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The lattice vibrational dynamics of supported, self-assembled, isolated S'Fe nanoclusters was studied by
nuclear resonant inelastic x-ray scattering and molecular dynamics calculations. The morphological and struc-
tural properties and the chemical state of the experimental nanoclusters were investigated by atomic force
microscopy, high resolution transmission electron microscopy, and x-ray photoelectron spectroscopy. The
measured and calculated vibrational densities of states (VDOSs) reveal an enhancement of the low- and
high-energy phonon modes and provide experimental and theoretical proof of non-Debye-like behavior in the
low-energy region of the VDOS. Experimentally, this effect was found to depend on the nature of the surface
shell (oxide or carbide) of the core/shell nanoclusters. According to the calculations for supported isolated pure
Fe nanoclusters, the non-Debye-like behavior appears not only in the surface shell but also in the bcc-Fe core
of the nanocluster due to the hybridization of surface and bulk modes.
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I. INTRODUCTION

A profound knowledge of the atomic vibrational proper-
ties of nanostructured materials is of great fundamental and
technological importance since the vibrational properties, in
particular, the vibrational density of states (VDOS), are the
key to an understanding of thermodynamic properties such
as heat capacity, vibrational entropy, mean sound velocity,
Debye temperature, and thermal conductivity, as well as
electron-phonon coupling and 1/f noise of electronic
devices.!"* Moreover, phonon-assisted chemical reactions
might play an important role in some catalytic properties of
nanoclusters.> While the vibrational properties of so-called
nanocrystalline materials—i.e. “compacted” polycrystalline
aggregates with grain sizes in the nanometer regime and
dominated by grain boundaries—have been studied exten-
sively, both experimentally®~'# and theoretically,'>'® there
are so far no experimental results available for isolated me-
tallic nanoclusters (NCs), and only few theoretical studies on
the VDOS of isolated, unsupported (free) NCs have been
reported.'®? Neutron scattering and nuclear resonant inelas-
tic x-ray scattering (NRIXS) experiments®~'# as well as com-
puter simulations'>"!7 have revealed clear differences be-
tween the VDOS, g(E), of nanocrystalline and bulk metals.
In particular, enhancements of g(E) at low and high energies
E and a broadening of the VDOS peaks have been observed.
The high-E contribution in the experiments is mainly as-
cribed to phonon lifetime broadening!®!?-1# and to the pres-
ence of surface oxides.'>'* Computer simulations'>~!'7 have
shown that the low-E enhancement of g(E) is mainly due to
atoms located in grain boundaries, although oxidation might
also contribute to this effect.'>”'* Nevertheless, the physical
nature of the low-E excess modes in nanocrystalline materi-
als is still highly controversial, as linear,'! nonlinear,'>~!” and
Debye-like quadratic®-'%!2-4 behaviors of the low-E VDOS
have been reported. In the case of free isolated NCs, theoret-
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ical calculations have also found excess modes at low pho-
non energies.'>?® However, neither oxidation effects nor
grain boundaries can account for the increase of the free
NC’s VDOS since the calculations were performed for pure
defect-free particles. While it is generally assumed that the
excess modes are due to surface effects,'®?° including low-
coordinated surface atoms,?'?? the exact mechanism leading
to the VDOS enhancement in free NCs is still a matter of
debate. In this paper, we present experimental proof for the
existence of low-E excess vibrational modes (and their ori-
gin) in supported, isolated, size-selected (single grain) >’Fe
core/shell NCs obtained from NRIXS measurements. Sup-
ported NCs had to be chosen since free NCs would require
measurements of NCs in the gas phase which cannot be re-
alized. In order to compare our experimental results with
theory, we have performed molecular dynamics (MD) simu-
lations of supported Fe NCs. These simulations show that the
increased low-E VDOS of supported NCs is not a pure sur-
face effect but can also be observed in the local VDOS of the
NCs’ core.

II. EXPERIMENTAL DETAILS

Monolayer-thick films of size-selected, isolated 3TFe NCs
uniformly spaced over large surface areas were prepared us-
ing micelle encapsulation”> on PS(x)-P2VP(y) diblock co-
polymers (molecular weights: x=81000 and y=14 200 for
sample 1 and x=27 700 and y=4300 for sample 2) mixed
with ° "FeCl, salt. The distinct molecular weights of the two
polymers result in samples with different average NC diam-
eters d and intercluster distances 1.2

The morphological and structural properties of the SRe
NCs, deposited on SiO,/Si(111) wafers and C-coated Ni
grids, were investigated by atomic force microscopy (AFM)
and high resolution transmission electron microscopy
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(HRTEM). NRIXS measurements on the SiO,/Si(111)-
supported >’Fe NCs (samples 1, 2, and 2b) were performed
at room temperature in air at beamline 3-ID at the Advanced
Photon Source by scanning the synchrotron-beam energy
around the resonant energy of 14.413 keV of the >’Fe
nucleus with an energy resolution of 1.3 meV. The measure-
ment time per sample was two days. The method is described
in Refs. 25-29. Using the PHOENIX software,?® the spectra
have been decomposed into single-phonon [«g(E)] and mul-
tiphonon contributions.

III. THEORETICAL DETAILS

MD simulations of bulk bcc-Fe and hemispherical Fe
clusters supported on a Ag(001) substrate provided their
VDOS. The interatomic forces were calculated from
embedded-atom method (EAM) potentials.’® For the Fe at-
oms, the potential described in Ref. 31 was used together
with a similarly constructed Ag potential. Realistic model
configurations of deposited NCs were generated from simu-
lations of energetic cluster impacts: two spherical bcc-Fe
NCs containing 749 and 5577 atoms were deposited on a
Ag(001) substrate with impact energies of 1 eV per atom.
The simulations were continued until the deposited NCs,
which melted during the deposition, had completely recrys-
tallized. Finally, the VDOS of the resulting supported NCs
with diameters of 3.1 and 7.3 nm were calculated from the
Fourier transform of their velocity-autocorrelation functions,
and local crystalline structures were identified with the help
of a common-neighbor analysis (CNA).3?

IV. RESULTS AND DISCUSSION

Figure 1 shows AFM images from >’Fe NCs deposited on
Si0,/Si(111) obtained after polymer removal by annealing
in ultrahigh vacuum (UHV) at 773 K [(a) sample 1b, (c)
sample 2b] and subsequent in situ Ar* etching (1 keV) and
air exposure [(b) sample 1, (d) sample 2]. Isolated, monodis-
persed NCs with local hexagonal arrangement can be ob-
served. On the Ar*-etched samples, a minimum residual C
signal, comparable to the one obtained upon annealing a
polymer-free Si substrate (coated by adventitious carbon) un-
der UHV, was observed by x-ray photoelectron spectroscopy
(XPS) (not shown). The Ar* etching did not result in distor-
tions of the NC’s spatial arrangement. It did, however, pro-
vide a partial ultrathin Si coating, presumably along the NC’s
rim, that minimized the oxidation of the NCs upon air expo-
sure, as evidenced by XPS. The Ar*-etched samples ap-
peared to be more resistant to oxidation, since after 7 months
in air, the XPS spectra (Al Ka=1486.6 €V)) from sample 2
showed 30.5% Fe” and 69.5% Fe** [Fig. 2(b), curve (vi)]. On
a similarly synthesized sample (sample 1), after sputtering
and a long air exposure (7 months), 16% Fe® and 84% Fe**
were detected [Fig. 2(a), curve (vi)]. These results indicate
that sample 2 has the lowest concentration of Fe** (or the
thinnest oxide shell). Scanning tunneling microscopy (STM)
images were also acquired on these samples. We found val-
ues of d=9.8+0.6 and 8.2+0.6 nm (STM) and /=70+11 and
37+3 nm (AFM) for samples 1 and 2, respectively. The NCs
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FIG. 1. (Color online) [(a)-(d)] AFM and [(e) and (f)] high
resolution TEM images of 5"Fe nanoclusters synthesized by encap-
sulation in PS(81000)-P2VP(14200) [top row and (e)] and
PS(27700)-P2VP(4300) [center row and (f)]. The nanoclusters were
deposited on Si0,/Si(111) (for AFM) and on C-coated Ni grids (for
TEM). The images were obtained after polymer removal by anneal-
ing in UHV to 773 K for 30 min [(a), (c), and (f) for sample 2b] and
after in situ sputtering [(b) and (e) for sample 1 and (d) for sample
2]. The top inset in the TEM image (f) demonstrates the core-shell
structure of the nanoclusters in sample 2b. Both shell and core are
crystalline. A FFT analysis from the region marked in (f) with a
square frame (bottom right corner) has been conducted.

were found to be nonspherical, with a diameter (STM) to
height (AFM) ratio ranging from 2.5 to 5.5. HRTEM
measurements reveal that all NCs have a crystalline core
[Figs. 1(e) and 1(f)]. The oxide shell could not be detected
by HRTEM, probably because it is amorphous and rather
thin. From the fast Fourier transform analysis of the TEM
image of sample 1, Fig. 1(e), a lattice parameter of a
=0.289+0.024 nm corresponding to bcc iron was deter-
mined. A third sample (sample 2b) (with d=8.5+0.6 nm and
[=32+4 nm), prepared in a similar way as sample 2 but
without Ar* etching after UHV annealing, revealed a crystal-
line bee-Fe core/shell structure by HRTEM [Fig. 1(f)], with
an ~2-5 nm thick crystalline shell of (most likely) Fe;C,
according to the lattice spacings. The lattice constant of a
=0.293+0.024 nm measured for the core region of the par-
ticle in sample 2b belongs to the bee phase of iron [Fig. 1(f)].
The thick shell (between 2 and 5 nm) [Fig. 1(f), top inset]
has a cubic structure. A fast Fourier transform (FFT) pattern
analysis taken from the bright-field image [FFT region
of interest is marked in Fig. 1(f), bottom inset] revealed lat-
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FIG. 2. (Color online) XPS spectra from the Fe 2p core level of
size-selected °’Fe nanoclusters deposited on SiO,/Si(111). The
particles were synthesized by encapsulation on (a) PS(81000)-
P2VP(14200) and (b) PS(27700)-P2VP(4300) and measured (i) as
deposited, (ii) after annealing in UHV at 773 K for 30 min, and (iii)
after subsequent air exposure (one day) [(b) sample 2b], (iv) fol-
lowed by Ar* sputter etching at 1 keV for 20 min and (v) additional
Ar* sputter etching at 1 keV for 60 min. After 7 months of air
exposure of the Ar*-etched samples, spectra (vi) were measured [(a)
sample 1 and (b) sample 2].

tice spacings of d,;,;=0.252+0.017 nm and d;;;=0.263
+0.017 nm. It is most probable that these lattice spacings
belong to the (311) orientation of Fe,O3 or Fe;O,4 or to the
(020) orientation of Fe;C. Since none of the other samples
showed this type of shell after similar air exposure, the shell
seems to originate from residual polymer that was not re-
moved during the in sifu annealing of sample 2b and, most
likely, is Fe;C.

Figure 3(a) shows g(E) of the samples 1, 2, and 2b and of
a reference bulk bee >’Fe foil obtained from the measured
data. The results reveal three clear differences between g(E)
of supported isolated Fe NCs and that of a bulk bce-Fe ref-
erence sample: (i) the strong suppression of the sharp phonon
peaks, in particular, of the strong longitudinal acoustic pho-
non peak at 36 meV (this effect may originate from phonon
damping due to confinement,'%'?) (ii) the significant en-
hancement of g(E) at low and high energies, where excita-
tions extend beyond the cut-off energy of ~40 meV of bulk
bee Fe, and (iii) the striking non-Debye-like behavior of g(E)
[with g(E)/E?# const] of NCs at low energies [see also Fig.
4(a)]. Samples 1 and 2 show a distinct shoulder in the VDOS
at low E with a plateau between 6.5 and 14 meV and a
common peak at ~41-43 meV. It is worthwhile mentioning
that bulk hematite (a->"Fe,0;) also shows a peak near
~41 meV.? However, since the strong VDOS peaks of bulk
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FIG. 3. (Color online) (a) VDOS [or g(E)] of >’Fe nanoclusters
in sample 1 (open triangles), sample 2 (open circles), and sample 2b
(full circles) and of bulk bee *’Fe (reference, full squares) obtained
from NRIXS. Vertical dashed lines: Phonon peak positions of bulk
bee Fe. Inset: Low-energy part of g(E). (b) Total VDOS calculated
for bulk bee-Fe (full black line) and epitaxial bee-Feq49 (brown) and
Fess77 (blue) clusters on Ag(001). (c) Local VDOS calculated for
different Fe atoms within an Fess;; cluster on Ag(001) (see text).
All curves are normalized to the same area. Insets: Calculated geo-
metrical arrangement of bee-Fe(001) clusters of 749 atoms in (b)
and of 5577 atoms in (c) on Ag(001).

hematite around ~20 meV are missing in the VDOS of our
NCs [Fig. 3(a)], it is unclear whether or not the oxide shell of
our NCs may be associated with a-Fe,O5. Oxidized nano-
crystalline Fe does not exhibit such a distinct peak near
41-43 meV.'* Although the nature of the 41-43 meV peak
is unknown, it seems to be related to some vibrational Fe
state in our NC oxide shell that is similar to the 41 meV
vibrational mode in bulk a-Fe,Os. In contrast to samples 1
and 2, sample 2b shows no distinct high-energy peaks and
the low-energy region is nearly linear in E.

Figure 3(b) shows the g(E) resulting from the MD simu-
lations. The experimental g(E) of bulk bce Fe [Fig. 3(a)] is
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FIG. 4. (Color online) (a) Measured reduced VDOS, g(E)/E?,
for samples 1, 2, and 2b and bulk bee Fe. (b) Calculated g(E)/E? of
bulk bee-Fe (solid line), Fesyy (open squares), and Fess;; (full
squares) clusters on Ag(001) and spatially resolved g(E)/E? of
PBCC (core) (full circles) and Other (surface) (full triangles) atoms
in an Fess;; cluster.

fairly well reproduced, although the phonon peak at 36 meV
is slightly broadened, probably due to anharmonic effects of
the EAM potentials. In agreement with our experimental ob-
servations, an increased g(E) was obtained for the NCs at
low and high E. However, particularly in the low-E regime,
the increase is less pronounced than in the experiments. We
attribute this difference to the oxide shell (samples 1 and 2)
or Fe;C shell (sample 2b) of the experimental NCs and, in
particular, to differences in the low-coordinated interfacial
core/shell or shell surface states.?’:>> The apparent suppres-
sion of the sharp phonon peaks demonstrates a size-
dependent phonon confinement in the supported NCs.

Based on a CNA, different types of Fe atoms have been
identified and are depicted by different colors in the insets of
Figs. 3(b) and 3(c): perfect bcc (PBCC, atoms with bee en-
vironment up to the seventh neighbor shell, yellow), good
bee (GBCC, atoms with bec environment up to the second
neighbor shell, green), interface atoms (Interface, Fe atoms
with at least one Ag atom in the first two neighbor shells,
magenta), and “other” Fe atoms (red). In Figs. 3(b) and 3(c),
it can be seen that the core of the NCs consists of PBCC
atoms, whereas the GBCC atoms form a subsurface layer
between the surface (made of “Other” atoms) and the core.
Figure 3(c) shows the VDOS contributions of the different
atom types normalized to the total VDOS of Fe atoms in the
simulated Fess;7 NC. Figure 3(c) shows that the largest con-
tribution to the VDOS enhancements, at high and low E,
originates from surface (Other), Interface, and GBCC atoms,
whereas the PBCC core of the NCs behaves nearly bulklike,
except for E<4-5 meV (see below).
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A striking feature measured for our supported, isolated
S'Fe NCs is the anomalous nonquadratic behavior in the
VDOS at low E [Fig. 4(a)]. The log-log plot of g(E)oE"
provides n=1.86+0.03 (E<4.8 meV, sample 1), n=1.84
+0.02 (E<5.0 meV, sample 2), and n=1.33+£0.01 (E
<10 meV, sample 2b) [Fig. 4(a), inset]. These values are all
below n=2, and sample 2b is closer to two-dimensional (2D)
behavior (n=1) than to Debye behavior (n=2). The VDOS
derived from our MD simulations also shows non-Debye be-
havior, not only for Fe atoms at the surface but also in the
core [Fig. 3(b)]. However, the effect [Fig. 4(b)] is much less
pronounced than in the experimental systems [Fig. 4(a)].
Again, this difference can be attributed to the oxide shell
(samples 1 and 2) or Fe;C shell (sample 2b). We therefore
conclude, in agreement with Ref. 20, that the formation of an
outer cluster shell leads to a significant enhancement of the
anomalous VDOS behavior at low energies. This is further
confirmed by the fact that, for a given shell, the number of
observed low-E phonon modes scales with the NC’s shell
thickness [Fig. 3(a), inset]. The samples with the thickest
(sample 1) and thinnest (sample 2) oxide shells (according to
our XPS data) show the highest and lowest g(E) enhance-
ments, respectively. Obviously, the nature of the shell (oxide
or carbide) affects the type of non-Debye behavior at low E,
presumably via differences in low-coordinated interfacial or
surface Fe atoms.?'?> Remarkably, the best qualitative agree-
ment is found between sample 2b (carbide shell) and the
calculated Fe,u9/Ag (Fig. 4). The carbide shell seems to
leave the Fe-core vibrations roughly undisturbed, with the
exception of a shift of the non-Debye region at low E from
E<~4 meV (Feyg/Ag) to E< ~10 meV (sample 2b).

It is interesting to observe in Fig. 4(b) that g(E)/E? of the
PBCC core of the NCs follows closely the behavior of bulk
bce Fe down to E~4-5 meV, where non-Debye behavior
suddenly appears simultaneously in the core and at the sur-
face. We attribute this effect to phonon confinement. The
phonon wavelength at this energy can be estimated to be A
~5 nm, which is of the order of our NC size. Therefore,
phonon modes with energies below 4—5 meV do not fit into
the core alone and both surface and core participate in the
vibrations. The parallel increase of g(E)/E? for the core and
surface below ~4-5 meV thus indicates hybridization of the
NC’s core and surface modes.

We would like to emphasize that Debye behavior (n=2)
was reported for partially oxidized compacted nanocrystal-
line Fe.®~1%:12-14 This is not surprising because such a com-
pacted powder material is inherently a three-dimensional
system, contrary to the case of our self-organized arrays of
isolated nanoclusters with their large surface-to-volume ra-
tio. The latter property implies low-coordinated interfacial
core/shell and/or shell surface states, which, according to
theory,'?? lead to the tendency of 2D behavior in isolated
nanoclusters.

V. CONCLUSIONS

In summary, our measured and calculated VDOSs of sup-
ported, isolated single-grain °>’Fe nanoclusters reveal an en-
hancement of the low- and high-E phonon modes and non-
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Debye behavior in the low-E region. Experimentally, the
non-Debye behavior was found to depend on the nature of
the NC’s surface shell. It reveals a tendency toward 2D vi-
brational behavior, very likely due to the high number of
low-coordinated interfacial core/shell and/or shell surface
states. Furthermore, our calculations show that the non-
Debye behavior extends from the surface to the core of the
supported NCs due to hybridization of surface and bulk
modes. We suppose that our conclusions are not limited to Fe
nanoclusters, but are valid for metal NCs in general. The
modified VDOS observed for NCs is expected to affect their
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thermal stability and other temperature-related properties
such as chemical order-disorder transitions and the preexpo-
nential factor in Arrhenius-type surface phenomena.
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