
Supporting Information
Surface Properties of Ga-Cu Based Liquid-Metal Alloys: Impact of Cu 

Dilution, Topography, and Alloy Liquefaction

Tzung-En Hsieha†, Michael S. Moritzb†, Andreas Mölknerc†, Christoph Wichmannb, d, Johannes 

Frischa, e, Julien Steffenc, Caiden J. Parkerf, Vaishnavi Krishnamurthif, Torben Daenekef, Hans-

Peter Steinrückb, Andreas Görlingc, g, Christian Pappd, Marcus Bära, e, h, i

aDepartment Interface Design, Helmholtz-Zentrum Berlin für Materialien und Energie GmbH 

(HZB), 12489 Berlin, Germany 

bFriedrich-Alexander-Universität Erlangen-Nürnberg (FAU), Lehrstuhl für Physikalische 

Chemie, 91058 Erlangen, Germany

cFriedrich-Alexander-Universität Erlangen-Nürnberg (FAU), Lehrstuhl für Theoretische 

Chemie, 91058 Erlangen, Germany.

dFreie Universität Berlin, Angewandte Physikalische Chemie, 14195 Berlin, Germany

eEnergy Materials In-situ Laboratory Berlin (EMIL), HZB, 12489 Berlin, Germany

fSchool of Engineering, RMIT University, 3000 Melbourne, Australia 

gErlangen National High Performance Computing Center (NHR@FAU), D-91058 Erlangen, 

Germany

hDepartment of Chemistry and Pharmacy, Friedrich-Alexander-Universität Erlangen-

Nürnberg (FAU), 91058 Erlangen, Germany 

iDepartment X-ray Spectroscopy at Interfaces of Thin Films, Helmholtz-Institute Erlangen-

Nürnberg for Renewable Energy (HI ERN), 12489 Berlin, Germany

Supplementary Information (SI) for RSC Applied Interfaces.
This journal is © The Royal Society of Chemistry 2026



Table of Contents:
Experimental Section....................................................................................................................S1
Figure S1. Illustration of microscopic and macroscopic model systems ...................................S10
Figure S2. Survey of microscopic Ga-Cu model systems .........................................................S11
Figure S3. Fits of the Ga 3d XPS spectra of microscopic Ga-Cu model systems .....................S12
Figure S4. Fits of the Cu 2p3/2 XPS spectra of microscopic Ga-Cu model systems ..................S13
Figure S5. Different UP spectra of 5 at% and 1 at% Cu containing Ga-Cu model systems ......S14
Figure S6. Schematic illustration of ML-FF calculated Ga-Cu unit cells .................................S15
Figure S7. Schematic illustration of ML-FF calculated unit cell of Ga2Cu IMC ......................S16
Figure S8. DSC measurement of Ga-Cu sample with 1wt% Cu.............................................S17
Figure S9. In-situ annealing TEM image of Ga-Cu nano-droplets with 5 wt% Cu .................S18
Figure S10. Calculated radial distribution function plots of Ga-Cu unit cells ..........................S19
Figure S11. Calculated integrated radial distribution function plots of Ga-Cu unit cells .........S20
Figure S12. Calculated integrated radial distribution function plots of Ga2Cu IMC ................S21
Figure S13. In-situ annealing XP Ga core level spectra of microscopic Ga-Cu model system .S22
Figure S14. SEM image of microscopic Ga-Cu model system after 400 oC annealing ............S23
Figure S15. Temperature dependent XP survey spectra of macroscopic Ga-Cu model system 
....................................................................................................................................................S24
Figure S16 Temperature dependent XP Ga 3d and Cu 2p3/2 spectra of macroscopic Ga-Cu model 
systems .......................................................................................................................................S25
Figure S17 XP Ag 3d5/2 and Au 4f spectra of microscopic Ga-Ag and Ga-Au model systems .S27
Figure S18 XP survey spectra of microscopic Ga-Ag model system ........................................S27
Figure S19. XP survey spectra of microscopic Ga-Au model system .......................................S28
Figure S20. Ga 2p3/2 spectra of pure Ga and nano-scale Ga-Ag and Ga-Au model system ......S28
Figure S21. Fits of the Ag 3d5/2 XPS spectra of pure Ag and nano-scale Ga-Ag model systems 
....................................................................................................................................................S29
Figure S22. Fits of the Au 4f XPS spectra of pure Au and nano-scale Ga-Ag model systems .S30
Figure S23. Summary of temperature dependent XP spectra and Ag/Au concentrations of 
macroscopic Ga-Ag and Ga-Au model systems........................................................................ S31
Figure S24. Temperature dependent XP Ga 3d and Ag 3d5/2 spectra of macroscopic Ga-Ag model 
systems ....................................................................................................................................... S34
Figure S25. Temperature dependent XP Ga 3d and Au 4f spectra of macroscopic Ga-Au model 
systems ....................................................................................................................................... S35
Figure S26. Temperature dependent XP survey spectra of macroscopic Ga-Ag model systems S36
Figure S27. Temperature dependent XP survey spectra of macroscopic Ga-Au model systems S37
Table 1. TEM derived Ga2Cu IMC dissolution for a Ga-Cu nanodroplet with 10 wt% Cu ....... S38
References .................................................................................................................................. S39



S1

Experimental Section

Preparation of macroscopic model systems

The macroscopic model systems for X-ray photoelectron spectroscopy (XPS) measurements 

were prepared by weighing in the respective amounts of Ga (Sigma-Aldrich, 99.9995%) and 

adding the transition metal (TM: Cu - MaTeck, 99.995%; Ag - MaTeck, 99.9%; Au - MaTeck, 

99.99%) in low quantities aiming for a nominal TM concentration of 1 at.%. The samples were 

supported on a W boat crucible (Kurt J. Lesker Company) and weighed roughly 1 g. Ta wires 

and type K Ni/NiCr thermocouples were spot welded to the bottom of the W boat for resistive 

heating and temperature reading. The accuracy of the temperature reading was determined to 

be ±2° C using the melting temperature of Ga.1 The samples were cleaned by heating to 427 

°C and Ar+ sputtering (1 keV, 10-5 mbar). The surface was checked by XPS (O 1s, C 1s, and 

Ga 2p regions) to check for surface contaminants.

For differential scanning calorimetry (DSC) measurements macroscopic model system samples 

were prepared based on Ga metal with a purity of 99.9% purchased from Indium Corporation, 

while Cu powder with a purity of 99.9% was obtained from Sigma-Aldrich. To prepare a 1wt% 

Ga-Cu bulk sample, the Cu powder was mixed with Ga metal at a temperature of 400 °C using 

a mortar and pestle. This process was performed in a nitrogen glovebox to minimize oxidation 

during mixing. Once the sample was prepared, the 1wt% Ga-Cu was allowed to freeze at -

80 °C and was subsequently stored in a fridge at 5 °C in solid form until performing DSC 

analysis.

Preparation of microscopic model systems

The microscopic model systems for the XPS studies were prepared by a co-deposition process 

using physical-vapor-deposition (PVD). Ga powder (Sigma-Aldrich, 99.99 %) as well as Cu 

powder (Thermo Fischer, 99.999 %), Ag rods (Sigma-Aldrich, 2mm diameter, 99.95%), and 
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cut Au foil (0.2 mm thick, Sigma-Aldrich, 99.99%), respectively, were employed as targets for 

the Ga-TM sample depositions. The PVD of the Ga-Cu, Ga-Ag, and Ga-Au model system 

samples have been conducted with a SPECS EBE-4 e-beam evaporator. All samples were 

prepared in ultra-high vacuum (UHV) at a base pressure < 1 × 10−8 mbar by co-evaporation of 

Ga/Cu, Ga/Ag and Ga/Au on a natively oxidized silicon wafer (Boron doped, 2-4 Ω·cm 

resistance, Czochralsky) referred to as SiOx/Si. Substrates were annealed at 500 °C for 30 

minutes to clean the support surface and desorb water before deposition. For all Ga-TM 

samples a nominal film thickness of 30 nm is aimed for, the deposition rate is acquired by 

TMC13 quartz micro balance from Prevac.

For transmission electron microscopy (TEM) two Ga-Cu bulk samples were prepared in the 

same way as for the DSC measurements, albeit with higher Cu concentration of ≈ 5 and 10 

wt%. The nanodroplet synthesis then began by heating 15.3 g anhydrous NaOAc (99%, 

sourced from Sigma Aldrich) to its melting point within a vial contained by an aluminum 

heating block. The temperature is maintained at 400 °C on a hotplate equipped with a 

thermocouple. Once all of the NaOAc is liquid, 1 g of Cu-Ga bulk sample is added and stirred 

at 250 rpm using a magnetic stirrer. Following this, a SCIENTZ-IID probe sonicator equipped 

with a 6 mm titanium tip is lowered into the molten NaOAc and allowed to thermalize. 

Sonication then ran for 30 minutes at 300 W power accompanied with a 3-second on, 3-second 

off sonication pattern with stirring maintained at 250 rpm concurrently. Upon cooling, the 

NaOAc was allowed to solidify. Once warm to the touch, the molten salt containing Ga-Cu 

nanodroplets is washed with approximately 500 ml of deionized water. The resulting droplets 

are then isolated via vacuum filtration through PETE membranes with a pore size of 400 nm 

and a diameter of 47 mm from Sterlitech. After three washing cycles the sample was 

redispersed in a 90 vol% ethanol-water solution (with ethanol of purity 99.5% procured from 

Thermo Fisher Scientific). This solution was then drop cast onto a Protochips e-chip with a 
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carbon membrane for in-situ TEM analysis while increasing temperature. The 5wt% Ga-Cu 

sample was used for imaging, while the 10wt% Ga-Cu sample was employed to determine the 

solubility of Cu in Ga at different temperatures. 

Preparation of pure transition metal references

Cu and Ag reference films on SiOx/Si supports are prepared by PVD using the same set-up as 

used for the microscopic model system preparation. Ar+ sputter-cleaned (1×10-5 mbar Ar, 800 

eV, 10 mA emission current) Au foil is utilized as Au reference. 

XPS of the macroscopic model systems 

XPS of the macroscopic Ga-Cu, Ga-Ag, and Ga-Au model system samples was measured with 

a dedicated instrument described in detail in literature.2 The instrument is equipped with a 

modified OMICRON EA 125 hemispherical electron kinetic energy analyzer and a non-

monochromatized SPECS XR-50 NAP Al/Mg dual X-ray anode; for the measurements, Al K 

(1486.58 eV) was used. The X-ray tube is separated from the measurement chamber by a 

0.2 m thick Si3N4 window and the electron optics and analyzer are separated from the 

measurement chamber by differential pumping stages. The binding energy of core level peaks 

was calibrated by setting the Fermi-edge to 0.0 eV.

XPS/UPS of the microscopic model systems 

X-ray (XPS) and ultraviolet (UPS) photoelectron spectroscopy measurements of the 

microscopic Ga-Cu, Ga-Ag, and Ga-Au model systems were conducted using non-

monochromatized Mg Kα (1253.56 eV) irradiation from a SPECS XR 50 X-ray source and He 

II (40.8 eV) irradiation from a Prevac UVS 40A2 gas discharge lamp, respectively. The 

photoelectrons were detected by a ScientaOmicron Argus CU electron analyzer. The pass 

energy for the core level detail spectra measurements was set to 20 eV, resulting in a total 

experimental energy resolution of approximately 0.7 eV for Mg Kα-XPS. For the He II-UPS 
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measurements, a pass energy of 5 eV was used, resulting in a total experimental resolution of 

approximately 0.2 eV. The binding energy (BE) of the XPS and UPS measurements was 

calibrated by the Fermi-edge (EF) of a sputter-cleaned Au foil.

TEM and SEM measurements of microscopic model systems

The scanning electron microscopy (SEM) measurements on microscopic Ga-Cu model systems 

on SiOx/Si supports are conducted by Zeiss Merlin SEM with a Schottky field emission source 

and in-lens detector.

The TEM measurements on Ga-Cu nanodroplets were conducted by a specialized holder 

(Fusion holder, designed by Protochips) allowing for in-situ annealing experiments. This 

enabled a close monitoring of the dissolution of the Cu inside the Ga metal. TEM images of 

the Ga-Cu nanodroplets were acquired by the JEOL F200 instrument at an operating voltage 

of 200 kV. Gatan Digital Micrograph (version 3.43.3213.0) was utilized for image capturing 

from the Rio16 4k charge-coupled device camera (model 1816) followed by analysis. 

Elemental composition was derived by energy-dispersive X-ray spectroscopy (EDS) using an 

Oxford X-Maxn 80T X-ray spectrometer ran by Aztec software. EDS (maps) have been 

collected at 200 kV with an energy range of 40 keV to capture all relevant peaks, with an 

acquisition time of 30 minutes per droplet, process time of 6, and a resolution/channels of 2048. 

DSC analysis of microscopic model systems

DSC measurements of Ga-Cu bulk samples with 1wt% Cu were conducted using a Pyris 1 

calorimeter (Perkin Elmer). The experiments were carried out in ceramic pans under a nitrogen 

atmosphere with a sample amount of ~ 6 mg. A heating rate of 10 °C/min was applied, with 

temperatures ranging from 20 °C to 400 °C. The baseline subtraction was performed using the 



S5

DSC Pyris Software. The melting/crystallization points were defined as the onset of the peaks 

observed after DSC scan. 

XPS/UPS data evaluation

The XPS data collected for the macroscopic model systems were evaluated using CasaXPS 

Version 2.3.18PR1.0. For asymmetric metallic signals, a Lorentzian Finite (LF) lineshape, as 

implemented in CasaXPS, was used.3 Symmetric and oxidic peaks were fitted with a Gaussian-

Lorentzian product function (GL(70)). Line shapes and spin-orbit splitting were first optimized 

with pure metal reference samples and then adapted. The peak areas were normalized for 

quantification by dividing by the corresponding sensitivity factors. These factors are calculated 

by the product of the core-level specific photoionization cross-section σ, inelastic mean free 

path λIMFP, and the inverse kinetic energy of the photoelectron as an instrument-specific 

transmission function.

𝐼
𝑆𝐹

=
𝐼

𝜎·𝜆𝐼𝑀𝐹𝑃·𝐸 ‒ 0.33
𝑘𝑖𝑛

The XPS/UPS data of the microscopic model systems were fitted and quantified by Winspec 

(LISE, Université de Paix, Namur). The XPS peaks of metallic components (Ag, Au, Cu, Ga) 

are fitted by asymmetric (Doniach-Sunjic) profiles; those of oxides (GaOx, AgOx) are fitted by 

Voigt profiles. The fitting includes a Shirley background for quantitative analysis. The peak 

width and position and intensity ratio of spin-orbit split doublet peaks are coupled in all fitting 

routines and the spectrum is fitted sequentially with fixed peak shape and width. The derived 

area of the core level peaks studied is corrected for the energy-dependent transmission function 

of the used analyzer using the following equation: 

𝐼 = 𝐼0 ∗ (0.61 + 0.00021 ∗ (𝐸𝑥 ‒ 𝐸𝑏)
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I and I0 denote the calibrated peak area and original peak area, respectively. Ex denotes the 

excitation energy (Mg Kα = 1253.56 eV), Eb denotes to the binding energy of the core level 

peak. For quantifications, the respective peak areas were additionally corrected by the 

respective sensitivity factors. These factors are the product of the photoionization cross section 

,4-6 and the inelastic mean free path IMFP of the photoelectrons provided by Sessa v2.2.7-10 

The quantitative analyses of certain core level peaks or elements in this study are then 

processed by the following equation:

𝐴
𝐵

= (𝐼𝐴
𝜎𝐴

÷
𝐼𝐵
𝜎𝐵

÷
𝐴

𝐵)
 IA and IB denote the peak area of core levels A and B. A and B are the respective 

photoionization cross sections of core levels A and B. A and B denote to inelastic mean free 

path of photoelectrons of core level A and B, respectively. 

Machine Learning Force Field (ML-FF) Calculations 

All calculations and simulations were performed with the Vienna Ab-initio Simulation Package 

(VASP) version 6.4.2, which describes the valence electrons with plane waves and represents 

the atomic cores with the projector augmented wave (PAW) method.11-12 For the generation of 

the machine-learned force fields (ML-FF) and all further DFT calculations the following 

settings were used.13 The functional of Perdew, Burke and Ernzerhof (PBE) was used to 

approximate the exchange-correlation energy.14 The energy convergence criterion was set to 

10-7 eV and the maximum gradient criterion of the ionic relaxation was set on 10-2 eV/Å. The 

energy cut-off of the plane wave basis set was set to 310 eV for the ML-FF training and the 

core level shift calculations but was increased to 415 eV for the density of states (DOS) 

calculations. Furthermore, Methfessel-Paxton smearing of the first order for electronic states 

with the smearing width set to 0.2 eV and the DFT-D3 dispersion correction of Grimme was 
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used.15-16 For all calculations a 2x2x1 k-point mesh was used for the sampling of the reciprocal 

space. This was increased to 4x4x1 k-point mesh for the DOS calculations. 

Two ML-FFs were trained for this study. One for simulations with 1% Cu and one for 36% Cu 

loading. The first was trained with a unit cell consisting of 200 atoms placed on a simple cubic 

grid with 180 Ga and 20 Cu (10%) atoms.  The training simulation consisted of 250.000 steps 

of 2 fs length at a constant temperature of 1000 K. The number of local reference configurations 

was set to 6500 with the option for configurations to be replaced during the simulation. The 

number of stored reference structures increased automatically during the simulation. The 

Andersen thermostat was used due to beneficial effects on the stability of the training 

simulation. The ML-FF radial and angular descriptor cutoff were set to 8 Å.17 Afterwards, the 

force-field was refitted to the fast version without uncertainty prediction. 

The second force field was trained with a unit cell consisting of a Cu 111 surface slab with 4 

layers (120 Atoms in total) and 150 Ga Atoms placed on top in a simple cubic grid. The number 

of steps and the temperature were increased to 500.000 steps and 1500 K, respectively. The 

thermostat was switched to the Nose-Hoover thermostat.18-19 The other settings were kept from 

the first training simulation. After the 500.000 steps were reached the force field was refitted 

to the fast version with the angular descriptor cutoff reduced to 5 Å. 

The refitted force fields were used to simulate five liquid cells each. The cells of the first force 

field contained 180 atoms in total with two of them being Cu (1.1%) and 178 Ga. All cells had 

dimensions 12.69 × 12.69 × 36.15 Å. For the second force field the Cu content was increased 

to 65 Cu atoms. Each of those cells was simulated for 8.000.000 steps of 2 fs length at 300 and 

800 K with the Nose-Hoover thermostat. The high Cu content cells were annealed for 

1.000.000 at the respective temperature before. 
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The unit cell of the Ga2Cu IMC was multiplied (4x4x2) and geometry optimized. The final 

structure of the optimization was used to calculate the Cu 2p core level shifts for each of the 

32 Cu atoms inside the cell.

To study the Ga2Cu IMC, NpT on-the-fly machine learning simulations were performed with 

the  multipled (4×4×2) cell (Fig. S7, S12) at 300 and 800K for 100000 steps of 2fs length. For 

all NpT simulations the angles of the cells were kept fixed. The  final structures and the Cu 

2p3/2 core level shift (CLS) of the final structure at 800K can be seen in Fig. S12. The CLS 

have been calculated for each Cu atom of the final structure. Follow up simulations at 800K 

for additional 200000 steps revealed complete melting of the IMC. The melted structure is 

depicted in Fig. S12. Furthermore, a NVT on-the-fly machine learning simulation of a 

multiplied (6x6x3) cell was performed for 100000 steps of 2fs at 800K. The resulting force 

field was refitted and used for NVT and NpT simulations of a multiplied (8x8x4) cell at 300 

and 800K to calculated RDFs and IRDFs if of the IMC. The simulations consisted of 1000000 

steps of 2fs. At 300K the IMC stayed stable for both simulation types. At 800K the IMC melted 

in the case of the NpT simulation and stayed stable in the NVT case. The resulting NVT IRDFs 

is plotted in Fig. S12.

From the combined trajectories of each temperature the elemental density distribution along 

the z-axis of the cell was calculated. For the calculation of Cu 2p core level shifts snapshots 

were extracted from the trajectory. The snapshots were picked by dividing the simulation cell 

in 100 slices along the z-axis and by searching in the trajectory for structures with at least one 

Cu atom in the slice. This leads to a set of structures that contain each possible z-position of 

the Cu atom. To increase the number of snapshots, each trajectory was cut into five parts and 

each of those parts was analyzed separately in the described way.20 
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For each snapshot the Cu 2p core level shifts were calculated with the Janak-Slater transition 

state method.21-23 The resulting eigenenergies of the respective orbitals were related to the 

calculated Fermi level of the respective calculation. Since absolute energies are of little use due 

to the PAW method for the atomic core region, the shifts are calculated in respect to a calculated 

reference 2p3/2 energy of a solid Cu crystal. The resulting chemical shifts were added to the 

experimental binging energy of Cu 2p3/2 of 932.6 eV and each was Gaussian broadened with a 

width of 0.03 eV. The results were evaluated in a histogram.

For the calculation of the DOS of pure Cu, a Cu (111) surface was used. The structures of the 

1% and 36% Cu containing Ga-Cu samples were picked from respective simulation at 300° K. 

For each concentration 10 structures were picked. Each of these structures had one atom near 

the surface and one (or more) atoms in the bulk of the cell in order to investigate the difference 

in DOS for the surface and the bulk. The resulting partial density of states was averaged. 
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Figure S1. Exemplary illustration of the microscopic and macroscopic model system samples studied 

by XPS: (a) SEM image of a 5 at% Cu containing SiOx/Si supported Ga-Cu microscopic model system 

sample and (b) the photograph of a 1 at% Cu containing Ga-Cu macroscopic model system sample.
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Figure S2. Mg Kα-excited XPS (a) survey spectra, (b) C 1s and (c) O 1s detail spectra of PVD-prepared 

SiOx/Si supported Ga-Cu microscopic model system samples with varying Cu contents of 100, 36, 5, 

and 1 at%. The spectra were measured at room temperature. A vertical constant offset was added to 

enhance visibility.
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Figure S3. Fit analysis of the Mg Kα excited Ga 3d XPS data of the SiOx/Si supported Ga-Cu 

microscopic model system samples with (a) 36 at%, (b) 5 at% and (c) 1 at% Cu contents. The spectra 

were measured at room temperature. The main metallic Ga peak is fitted by an asymmetric (Doniach-

Sunjic) profile, and the minor GaOx feature is fitted by a Voigt profile. The broad GaOx peak is expected 

to represent all various contributions caused by different Ga-O phases and Ga/O compositions (that may 

result in slightly different Eb values), rather than representing a single species and thus the GaOx 

component has not been constraint to have the same peak width or Eb.
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Figure S4. Fit analysis of the Mg Kαexcited Cu 2p3/2 XPS data of the SiOx/Si supported Ga-Cu 

microscopic model system samples with (a) 100 at%, (b) 36 at%, (c) 5 at% and (d) 1 at% Cu content. 

The spectra were measured at room temperature. All (metallic) components are fitted by asymmetric 

(Doniach-Sunjic) profiles. Note the different magnification factors used to represent the spectra on a 

similar intensity scale.
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Figure S5. He II-excited UPS valence band (VB) spectra of the SiOx/Si supported Ga-Cu microscopic 

model system samples with (a) 5 at% and (b) 1 at% Cu content in direct comparison to that of pure Ga. 

In addition, the respective difference spectra are shown. The spectra were measured at room 

temperature. 
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Figure S6. Schematic illustration of the atomic distribution in the calculated Ga-Cu unit cells with 36 

at% and 1 at% Cu content derived by ML-FF simulations at r.t. and 527 oC.
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Figure S7. (a) Schematic illustration of the multiplied (4×4×2) and geometry optimized unit cell of 

Ga2Cu IMC for the Cu 2p3/2 core level peak position calculation. (b) DFT-calculated Cu 2p3/2 core level 

peak position of Cu atoms in the Ga2Cu unit cell at r.t. and 527 oC.
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Figure S8. DSC measurement of Ga-Cu bulk sample with 1wt% Cu. During the heating scan, two 

endothermic peaks were observed - the first peak had an onset temperature of 30.26 °C, corresponding 

to the melting point of Ga. The onset of the second peak appeared at 261.26 °C, is ascribed to the main 

melting point, and the shoulder peak at 269.29 °C indicates the complete dissolution of the Ga2Cu IMC. 

In the cooling scan, several exothermic peaks were noted. The well-defined peak at 246.81 °C 

corresponds to the re-crystallization of the Ga2Cu IMC. The peaks at 41.51 °C and 278.91 °C are 

attributed to pre-solidification events, with the higher temperature one being associated with the 

intermetallic compound and the lower temperature one being linked to the solidification of Ga. It is 

important to note that the re-crystallisation of Ga was not observed. Due to supercooling, freezing of 

Ga is expected to occur at temperatures below 20 °C.  
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Figure S9. In-situ TEM images of Ga-Cu nanodroplets prepared from a Ga-Cu bulk sample with 

≈5 wt% Cu, monitoring the dissolution of the Ga2Cu IMC upon increasing the temperature from 25°C 

to 268°C; solid structure is surrounded by dashed line and indicated by an arrow.
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Big cell simulation for radial distribution function of Ga-Cu

Figure S10. Radial distribution function (RDF) plots of Cu-Cu and Ga-Cu distances in the ML-FF 

calculated Ga-Cu unit cells with (a) 36 at% and (b) 1 at% Cu content. The calculation is conducted at 

temperature of 27 oC (r.t.) and 527 oC. 

For this simulation a cell with 1200 atoms and the dimensions of 25.3823 × 25.3823 × 

60.4587 Å was used. The cell contained 1188 Ga and 12 Cu atoms for the 1% Cu case and 768 

Ga and 432 Cu atoms for the 36% Cu system. The respective cell was simulated for 8.000.000 

steps of 2 fs length at 300 and 800 K with a previous annealing step consisting of 2.000.000 

steps at the respective temperature and the same time step. The radial distribution function is 

employed to investigate the average bond distance and coordination number of Cu-Cu and Ga-

Cu in the ML-FF calculated unit cells with 36 at% and 1 at% Cu content (Fig. S9). To quantify 

the increase of the Ga-Cu distance, we calculate the normalized count ratio of data points at 

2.5 Å and 3.0 Å in the RDF plots:

𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑖𝑜 =  
𝐼2.5 Å

𝐼3.0 Å
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 For the 36 at% Cu containing unit cell, the count ratio decreases from 12.6 to 3.9; For the 1 

at% Cu containing unit cell, the count ratio decreases from 17.2 to 3.6. The decrease of count 

ratio shows that the radial distribution of the first shell of atoms surrounding a Cu atom expands 

from 2.5 Å toward 3.0 Å, indicating the extension of average Cu-Cu and Ga-Cu bond distances 

in the simulated unit cell. 

Figure S11. Integrated Cu-Cu and Ga-Cu RDF plots of the ML-FF calculated Ga-Cu unit cells with (a) 

36 at% and (b) 1 at% Cu content. The calculation is conducted at temperature of 27 oC (r.t.) and 527 
oC.

Furthermore, the integrated radial distribution function (IRDF) demonstrates the local 

coordination environment of Cu atoms in the shown unit cells (Fig. S10). In the IRDF plot at 

r.t., we define the coordination number at 3.0 Å as the distance including all adjacent atoms in 

the first shell, i.e., the total coordination number of 10 and 8 for 36 at% and 1 at% Cu containing 

unit cells. According to the crystal structure of cubic Cu, each Cu atom is surrounded by 12 Cu 

atoms.24  According to the IRDF plots, the coordination number of Cu-Cu bond decreases from 

12 to ca. 4 and 0.05 when decreasing the Cu content from 100 at% to 36 at% and 1 at%, 

respectively. These results suggest a diminishing of the Cu-Cu bond upon Cu dilution. 

Furthermore, the IRDF plots of both unit cells show a decrease of the Cu-Cu and Ga-Cu 
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coordination number at 3.0 Å upon 527 oC annealing. The same total coordination number (10 

and 8 for 36 at% and 1 at% Cu unit cell) will be reached at ca. 4.0 Å, indicating the annealing 

induced distance elongation from the central atom to the first shell of atoms.

Furthermore, the Temperature dependent IRDF of Ga2Cu IMC is also calculated (Fig. 

S12a). Upon 527 oC annealing, the distribution of both Ga-Cu and Cu-Cu bond length is 

broadened, which is attributed to the distortion of the unit cell of Ga2Cu IMC upon annealing, 

leading to the alternation of Ga-Cu and Cu-Cu bond length and angle (Fig. S12b). 

Figure S12. (a) Integrated Cu-Cu and Ga-Cu RDF plots of the ML-FF calculated unit cell of Ga2Cu 

IMC. The calculation is conducted at temperature of 27 oC (r.t.) and 527 oC. (b) Schematic illustration 

of the atomic distribution in the calculated Ga-Cu unit cells of Ga2Cu IMC derived by ML-FF 

simulations at r.t. and 527 oC after 100000 steps.
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Figure S13. Mg K-excited (a) Ga 2p3/2 and (b) Ga 3d XPS detail spectra of the SiOx/Si supported Ga-

Cu microscopic model samples containing 1 at% Cu measured at r.t., 200 oC, and 400 oC. Note the 

magnification factors for the data measured at elevated temperatures indicating an intensity decrease. 

A vertical constant offset was added to enhance visibility.
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Figure S14. Representative SEM image of the SiOx/Si supported Ga-Cu microscopic model system 

sample with 1 at% Cu on SiOx/Si support after 400 oC annealing in UHV condition, i.e., ≤ 1x10-8 mbar.
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Figure S15. Al Kα-excited temperature dependent XPS survey spectra of the Ga-Cu macroscopic model 

system samples with 1 at% Cu content measured at different temperatures. A vertical constant offset 

was added to enhance visibility.
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Figure S16. Temperature dependent XPS spectra and fit analysis of the Ga-Cu macroscopic model 

system sample with 1 at% Cu content. A vertical constant offset was added to enhance visibility. The 

vertical lines indicate the Cu 2p3/2 and Ga3d5/2 Eb position at r.t. for easy tracking of temperature induced 

changes. All residue lines in (a) are scaled by 0.5x for the better visibility of the stacked spectra. 
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Ga-Ag and Ga-Au model system samples: Detailed data 

discussion

To further establish the fundamental properties of Ga – filled d-band TM binary alloys, XPS 

measurements of Ga-Ag and Ga-Au based microscopic and macroscopic model systems have 

been conducted and will be discussed below. In the microscopic Ga-Ag and Ga-Au system, a 

TM core level peak shift to higher Eb with respect to the metallic references is observed (Fig. 

S17). The corresponding survey spectra of the two microscopic model systems are shown in 

Fig. S18 and S19, indicating, a high-quality sample surface with only minor amounts of oxygen 

and carbon present, which is similar to the Ga-Cu system discussed in detail in the main text. 

Correspondingly, we find the Ga matrix to be metallic, as also documented by the Ga 2p3/2 

spectra shown in Fig. S20. 

Fig. S17a shows the Ag 3d5/2 region for a pure Ag sample and a microscopic Ga-Ag model 

system sample with 1 at% Ag content prepared by PVD. For the pure Ag sample (100 at% Ag), 

the Ag 3d5/2 line is observed at 368.2 eV, which can be attributed to metallic Ag. Upon 

decreasing the Ag concentration to 1 at%, a +0.7 eV Eb shift to higher Eb is observed, which is 

attributed to the formation of a Ga-Ag alloy with significantly decreased Ag-Ag interaction. 

The detailed spectral fitting results of the Ag 3d5/2 spectra are shown in Fig. S21. Upon Ag 

dilution, the signal of metallic Ag is significantly decreased and a new species noted as Ga-Ag 

alloy is formed.
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Figure S17. Mg K-excited XPS detail spectra of SiOx/Si supported (a) Ga-Ag (Ag 3d5/2) and (b) Ga-

Au (Au 4f) microscopic model system and reference samples with 100 at% and 2 at% Ag as well as 

100 at% and 1 at% Au content, respectively. The spectra are measured at room temperature. A vertical 

constant offset was added to enhance visibility.

Figure S18. Mg Kα-excited XPS survey spectra of the PVD-prepared SiOx/Si supported Ga-Ag 

microscopic model system samples with 100 and 1 at% Ag content. The spectra are measured at room 

temperature. A vertical constant offset was added to enhance visibility.
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Figure S19. Mg Kα-excited XPS survey spectra of sputter-cleaned Au foil (100 at%) and a PVD-

prepared SiOx/Si supported Ga-Au microscopic model system sample with 2 at% Au content. The 

spectra are measured at room temperature. A vertical constant offset was added to enhance visibility.

Figure S20. Mg Kα-excited XPS Ga 2p3/2 detail spectra of the PVD-prepared SiOx/Si supported Ga-Ag 

and Ga-Au microscopic model system samples with 1 at% Ag and 2 at% Au content. The spectrum of 

PVD-prepared pure Ga (0 at%) is plotted as reference. The spectra are measured at room temperature. 

A vertical constant offset was added to enhance visibility. The vertical line at 1116.7 eV Eb indicates 

the peak position of metallic Ga.25



S29

Figure S21. Fit analysis of the Mg K excited Ag 3d5/2 XPS detail spectra of (a) a PVD-prepared Ag 

thin film (“metallic Ag”) and (b) a SiOx/Si supported Ga-Ag microscopic model system sample with 1 

at% Ag. The spectra are measured at room temperature. A vertical constant offset was added to enhance 

visibility.

Fig. S17b shows the Au 4f region of pure Au (100 at% Au) and a Ga-Au microscopic model 

system sample with 2 at% Au content. The Au 4f7/2 line of the pure Au reference is found at 

84.0 eV with a Au 4f5/2 – Au 4f7/2 spin-orbit split of 3.7 eV, in agreement with the literature.26 

For the 2 at% Au sample of the Ga-Au microscopic model system, a 1.6 eV shift of the Au 4f7/2 

core level peak to higher Eb is observed (Fig. S17b), which can be attributed to the Ga-Au 

alloying. Fit analysis of the Au 4f7/2 spectrum of the Au reference suggests the presence of an 

additional high Eb component, which we ascribe to the presence of Au-O bonds attributed to 

the residual Au-oxide on the sputter-cleaned Au foil which has been stored in ambient 

conditions before the experiments (Fig. S22a). For the 2 at% Au sample of the Ga-Au 

microscopic model system, a component with 0.4 eV wider peak width is used for the fitting 

shown in Fig. S22b, indicating a less ordered chemical environment with respect to the Au 

reference with different bond angles and lengths. 
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In summary for both the Ga-Ag and Ga-Au microscopic model system samples, we find the 

TM core level line to be shifted to higher Eb which is attributed to the formation of alloy species 

with isolated TM atoms. This Eb shift is in good agreement with the observation in the Ga-Cu 

system, proving that the alloying of filled d-band transition metals with Ga is possible and that 

the resulting core level peak shift to higher Eb can be used as an indication for site isolation. 

Figure S22. Fit analysis of Mg K excited Au 4f XPS detail spectra of (a) a sputter-cleaned Au foil and 

(b) a SiOx/Si supported Ga-Au microscopic model system sample with 2 at% Au. The spectra are 

measured at room temperature. The wider spectral width of the fit component in (b) is attributed to the 

formed Ga-Au alloy being less ordered than the Au reference, resulting in a material with different bond 

angles and distances. The Au-O feature in (a) is attributed to residual Au-oxide on the sputter-cleaned 

Au foil which has been stored in ambient conditions before the experiments.
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Further, XPS measurements on Ga-Ag and Ga-Au macroscopic models system samples with 1 

at% TM content were conducted to elucidate the temperature-dependent Eb evolution and 

surface phase behavior of these binary alloys (Fig. S23). The temperature-dependent Ag 3d5/2 

and Au 4f7/2 core level shifts for the Ga-Ag and Ga-Au systems are summarized in Fig. S23a, 

b. The corresponding core level spectra and survey spectra are shown in Fig. S24-S27. 

Figure S23. Summary of temperature-dependent Al K excited XPS measurements of the Ga-TM 

macroscopic model system samples with nominal 1 at% Ag and 1 at% Au content. Panels (a, b) show 

the Ag 3d5/2, Au 4f7/2, and Ga 3d core level peak Eb positions as a function of temperature. Panels (c, d) 

show the temperature-dependent variation of the XPS-derived Ag and Au surface content.

In Fig. S23a, the Ag 3d5/2 and Ga 3d5/2 Eb changes as a function of increasing temperature of 

the Ga-Ag macroscopic model systems are shown. At low temperatures, the Eb of the Ag 3d5/2 

line is 368.9 eV and in good agreement with the results of the Ga-Ag microscopic model system 

sample discussed in conjunction with Fig. S17. The Ga 3d5/2 component is found at 18.4 eV. 

The signals do not shift with increasing temperature, indicating a temperature-independent 
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chemical environment of Ag in Ga. This deviates from the temperature-induced Eb shift 

observed for the Ga-Cu model system. However, a comparison with the phase diagram shows 

that a melting point of 30 °C is expected for the Ga-Ag alloy and a supercooling of liquid Ga 

alloys is expected.27 Hence, we interpret the constant Eb as an indication for the Ga-Ag samples 

to be present in a liquid state right from the start of the experiment. 

Fig. S23b shows the evolution of the Au 4f7/2 and Ga 3d5/2 Eb of the Ga-Au macroscopic models 

system sample with increasing temperature. The Au 4f signal was not observed at temperatures 

below 77 °C. The Au 4f7/2 level is found at Eb of 85.0 eV starting from 127 °C and the Ga 3d5/2 

is found at 18.4 eV at low temperatures, which can be attributed to the presence of Ga-Au 

alloys.28 The signals show no change throughout the experiment, indicating again a 

temperature-independent chemical environment of Au in Ga at the surface. In Fig. S23c, the 

XPS-derived Ag surface content is plotted as a function of sample temperature of a Ga-Ag 

macroscopic model system sample with a nominal Ag content of 1 at%. Between 27 and 427 

°C, the surface Ag content stays constant at 1.4 ± 0.2 at.%. A comparison with the phase 

diagram shows that a melting point of 30 °C is expected for the Ga-Ag alloy.27 As also no Eb 

shift was observed (Fig. S23a), we interpret the results as the alloy being liquid throughout the 

experiment. The calculated content of 1.4 at% indicates a significantly Ag-enriched surface 

compared to the nominal bulk content of 1 at.%. 

The evolution of the XPS-derived Au surface concentration of a Ga-Au macroscopic model 

system sample with a nominal Au content of 1 at% with increasing temperature resembles the 

behaviour of other TMs, i.e., Rh, Pd, and Pt, in Ga found in earlier studies (Fig. S23d).1, 29-30 

At 27 and 77 °C, no significant Au 4f signal was found, as the surface was (at least withing the 

detection limit of XPS) completely void of any Au. Here, Au-rich phases segregating to the 

bulk of the sample, thereby depleting Au from the surface, could be an explanation. At higher 

temperatures, the amount of Au in the surface-near region steadily increases until it reaches 0.7 
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± 0.1 at.%. This concentration remains constant between 327 and 527 °C. Considering the Ga-

Au phase diagram, indicating a melting of the Au-rich phase at 57°C,36 we interpret this 

evolution as indication that the Au-rich phase segregated to the bulk of the sample gradually 

melts. The released Au is mobile and disperses in the liquid alloy, thereby increasing the 

surface content until a plateau of 0.7 ± 0.1 at% Au is reached. However, a successful alloying 

of Ag and Au with Ga is observed below typical reaction temperatures, e.g., 500 °C. 
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Figure S24. Temperature dependent XPS data of (a) Ag 3d5/2 and (b) Ga 3d core level lines of a Ga-Ag 

macroscopic model system sample with a nominal Ag content of 1 at%. The measurements are 

conducted with Al K X-ray (1486.58 eV). A vertical constant offset was added to enhance visibility. 

The vertical lines indicate the Ag 3d5/2 and Ga3d5/2 Eb position, making it easier to identify spectral 

changes upon annealing. All residue lines in (a) are scaled by 0.5x for the better visibility of the stacked 

spectra.
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Figure S25.  Temperature dependent XPS data of (a) Au 4f7/2 and (b) Ga 3d core level lines of a Ga-Ag 

macroscopic model system sample with a nominal Ag content of 1 at%. The measurements are 

conducted with Al K X-ray (1486.58 eV). A vertical constant offset was added to enhance visibility. 

The vertical lines indicate the Ag 3d5/2 and Ga3d5/2 Eb positions, making it easier to identify spectral 

changes upon annealing. All residue lines in (a) are scaled by 0.5x for the better visibility of the stacked 

spectra.
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Figure S26. Al Kα-excited temperature dependent XPS survey spectra of a Ga-Ag macroscopic model 

system sample with 1 at% Ag content measured at different temperatures. A vertical constant offset was 

added to enhance visibility.
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Figure S27. Al Kα-excited temperature dependent XPS survey spectra of the Ga-Au macroscopic model 

system with 1 at% Au content measured at different temperatures. A vertical constant offset was added 

to enhance visibility.
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Table S1. TEM derived Ga2Cu IMC dissolution for a Ga-Cu nanodroplet prepared from a Ga-

Cu bulk sample with ≈10 wt% Cu. Complete dissolution was observed at 310°C. 
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