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One-atom-thick rare-earth/noble metal (RE-NM) compounds are attractive materials to investigate two-
dimensional magnetism, since they are easy to synthesize into a common RE-NM, structure with high
crystal perfection. Here we perform a comparative study of the GdAu,, HoAu,, and YbAu, monolayer
compounds grown on Au(111). We find the same atomic lattice quality and moiré superlattice periodicity
in the three cases, but different electronic properties and magnetism. The YbAu, monolayer reveals the
characteristic electronic signatures of a mixed-valence configuration in the Yb atom. In contrast, GdAu,
and HoAu, show the trivalent character of the rare-earth and ferromagnetic transitions below 22 K. Yet,
the GdAu, monolayer has an in-plane magnetic easy-axis, versus the out-of-plane one in HoAu,. The
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electronic bands of the two trivalent compounds are very similar, while the divalent YbAu, monolayer
exhibits different band features. In the latter, a strong 4f—5d hybridization is manifested in neatly resolved
avoided crossings near the Fermi level. First principles theory points to a residual presence of empty 4f

rsc.li/nanoscale states, explaining the fluctuating valence of Yb in the YbAu, monolayer.
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1. Introduction

Rare-earth/noble-metal (RE-NM) monolayer-thick alloys can be
readily synthesized by low-temperature vapor epitaxy on the
(111) surface of Cu, Ag, and Au single crystals, leading to a
rich family of surface compounds."® They all share a
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common, well-defined structure and excellent crystal quality
with a RE-NM, stoichiometry, as a well as a hexagonal moiré
with a nanoscale periodicity that is induced by the lattice mis-
match between the RE-NM, monolayer and the noble metal
substrate. This structural homogeneity among the series of
lanthanides makes the RE-NM, monolayer a convenient plat-
form to tune spin textures and magnetic properties of great
interest in the field of spintronics,” while their chemical stabi-
lity and moiré modulation convert these compounds into suit-
able magnetic templates to drive self-organized nanostructure
growth.® " At a more fundamental level, the crystal perfection
and identical structure of the RE-NM, monolayer among the
REs appear ideal to investigate the interplay between electronic
properties and magnetism, that is, the connection between 4f
shell filling, f-d hybridization, RE atom valency and magnetic
response in two dimensions. This is of major interest in
materials exhibiting competing magnetic and electronic
phases around quantum critical points, such as heavy-fermion
metals."” In particular, the Ho case is of recent interest due to
its high angular magnetic moment and its unconventional
magnetic properties.”*°

In the present work we carry out a comparative analysis of
GdAu,, HoAu, and YbAu, monolayers epitaxially grown on a
Au(111) surface. By means of angle resolved photoemission
spectroscopy (ARPES) and density functional theory (DFT) we
investigate the characteristic signatures of the band structure

This journal is © The Royal Society of Chemistry 2020


www.rsc.li/nanoscale
http://orcid.org/0000-0002-4818-1125
http://orcid.org/0000-0002-5189-6690
http://orcid.org/0000-0001-5780-477X
http://orcid.org/0000-0002-6437-9334
http://orcid.org/0000-0002-8592-1284
http://orcid.org/0000-0002-7278-5308
http://orcid.org/0000-0002-0585-5636
http://orcid.org/0000-0002-2698-885X
http://orcid.org/0000-0002-7771-8737
http://orcid.org/0000-0002-4231-1638
http://orcid.org/0000-0003-2199-1053
http://orcid.org/0000-0001-9525-3980
http://orcid.org/0000-0002-6643-806X
http://orcid.org/0000-0003-1727-3542
http://crossmark.crossref.org/dialog/?doi=10.1039/d0nr04964f&domain=pdf&date_stamp=2020-11-10
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr04964f
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR012043

Open Access Article. Published on 21 October 2020. Downloaded on 1/20/2026 3:24:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

that define the valence state of the RE atom in the compound,
whereas element-sensitive X-ray magnetic circular dichroism
(XMCD) is used to probe the magnetic order and determine
magnetic anisotropy. For Gd and Ho we find a trivalent elec-
tronic configuration in GdAu, and HoAu,, respectively, and a
clear ferromagnetic behavior. However, the magnetization axis
is out-of-plane for Ho and in-plane for Gd, reflecting their
respective 4f shell filling and orbital moment. YbAu, behaves
notably different. Yb is known to exhibit a variable valence
state, ranging from Yb*", e.g., in bulk Yb metal’” to Yb*" in
oxides,® via a fluctuating (or mixed) valence configuration in
metal alloys.'** In the YbAu,/Au(111) monolayer system we
find a mixed valence for Yb, close to divalency, which we attri-
bute to f-d hybridization around the Fermi level Er.

2. Experimental and computational
details

The different RE-Au, surface compounds were grown in situ
under ultra-high vacuum (p < 2 x 107" mbar) conditions by
evaporation of small amounts of RE atoms on the Au(111)
surface which was hold at a fixed temperature. The optimal
growth temperature of the substrate varies between 400 and
450 °C for GdAu,, around 420 °C for HoAu, and at 300 °C for
YbAu,. Below these temperatures, the characteristic moiré was
not well formed, and above them the RE metals diffuse into
the bulk or re-evaporate under vacuum. Several Au(111)
samples were used in order to avoid contamination from other
RE atoms used in previous experiments.}

Preparation and analysis of the samples were performed in
different experimental systems and laboratories. Photoemission
data were acquired at two home laboratories (CFM San
Sebastian, Universitit Zirich) using Helium Ia and Ila exci-
tation lines (Av = 21.2 eV and 40.8 eV, respectively), and at the
VUV-Photoemission beamline of the Elettra Synchrotron in
Trieste, Italy. In San Sebastian and Trieste a channel plate-
based display type hemispherical analyzer was used with
angular and energy resolution set to 0.1° and 40 meV, respect-
ively, while in Ziirich a hemispherical analyzer with six chan-
neltrons was employed.>® At the synchrotron, p-polarized light
was used and the sample temperature during measurements
was 17 K. Scanning tunneling microscopy (STM) experiments
were carried out at 300 K in San Sebastian using an Omicron
VT Setup. XMCD experiments were realized at the BOREAS
beamline of ALBA synchrotron, Spain. There, the samples were
prepared in situ and their quality was checked with low energy
electron diffraction (LEED) prior to the XMCD measurements.
Absorption spectra were acquired in total electron yield at two
beam-incidence geometries, namely out-of-plane for normal
incidence and in-plane for 70° incidence. The applied mag-
netic field direction was collinear to the light propagation. In

{This is especially needed to avoid Gd bulk impurities that reemerge at the Au
surface during annealing cycles.
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all cases 90% circularly polarized light from a helical undula-
tor was used. The measurements were carried out between 2
and 25 K with a variable magnetic field up to +6 T.

Band structures of free-standing YbAu, monolayers and
YbAu,/Au(111) stacks were obtained from first-principles DFT
calculations with the PBE exchange and correlation func-
tional.>* The FLEUR code,>” based on the full-potential linear-
ized augmented plane wave (FLAPW) formalism,>*” was used.
Spin-orbit interactions were included self-consistently in the
calculations with spins aligned perpendicular to the surface.”®
The FLAPW basis set was constructed with a bidimensional 9
x 9 x 1 Monkhorst-Pack k-point mesh*® and plane wave expan-
sion cutoffs of 109 eV for the wavefunctions, and 272 eV for
the density and potential. For the local basis, Yb-6s,4f,5d and
Au-6s,5d electrons were included as valence electrons, and Yb-
5s,5p and Au-5p as linear orbitals. Muffin tin sphere radii of
1.35 A were used for Yb and Au, and I, = 10 in the partial
wave expansions. The Fermi energy was determined by the tri-
angular method. Additional calculations were carried out in
the GGA+U approximation®*? (see the ESI{). As in previous
works with Gd-based compounds,® we used the experi-
mentally-determined lattice constant of the compound (5.4 A)
to fix the same in-plane atomic distance for the REAu, mono-
layer and the REAu,/Au(111) slab. For YbAu, on one or several
Au substrate layers (supported YbAu,), results presented here
correspond to vertical fcc stacking, using 2.25 A interlayer dis-
tance. Yet, we also checked YbAu,/Au(111) with Yb atoms in
top stacking, as well as small variations of the geometry para-
meters, but no significant changes were obtained.

3. Results and discussion

3.1. Structure

Representative low-energy electron diffraction patterns and
scanning tunneling microscopy images for structurally-
optimal HoAu, and YbAu, monolayers are shown in Fig. 1.
The LEED images reveal the characteristic (\/3 X \/S)RSOO
reconstruction of the 2D RE-Au, compounds (blue solid line
unit-cell) formed on top of the Au(111) surface (grey, dotted)
surrounded by hexagonal superstructure spots. Due to the
larger ionic radius of the RE atom compared to that of the Au
atom, the registry with the Au(111) plane underneath is lost,
and a coincidence moiré lattice appears.’ The periodicity of
this moiré reconstruction is visible in the LEED pattern
through the characteristic satellite spots around the main (\/ 3
x \/ 3)R30° diffraction spots. The atomic misfit is also obvious
when comparing the clean and the compound-covered surface
patterns, as shown in Fig. 1(a), where the new atomic spacing
of the surface is compared to that of Au(111).

In STM micrographs two main features are observed,
namely the atomically resolved lattice of the surface and the
large scale moiré modulation rotated by 30° with respect to
the atomic unit cell. Atomically resolved images reveal hexag-
onal close-packed structures with @ = 5.4 A periodic spacing
between neighboring protrusions, which clearly indicates that

Nanoscale, 2020, 12, 22258-22267 | 22259


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr04964f

Open Access Article. Published on 21 October 2020. Downloaded on 1/20/2026 3:24:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale

56eV

Au(111)
00000
(X0

Fig. 1 Structural analysis of YbAu, and HoAu, by low-energy electron diffraction (a and b) and scanning tunneling microscopy (c and d), respect-
ively. In the LEED image of the clean Au(111) the small satellite spots originate from the herringbone reconstruction. Rare-earth deposition results in
the periodic substitution of Au in the topmost atomic layer (see the sketch), defining a (\/3 X \/3)R30° unit cell. The grey and blue rhombuses in the
LEED patterns mark the Au(111) and the RE-Au, reciprocal space lattices, respectively. The insets of the STM images reveal atomic resolution, with
RE atoms appearing as bright protrusions (marked with black rhombuses). A ~(13 X 13) moiré superstructure is observed in both LEED and STM. Its
moiré lattice is indicated with small and large red rhombuses in the respective panels. The moiré reflects the overlayer/substrate lattice mismatch,
induced by the larger RE ionic diameter compared to that of Au. The larger interatomic distance in the REAu, monolayer is mirrored in a reduced
spacing between the main LEED spots as compared to the separation in Au(111). The kinetic energy of the LEED experiments is indicated. STM

images were acquired under a bias voltage of —1.2 V and a tunneling current of 1.4 nA.

only the RE sublattice is being probed by the STM tip under
the present conditions.”® The same apparent atomic lattice is
observed in the previously studied GdAu,, CeAu,, LaAu,,
TbAu,, HoAu, and ErAu, monolayers."”>®?? The moiré period-
icities of YbAu, and HoAu, have been determined by averaging
over large scale STM images such as those of Fig. 1(c) and (d),
rendering (36.5 + 1.0) A and (37.6 + 1.0) A, respectively. The
latter value coincides well with a recent study of HoAu,.°
Taking into account the interatomic distance in the Au(111)
surface (@, = 2.89 A) one obtains a (12.6 x 12.6) coincidence
lattice for YbAu, and a slightly larger (13.0 x 13.0) lattice for
HoAu,, the latter being equal to that found in GdAu,.' The
lattice constant a of the RE-Au, surface lattice can be extracted
from the RE-Au,/Au(111) (n — 1)/n coincidence through (n — 1)
X a=nx \/SaAu leading to a = 5.4 A in HoAu,, YbAu,, and
GdAu, monolayers." Differences in the moiré periodicity,
though, reflect subtle variations in the interatomic distance a
of the compound, which cannot be accounted for within the
STM accuracy. In this respect, the shorter beating period for
the YbAu, monolayer reveals a 0.3% larger in-plane intera-
tomic spacing. This indeed is the simple expectation for the
larger ionic radius of the divalent Yb. However, the effect is
very small and may also arise due to other important factors,

22260 | Nanoscale, 2020, 12, 22258-22267

such as the out-of-plane relaxation of the RE sublattice,**
similar to that observed in Rashba type systems.*’

3.2. Electronic properties

3.2.1. Core level analysis and rare earth valency. The
valence state of the RE atom for each REAu, compound is
assessed through the analysis of its respective 5p and 4f
shallow core levels. Fig. 2 shows the photoemission spectra
around the 4f and 5p core level regions for GdAu,, HoAu,, and
YbAu, monolayers. Electron energies refer to the Fermi level.
To properly separate the 4f core-level emission from that of
other electronic states in the valence band of the compound
and the Au substrate (mainly 5d), spectra were acquired at
photon energies corresponding to on- and off-resonance”
(blue and red lines, respectively). For the RE 5p levels no res-
onant photoemission is needed, as it falls far away from the
Fermi level where no Au substrate related emission occurs. As
usually found in RE metals and compounds, 4f and 5p peaks
are not simple spin-orbit split emissions but reveal photo-
emission multiplets. Ionization of the partially filled 4f orbi-
tals leads to a variety of final states in the 4f"" configuration,
and hence to the multiplet structures.*’ The multiplets calcu-
lated in the intermediate coupling regime*® are shown for Gd,

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Photoemission spectra taken at T = 17 K of 5p and 4f rare-earth
core levels for (a) GdAu,, (b) HoAu,, and (c) YbAu, monolayers grown on
Au(111). The valence state of the rare-earth atom can be determined by
comparing with theoretically calculated multiplets, shown under the
corresponding spectra (multiplet data reproduced from ref. 20 and
36-39).

Ho and Yb in Fig. 2 (solid black curves). Binding energies of
the calculated spectra have been shifted to the experimental
values. Generally speaking, the appearance of 4f emission
close to Er indicates a divalent configuration in RE atoms,
while multiplets at binding energies higher than 5 eV corres-
pond to the RE trivalent state. In the case of the RE 5p peaks,
these emissions also exhibit multiplets and result from final
state photoemission effects.*” After photo-excitation of a 5p
electron, the hole left behind interacts with the electrons in
unfilled subshells resulting in different final states that lead to
the observed 5p multiplet.

In the GdAu, monolayer, Gd 4f and 5p levels are similar to
the calculated and experimentally observed multiplet struc-
tures of trivalent Gd metal.’®?° The effect of alloying with Au
in the surface compound can be directly assessed by compari-
son to the surface core level lines in the corresponding RE
metal crystals, where RE atoms at the surface have the same
atomic coordination (ninefold) but a Au environment within
the surface plane. The trivalent Gd 4f and 5p lines of GdAu,
are shifted to higher binding energies by 0.6 eV and 0.7 eV,
respectively, with respect to the corresponding surface core
levels in metal Gd.*® For HoAu, the situation is very similar.

This journal is © The Royal Society of Chemistry 2020
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The Ho 4f multiplet reveals a trivalent character and it is
shifted to a higher binding energy by 0.4 eV with respect to the
surface component in metallic Ho.**

The valence state for Yb in YbAu, is deduced by directly
comparing the experimental spectrum with the theoretical di-
and trivalent configurations of Yb, shown in the lower part of
Fig. 2(c). In the surface compound, there is a dominant diva-
lent Yb 4f emission near Ey, although a zoom in the spectrum
reveals the presence of trivalent Yb emission at a higher
binding energy. An accurate determination of the trivalent con-
tribution is difficult, since the trivalent multiplet overlaps with
the Au 5d band. The Yb 5p core level, however, is better suited
for a quantitative analysis. On- and off-resonant photo-
emission reveals a small, but well visible, trivalent 5p3,, emis-
sion at 27.24 eV. This binding energy discards emission from
bulk Yb impurities,”® and rather indicates a mixed valence
scenario, with a dominant divalent state and a minor trivalent
contribution (for a detailed discussion see the ESIf). X-ray
photoemission is a fast femtosecond-range transition process,
particularly when compared to the valence fluctuation time of
rare-earth ions in mixed-valence systems.”” Such fluctuation
time can be estimated from the valence band dispersion (see
the ESI}). Therefore, the relative peak area of the two 5p doub-
lets in Fig. 2(c) directly reflects an intermediate valence value o
=2.059 of the Yb valence in YbAu,.

The Yb 5p and 4f core levels in YbAu, are shifted to lower
binding energies by 1.15 eV and 1.55 eV, respectively,
pared with the corresponding surface core levels in metallic
Yb.?” The positive shift of the core level in YbAu, with respect
to the corresponding divalent Yb surface contrasts with the
negative shift in trivalent Gd and Ho emissions as shown
above. The valency-dependent sign of the shift from the pure
metal to compound in RE core levels was already observed for
a variety of divalent and trivalent bulk RE-metal systems.?” The
sign of the shift can be explained by the larger structural stabi-
lity of the trivalent RE ion, versus divalent or tetravalent states,
when forming bulk compounds.®”*® In this way, the trivalent-
to-tetravalent core-level photoemission process of Gd and Ho
leads to a negative peak shift, while the divalent-to-trivalent
excitation in Yb results in a positive shift.

3.2.2. Band structure. The electronic band structure of the
GdAu,, HoAu, and YbAu, monolayers on Au(111) is measured
by ARPES, and is displayed in Fig. 3 and 4. ARPES bands of
GdAu, were already investigated and discussed in ref. 2, 3, 33
and 47. Fig. 3 displays the electronic band structure of HoAu, as
measured by ARPES in the synchrotron with different photon
energies at a sample temperature of 17 K, together with the
bands measured with /v = 21 eV (Hela) at 120 K. We focus in
the energy range between the Fermi energy and Er — 2 eV in
order to avoid the high intensity of the substrate Au 5d-bands.
The lack of dispersive changes across the different panels in
Fig. 3(a) caused by different photon energies proves the two-
dimensional character of most characteristic HoAu, bands,
namely those labeled as A, B, C and C'. The B band appears
away from the Fermi level with a strong Au bulk-like character.
The A band is found at the border but still inside the projected

com-
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Fig. 3 Angle-resolved photoemission (ARPES) maps for 1 ML HoAu,/Au(111): (a) band dispersion along the I'MI"; and the K.I,Ky direction of the
surface Brillouin zone taken for different photon energies. (b) Fermi energy band crossing mappings for the same indicated energies. The (13/12-\/3
X 13/12-\/3)R30° surface Brillouin zones [with respect to Au(111)] appear indicated with green lines. Albeit the sample temperature (17 K) is below
the Curie temperature Tc = 22 K of HoAu, (see below), the band splitting due to magnetic exchange appears to be too small to be detected.
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Fig. 4 (a) Band dispersion along the I'MI", reciprocal space direction
for (@) GdAu,, (b) HoAu,, and (c) YbAu, monolayers, as determined from
ARPES experiments performed at the indicated photon energies in each
case. In the right panels, constant energy intensity maps for HoAu, at
E — Er = 0.57 eV and YbAu, at E¢ are displayed featuring similar features
at the I';-point. GdAu, bands were measured at T = 120 K, while HoAu,
and YbAu, experiments were carried out at T = 17 K.
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substrate band gap, and therefore has a surface character, with
a mixed Au and RE wave-function nature.’ Its dispersion and
position are very similar to the Shockley surface state of noble
metal surfaces’® when shifted to higher binding energy upon
4930 Finally, the hole-like, line-
arly-dispersing C band crosses Ep around T, where it strongly
resonates at the HoAu, surface. The GdAu, valence band exhi-
bits the same features,*® including the intense linearly-disper-
sing C band. Other RE-Au, surface compounds such as LaAu,
and CeAu, possess the same C band with a conic shape cen-
tered at T and apex at Er” In reality, as indicated in Fig. 4(a)
and (b), REAu, monolayers featuring trivalent RE atoms share
an almost identical band structure, including the hole-like B
and electron-like A bands, the latter found at —1.0 eV at the
center of the Brillouin zone in all cases.” Even the Fermi surface
mappings shown in Fig. 3(b) are similar, showing a bright spot
due to the C band apex, and a star-shaped feature around the T’
points, originating from the A and C’ bands. In a recent study,”"
this star-shaped feature was attributed to umklapp bands from
the (\/ 3 x \/3) R30° surface superstructure replica of the
strongly dispersive noble metal s,p band. However, the latter is
a bulk band that disperses perpendicular to the surface in £,
direction. This would give rise to different Fermi energy features
at different photon energies,”>* but this is not observed here
(see Fig. 3 and the ESI}). Our theoretical analysis (see below)

deposition of, e.g., alkali metals.

This journal is © The Royal Society of Chemistry 2020
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reveals that C' has an intense Au s,p-band nature. We argue that
the strong band hybridization with RE d-bands changes not
only the band character of C’' but also alters the k, dispersion
into a two-dimensional band. Additionally, one can also observe
the umklapp bands due to the moiré superstructure. The moiré
umklapp bands cause the “X”-like band crossing feature at E —
Ep = —1.2 eV located at the second T-points of the surface
Brillouin zones. A detailed discussion can be found in the ESL}

For divalent Yb in YbAu,, the narrow 4f bands shows up
right below Er (4f;,) and at E — Er = —1.5 eV (4f5),), giving rise
to relatively flat bands. Especially the 4f;, level strongly hybri-
dizes with the C band, leading to a large disruption of its
linear dispersion around the Fermi energy. This additionally
affects the Fermi surface around T in Fig. 4, which evolves
from an intense spot in trivalent HoAu, [see Fig. 3(b)] to a
ring-shaped structure in divalent YbAu,. Also the Au bulk-reso-
nating s,p band (C') reveals band hybridization and an upward
shift. The latter can be nicely observed by comparing the band
crossings at the Fermi energy in YbAu, and the constant
energy surface at E — Er = —0.57 €V of HoAu, featuring similar
structures. Valency-dependent differences in the electronic
states of REAu, monolayer systems, from trivalent Gd, La, Ce,
and Ho, to divalent Yb, are also found in A and B bands,
which exhibit upward shifts of 0.11 and 0.15 eV, respectively,
from trivalent compounds to divalent Yb.

The hybridization of 4f levels with the s-p-d valence-band
many fold has often been observed in three-dimensional bulk
Ce, Eu and Yb compounds.®>>® Orbital mixing with 4f levels at
the valence band gives rise to an intermediate fluctuating
valence in RE materials,”® which in turn is essential to trigger
competing magnetic phases around quantum-critical points.’”
In Fig. 5 we examine in detail the 4f level hybridization for the
two-dimensional YbAu, compound, comparing ARPES and
first principles calculations. In panel (a) we show the YbAu,
ARPES band dispersion along the ITMI", and K,[,K,  symmetry
lines, on top of the corresponding calculations for a YbAu,/
3ML-Au(111) slab [(b) panel]. To better determine the surface
or bulk nature of the different bands, in panel (c¢) we show
their evolution from the free-standing YbAu, monolayer, to the
YbAu,/1ML-Au(111) and YbAu,/3ML-Au(111) stacks. In the free
standing case, one observes the conic C band dispersing from
about 0.7 eV above Eg at I’ down to —2 eV at M and K. This C
band is intercepted by the flat Yb 4f levels. As the number of
gold layers in the stack increases, the f levels slightly shift
towards Er while the C band shifts downward, spin-orbit split-
ting sets in, and the more bulk-like C" band builds up. In fact,
the C’ band is significantly contributed by Gd-d electrons,
sharing with C a partial s,p, ,~d,, mixed orbital nature, but
the occupied part of C lies inside the Au bulk projected band
gap and resonates stronger at the YbAu, surface.§ Additionally,
C and C’ mix with the spin-orbit split 4f levels at about —0.25
eV, leading to a clear opening of hybridization gaps (see the

§1In ref. 3 C' labels the spin minority branch of C in ferromagnetic GdAg, and
GdAu,. Here, C' refers to a different bulk resonating band.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) ARPES band dispersions for the YbAu, monolayer compound

measured along the I'MI, and K.IbK, symmetry directions of the
surface Brillouin zone (hv = 38 eV, T = 17 K). (b) Corresponding DFT
band structure calculated for a YbAu,/3ML-Au(111) slab. Spin-orbit
interactions with spins aligned perpendicular to the surface are
included. (c) DFT band structure for a free-standing YbAu, monolayer
(left), a YbAu,/1ML-Au(111) bilayer (center), and the YbAu,/3ML-Au(111)
stack (right). The 4f composition of each E(k) point is indicated by the
violet-to-yellow color scale. Bands are named following ref. 2 and 33.

discussion on the d and f composition of these hybrid bands
in the ESIT). The relative contribution of the 4f levels to the
different bands is graphically indicated with a color scale in
Fig. 5. The upward shift of the 4f spectral weight leads to a
small but relevant 4f spread above Ey, thereby explaining the
occurrence of mixed valence. It is interesting to note that the
DFT approach is enough to properly describe experimental
binding energies and anticrossing features,”® even though,
at the present theory level, one cannot account for simul-
taneous divalent and trivalent 4f multiplets in the valence
band (for DFT band structures including correlation, which
causes renormalization and an increase in bandwidth,*® see
the ESIY).
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On the other hand, bands A and B, which only emerge with
the thickest Au slab, also interact with the 4f levels, although
such interaction is not clearly resolved in the ARPES experi-
ment. Finally, we must also note the presence of the D and the
upward dispersing band of d,, character. The last one crosses
C without hybridizing (orthogonal to C) in the free standing
case. The D band has mainly d,._,. character and hybridizes
with the states at the apex of the C band of d,, character
forming a gapped region close to the I' point at around Er +
0.7 eV (details on the orbital character can be found in the
ESIt). In terms of orbital character, the aforementioned band
crossing features are ubiquitous in RE-Au, layers and give rise
to the magnetic and topological properties of these systems.
However, the dispersion details and binding energies differ for
different compounds and some of such characteristic features
are likely to disappear upon hybridization with substrate
bands. For example, in the GdAg,/Ag(111) system the spin-
split pair of D bands straddle the Fermi energy, contributing
to the ferromagnetic order at high temperature (7¢ = 85 K),?
and resulting in several degeneracies that have been reported
to be Weyl nodal lines.®® We recall that Weyl points are mass-
less Dirac fermions that appear in pairs of opposite parity, pro-
tected by the lattice translational symmetry. Additional mirror
symmetry can stabilize Weyl points in a two-dimensional
system,®" as it has been reported for GdAg,, where band degen-
eracies of this type appear close to the Fermi level not as dis-
crete points, but forming a line, so-called Weyl nodal line.®® In
GdAg, and ErCu, the upward-dispersing spin-majority d,,
band and the downward-dispersing spin-minority C mutually
cross near the Fermi level, defining topologically protected
Weyl nodal lines.>®° Furthermore, the gap formed at the cross-
ing of C and D bands with opposite spin polarization in GdAg,
is stable even against a reorientation of the magnetization
from in-plane to out-of-plane.®® Note, however, that the equi-
valent feature in the YbAu, layer is strongly distorted by the
much larger spin-orbit interaction strength. As mentioned
above, the nodal line associated with this C-D crossing in the
free-standing YbAu, case would be a ring near the I'-point well
above the Fermi level Ex + 0.7 eV due to the divalent Yb, with a
large energy gap of 0.2 eV [see Fig. 5(c)]. ARPES is not suited to
probe empty electronic states and we are therefore unable to
confirm such theoretical prediction. For the GdAu, case DFT
calculations revealed that the nodal line is at 0.3 eV below the
Fermi level.> The C-D band crossing has a band gap of nearly
0.1 eV with in-plane magnetization, but a marginal one with
out-of-plane magnetization, in agreement with the prediction
based on the orbital symmetries of these two bands.®* Because
of the Fermi level proximity and the small size of the band
gap, this feature is not distinguishable by ARPES.

3.3. Magnetic configuration

Rare-earth metals and alloys exhibit diverse magnetic pro-
perties across the RE series, explained by the strong effect of
the variable 4f shell filling. When combining RE with noble
metals long range magnetic ordering was observed for
GdAu,,*** GdAg,,” and DyAg,.”" For completely divalent Yb
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compounds with a filled 4f shell no magnetic moments from
that 4f shell can arise, e.g., the pure hep Yb metal (divalent) is
diamagnetic at least down to 1 K.®® We therefore do not expect
magnetic ordering in the accessible temperature range (T >
4 K) for YbAu,, although here Yb is in a mixed-valent state.

In the following, we will concentrate on the magnetic pro-
perties and magnetic anisotropy of HoAu, measured by X-ray
absorption (XAS) and magnetic circular dichroism (XMCD)
and compare the results to the magnetic properties observed
in GdAu,. To shortly summarize, GdAu, is a two-dimensional,
soft ferromagnetic system with a Curie temperature T = 19 K,
and an in-plane easy magnetization axis.>® DFT
calculations®®* and low temperature STM measurements at
applied fields® reveal that the long-range order arises from
the polarization of both Gd and Au derived valence electrons
by the localized Gd 4f moments via a RKKY-type interaction.
The coercive field H. in GdAu, is small ranging from 2 mT (ref.
3) to 17.5 mT (ref. 64) depending on the number of defects
like dislocation lines at the surface.

For the HoAu, monolayer case XAS and XMCD spectra are
shown in Fig. 6. The XAS line shape in Fig. 6(a) confirms a tri-
valent Ho 4f'° configuration®® already observed by photo-
emission. There are remarkable differences between normal
and grazing incidence geometries. The dichroism is larger at
normal incidence indicating an out-of-plane easy axis, which
is corroborated in the XMCD magnetization loops displayed in
Fig. 6(b). In the XAS spectra, both, M, and M; absorption
edges (3d — 4f) display the same sign of the dichroism in the
two different geometries with the magnetic field and X-ray

2.0
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Fig. 6 (a) X-ray Magnetic Circular Dichroism (XMCD) in absorption
spectra measured at the Ho M5 edge in normal (6 = 0° left) and
grazing beam incidence (@ = 70° right). (b) Magnetization curves
acquired at the Ms edge at different incidence geometries (left), and at
normal incidence with variable temperature (right). The dependence on
the incidence angle reveals ferromagnetic behavior with out-of-plane
easy axis. The Arrott plot analysis>®® of the magnetization curves at
different temperatures renders the Curie temperature T¢ = 22 K (inset).
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Table 1 Orbital L,, spin S, and total J, angular moments of HoAu, compared to Ho single atoms on different metal surfaces as determined from
sum rule analysis. Data correspond to coplanar field and light incidence normal to the surface ¢ = 0° (NI), grazing incidence 0 = 70° for HoAu,, and 0

= 60° for literature values***® (Gl)

System (L™ ()™ (A% (L) (5" I
HoAu, (5.26 £ 0.15) (1.52 £ 0.12) (6.78 £ 0.19) (2.62 £ 0.10) (0.76 + 0.08) (3.38 £ 0.13)
Ho/Cu(111)"**? (5.3+0.2) (1.7 £0.1) (6.9+0.2) (3.8+0.1) (1.1+0.1) (4.9+0.1)
Ho/Ag(111)" (5.2+0.1) (1.2 +0.2) (6.5+0.2) (4.8 £0.1) (1.2+0.1) (6.0 £0.1)
Ho/Pt(111)'*" (4.3 +0.1) (1.3+0.1) (5.5+0.1) (3.8+£0.1) (1.3 +0.1) (5.1 £0.1)

incidence perpendicular (6 = 0°) and nearly parallel (6 = 70°) to
the surface. Such a situation is expected for late lanthanides
(4f”, n > 7). These late lanthanides are characterized by a large
magnetic moment arising from the parallel alignment of the
orbital L and spin S components leading to the total angular
momentum J = L + S. The expectation values of the orbital and
spin magnetic moments components on the magnetization
axis z, (L,) and (S,), respectively, can be obtained from sum
rules analysis of the integrated XAS and XMCD spectra (see
ESIT) and are given in Table 1. For the sake of comparison we
also include literature values of single Ho atoms on top of fcc
(111) surfaces of noble metals Cu, Ag, and Pt.'*"> The para-
magnetic-to-ferromagnetic transition in HoAu, is tracked from
the series of out-of-plane magnetization loops at different
temperatures shown in the right panel of Fig. 6(b). An Arrott
plot analysis of these magnetization curves™®* leads to a Curie
temperature T = 22 K (see details in the ESIY).

For the ideal Ho®" ion with a 4f'° configuration, Hund’s
rule predicts orbital and spin moments of L = 6 and S = 2,
respectively, resulting in a total angular moment / = 8 and
oblate form of the 4f charge distribution when the J, value is
maximal.’”®® We observe a normal incidence (NI) ground
state value along the field direction z of {J,)" = 6.78 for the
HoAu, surface compound (see Table 1), which is very similar
to the values measured in Ho single adatoms on Cu(111)"*
and Ag(111) surfaces'® but different from the Ho/Pt(111)
case."® For Ho/Cu(111) and Ho/Ag(111) the Ho 4f electron
charge density distribution is barely influenced by hybridiz-
ation with substrate bands formed by delocalized s electrons.
Thus, neither the form of the 4f electron charge distribution
density, nor the lowest J ground state, is affected. In the case
of the HoAu, monolayer, trivalent Ho atoms embedded in the
Au surface have a similar environment as Ho adatoms on Ag
(111) and Cu(111) surfaces. As can be observed in Table 1,
there is, however, a difference in the grazing incidence (in-
plane) value of the surface compound, whose magnetic
moments are much lower. This difference is related to the
measurement geometry that in the actual HoAu, case was for
more grazing incidence (¢ = 70°) than in the adatom cases
(6 =160°).

The out-of-plane easy-axis anisotropy of HoAu, monolayer
contrasts with the in-plane one of GdAu,.® The main contri-
bution to the magnetic anisotropy in both surface compounds
has a different nature that is directly related to the RE 4f occu-
pation and its angular momentum. Trivalent Gd** ions have a
half-filled 4f” shell with L = 0 and therefore have a completely

This journal is © The Royal Society of Chemistry 2020

isotropic (spherical) 4f electron charge distribution. In this
case the main contribution to the magnetocrystalline an-
isotropy of GdAu, arises from the hybrid Au-Gd bands and
results in a magnetocrystalline anisotropy energy of about
2.7 meV.? Certainly, in-plane shape anisotropy is also present,
but its contribution is minor with an approximate value of
0.05 meV (see the ESIt). In the case of HoAu,, however, the an-
isotropy originates at the 4f electrons, as suggested by the
large L. The observed out-of plane anisotropy may be explained
in simple terms by the spatial distribution of the 4f electron
cloud. As already mentioned, for a free trivalent Ho>" ion with
a 4f' configuration the 4f electron density has an oblate
shape with the highest J, level. Additionally, the electrostatic
interaction with the Au substrate electron density would favour
out-of-plane anisotropy, while the equatorially distributed
charge density within the HoAu, layer would favour in-plane
anisotropy."® All together, the substrate, HoAu, layer charges
and the oblate form of the 4f cloud at high J, favour out-of-
plane anisotropy®®”® as observed by the sum rule result /T >
JS" (see Table 1).

4. Conclusions

HoAu, and YbAu, monolayer compounds have been syn-
thesized by vapor deposition onto Au(111), and analyzed with
surface science techniques and DFT calculations. The resulting
structural, electronic and magnetic properties have been com-
pared with those of the GdAu,/Au(111). In all cases we find a
(v/3 x 1/3) R30° RE substitution in the topmost Au(111) crystal
layer, which triggers analogous nanoscale moiré super-
structures, due to mismatch with the underlying substrate.
Through X-ray photoemission of valence and core levels we
determine a trivalent state for Gd and Ho, and a mixed-valence
situation of Yb in YbAu,. Electronic band structures are nearly
equivalent for the three surface compounds, with the excep-
tion of their characteristic conic C band near Ep, which
strongly hybridizes with the 4f level in YbAu,. DFT indicates
that such f-d hybridization results in a small depletion of the
Yb 4f shell in YbAu,, which appears to explain its mixed
valence character. Moreover, XMCD experiments reveal a ferro-
magnetic ordering in HoAu, with an out-of-plane anisotropy
below T = 22 K. The origin of the out-of-plane anisotropy in
HoAu, is mainly magnetocrystalline due to the strong spin-
orbit coupling interaction of the 4f electrons in Ho and their
electrostatic interaction with the surrounding charge.
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