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Controlled growth of Gd-Pt surface alloys on Pt(111)
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In this paper, we are reporting on the structural and electronic properties of Gd-Pt surface alloys grown on
a Pt(111) substrate. Using scanning tunneling microscopy and spectroscopy combined with density functional
theory calculations, we are exploring differences between three different surface alloys, identified as single-layer
GdPt2, single-layer GdPt5, and double-layer GdPt5. We show that an appropriate choice of substrate temperature
as well as surface coverage with Gd atoms allows for selective growth of all observed surface structures.
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I. INTRODUCTION

Rare earth metals (REMs) have been the subject of great
interest mainly because of their peculiar magnetic proper-
ties. The magnetism originates from strongly localized 4 f
electrons shielded by 5d and 6s valence electrons. These
conduction electrons couple chemically inert 4 f electrons
via an indirect Ruderman-Kittel-Kasuya-Yosida exchange in-
teraction. Bulk alloys of REMs with transition metals and
noble metals were investigated for many years in terms of
their structural [1,2], chemical [1], electronic [3–5], and mag-
netic [1,4–7] properties. Gd-based alloys, in particular, are
treated as model systems because of their large magnetic
moments resulting from the half-filled 4 f shells [8,9]. The
observed increase of the Curie temperature (TC) in Gd thin
films [10–12] and the dependence of the 5d band structure
on the film thickness [13] resulted in increasing interest in in-
vestigations of on-surface structures [14,15], thin films [9,16–
23], and surface compounds [24–27] of REMs. Recent re-
ports on surface alloys of REMs, e.g., (Gd, Ce) with noble
metals (Au, Ag, Pt) established them as a class of stable and
ordered 2D magnets [26–29]. They exhibit a characteristic
moiré pattern that results from a mismatch between substrate
lattice and surface alloy overlayers. Surface alloys of REMs
with Au or Ag form a REM − Au2 and REM − Ag2 mono-
layer (ML) on top of the noble metal (111) substrates upon
saturation [27,28,30,31]. These structures were already inves-
tigated as templates for the growth of magnetic Co-nanodot
arrays [28,30,32–35] and organic polymers [36,37]. In con-
trast, REM-Pt alloys exhibit a more complicated structure
of alternating kagomé lattices of Pt atoms and hexagonal
REM − Pt2 layers [25,38,39]. Depending on the surface ter-
mination, clearly distinguishable structural, chemical, and
magnetic properties are obtained. Alloy structures terminated
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with a kagomé Pt overlayer are less reactive than those termi-
nated with a REM-Pt alloy layer [40]. So far, there are only a
few reports on alloying Pt with REMs investigating mainly
the weakening of the O–H binding on the surface of these
alloys compared to pure Pt for development of catalysts with
enhanced activity of oxygen-reduction reaction and long-term
stability in proton exchange membrane fuel cells [41–43].

In this paper, we report on the controlled growth as well
as structural and electronic properties of Gd-Pt surface alloys
on Pt(111) investigated using scanning tunneling microscopy
(STM) and spectroscopy (STS) techniques supplemented by
density functional theory (DFT) calculations. STM imaging
with atomic resolution allows for an unambiguous determi-
nation of the terminating layer. We study the growth mode
in dependence of substrate temperature during the reactive
growth as well as surface coverage with Gd atoms from a
sub-ML to two MLs. Our analysis reveals three distinct alloy
structures, corresponding to different numbers of alternating
hexagonal GdPt2 and kagomé Pt layers.

II. EXPERIMENTAL METHODS

The STM and STS experiments were performed in a mul-
tichamber ultrahigh vacuum system with a base pressure
of 5.0 × 10−11 mbar equipped with a homebuilt variable-
temperature STM (VT STM) [44]. The Pt(111) single-crystal
substrate with a purity of 99.999%, was supplied by MaTecK,
GmbH, Germany. It was cleaned by cycles of Ar-ion bom-
bardment, heating in an oxygen atmosphere (pO2 = 5.0 ×
10−8 mbar), and flashing up to 1300 K. Before Gd deposition,
the Pt(111) substrate was characterized using STM imaging,
STS, Auger electron spectroscopy, and low-energy electron
diffraction techniques to verify the surface cleanliness. Gd
was evaporated from a tungsten crucible, using an e-beam
evaporator, onto the substrate held at temperatures ranging
from room temperature (RT) to 926 K. The samples used
to analyze the temperature dependence of the area occupied
by the different alloys were prepared by reactive growth at a
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FIG. 1. Gd-Pt surface alloy structures. (a) Model with the individual layers separated for clarity. Color boxes relate the atomic structure
of the surface alloys with their corresponding STM images. (b)–(d) are large-scale STM topography images of 1L GdPt2, 1L GdPt5, and 2L
GdPt5, respectively. The apparent moiré lattice unit cells are marked on each image. (e)–(g) show zoomed-in images of each surface alloy with
atomic resolution of the termination layer. 1L GdPt2 (e) has a hexagonal atomic lattice, while 1L GdPt5 (f) and 2L GdPt5 (g) exhibit a kagomé
atomic lattice. Tunneling parameters: (b) I = 1 nA, U = 0.5 V; (c) I = 1 nA, U = 0.5 V; (d) I = 100 pA, U = 1.5 V; (e) I = 50 nA, U = −1
mV; (f) I = 100 nA, U = −1 mV; (g) I = 100 pA, U = 35 mV.

substrate temperature of 865 K and subsequent postannealing
for 15 minutes at higher temperatures of up to 926 K. During
the deposition processes, the background pressure did not
exceed 1.0 × 10−10 mbar. To preserve the same level of Gd
diffusion into the bulk for coverage-dependence analysis, we
increased only the deposition rate, while the deposition time
was kept constant. For STM data analysis, we assigned the
coverage (θ ) of one ML to the amount of deposited Gd nec-
essary to cover the sample surface completely with a GdPt5

alloy yielding 3.75 Gd atoms per nm2. After the deposition,
the samples were kept at the deposition temperature for 15
minutes. To ensure reproducible deposition conditions, we
controlled the substrate temperature in two different ways:
by calibration of the heating stage based on a thermocouple
readout and by an externally mounted pyrometer focused on
the sample. Afterward, the samples were transferred in vacuo
into the STM and cooled to the measurement temperature
of 30 K. Electrochemically etched tungsten tips cleaned by
standard in situ procedures were used for the STM studies.
All topographic data were obtained in constant-current mode
and processed using GWYDDION software [45]. Tunneling
spectra were recorded in constant-height mode after tip sta-
bilization at given parameters, i.e., bias (U ) and tunneling
current (I). The differential tunneling conductance (dI/dU )
was measured via lock-in technique by applying modulation
voltage to the sample bias voltage with a peak-to-peak value
Upk−pk = 50 mV and a frequency ν = 6.8 kHz. For each

analyzed alloy, the presented spectroscopy data results from
averaging 40 curves measured with certain tip positions within
the moiré pattern to improve the signal-to-noise ratio [46].
The normalization of the measured dI/dU signal over I/U
allows us to compare directly with the local density of states
(DOS) of the calculated electronic structure [47,48]. At the
measurement temperature of 30 K, we do not observe any
features around Fermi energy in the raw dI/dU data. At
the same time, the above-mentioned normalization procedure
leads to artifacts around zero bias, therefore, the region from
−0.01 V to 0.01 V in the presented spectroscopy data has been
omitted. For the DFT calculations, we used a single surface
unit cell of an alloy on top of 25 MLs of Pt (see Fig. 2). We
choose the thickness of the slab following Wiebe et al. [49]
to accurately model the Pt(111) surface. Geometry optimiza-
tion was performed within the local density approximation
using the Broyden-Fletcher-Goldfarb-Shanno method as im-
plemented in the QUANTUM ESPRESSO code [50,51]. For the
calculation of single-layer GdPt2 (1L GdPt2) and single-layer
GdPt5 (1L GdPt5), three surface MLs were allowed to relax
during the calculations. In the case of double-layer GdPt5 (2L
GdPt5), five MLs were allowed to relax. The spin-polarized
partial density of states (PDOS) has been calculated within
the Perdew-Burke-Ernzerhof generalized gradient approxima-
tion (PBE-GGA) for the exchange-correlation functional as
implemented in the SIESTA software package [52–54]. All the
SIESTA calculations have been performed using a double-zeta
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FIG. 2. Rows show topmost layers of the DFT-optimized models, experimental STS data, and total DOS of the terminating layer of all
three studied alloys: (a) 1L GdPt2, (b) 1L GdPt5, (c) 2L GdPt5.

basis set with polarization orbitals and with the surface Bril-
louin zone sampled at a 16 × 16 × 1 Monkhorst-Pack k-point
grid (a finer grid of 36 × 36 × 1 k points has been used for
PDOS). The presented PDOS graphs separately show the s,
p, and d states of Pt and Gd and, in the latter case, also
the f states. Data are summed over all atoms residing in the
terminating layer and, in the case of GdPt5, in the first Gd
layer. Magnetic moments were calculated using the Mulliken
charge analysis.

III. RESULTS AND DISCUSSION

Deposition of Gd onto a clean Pt(111) substrate at RT does
not lead to ordered structures, similarly to prior observations
for the Ce-Pt system [38,55]. Under these conditions, Gd
forms irregular and randomly distributed clusters and islands
with 150–230 pm apparent height. Below alloy-formation
temperature, Gd and Pt atoms intermix and form irregularly
shaped islands, when reactive growth is involved. Ordered
structure formation, regardless of Gd coverage and annealing
time, starts above 750 K. This minimum substrate tempera-
ture is consistent with earlier observations by Ulrikkeholm
et al. [56] on alloy formation of a 2-nm-thick Gd overlayer
deposited onto Pt(111) substrate, for which temperatures in
the range between 723 K and 773 K were needed.

The STM images presented in Fig. 1 show three different
ordered structures. Depending on the sample preparation pa-
rameters, the fraction of surface coverage for each of these
structures can be controlled. Based on their structural prop-
erties as well as correlation between the growth parameters

and the fraction of surface occupied by each of the structures,
we identified them as single-layer GdPt2, single-layer GdPt5,
and double-layer GdPt5. Below we present analysis of the
structural and electronic properties of each of these alloys
confirming our assignment.

Models of all three alloys are presented in Fig. 1(a).
The distances between individual layers are exaggerated to
show the termination layer of each alloy more clearly. 1L
GdPt2 is terminated with a REM-Pt layer similar to GdAu2

or GdAg2 [26,27]. Both single- and double-layer GdPt5 are
terminated by a Pt kagomé lattice with the REM-Pt layer
being submerged. Note that below the bottom GdPt2 layer, we
expect to have a pure Pt(111) substrate. The DFT calculations
indicate that the Pt(111) substrate layer is energetically favor-
able by 1.27 eV over a Pt(111) layer plus kagomé interlayer.

In our experiments, each alloy shows long-range and
short-range order. There are many defects in the long-range
structure of 1L GdPt2 and undisturbed moiré areas are not
bigger than several tens of nm2, which influences the ex-
act determination of the unit cell. However, an approximate
moiré unit cell as marked in Fig. 1(b) has a periodic-
ity dmoiré−1LGdPt2 = (14.7 ± 0.1) nm. The number of defects
points to considerable stress in this alloy. In atomically re-
solved STM images [see Fig. 1(e)], a hexagonal lattice with
interatomic distances dNND−1LGdPt2 = (320 ± 8) pm is visible,
corresponding to the nearest neighbor distance (NND) in 1L
GdPt2. The Gd-Gd distance equals to d1LGdPt2 = (555 ± 14)
pm. The corresponding lattice constant of the GdPt2 layer in
bulk GdPt5 is 529 pm [42]. In the case of few-nanometer-thick
alloy layers, this value increases to 533 pm [56]. Therefore,
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the thinner the film is, the larger the lattice constant, which
is consistent with our experimental results. This accounts for
the stress in the alloy and the formation of many dislocation
lines and other irregularities in the moiré pattern. We have ob-
served that on samples where all three alloy structures coexist,
impurity adsorption is preferred on 1L GdPt2 over 1L GdPt5

or 2L GdPt5, suggesting a higher chemical reactivity of the
uncovered GdPt2 layer.

As the STM image in Fig. 1(c) shows, the structure of
1L GdPt5 is much more ordered compared to 1L GdPt2,
with lower apparent corrugation and less visible line defects.
The moiré size is much smaller with dmoiré−1LGdPt5 = (2.87 ±
0.04) nm. However, on close inspection, details differ between
the distinct on-top sites, as marked in Fig. 1(f), pointing to
the incommensurate nature of the alloy and the underlying
substrate lattice. This zoom-in image reveals a kagomé lattice
with an atomic distance of dNND−1LGdPt5 = (269 ± 4) pm and
a unit cell size of d1LGdPt5 = (537 ± 4) pm. This corresponds
to the Pt kagomé termination layer as seen in the model
[Fig. 1(a)]. The Gd atoms in the sublayer are positioned in the
vacancies of the Pt kagomé lattice. The Pt NND is shorter than
in Pt(111), which is in accordance with previous studies [42].

The third observed structure depicted in Fig. 1(d) shows
the highest degree of ordering with the lowest number of
defects and a moiré unit cell with dmoiré−2LGdPt5 = (6.6 ± 0.2)
nm. The apparent corrugation of 2L GdPt5 is very similar to
that of 1L GdPt5. However, the atomic lattice relaxes yield-
ing a unit cell size of d2LGdPt5 = (544 ± 2) pm [Fig. 1(g)].
The double-layer preserves the platinum termination with its
kagomé lattice having an atomic distance of dNND−2LGdPt5 =
(272 ± 2) pm. It is important to point out that the double-layer
is sufficient to relax the structure and avoid the formation of
dislocation lines. The coverage dependence study presented
below allowed for an unambiguous identification of 1L GdPt5

and 2L GdPt5.
The 1L GdPt2 is the most strained among all observed

structures, with Gd pushed out of the plane of Pt atoms. Here,
the unit cell is the largest and it becomes smaller when the
formation of 1L GdPt5 is completed with a Pt kagomé lattice
layer above the Gd. The moiré pattern becomes more ordered
when the second layer of GdPt5 is formed, while the alloy
unit cell observed in our experiments is still larger than the
bulk value of 529 pm [42]. In our DFT calculations, the Gd
atoms are pushed out of the GdPt2 layer by the Pt atoms in the
layer below (see the models in Fig. 2). This state is preserved
in 1L GdPt5 on top of Pt(111) as well as in 2L GdPt5.

To investigate the electronic properties of all three alloys,
we turn to the combination of STS and DFT. We obtained
spectra across the apparent moiré and averaged them to allow
for a comparison with the DFT results. The variations within
the moiré pattern are small and show slight differences in the
intensity of observed STS peaks [46] but the main features
remain. Figure 2 summarizes experimental STS data and cal-
culated DOS of the terminating layer for all three alloys. In all
three cases, the spectroscopic features are well-reproduced.
However, their energy is underestimated by DFT. The unoc-
cupied state of GdPt2 and the occupied state of 1L and 2L
GdPt5 are closer to the Fermi energy than in the experiment.

Figure 3 summarizes the calculated PDOS for all three
alloy structures. Comparison of the experimental data with

TABLE I. Calculated magnetic moments. Layers in the first col-
umn are ordered analogously to layers in Fig. 1(a).

Layer Atom 1L GdPt2 1L GdPt5 2L GdPt5

Pt kagomé Pt 0.01 μB

Pt 0.09 μBGdPt2 Gd 7.62 μB

Pt kagomé Pt 0.10 μB 0.10 μB

Pt 0.03 μB 0.12 μB 0.06 μBGdPt2 Gd 7.64 μB 7.58 μB 7.61 μB

Substrate first layer Pt 0.10 μB 0.09 μB 0.06 μB

Substrate second layer Pt 0.05 μB 0.02 μB 0.02μB

DFT calculations confirms our interpretation of the structural
composition of the observed surface alloys. For 1L GdPt2,
the most pronounced experimental peak is located at 2.5 V
originating from the exposed Gd. Since the 4 f shell has a
sharp drop off into the vacuum in the experiment, most likely
we tunnel into a combination of 5d and 6s states. The other
experimental peak at 1.42 V coincides with the second peak in
the 5d band. However, it is unclear why the intensity of those
two peaks is so different in the experimental STS data. Both
experimental data and the PDOS do not show sharp distinct
features in the occupied states. Instead, they show a slow
increase in intensity that can be attributed to a combination of
Pt and Gd states. At the same time, for 1L GdPt5, the intensity
originating from Gd is suppressed with only small features
visible in the unoccupied states that are also evident for 2L
GdPt5. This can readily be explained as Gd is submerged
below the Pt kagomé. Experimentally, the highest intensity for
both 1L GdPt5 and 2L GdPt5 is observed in the occupied states
around −3.1 V. In the calculated PDOS, the highest intensity
in the Pt 5d band is shifted toward the Fermi level to −1.8 V.
The dominance of the Pt features was expected due to the Pt
termination layer. DFT shows considerable spin asymmetry
of Gd atoms due to the interaction of the 5d shell with the 4 f
shell. Pt states close to the energy of the Gd 4 f peak are also
spin-polarized. The PDOS plots with a wider energy range are
shown in the Supplemental Material [46].

The calculated magnetic moments of all three alloys are
summarized in Table I. Strikingly, 1L GdPt2 has very small
induced magnetic moments of the Pt atoms in the Gd plane.
In both GdPt5 surface alloys, the magnetic moments of all Pt
atoms around the Gd atoms are similar to 1L GdPt2 but the
drop toward the bulk of the substrate is sharper. 2L GdPt5 has
a slightly lower magnetic moment per Pt atom compared to 1L
GdPt5. In bulk, GdPt5 is ferromagnetic [57], however, due to
the thickness confinement and the stress in the atomic lattice
the magnetic character of these alloys can be different. This
remains to be experimentally addressed.

In the following, the control and selectivity of the growth
process will be addressed. Analysis of a large variety of sam-
ples, obtained under variable preparation conditions, proves
that the occurrence and the surface area covered by the three
different surface alloys depend on two parameters, i.e., the
surface coverage of Gd and the substrate temperature during
the reactive growth process. In all cases, we investigate the
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FIG. 3. Electronic structure of Gd-Pt surface alloys. (a)–(c) show PDOS plots. The PDOS were calculated for different Gd and Pt states
projected onto the terminating layer and in case of GdPt5 on the Gd closest to the surface for each surface alloy. The red line represents the
minority states, the blue line represents the majority states, and the gray area in between is the spin asymmetry.

samples globally obtaining data for different macroscopic po-
sitions of the STM probe for a total area of at least 1.5 μm2.

In the Gd coverage regime between 0.2 ML and 0.5 ML,
we observe the coexistence of 1L GdPt2, 1L GdPt5, and
disordered Gd-Pt clusters. For the lowest investigated Gd
coverage (0.2 ML), we observe hampering of surface alloy
growth when the substrate temperature exceeds 900 K. The
intermixing process is enhanced, hence diffusion of Gd atoms
into the bulk increases and Pt-overlayer formation occurs.
As a consequence, the on-surface Gd concentration is too

low to form surface alloys and we observe only Gd-Pt clus-
ters and islands with unknown stoichiometry. When the Gd
coverage is below 0.75 ML, we do not find any clear tempera-
ture dependence of the analyzed surface alloys in the range
from 865 K to 926 K. Analysis of numerous STM images
shows that the surface morphology strongly varies across the
sample.

A detailed analysis of the observed alloy structures for
samples covered with 0.75 ML, 1.5 ML, and 2 ML of Gd, with
the substrate temperature in the range from 865 K to 926 K,
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FIG. 4. Temperature-dependent surface area share of different
Gd-Pt surface alloys as a function of the substrate temperature in
the range from 865 K to 926 K for samples with initial Gd coverage
of (a) 0.75 ML, (b) 1.5 ML, (c) 2 ML.

is presented in Fig. 4. Sub-ML Gd coverage leads to the most
diversified surface in terms of the number of observed struc-
tures, thus we could distinguish Gd-Pt clusters as well as all
three different surface alloys. We find areas occupied by Gd-Pt
clusters and islands only at temperatures up to 880 K. When
the substrate temperature increases, the areas occupied by 1L
GdPt2 and Gd-Pt clusters decrease, while simultaneously the
1L GdPt5 contribution increases. The most obvious explana-
tion for this observation is the increase of atom mobility due
to the additional thermal energy. As observed before, Pt tends
to create overlayers on top of Gd-Pt surface alloys [43,56].
More specifically, Pt atoms form a kagomé overlayer on top
of the GdPt2 transforming it into 1L GdPt5. Interestingly,
we observe that the 1L GdPt5 area increases with increasing
temperature at the expense of 2L GdPt5.

The sample surface is purely covered with ordered struc-
tures when the Gd coverage is greater than 1 ML. 2L GdPt5

occupies almost 0.67 of the surface when the amount of de-
posited Gd corresponds to 1.5 ML coverage [Fig. 4(b)], while
1L GdPt2 and 1L GdPt5 occupy the remaining part of the
surface. There is no well-defined trend in area share between
these two latter surface alloys. Altogether their share fluctu-
ates around 36% with a prevalence of 1L GdPt2. Coverages
above 1.5 ML lead to a 2L GdPt5 dominance on the sur-
face. Regardless of the substrate temperature, it covers almost

the whole sample surface when 2 ML of Gd are deposited
[Fig. 4(c)].

IV. SUMMARY

In conclusion, we performed a combined STM, STS,
and DFT investigation of Gd-Pt intermetallic alloy structures
grown on Pt(111). Among the observed structures, we identi-
fied three distinct surface alloys, which are single-layer GdPt2,
single-layer GdPt5, and double-layer GdPt5. The proposed
structure of all above-mentioned alloys consists of alternating
GdPt2 and Pt kagomé layers on top of Pt(111). Based on
the temperature and coverage dependence of the observed
surface structures, we conclude that it is possible to obtain
samples almost fully covered with 1L GdPt5 or 2L GdPt5,
depending on the growth conditions. The largest area of 1L
GdPt2 is obtained when the initial Gd coverage is 0.75 ML
and it requires a temperature ranging from 865 K to 893 K.
1L GdPt5 grows when the Gd coverage is the same as in
the case of 1L GdPt2, but it requires a higher temperature
(from 898 K to 926 K) to form a kagomé overlayer. 2L GdPt5

occurs almost exclusively when the initial Gd coverage is 2
ML, independent of the temperature in the analyzed range.
Finally, DFT shows a significant spin polarization on both
Gd and Pt atoms, which in combination with the quasi-2D
nature, and the displacement of Gd from the Pt plane can lead
to interesting modifications of the magnetic properties of the
GdPt5 surface alloy compared to its bulk counterpart.
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