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Abstract

Two-dimensional (2D) materials can have multiple phases close in energy but with distinct

properties, with the phases that form during growth dependent on experimental conditions and

the growth substrate. Here, the competition between 2D van der Waals (VDW) silica and 2D Ni

silicate phases on Ni,Pd;_(111) alloy substrates was systematically investigated experimentally

as a function of Si surface coverage, annealing time and temperature, O, partial pressure, and

substrate composition and the results were compared with thermodynamic predictions based on

the DFT calculations and thermochemical data for O,. Experimentally, 2D Ni silicate was

exclusively observed at higher O, pressures (~10- Torr), higher annealing temperatures (1000

K), and more prolonged annealing (10 min) if the substrate contained any Ni and for initial Si

coverages up to 2 monolayers. In contrast, decreasing the O, pressure to ~10® Torr and

restricting the annealing temperature and time enabled 2D VDW silica formation. Amorphous 2D
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VDW silica was observed even when the substrate composition was tuned to lattice match

crystalline 2D VDW silica. The trend of decreased O, pressure favoring 2D VDW silica was

consistent with the theoretical predictions; however, theory also suggested that sufficient Si

coverage could avoid Ni silicate formation. The effect of epitaxial strain on 2D Ni silicate was

investigated by modifying the solid solution alloy substrate composition. It was found that 2D Ni

silicate will stretch to match the substrate lattice constant up to 1.12% tensile strain. When the

lattice mismatch was over 1.40%, incommensurate crystalline domains were observed, indicating

relaxation of the overlayer to its favored lattice constant. The limited epitaxial strain that could be

applied was attributed to a combination of the 2D silicate stiffness, the insensitivity of its bonding

to the substrate to its alignment with the substrate, and its lack of accessible structural

rearrangements that can reduce the strain energy. The results demonstrate how the resulting 2D

material can be manipulated through the growth conditions and how a solid solution alloy

substrate can be used to maximize the epitaxial strain imparted to the 2D system.
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Introduction

Two-dimensional (2D) van der Waals (VDW) heterostructures realized by stacking layers of 2D

materials have attracted intense interest in recent years. Two popular methods are broadly

employed to construct 2D VDW heterostructures. One is the direct mechanical assembly method

involving delamination of individual layers followed by alignment and stacking of 2D layers.' The

other is an epitaxial approach, which follows a bottom-up methodology and potentially yields

larger 2D materials domains* 5 and fewer contaminants at the interfaces between layers.® A

challenge with the epitaxial approach, however, is that the 2D layers of interest often exhibit

multiple phases close in energy but with different properties.®'! Substrate interactions, lattice

mismatch, and growth conditions all potentially play decisive roles in determining the phase that

forms. In this work, the effect of growth conditions and epitaxial strain on the structure and

formation of 2D silica and silicates on a series of Ni,Pd;_(111) substrates was systematically

studied. It was found that adjusting the growth conditions allows selection between 2D VDW silica

and 2D Ni silicate phases, and shown that the maximum epitaxial strain that can be imparted on

the latter can be determined by varying the alloy substrate composition.

Epitaxial strain engineering has long been a tool to adjust the properties of three-dimensional

(3D) materials.’ While many 2D VDW materials also exhibit strain-dependent properties,!3-15
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using substrate lattice mismatch to apply the strain may be difficult because 2D materials

interactions are often dominated by weak VDW forces. Thus, an important question is how much

epitaxial strain can a substrate impart on a 2D material? The case of graphene as a canonical 2D

VDW material is instructive to consider. Free-standing graphene layers display a six-membered

ring structure with different-sized rings at domain boundaries.'® Graphene layers grown on

substrates show the same atomic structure; however, it is typically superimposed on top of a

longer-range moiré pattern and the graphene lattice constant does not change by more than

1.2%.77-18 The moiré pattern is due to incommensuration between the graphene and the substrate,

indicating that the graphene layer relaxes to its favored free-standing lattice constant and is not

strained to match the substrate. Theoretical investigations of the impact of strain on graphene

meanwhile predict that a Haeckelite structure composed of four- to eight-membered rings can

become favored at large tensile strains, in the vicinity of 10%.'% 20 Molecular dynamics simulations

indicate that Haeckelite structures may also be trapped as metastable intermediates during

graphene formation on metal substrates.?! Since the *10% strain required to favor Haeckelite

formation is well in excess of what can be applied through epitaxy, metastability would appear to

be the only viable route to achieving non-ground state 2D carbon structures derived from

graphene. On the other hand, the recently discovered 2D form of silica is predicted to have
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experimentally accessible strain-induced phase transitions, making it an attractive system for

inducing phase transitions and defects in honeycomb-structured 2D layers.?? 23

Two-dimensional VDW silica can be considered as an analog of graphene with SiO, tetrahedra

replacing carbon atoms in the graphene structure.?*2¢ The dangling bonds in a single plane of

corner-sharing SiO,4 tetrahedra can be tied up by bonding to a metal substrate or through

connections to a mirror-image plane of corner-sharing SiO, tetrahedra to form a 2D VDW

bilayer.?®. 30 Similar to graphene, six-membered ring structures are favored; however, an

amorphous phase composed of four- through nine-membered rings is also observed.3'-36

Consistent with experimental observations, theory indicates that structures incorporating

different-sized rings are close in energy to the favored six-membered ring structure.?? 34 Further,

a modest 2.5% tensile strain is predicted to induce a phase transition to a structure incorporating

four- and eight-membered rings.?? Experimental results for single component metal surfaces are

encouraging. On Ru(0001) with a tensile lattice mismatch of 2.1%, commensurate crystalline 2D

VDW silica is observed together with an amorphous phase.3? On Pt(111) with a 4.7% tensile

mismatch, only the amorphous phase has been seen.®” An incommensurate crystalline phase

has been seen on Pd(111) with 3.8% tensile mismatch.?*® Meanwhile, on Pd(100) the growth is

commensurate along [011] and incommensurate along [011] with nearly regular defects observed
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along the commensurate direction that were attributed to the 3.8% uniaxial strain.®® Together the

experimental results suggest that the substrate can impart the biaxial tensile strain close to what

is needed to induce a phase transition, making 2D VDW silica an appealing system where phase

transitions can be induced via strain by growth on metal alloy substrates. The recently developed

Ni,Pd,.(111) epitaxial alloy system was chosen for this task because it forms a continuous solid

solution with lattice constants that vary the strain from 6.0% compressive to 3.8% tensile.4%. 4! This

paper targets the tensile regime because of the aforementioned prediction of 2D silica phase

transitions under tensile strain.?2

The above discussion focuses on the impact of the substrate lattice constant, but the chemical

nature of the metal substrate and the growth conditions also play roles in determining the 2D

structures that form. Prior results on pure metals highlight the relative strengths of Si-O and

substrate metal-O bonds, as well as the Si coverage as key factors in determining the structures

that form. For second and third row transition metals, Ru is at the dividing line for forming 2D

VDW silica. When the amount of deposited silicon atoms is precisely controlled to form only one

sheet of SiO, tetrahedra (i.e., half of a bilayer), a 2D monolayer structure can form on Ru(0001)

that connects chemically to the substrate through Si-O-Ru linkages.3® The amount of silicon in

this case is denoted as 1 monolayer equivalent (MLE). When 2 MLE silicon atoms are deposited,
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only the bilayer VDW structure can be detected. The monolayer and bilayer structures coexist

when the coverage falls between 1 and 2 MLE; above 2 MLE, bulk 3D silica forms. To the left of

Ru on the periodic table, only the 2D monolayer is seen on Mo, and Si deposition in excess of 1

MLE leads to 3D silica.4>** To the right of Ru, only the bilayer has been seen on Pd and Pt. The

first row transition metals introduce the additional complication of the possibility of the formation

of 2D silicates.*% 46 When Fe and Ti were co-deposited with Si onto Ru(0001) and processed in

oxygen, clay-like structures were observed in which a layer of six-membered rings of corner-

sharing SiO, tetrahedra is stacked over a hexagonal layer of FeOg and TiOg octahedra; the

octahedral sheet is connected to the alloy substrate through chemical bonds.*”*° When 1 MLE Si

was deposited onto an Ni,Pd;_(111) alloy substrate, Ni segregated to the interface and formed a

2D Ni silicate similar to the Fe and Ti silicates.%°

Two-dimensional monolayer, bilayer, and Fe and Ti silicates are all formed through a high-

temperature annealing process in oxygen. The quenching process is thought to influence the

crystallinity of the overlayer. Both monolayer and bilayer silica show planar crystallinity when

annealed in oxygen followed by slow cooling; however, amorphous bilayer silica has been

observed under an increased cooling rate.?" 32 The impact of the oxygen pressure during

annealing can be intriguing to investigate for growth on Ni,Pd_,. While Ni is easier to oxidize than
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Pd, it is more difficult to oxidize than Ti or Fe and thus it may be possible to find an oxygen

chemical potential where silica remains stable but Ni does not oxidize, thereby making it possible

to form 2D VDW silica.

In this paper, it will be shown that 2D VDW silica formation can be achieved on

Ni,Pd,.(111) by limiting the oxygen pressure during the high temperature annealing step. Density

functional theory (DFT) calculations together with thermochemical data for oxygen indicate that

by varying the oxygen partial pressure and increasing the silicon supply, both 2D VDW silica and

Ni silicate can be thermodynamically stable. For the Ni silicate, the structure was studied

systematically as a function of alloy substrate composition and thus strain. A commensurate to

incommensurate transition was observed between 1.12% and 1.40% tensile mismatch,

experimentally pinpointing the maximum epitaxial strain that can be imparted to the 2D phase.

Methods

Experimental Methods

Following a previously reported recipe, 20 — 50 nm thick Ni,Pd,.(111) films were grown in ultra-

high vacuum (UHV) by molecular beam epitaxy on 15 nm thick Cr,03(0001) films grown on

Al,O3(0001).4° The lattice constants and thicknesses of the alloy films were determined by X-ray
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diffraction and X-ray reflectivity data collected on a Rigaku SmartLab diffractometer. The alloy

compositions were calculated from the measured lattice constants based on a quadratic

approximation of Vegard’s law.40: 51

Following growth, the Ni,Pd;,(111) films were transferred through air to another UHV system

where silica-containing films were prepared and characterized. This UHV system was equipped

with a double-pass cylindrical mirror analyzer for Auger electron spectroscopy (AES)

measurements, reverse-view low energy electron diffraction (LEED) optics, and a high-speed

variable temperature scanning tunneling microscope (STM).5?2 The sample temperature was

measured with a type-K thermocouple pressed against sample surface and was cross checked

with a pyrometer.

After exposure to air, the Ni,Pd;,(111) films were cleaned by repeated cycles of Ar ion

sputtering and post-annealing at 850 K in UHV until no surface contaminants were detectable by

AES or LEED. The Si source for the films was SiO deposited onto the substrates at room

temperature.®® The SiO thickness and the oxygen pressure during deposition and during

annealing were varied to target specific surface structures as detailed in the Results section.

Cut-and-pulled Pt/Ir tips were used for STM measurements. The tunneling current was set

between 0.05 and 1.0 nA during scanning; no observable effects on the images were detected

10

Page 10 of 51



Page 11 of 51

Nanoscale

over this current range. Polarization modulation reflection-absorption infrared spectroscopy

(RAIRS) data were recorded in a dry nitrogen environment using a ThermoFisher Nicolet iS50

FTIR Spectrometer with the light incident at a grazing angle of 82°. LEED patterns at lower

energies were recorded within an Elmitec LEEM-IIl low energy electron microscope. Our prior

work has demonstrated that exposing silica-terminated Pd and Ni,Pd,_, alloy samples to ambient

conditions has no effect on the structure of the silica-containing layer.3% %0

Computational Methods

Density functional theory® 54 with the Perdew-Burke-Ernzerhof generalized gradient

approximation (PBE GGA)5%5 exchange-correlation functional was used for the computational work.

Non-bonding interactions were taken into account using the DFT-D2 approach.’® As detailed

previously,5° the calculations were performed using the Quantum Espresso software package

with plane wave basis with an energy cutoff of 952.40 eV, periodic boundary conditions,

and norm-conserving pseudopotentials.®” Due to the metallic nature of the alloy

substrates in our simulations, thermal smearing by 0.14 eV of the Kohn-Sham states’

occupancies was employed together with a dense enough k point sampling of the Brillouin

zone to achieve convergence. Various phases of silica and Ni silicate on the Ni-Pd(111) alloy

11
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substrate were considered in the simulation. For monolayer and bilayer silica (2 x 2) surface

unit cells and with 6 x 6 x 1 k point grids were used, while Ni silicate was modeled using

a (2 x 2+/3) surface unit cell and a 6 x 4 x 1 k point grid. Because of the presence of Ni

atoms in the simulation, spin polarization was also included in the electronic structure

calculation. We compared results for the GGA combined with multiple VDW correction

functionals (DFT-D2,% TS, and VdWsuf5%) for the SiO,-on-metal system. The binding energies
for Si0O, produced from the three approaches were highly consistent and agreed with one another
to within 0.1 eV/unit cell of each other, a magnitude much smaller than the chemical binding

strength for silicate on metal surfaces. Therefore, the simplest DFT-D2 approach was chosen in

our calculations which also has the advantage of treating the virtual atoms easily. The construction
of the Ni,Pd,_, alloy substrate using the virtual crystal approximation (VCA)&° has been detailed in
a prior publication.° Briefly, the substrate slabs contained one layer of Ni on top of four layers of
VCA atoms with the bottom two layers fixed. Such a five layer thick slab has proven adequate to
model 2D silica and transition metal silicates on metal surfaces.?® 4 The computational
parameters were sufficient to converge the total energy within 2 meV per atom. In the calculations,
the slab systems were separated from their periodic images by at least 15 A of vacuum to reduce
artifacts introduced by slab-slab interactions. The structural relaxations were performed until all

force components on all atoms were below 2.6 x 10-3eV/A (104 Ry/a,where ais the Bohr radius).

12
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Density functional theory calculations were carried out to understand the observed 2D silica/Ni
silicate phase separation on Ni,Pd;_(111). As detailed below, a series of 2D silica and Ni silicate
phases on NigsPdos(111) were studied.’® The DFT calculations yielded the minimum energy
structures for each phase at 0 K and zero oxygen partial pressure. Understanding and predicting
the phases that form, however, requires theoretical methods that consider the experimental
conditions. First-principles atomistic thermodynamics developed by Reuter and Scheffler was
employed to tackle this task.6' The method in the context of our study is briefly described below.

First-principles atomistic thermodynamics

The model slab can be considered to be in equilibrium with “reservoirs” of Si, O, and Ni with
chemical potentials Ui (i= Si, O, and Ni) that are defined by reference gas or bulk crystal phases.
By allowing the slab to exchange atoms with the reservoirs at different chemical potentials,
relative energies between phases can be compared at different experimental conditions (e.g. the
temperature and oxygen partial pressure that determine the value of the oxygen chemical
potential Ho)' The thermodynamically most stable 2D phase formed on the surface can be
determined by the phase with the lowest surface free energy (per unit area) for the slab system,
which is defined as

(1) Y({I.Ji}) = [G — ZiNi}Ji]

1
A

13



Nanoscale

where G is the Gibbs free energy of the simulated slab. Since only the relative energies are of
interest, V;is taken as the excess number of atoms of the /" species in the system relative to the
clean Nij sPdg 5 surface which is chosen as the baseline structure for comparison. As a result, the
chemical potential term corresponding to the NiysPdg s virtual atoms in the bulk of the substrate
drops out. The bottom surface of the slab was held fixed to the corresponding bulk configuration
in the simulations, hence, the surface area A in equation (1) is equal to the area of one side of
the surface unit cell. For example, for the clean NiosPdos surface phase, Ngi = No = Nni= 0 IN
equation (1). Differences in the surface free energies of the phases were calculated with respect
to the clean NigsPdg 5 surface which eliminated the influence of the bottom surface and alloy bulk.
In defining the phase diagram for the system, regions of chemical potential m (/= Si, O, and Ni)

were identified where the considered phases had the lowest surface energy. The difference

between the computed ground state energy and the surface free energy was bridged by
approximating G in equation (1) by the DFT total energy Eppr.5> This substitution rests on the
approximation that the contribution of the differences between the vibrational entropies of the

surface and reference materials is small. Reutter and Scheffler have shown that these entropic

differences for surface phases are typically similar in magnitude to the computational

uncertainty of the ground state energies.®> Replacing G with Eper gives the following equation for

the surface free energy used in this work:

14
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(2) Y({U'}) = i[EDFT - ZiNiHi]

Chemical potentials
The chemical potentials m (i = Si, O, and Ni) in equation (2) can be determined using the

conditions under which the experiments were done. The oxygen chemical potential per atom was

referenced to one half of the total energy of an isolated O, molecule at zero temperature. It is well
known that DFT, and the PBE functional in particular, overestimates the O, binding energy.®* Thus,
instead of using one half of the O, DFT total energy, the oxygen chemical potential was referred

to the DFT total energy of an oxygen atom plus one half of the experimental molecular O,

atomization energy to provide a better comparison between theory and experiment. Experimental
temperature and oxygen partial pressure were mapped to Ho using standard thermochemical
tables.5 The determination of the Si chemical potential is more challenging: in principle, it can be
approximated using the DFT total energy of crystalline Si at 0 K plus the integral of its heat
capacity from 0 K to the temperature T of interest for bulk phase Si. This number would be of
limited utility for comparison to the experiments where the supply of Si is in the form of a one-time
fixed amount deposited rather than in the form of a constant vapor pressure under constant
temperature (which leads to constant chemical potentials). Nonetheless, the relationship of Si

chemical potential, usiv increasing with increased Si availability still holds. The usi in this paper is

15
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referenced by the DFT total energy of bulk, diamond cubic Si per atom ggi;. Nickel atoms
participating in the formation of the 2D surface phases of silicate are supplied by the alloy
substrate. The alloy substrate is treated as an ideal binary solution in equilibrium with its
constituent metals, making the chemical potential of nickel HNi equal to the Gibbs free energy of

bulk Ni per atom, which is later approximated by the DFT total energy of bulk Ni per atom, gRL+.

(d) 2 MLE SiO + oxygen-deficient +
prolonged annealing

WW

(c) 2 MLE SiO + oxygen-deficient

NV

(b) 2 MLE SiO + oxygen-rich

Reflectance

(a)1 MLE SiO + exygen-rich
| ! I ' ] ! I ! |

1400 1300 1200 1100 1000 900
Wavenumber (cm™)

Figure 1. Reflection-absorption infrared spectra recorded following SiO deposition onto
Ni,Pdi.(111) under different preparation conditions: (a) After depositing 1 MLE SiO on

Nio.32Pdoes(111) in 2 x 10 = Torr oxygen and annealing at 950 K in 2 x 10 ~° Torr oxygen for 10

16
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min; (b) after depositing 2 MLE SiO on Nig 3,Pdges(111) in 2 X 10 ~° Torr oxygen and annealing at

950 K in 2 x 10 ~® Torr oxygen for 10 min; (c) after depositing 2 MLE SiO on Nig4sPdos2(111) in

UHV and annealing at 950 K in 4 x 10 8 Torr oxygen for 5 min; (d) after further annealing the

sample in (c) at 1000 K in 4 x 10 =8 Torr oxygen for 10 min.

Results

1. Experimental Resulfs

1.1 Impact of Growth Conditions

It was previously shown that a 2D Ni silicate forms on Ni,Pd;(111) when 1 monolayer

equivalent SiO is deposited in 2 x 10 ~® Torr oxygen at 300 K and then annealed at 950 K in the

same oxygen-rich environment.>® Under such preparation conditions, 2D Ni silicate formation is a

self-limited process and does not strongly depend on the substrate alloy composition. In the

following context, substrates with compositions ranging from 52% to 93% Pd are referred to as

Ni-Pd(111) without loss of generality. Here the objective was to determine if the Si-O-Ni bonding

in the 2D Ni silicate could be avoided by varying the silica coverage, the oxygen partial pressure,

and the annealing temperature, thereby producing 2D VDW silica. Reflection-absorption infrared

spectroscopy is an effective technique to distinguish 2D Ni silicate from 2D VDW silica. Both

experiment and theory have shown that the signature absorption peaks of Si-O stretches in Si—

17
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O-Ni linkage lie near 1000 cm-',50 while stretching the Si-O-Si bonds that connect the two halves

of the bilayer features an absorption peak near 1300 cm-' with small shifts depending on the

substrate and the presence of adsorbates (O atoms) at the silica-metal interface.?® 3% 37.65 Theory

indicates that the Si—-O-Si interlayer vibration in 2D VDW silica will also appear near 1300 cm-’

on Ni-Pd(111).%% Thus, RAIRS was employed to determine the structure of silica-containing

overlayers prepared under various conditions.

Figure 1 compares the RAIRS spectra for a series of silica overlayers prepared under different

conditions. Curve (a) in Figure 1 shows a typical RAIRS spectrum of 2D Ni silicate prepared by 1

MLE SiO deposition and annealing at 950 K in 2 x 10 = Torr O, with a peak at 1000 cm-'. For

these growth conditions, no detectable change could be observed in the RAIRS spectrum within

the alloy composition range studied (deposition onto pure Pd yields only the characteristic bilayer

peak under these conditions3®). As shown by Curve (b), increasing the amount of SiO deposited

to 2 MLE while keeping the other growth conditions the same still produces the prominent 1000

cm™' peak characteristic of 2D Ni silicate, with no evidence of the bilayer-associated peak near

1300 cm-'. In this case, the excess silica forms clusters on top of Ni silicate monolayer which can

be observed in STM. These bulk silica clusters may have a smaller IR cross-section or no

preferred orientation for RAIRS, which would preclude their detection.

18
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The high reactivity of Ni towards O compared to the metals on which 2D VDW silica has been

observed (Cu,% Ru,?® Pd38 3% and Pt3) suggests that Ni oxidation is the impediment to forming

2D VDW silica. Therefore, reducing the oxygen pressure to attempt to avoid Ni silicate formation

was investigated. It was found that 4 x 10 =8 Torr was the lowest O, pressure at which silica on

Ni-Pd alloy substrates could be annealed above 900 K and remain on the surface without

decomposition as determined by AES (See Supplement Fig. S1). Therefore, 2 MLE SiO was

deposited onto Ni-Pd(111) substrates in UHV (background pressure less than 5 x 10 = Torr) and

then annealed in 4 x 10 ~8 Torr O, at 950 K for 5 minutes. Over the Pd composition range studied,

no distinct differences could be observed in AES, RAIRS, and LEED measurements. Taking the

film grown on Nig 4gPdo s, (111) substrate as a representative example, both the 2D VDW bilayer

silica feature near 1300 cm! and the 2D Ni silicate feature near 1000 cm' could now be detected

as shown in Figure 1 Curve (c), which indicates that reducing the oxygen pressure can inhibit Ni

silicate formation. AES indicates that the Si is fully oxidized to Si4* despite the low oxygen partial

pressure (See Supplement Fig. S1).

The surface covered by co-existing 2D VDW silica and Ni silicate was further characterized by

LEED and STM. As shown in Figures 2a, b, LEED patterns revealed both a diffraction ring and

discrete spots with a spacing indicative of a long-range periodicity. Previous studies on metal-

19
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supported 2D Ni, Ti and Fe silicates have shown similar long-range periodicity that originates from

moiré features due to an incommensurate crystalline silicate phase.*’-%0- 7 Meanwhile, similar ring

features have been seen for amorphous 2D VDW silica on Pd(100),% Pt(111)%, and Ru(0001).3"

32 No amorphous transition metal silicate phases have been reported for either bulk or single layer

materials.®® Thus, the ring features in the LEED patterns can be tentatively attributed to

amorphous 2D VDW silica.

20
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Figure 2. LEED and STM taken on the sample where Ni silicate and bilayer silica coexist. (a), (b):

LEED patterns taken at different electron energies. The red and green dashed lines in (a) indicate

the unit cells of commensurate and incommensurate Ni silicate phases in reciprocal space. The

arrows show the primary directions of the substrate cells. (c), (d): STM images taken at different

scales. Tip bias: 0.78 V. The green and blue dashed lines in (c) enclose two crystalline regions

with different orientation. The circles and numbers in (d) indicate representative 4- to 8-member

silica rings.

21
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The corresponding STM images of the surface that gave the LEED patterns in Figures 2a, b

demonstrate the coexistence of amorphous and crystalline regions. As shown in the wide range

image in Figure 2c, the amorphous phase appears to cover most of the surface. Two small

crystalline domains encompassing 12 and 16 unit cells are enclosed by green and blue dashed

lines, respectively. The orientation of the two crystalline regions differ by nearly 30°, matching the

observation of two crystalline domains in LEED. Due to the limited extent of the crystalline regions,

no moiré pattern could be seen with STM. As highlighted in the higher-resolution image in Figure

2d, the amorphous region is composed of four- through eight- membered rings which is typical of

previous reports on 2D amorphous silica.32 69

As noted above, the expectation is that the amorphous region corresponds to 2D VDW silica

implying that Ni silicate is responsible for the crystalline regions. Silica, however, can exist in both

amorphous and crystalline forms and it is difficult to distinguish crystalline silica from silicate as

both show honeycomb patterns in STM images.*”*% DFT calculations described in detail below

indicate that the weaker VDW interaction of the 2D silica with the substrate is predicted to move

the top honeycomb silica sheet 1.31 A further from the metal surface; however, the chemical

bonding of the Ni silicate to the substrate creates a stronger film-substrate electronic coupling

which can offset the topographic height difference in STM images. In addition, the registry of the

22
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overlayer with respect to the substrate also induces contrast variations.5° The image in Figure 2c

does not show uniform contrast with the crystalline domains tending to appear brighter or higher,

but not uniformly so. Therefore, crystalline domains in the STM images cannot be unambiguously

assigned to Ni silicate.

The effects of annealing time and temperature on the phases that form were also explored while

holding the oxygen pressure at 4 x 10 8 Torr. Taking the mixed 2D silica/Ni silicate on Nig 4gPdg 52

(111) system presented in Figure 2 as the starting point, the LEED patterns in Figure 3 reveal that

another annealing with the temperature increased to 1000 K for 10 min caused the amorphous

ring to disappear and the crystalline spots to become more prominent. This observation could be

explained by the crystallization of amorphous 2D silica, the decomposition of 2D silica into volatile

SiO and oxygen at high temperature and low oxygen pressure,’® or the disproportionation of 2D

silica into 2D Ni silicate plus 3D silica. The RAIRS data in Curve (d) Figure 1 recorded after the

additional annealing reveals only the vibration associated with Ni silicate, eliminating 2D silica

crystallization as a possibility. Increasing the oxygen pressure to 2 x 10 ~° Torr while fixing the

annealing temperature at 950 K also eliminated 2D silica vibrational features from a surface

initially supporting co-existing 2D silica and Ni silicate. Since AES indicated no Si was lost from

23
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the surface (See Supplement Fig. S1), this implies that 2D VDW silica can disproportionate into

2D Ni silicate plus 3D silica clusters.

(a) . (b)

. . Ni-Pd [0 1]
2 S oae » 7~
7
L—a "
. R >/
ML MRS\
. \ \
=
.

. - '\
- Nipd[10] 'y

-

Ni-Pd [0 1]

Ni-Pd [1 0]
- 77 eV 130 eV

Figure 3. LEED patterns after annealing the sample shown in Figure 2 at 1000 K in 4 x 10 ~8 Torr
oxygen for 10 min. The red and green dashed lines indicate the unit cells of the commensurate and
incommensurate (i.e. 30° rotated) overlayer in reciprocal space. The arrows specify the substrate

<10> directions.
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(b)
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Figure 4. Comparison of RAIRS spectra for (a) SiO deposited onto Nig o;Pdo93(111) and annealed

at 1000 K in 2 x 10 ~° Torr O, and (b) 2D VDW silica on Pd(111). The peak position in (a) conveys

2D Ni silicate formation.
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Figure 5. Commensurate-incommensurate transition of Ni silicate with respect to Ni-Pd(111)

compositions shown by LEED results. (a)-(c) Ni silicate films with only commensurate crystalline

phase. (d)-(g) Ni silicate films with the coexistence of incommensurate and commensurate

crystalline phases. (h) 2D VDW silica with commensurate and incommensurate crystalline phases.

In (a), (d) and (h), the red and green dashed lines indicate the unit cells of non-rotated and rotated

overlayer phases in reciprocal space and the arrows show the primary directions of the substrates.

The sector enclosed by the purple dashed line in (d) is better resolved by a LEEM system and is

shown in Figure 6. The lattice constants of the Ni-Pd substrates and corresponding Pd

compositions are labeled on the color bar.

1.2 Strain Effects on 2D Ni Silicafe Formation
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Previously, it was found that 1 MLE silica on Ni,Pd,_,(111) can lead to a 2D Ni silicate over a

range of Ni concentrations.?® The prior work, however, also suggests that a commensurate phase

forms on NigssPdg4s(111) with a surface lattice constant of 2.63 A% and an incommensurate

phase forms on Nig.sPdg74(111) with a surface lattice constant 2.70 A5 To find the maximum

tensile mismatch strain that could be imparted, the structure of a series of overlayers was

characterized as a function of alloy substrate composition. The annealing conditions, 1000 K in

2 x 10 ~° Torr O, for 10 min, were selected to produce only the 2D Ni silicate as indicated by the

representative RAIRS data in Figure 1. In addition, Figure 4 establishes that Ni silicate can form

even when the alloy contains very little Ni: the RAIRS spectrum in Figure 4a for 7% Ni shows the

characteristic Ni silicate feature near 1000 cm-' while the spectrum in Figure 4b for elemental

Pd(111) features the characteristic 2D VDW silica peak near 1300 cm'. Thus, any structural

changes induced by increasing the Pd concentration in the alloy can be attributed to increased

lattice mismatch.

Figure 5 shows a series of LEED patterns recorded as the substrate Pd concentration was

varied between 52.4% and 100%, which covers tensile lattice mismatches between 0 and 3.8%.

The patterns in Figures 5a-c, indicate a commensurate (2x2) structure and thus an epitaxially

strained 2D Ni silicate layer. At larger mismatches, clusters of satellite spots appear in the LEED
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patterns which reflect longer-range periodicities typical of an unstrained, incommensurate surface
phase. Focusing on the pattern for Nij3,Pdogs(111) in Figure 5d, two sets of spots can be seen
that are rotated 30° with respect to one another. In the figure, the green dashed lines highlight a
reciprocal primitive unit cell of an overlayer rotated 30° with respect to the alloy substrate and the
red dashed lines highlight an overlayer with its [10] direction aligned with that of the substrate.
Satellite spots clearly surround the former, as would be expected since there is no small integer
match between the expected 5.30 A lattice constant of the silicate and \/3 times the substrate
surface lattice constant, 4.65 A. Compared to the spots for R30° domain, the spots for the non-
rotated domain appear more diffuse, suggesting that the spots corresponding to this domain may
also be composed of closely spaced spots that could not be resolved. Better-resolved LEED
patterns corresponding to the region enclosed by the purple dashed line in Figure 5d were
recorded down to lower energies within a low energy electron microscopy (LEEM) system; the
results are shown in Figure 6 for a beam energy of 15.7 eV. Here, satellite spots can be seen
surrounding the (10) spots of both overlayer domains. The tighter spacing of the non-rotated
domain is consistent with the small 1.40% mismatch, which leads to a longer-range moiré
periodicity than the 30° rotated domain. The implication is that the 2D silicate has relaxed to its

favored lattice constant in both domains. The coexistence of the rotated and non-rotated phases
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can be observed in Figures 5d-f; however, the spots of the non-rotated phase became dimmer as

the substrate lattice constant increased, and in Figure 5gq, it is difficult to distinguish the non-

rotated phase. Thus, the results indicate an increasing preference for the rotated phase as the

mismatch increases. For completeness, LEED data for 2D VDW silica on pure Pd(111) are shown

in Figure 5h. In this case the LEED pattern is much more diffuse with comparatively blurry satellite

spots, but the data still point to a crystalline incommensurate phase, which matches previously

reported results.® For the following reasons changes in alloy chemistry as the Ni content was

varied can be ruled out as responsible for the observed commensurate to incommensurate
transition: the transition occurs over a change in Ni substrate concentration of just 3.3%; AES
indicates a Ni rich interface under the experimental conditions thereby mitigating the impact of
small changes in the bulk composition on the surface chemistry; RAIRS indicates that 2D Ni
silicate forms under the growth conditions if the substrate contains any Ni at all; and prior

theoretical work indicates the same general Ni silicate structure when the substrate alloy

composition is changed.®® Taken together, the data reveal a transition from strained

commensurate to relaxed incommensurate 2D Ni silicate between substrate lattice constants of

3.79 A (2.68 A surface lattice constant) and 3.80 A (2.69 A surface lattice constant). Presuming

a typical single sheet layered silicate lattice constant of 5.30 A, this corresponds to a tensile lattice

strain between 1.12% and 1.40%.
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\
5, Ss 157 eV

Figure 6. High-resolution LEED patterns corresponding to the region enclosed by the purple

dashed line in Figure 5d. The red and green dashed lines indicate the unit cells of two crystalline

regions: (i) the non-rotated phase (red) and (ii) the phase rotated by 30° (green).

Scanning tunneling microscopy data reinforce the conclusions drawn from the LEED data.
Representative STM images recorded above and below the phase transition are provided in
Figure 7, with panel (a) featuring a honeycomb structure with no long-range structure, consistent
with a commensurate (2x2) structure, while panel (b) reveals a moiré pattern superimposed on a
hexagonal atomic-scale structure. Finally, the image in panel (c) exposes the six-membered ring
structure of crystalline 2D VDW silica on Pd(111); here, the contrast variations are induced by

lattice mismatch, which is similar to the contrast variations observed in Ni silicate.5°
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Figure 7. Scanning tunneling microscopy images taken on (a) commensurate crystalline Ni silicate

on Nig4sPdos2(111); (b) incommensurate crystalline Ni silicate on Nig26Pdo74(111); and (c)

incommensurate crystalline 2D VDW silica on Pd(111). Tip bias: (a) 2.35 V, (b) 0.80 V, (c) -0.30

V.

It should be noted that the 2D Ni silicate formed directly on Nig4sPdos, (111) in oxygen rich

environments yields only commensurate (2x2) domains (Figure 5a) while the LEED patterns in

Figures 2 and 3 reveal the presence of the rotated incommensurate phase when the surface

passes through a state in which 2D VDW silica and 2D Ni silicate coexist. The potential reasons

for these differences will be addressed in the Discussion section.

2. Computational Results

2.1 Competition Between 2D Silica and Silicate Phases on Ni-Pa(111)

The thrust of the theoretical effort was to understand how the growth conditions influence

whether 2D silica or Ni silicate forms on the alloy surface and thus only 2D surface phases were
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considered. Because these transitions are observed even when the lattice mismatch is minimal,
the focus was on commensurate (2x2) phases. Prior work indicates only small energy differences
between amorphous and crystalline 2D VDW silica,?? justifying consideration of crystalline SiO,
rather than the observed amorphous phase. Although the experimental evidence suggests that
2D VDW silica can disproportionate into 2D Ni silicate plus 3D silica, modeling this situation would
require detailed knowledge of the exposed 3D silica cluster facets and their surface and interfacial
energies, which are beyond the scope of this paper. The alloy composition chosen was NiysPdg 5
because twice its computed (111) surface lattice (5.29 A) is a good match to twice that of
theoretical free-standing 2D silica (5.27 A) and 2D layered Ni silicate in the trioctahedral clay form
(5.30 A). The computed alloy lattice constant matches the experimental value within a few
thousandths of an Angstrom.40.5° As shown in Figure 5, in this alloy composition range the 2D Ni
silicate forms a commensurate (2 x 2) structure. Consistent with this observation, the 2D phases
were modeled using either the rectangular (2 x 2+/3) surface unit cell or the hexagonal (2 X 2)
surface unit. Enforcing the epitaxial match imposes a negligible strain on the 2D layers, i.e. only
0.3% tensile strain on the 2D VDW silica. Structures selected for the 2D phase diagram calculation
included: the bare alloy surface, a Si,Os monolayer, bilayer VDW SiO,, and Ni silicate, all with

and without an additional chemisorbed oxygen atom per (2 x 2) surface unit cell (Figure 8). All
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silica or silicate overlayers are assumed to sit on a Ni monolayer atop the alloy substrate because

AES data show Ni segregation to the interface following SiO deposition and high temperature

annealing.®® Layers with Si-O-Pd bonds were not considered because: no evidence of such

linkages have been seen when silica is deposited onto pure Pd;3 3 Pd clays are not known to

exist; and the AES data indicates Ni segregation to the interface.®® Structural models for

monolayer and bilayer silica (Figures 8c-f) were taken from previous work.?®: 3° The atomic

structure of Ni silicate thin film has been the subject of our prior work.%® In the fully relaxed Ni

silicate thin film (Figures 8g, h), a sheet of Si tetrahedra is stacked over a nickel oxide sheet that

couples to the alloy substrate through the Ni-O-Substrate chemical bonds. The Si and Ni atoms

both form hexagonal six-membered rings within their own sheet, but the two sets of the six-

membered rings have a rigid shift in the x-y plane, unlike the bilayer silica where the six-

membered rings in the top and bottom sheets are aligned (Figures 8e, f).
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Substrate Si,0,,/Substrate Ni Si, 0, /Substrate

20/Substrate Si,0,,-20/Substrate SiBOW-ZOISubstrate Ni4Si4Ow-20/Substrate

Figure 8 Atomic structures of 2D surface phases on the NigsPdgs alloy substrate (chemical
formulae are defined per (2 x+/3) surface unit cell): (a) Substrate (clean surface), (b)
20/Substrate (one chemisorbed oxygen on the hollow site), (c) Si;O4/Substrate (monolayer
silica), (d) Sis040°20/Substrate (monolayer silica with one chemisorbed oxygen), (e)
SigO+e/Substrate (bilayer silica), (f) SigO46°20/Substrate (bilayer silica with one chemisorbed
oxygen), (g) NisSi;O4¢/Substrate (Ni silicate), and (h) Ni;Si;O45°20/Substrate (Ni silicate with one
chemisorbed oxygen). Oxygen polyhedra are drawn to emphasize the neighboring oxygen atoms

surrounding the Si and Ni atoms in the 2D thin film. Color scheme: Si cyan, O red, Ni (in the
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overlayer) black, Ni (on the substrate surface) grey, NigsPdos VCA atom white. Background color

under each chemical formula corresponds to the color of region in the phase diagram in Figure 9.

2.2 Phase Diagram
Predictions of the stable 2D phases on the Niy sPdg 5 alloy are compiled in the 2D surface phase
diagram displayed in Figure 9. The axes of the chemical potentials of Si and O were centered
around the references detailed in the Computational Methods section using the following
transformation:
(3)  Ausi= psi— Epr
(4)  Auo=po — ESR™ — Egz om0 2
The different colors in the phase diagram correspond to the most stable phase at any given pair
of Ausi, Aug. Throughout, uy; was fixed at the DFT total energy of bulk Ni per atom as explained
below. The experiments were done under UHV and high annealing temperature (~1000 K), which
makes the range of the oxygen chemical potential of interest negative. The values of Ayg relevant
to the typical experimental conditions (e.g., annealing temperature between 900 K and 1100 K
and oxygen partial pressure between 4x10-8 Torr and 2x10-6 Torr) in this work range from —-1.80

eV to -2.20 eV. Since zero valent Si was never experimentally observed, the regime of interest is

Augi < 0. In fact, the Si AES peak remained consistent with SiO, in the lower oxygen pressure
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annealing experiments (See Supplement Fig. S1). Experimental conditions where 2D free-
standing VDW bilayer silica can be stabilized over its decomposition into Si and O atoms that
returns to the reservoirs were also used; this means o and us; should obey the inequality:

free — standing bilayer SiO
(5) Usi +2p0 > EDFT BTy :

The region above the dashed line in Figure 9 corresponds to the combination of yg and ug; that
satisfies equation (5). All the constraints on g and ug; discussed above define the experimentally
accessible region in the phase diagram, shown as the area encompassed by the solid line in
Figure 9. The main conclusion drawn from the phase diagram is that the thermodynamically stable
phases on NipsPdg 5 in this study are either bilayer silica with surface chemisorbed oxygen or Ni
silicate; their relative stability depends on the Si supply, i.e., a larger amount of Si favors the 2D
VDW silica phase. However, the system might be kinetically trapped in other phases. The phase
diagram also points to another route for achieving 2D VDW silica on the surface. Instead of just
increasing the silicon supply, one can decrease Aug to —3.50 eV (e.g. by increasing the annealing
temperature of the system to 1500 K while keeping the oxygen partial pressure at 4x10-8 Torr) to

ensure that the Ni silicate is no longer stable during the growth procedure.

36



Page 37 of 51

Nanoscale

(f)

Ay (eV)
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Figure 9 Phase diagram for the silica/silicate 2D surface phases on the Niy sPdg 5 alloy substrate.

Each colored region corresponds to the thermodynamically stable surface phase based on the

surface free energy as a function of the Si and O chemical potentials. Letters denoting different

phases follow the same notation as Figure 8. The bilayer silica can be stabilized above the black

dashed line on the surface. The experimentally accessible region of the chemical potentials in

this study is inside of the black solid lines.
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Discussion

Growth on the single crystal, solid solution alloy substrate enabled the systematic experimental

determination of how much strain can be imparted to an atomically thin 2D layer without

appreciably changing the chemistry of the interfacial interactions. Despite the existence of

chemical bonds between the 2D Ni silicate and the alloy substrate, the results reveal that 2D Ni

silicate overlayers can only be tensilely strained between 1.12% and 1.40% before the material

relaxes to its favored lattice constant. This strain is less than the 2.1% tensile strain that Ru(0001)

can impart to 2D silica bilayers despite much weaker VDW film-substrate interactions for

SiO,/Ru(0001). Therefore, the overall strength of the film—substrate interaction must not have

been the decisive factor in determining how much epitaxial strain could be applied to the 2D layer.

Rather, the results highlight the importance of: 1) the 2D modulus (stiffness) of the 2D overlayer;

2) the accessibility of other phases that can relieve the strain; and 3) the energy penalty for

incommensuration. For 2D Ni silicate all three appear to limit the strain that can be applied.

Regarding the 2D modulus, tetrahedral 2D bilayers can be relatively easily distorted by increasing

tetrahedral bond angles, a low-energy distortion which is limited by connections to the

octahedrally coordinated Ni-O layer in 2D Ni silicate.?? 3% 7" While SiO, can easily access a range
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of structures with varying ring sizes,?? the clay family to which 2D Ni silicate belongs is solely

based on a sheet of six-membered rings of corner-sharing SiO, tetrahedra. Finally, concerning

the energy penalty for incommensuration, our prior theoretical study of the 2D Ni silicate structure

revealed only a maximum 80 meV energy penalty to shift the silicate away from its favored registry

with the substrate.5° This finding indicates that it is the variation in the strength of the 2D material-

substrate interaction as the 2D material is shifted with respect to the substrate that is important to

determining the amount of epitaxial strain that can be applied to a 2D material, not the overall

magnitude of the 2D material-substrate interaction.

A curious aspect of the results was the experimental finding that reducing the oxygen pressure

during annealing facilitated the formation of 2D VDW silica, but that even at lower oxygen

pressures the 2D VDW silica eventually completely converted to 2D Ni silicate. This is at odds

with the expectations from the theoretical phase diagram which suggests that under the

experimental conditions only 2D VDW silica should form when there is sufficient Si, which the

initial observation of 2D VDW silica suggests there clearly was. This apparent discrepancy may

be due to limitations of the thermodynamic model. In particular, the model did not include bulk

SiO, and so it may be that bulk SiO, plus Ni silicate is favored at high silicon coverages and the

high experimental temperatures. In addition, the model assumes a uniform surface that can freely
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exchange species with reservoirs of atoms. While this may accurately reflect the situation for

oxygen, for silicon it is clearly not the case. Rather, the actual surface contains a fixed amount of

Si, since the experimental conditions were limited to those where Si was not lost from the surface,

with some degree of mobility at the high annealing temperatures. At the high temperatures,

density fluctuations may lead to regions of locally low Si concentrations where the 2D Ni silicate

is favored and other regions with locally higher Si concentrations where bulk 3D silica forms.39 47

If either of these transformations is kinetically irreversible, then the 2D Ni silicate decorated by 3D

silica clusters will eventually cover the entire surface.

The experimental and theoretical results point to directions to create either 2D Ni silicate or 2D

VDW silica on demand. The former can be readily realized by depositing 1 MLE SiO and

annealing above 950 K while the latter presents more of a challenge. One approach to obtaining

solely 2D VDW silica is to simply reduce the annealing time from minutes to seconds;

unfortunately, the thermal mass of the sample assembly and limitations of the heater dictated

relatively slow heating and cooling so that the sample spent at least minutes near the ultimate

annealing temperature. As pointed out in the preceding section, a more robust way to produce

only 2D VDW silica would be to reduce the oxygen chemical potential to the region where the Ni

silicate is not favored regardless of the Si chemical potential. Although the dashed line in the
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phase diagram in Figure 9 suggests that these oxygen chemical potentials overlap regions where

silica will not decompose, experiments suggest that this will be challenging as it was found that

the lowest oxygen pressure at which Si remained at the surface at the relevant temperatures was

4x108 Torr. Nonetheless, experiments at higher temperatures in a SiO flux that can replenish Si

lost from the surface can potentially access this region of the phase diagram where Ni silicate

formation can be avoided.

There are also curious aspects of the structures that form at lower oxygen partial

pressures. First, amorphous 2D VDW silica formed despite near zero lattice mismatch, apparently

at odds with reports for Pt(111) and Pd(111) which suggested that large mismatch favors

amorphous structures.3” 72 Previous research, however, also highlights the roles of sample

cooling rate after high-temperature annealing, the initial amount of silicon, the annealing

temperature, and the oxygen partial pressure in determining crystallinity.3'. 32 35 73 The results

presented here indicate that these factors are at least as important as the lattice match in

determining the competition between the crystalline and amorphous phases. Perhaps more

interestingly, it was found that the 2D Ni silicate that formed at lower oxygen pressures (where its

formation proceeds at least in part through 2D VDW silica) aligns differently with the substrate

than 2D Ni silicate formed directly at higher oxygen partial pressures: the former is rotated 30°
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and is incommensurate while the latter is commensurate. This difference is likely due to a

combination of a small driving force for commensuration and a different Ni silicate nucleation

process at the different oxygen pressures. Regarding the former, the prior theoretical study on

the 2D Ni silicate structure revealed that the energy cost of incommensuration is modest.%°

Meanwhile, the initial silica deposition near room temperature produces a three-dimensionally

disordered structure that is presumably defect rich. The annealing temperature is insufficient to

melt bulk silica but apparently allows enough mobility to access lower energy states.” At higher

oxygen pressures, the results suggest that the 2D Ni silicate nucleates from the 3D disordered

state which appears to allow sufficient reversibility of small cluster formation to access the lower

energy commensurate state (for small lattice mismatch). On the other hand, the 2D VDW bilayer

silica structure removes defects, reducing the system energy and presumably increasing the

barrier to motion and bond rearrangement. As a result, nucleation of the Ni silicate from 2D VDW

silica may be limited to weak points in the structure such as at large rings or crystalline domain

boundaries with the consequence that the Ni silicate forms where it can with a high probability of

incommensuration as opposed to sampling many sites in a more defective three-dimensionally

disordered network. Finally, the incommensurate Ni silicate did not disappear after longer

annealing times at a higher temperature, indicating that once it forms, it cannot convert back to
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2D VDW silica or transit into the commensurate phase under the experimentally accessible

conditions.

Summary

Combining STM, LEED, RAIRS, DFT, and ab /nitio thermodynamics, the competition between

the formation of multiple 2D VDW silica and 2D Ni silicate phases on Ni-Pd solid solution alloy

substrates was systematically investigated. While only 2D Ni silicate was observed under oxygen-

rich conditions during high-temperature annealing, limiting the oxygen pressure during each film

growth step suppressed silicate formation and allowed 2D VDW silica to form. DFT was employed

to explain the experimental findings from a thermodynamic perspective. The ab /nitio phase

diagram highlighted the preference for 2D VDW silica under silicon-rich, oxygen-lean conditions.

Despite the theoretical implication that a surface exposing only 2D VDW silica phase can be

thermodynamically favored, experiments showed that the 2D VDW silica phase eventually

disproportionated into 3D silica and 2D Ni silicate at high temperatures. Theory suggests that the

disproportionation reaction may be avoided by decreasing the oxygen chemical potential during

annealing (through a combination of increasing the temperature and decreasing the oxygen

pressure) while replenishing any silica lost from the surface. Varying the solid solution alloy
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substrate composition allowed the effect of strain on the structure of the 2D Ni silicate to be

studied without significantly changing the interfacial chemistry. A commensurate to

incommensurate transition was observed between 1.12% and 1.40% tensile mismatch,

pinpointing the maximum epitaxial tensile strain within £0.14%. The relaxation at relatively small

strains despite the presence overlayer-substrate chemical bonds highlights the importance of the

stiffness of the 2D layer and the driving force for commensuration in determining the maximum

epitaxial strain rather than just the strength of the overlayer—substrate interaction. This research

demonstrates several pathways to engineer the phase and structure of 2D silica and silicates that

can be potentially employed to other 2D materials systems.
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