measured by Tanaka et al.>> on fcc-Fe precipitates (80
nm in diameter) using NRIXS. In particular, a dominant 31
meV peak (LA phonons), relatively strong TA bands near
~18 and ~23 meV, and a cutoff at ~37 meV was mea-
sured by Tanaka et al.,”? but no feature near ~7-9 meV
(typical for Fe-rich Fe-Pt alloys) was observed, contrary to
the case of our fcc *’Fe;sPty,5 NCs, Fig. 4(b) (inset).

We would like to emphasize that for our ordered
"Fe 15Pty s NCs [sample 2, Fig. 4(b)], we do not observe
the low- and high-E enhancements of g(E) that appear for
the bee 37FeggPty, NCs in sample 1 [Fig. 4(a)]. As we dis-
cussed above, the low- and high-E enhancements of g(E) is
attributed to the specific core/shell structure of these NCs
(bee *"FeggPty, core and PtSi shell). For sample 2, due to
strong Pt surface segregation, a rather thick PtSi shell exists,
(as indicated by our XPS data), preventing low- and high-E
enhancements of g(E), as expected.

Several important thermodynamic quantities can be de-
rived from the measured PDOS,3?3¢ such as the Lamb-
Mossbauer (Debye-Waller) factor, kinetic energy, and the vi-
brational entropy and specific heat (all per atom). Table I
displays the values obtained for the NCs in our samples 1-3,
nanocrystalline Fe,* fcc Fe precipitates in Cu,’? and bulk
bee Fe’? for comparison. These quantities, together with the
measured partial DOS, should allow a good test of the Fe-Fe,
Fe-Pt, and Pt-Pt pair potentials in theoretical work. Gener-
ally, according to Table I and independent of the structure, all
values given for the NCs are smaller than for bulk bcc Fe,
except the kinetic energy per atom, which appears enhanced.
The values for bee Fe gPt,, NCs are comparable to those of
nanocrystalline Fe.

IV. SUMMARY

Summarizing, pronounced modifications (relative to the
bulk) in the Fe-projected PDOS, g(E), of isolated bcc
Fey4Pty, and fcc 'Fey-sPty,s (Invar type) NCs on a
Si0,/Si(111) support have been measured by NRIXS. Seg-
regation of Pt atoms to the NC surface was observed by XPS
upon annealing and Ar* sputter etching, leading to core/shell
structures with Fe-rich cluster cores and PtSi cluster sur-
faces. The enhancement of the low- and high-E regions of
g(E) observed for the bec NCs is in qualitative agreement
with theoretical predictions. By contrast, due to their differ-
ent shell structure, no such enhancement was observed for
the fcc Fe NCs, which show characteristic phonon features of
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bulk ordered Fe;Pt Invar alloys. Our observation of the
Invar-typical [110] TA; phonon mode in >’Fe-sPty,5 NCs
provides indirect evidence for the persistence of Invar-
related effects in NCs. The obtained modified PDOS will
affect the thermal stability and thermodynamic properties of
the NCs relative to bulk materials. Moreover, our work dem-
onstrates the power of NRIXS for the nondestructive metal-
lurgical phase analysis of alloy nanoclusters.>*
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