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Phonons in Ultrathin Oxide Films: 2D to 3D Transition in FeO on Pt(111)
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The structural and magnetic properties of ultrathin FeO(111) films on Pt(111) with thicknesses from 1 to
16 monolayers (MLs) were studied using the nuclear inelastic scattering of synchrotron radiation.
A distinct evolution of vibrational characteristics with thickness, revealed in the phonon density of states
(PDOS), shows a textbook transition from 2D to 3D lattice dynamics. For the thinnest films of 1 and 2 ML,
the low-energy part of the PDOS followed a linear «<E dependence in energy that is characteristic
for two-dimensional systems. This dependence gradually transforms with thickness to the bulk «FE?
relationship. Density-functional theory phonon calculations perfectly reproduced the measured 1-ML
PDOS within a simple model of a pseudomorphic FeO/Pt(111) interface. The calculations show that the
2D PDOS character is due to a weak coupling of the FeO film to the Pt(111) substrate. The evolution of the
vibrational properties with an increasing thickness is closely related to a transient long-range magnetic
order and stabilization of an unusual structural phase.
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Dimensionality has a major impact on the basic properties
of the condensed matter. In low-dimensional systems, the
confinement of electrons and phonons changes their
dispersion relations and densities of state, which is reflected
in modifications of electrical, magnetic, thermal, and optical
properties when going from the three-dimensional (3D) bulk
to a two-dimensional (2D) monolayer [1]. The effect of the
reduced dimensionality is relatively simple to observe for the
electronic system, thanks to the short characteristic screening
length and large energy-level splitting. Conversely, due
to the collective character of lattice vibrations, truly 2D
phononic systems are limited to monolayer membranes, like
graphene [1] or similar quasi-two-dimensional systems [2].
Interest in primary information on the crystal structure
contained in the vibrational properties gives rise to a demand
for direct measurements of the phonon spectra in low
dimensional systems. Phonons determine elastic and thermo-
dynamic properties and mediate many coupling phenomena.
Phonons also promote phase transitions, which often can
be predicted from dispersion relations [3].

Ultrathin epitaxial oxide films are of recent interest as
model catalysts, as sensors, in microelectronics and spin-
tronics, and in other applications [4]. The extent to which
the properties of couple-monolayer films resemble those of
their bulk counterparts is an increasingly important question.
First-principles calculations show the complexity of the
problem and reveal specific features of the atomic [5] and
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electronic structure [6] of ultrathin films and metal-supported
oxide monolayers [7]. Metastable structures can be stabilized
by epitaxy as a result of the intricacies of different film and
substrate parameters [8]. Polarity may be the driving factor of
artificial structure stabilization, especially in films composed
of a couple of monolayers [9-11]. In one of the most
extensively studied polar oxide-film systems, i.e., for
FeO(111) films on Pt(111) [12], the structural stability could
be extended beyond the monolayer range [13]. This gives us
the opportunity to systematically study the evolution of the
vibrational properties characteristic to a 2D to 3D transition.

We have measured the partial iron phonon density of states
(PDOS) as a function of FeO thickness from a single to over
a dozen monolayers using the nuclear inelastic scattering
(NIS) of synchrotron radiation [14,15], and we showed that
the PDOS is distinctly different from bulk FeO (wiistite). In
particular, the monolayer PDOS is characterized by a sharp
feature at an energy of £ = 24 meV, which is well explained
within density-functional theory (DFT) phonon calculations.
Furthermore, instead of the Debye-like «E? behavior, the
film PDOS scales linearly with energy in the 1-2 monolayer
range, which represents truly two-dimensional behavior.
A gradual transition toward 3D characteristics with thickness
is accompanied by magnetic anomalies that are distinctly
reflected in the phonon spectra.

Bulk FeO has a NaCl-type structure, and the
(111)-oriented FeO epitaxial films are considered as the
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fcc stacking of alternating hexagonal iron and oxygen
planes [12]. A considerable (10%) lattice mismatch
between Pt(111) and FeO(111) (in plane spacing of surface
atoms ap, =2.77 A and ap.o = 3.04 A, respectively)
results in a complex misfit moiré structures for 1- and
2-monolayer (ML) FeO films [16-21]. The positions of the
iron and oxygen atoms are modulated between the fcc and
hep sites of the Pt(111) surface with a periodicity corre-
sponding to the misfit parameter [16,20]. The experimental
incommensurate moiré structure has a (9 x 9) periodicity
with respect to Pt(111), indicating additionally a rotational
mismatch of several degrees [16,18]. While an unsupported
FeO(111) monolayer is perfectly flat, the interaction and
charge exchange with the Pt(111) substrate induce a
separation of iron and oxygen atomic planes [22] of
0.7 A, which is considerably smaller than 1.24 A in
wiistite [17].

Beyond a thickness of 2 ML, the preferential formation
of magnetite (Fe;O,) is observed [23]. However, it was
shown recently that the FeO(111) films on Pt(111) can be
stabilized to a thickness of several nanometers using a
carefully adapted preparation [13]. These films display
electronic and magnetic properties markedly different from
wiistite. Specifically, the conversion electron Mossbauer
spectroscopy (CEMS) indicated a high degree of covalency
in the Fe-O bonds and a long-range magnetic order in the
thickness range of a few monolayers. It has been suggested
that these properties signify a new phase, which is
stabilized by epitaxial growth. The present study of vibra-
tional properties using the nuclear resonance scattering
(NRS) of synchrotron radiation combined with the ab initio
phonon calculations sheds light on this question.

Experiments were performed in an ultrahigh vacuum
system [24] at the ID18 beam line [25] in ESRE,
Grenoble. ’FeO films with a thickness d from 1 to
16 ML (1 ML is equivalent to 2.48 A of bulk FeO) were
epitaxially grown on an atomically clean Pt(111) substrate
using the preparation protocol described earlier [ 13], and the
sample structure was verified in situ using characteristic
LEED patterns. Prior to the NIS experiments, the samples
were characterized by the coherent grazing-incidence NRS
measurements [26]. The k vector of the incident x rays was
parallel (within £3°) to the dense-packed direction on
Pt(111). The NRS time spectra shown in Fig. 1, together
with the best fits using the REFTIM software [27], coincide
with the previous CEMS measurements for another set of
samples [13]. The quantum beat modulation of the scattered
intensity decay that appears at 6 ML reveals long-range
magnetic order with the average hyperfine magnetic field B¢
increasing from (23.1 £0.2) T at 6 ML to (28 +1) T at
10 ML. Above this thickness, By dropped to almost zero
within few monolayers when high- and low-B); phases
coexisted. For the high-By; phase, the numerical analysis
explicitly indicated the ferromagnetic order with the mag-
netization along a unique direction, namely, at (30 £+ 5)°
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FIG. 1 (color online). NRS time spectra for >’FeQ/Pt(111) as a
function of FeO thickness.

with respect to k. It is not clear whether the transition above
10 ML is to the paramagnetic or to the antiferromagnetic
state with a low magnetic moment.

The unusual electronic and magnetic properties of the
FeO layers are accompanied by atypical NIS spectra (see
Supplemental Material 1 [28]), which measure the prob-
ability of the phonon-assisted nuclear resonance absorption
of photons as a function of the detuning energy AE from
the 14.412-keV resonance for 3’Fe. The partial iron PDOS,
g(E), can be derived from the NIS spectra in a parameter-
free procedure that considers the thermal population of
phonons and multiphonon processes [29,30]. Because of
the grazing incidence geometry, the PDOS corresponds to
phonons with a large in-plane component of the polariza-
tion vector along the direction given by the projection of the
x ray k vector on the sample surface. The PDOSs presented
in Fig. 2 are distinctly different from that of bulk wiistite
[31,32]. The most characteristic features of the PDOS are
(i) a sharp peak at 23.5 meV and a sudden cutoff for the
thinnest and the thickest films, (ii) a clear correlation
between the smearing of the PDOS and the magnetic order
for intermediate thicknesses, (iii) phonon hardening above
the thickness of the magnetic anomaly, and (iv) a deviation
from the 3D « E? Debye behavior in the low-energy range
for the 1- and 2-ML films. The power 7 in the g(E) o E"
dependence at low E within the Debye approximation
relates to the system dimensionality D: n = D — 1. Hence,
n =2 is common for three-dimensional systems, while
n =1 corresponds to a two-dimensional behavior. The
linear g(E) dependence for low-dimensional systems is
the subject of a long debate due to controversies between
experiments (NIS or neutron scattering) on different nano-
particle assemblies, for which linear [33-35], quadratic
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FIG. 2 (color online). PDOS g¢(E) for FeO(111) films on
Pt(111) as a function of thickness. For clarity, the plots are
vertically shifted by 0.08 meV~!.The vertical lines mark the shift
of the high-energy phonon peak. The PDOS for 1 ML is
compared with theoretical calculations [32] for stoichiometric
(solid line) and nonstoichiometric wiistite (gray area).

[36-39], and fractional [40—42] energy dependencies have
been reported. This diverse behavior reflects the complex-
ity of nanomaterials, for which the effects due to reduced
dimensionality, finite size, and different local coordination
interplay [43,44]. For a model 2D interfacial system, i.e.,
for the Fe monolayer on W(110) [45], the PDOS (albeit
very different in overall character from bulk Fe) displayed
typical xE? Debye behavior in the long-wavelength limit.
As shown theoretically [35] the prerequisite for the two-
dimensional character of the surface phonons is a decou-
pling between the surface and the interior, which is not
realized for either the metallic isostructural systems [45] or
the surface of a metal single crystal [46].

In contrast, the two-dimensional behavior is demon-
strated clearly for our epitaxial FeO films on Pt(111) in the
ultrathin limit in Fig. 3(top), where the low-energy exper-
imental points of g(E) are shown in the double logarithmic
plot. In such a plot, the slope of the linear fit represents
the power n in the g(E) «E" dependence. The fitted
n=1.04£0.05 unambiguously confirms that the model
of a 2D-Debye-solid holds for 1 and 2 ML. The power
n increases to n = 1.5£0.06 for d =4 ML and nearly
reaches the 3D limit for d > 9 ML, scaling with the
reciprocal of the film thickness. This shows that the
vibrational characteristic of the FeO films is not very
dependent on the Pt(111) substrate, and suggests a weak
metal-oxide coupling at the interface. Remarkably, from the
point of view of the continuous-medium Debye model, the
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FIG. 3 (color online). (top) Double logarithmic plot of the
PDOS ¢(E) for low energy. The straight lines are the fits of
the experimental points to a g(E) o E" dependence. (bottom) The
plot of n as a function of the reciprocal of the FeO film thickness
d (in ML). The lines at » = 1 and n = 2 are the 2D and 3D limits,
respectively.

truly 2D system is not only the monolayer but also the
bilayer FeO film, which means that the bulklike acoustic
phonon modes start to develop only above 2 ML.

The two-dimensional characteristic of the PDOS for the
monolayer FeO films on Pt(111) and the strong deviation
from the vibrational bulk-FeO properties are related to the
structural specificity of the FeO films, as studied in detail in
the monolayer limit both experimentally [16-18,47] and
theoretically [20,21]. A large misfit between the Pt(111)
and FeO(111) planes leads to the moiré structure, which
has been explained by the modulation of the position of
the iron and oxygen atoms with respect to the platinum
substrate. According to Giordano et al. [20], the strongest
FeO-Pt interaction occurs when both the Fe and O atoms
are located within the hollow Pt(111) sites, and the weakest
when the Fe atom is located in the on-top position with
respect to a surface Pt atom. For the latter case, the
structural properties of the FeO/Pt(111) monolayer are
similar to those of a free-standing FeO monolayer [20].

To elucidate the observed features, we compared the
measured PDOS with the first-principles calculations. The
computational model was built from (4 x 4)-Pt(111) slabs,
five atomic layers thick (80 atoms), covered on one side
by the FeO monolayer (32 atoms). The slabs were spaced
by a 1.8-nm-thick vacuum layer. This structure was fully
optimized using the projector-augmented wave method
[48] and the generalized-gradient approximation within
the VASP program [49]. Strong electron interactions in the
3d states were treated with the DFT + U approach
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(Uge — Jge = 3 eV) [50]. The supported FeO monolayer is 008 L ell) L IX ]
metallic with the dominant contribution of minority-spin 3d 0.02 i

states near the Fermi energy (see Supplemental Material 2
[28]). We assumed an antiferromagnetic order for the Fe
atoms, which provides lower energy than the ferromagnetic
and nonmagnetic states [20]. The phonon spectra were
calculated using the direct method implemented in the
PHONON software [51]. The force constants and dynamical
matrices were derived by displacing all nonequivalent
atoms from equilibrium positions and calculating the
Hellmann-Feynman forces. The PDOS was obtained by
randomly sampling the & points in the first Brillouin zone.

To account for the large unit cell of the actual
FeO/Pt(111) interface, we adopted a strategy proposed
by Giordano et al. [20]. Three different pseudomorphic
configurations, corresponding to the different regions of the
moiré unit cell, were considered. The optimization showed
that the only stable pseudomorphic structure (without
soft phonon modes) was the “Fe-fcc” configuration [both
O and Fe ions in threefold hollow sites of a Pt(111)
substrate]. In the course of optimization, the “Fe-hcp”
(O ions on top of surface Pt atoms, Fe ions in the hollow
sites) structure relaxed to “Fe-fcc”, and the “Fe-top”
(O ions in the hollow sites, Fe ions on top of a surface
Pt) structure relaxed to a new atomic configuration, in
which Fe atoms occupied intermediate positions. It can be
concluded that only the fcc regions stabilize the moiré
structures; we will focus on the phonon spectra obtained for
this region in the following.

The calculated partial Fe PDOS functions for the
“Fe-fcc” structure decomposed in the X, Y (in-plane),
and Z (normal) directions are shown in Fig. 4 (the
PDOS for the “Fe-top” region 1is presented in
Supplemental Material 3[28]). The vibrational character-
istics are strongly anisotropic, and the Y component can be
directly compared with the experimental results in Fig. 4(b)
because the k vector of the x rays in the NIS experiment
was nearly parallel to the Y direction. Despite the sim-
plifications in the theoretical model, the agreement between
the experiment and theory is extremely good. This suggests
that the substrate-induced modulation of the film structure
within the moiré pattern influences only a little the vibra-
tional properties of the FeO layer, and confirms a weak
metal-oxide coupling at the interface. Additionally, the
calculations reveal high-energy vibration of the Fe atoms
above 47 meV that were not observed in the bulk rock-salt
structure [32].

The explanation of the vibrational properties of the thicker
FeO layers is less straightforward, because their increased
structural complexity is a severe limitation to theoretical
modeling. However, aside from the magnetic anomaly that
is discussed below, the similarity of the PDOSs over the
whole thickness range from 1 to 16 ML is obvious, which
implies a structural affinity of the thicker films to the
monolayer. The most characteristic features, the peak at
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FIG. 4 (color online). Partial Fe PDOS for the Fe-fcc structure
of the FeO monolayer decomposed in the (a) X, (b) Y, and (¢c) Z
directions. Insets depict the X-Y-Z orientation on a top view of
the stick-and-ball model of the 1-ML FeO/Pt(111) system (Pt:
light gray, Fe: red or large dark gray, O: blue or small dark gray).
The solid lines show the results of DFT calculations; the points in
(b) show the experimental data.

approximately 25 meV and the sharp cutoff above this
energy, are preserved for the thickest (4-nm) FeO film, with
only a slight phonon stiffening as compared to the monolayer
limit. Such a blueshift can be generally expected as a result
of the enhanced system stiffness; however, it was recently
shown that the detailed balance of different factors contrib-
uting to the force constants in oxide systems is complex [52].
Nevertheless, the distinct dissimilarity to the phonon spectra
of bulk wiistite [31] or to epitaxial magnetite films [53]
clearly indicates that a new artificial FeO structure was
stabilized on Pt(111). The special character of the vibrational
spectra in the ultrathin oxide films may have strong impli-
cations for all processes involving phonons (including
thermodynamic and transport properties), and is of crucial
importance for the chemical reactivity [54].

Finally, we discuss the magnetic anomaly reflected in the
phonon spectra for 6 to 10 ML. A magnetic transition,
whether accompanied by a structural one or not, can
substantially modify the vibrational properties in the bulk
by changing all phonon characteristics: frequency, inten-
sity, and spectral line width [55]. The long-range magnetic
order may be also responsible for the stabilization of the
specific crystal structure [56], which is of particular
importance for epitaxial metastable systems [57]. For
ultrathin fcc-Fe(001) films on Cu(1001), Benedek er al.
[58] showed a sharp increase of the phonon frequency
below the Curie temperature. For Fe(110) films on W(110),
the influence of the ferromagnetic order on the phonon
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spectra was masked by strong structural effects [45]. For
the present case, a model situation takes place in which the
magnetic order is established with only minor structural
changes, as judged from the LEED pattern. Hence, we
interpret the broadening in the phonon spectra for 6 to 10
ML as the effect of the spin ordering, which may result in
magnetostrictive strains and a lattice distortion. When the
ferromagnetic order vanishes above 10 ML, the PDOS
sharpens again; however, the main peak remains broader,
by a factor of 2, than the exceptionally narrow peak for 1
ML, which has the full width at half maximum approaching
the experimental resolution of 2 meV. A similar situation
was also observed for MnO(100) films on Pt(111) [59]. The
thickness-dependent PDOS broadening results from the
increased structural complexity of the thicker FeO films
that is due to a possible modulation of the interplanar
distances. The detailed determination of the thick-FeO film
structure, very different from its bulk counterpart, wiistite,
is the subject of ongoing research.
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