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a b s t r a c t 

Surface defects or flaws on materials made by physical contacts with foreign objects can deteriorate their 

mechanical properties and limit technical applications. Thus, understanding the contact-induced subsur- 

face damage is of great importance. Using nanoscale infrared spectroscopy and reactive molecular dy- 

namics simulations, the subsurface structural changes of silica upon nanoindentation and nanoscratch 

are investigated. The results reveal an elongation of the Si –O bond length distribution even after the 

topographically-elastic contact, indicating a “chemical plasticity” at the sub-Angstrom level. In the plastic 

region with subsurface densification, the Si –O bond is found to be slightly longer than the pristine re- 

gion, indicating the decrease in molar volume is accompanied with the elongation, not shortening, of the 

Si –O bond. These results elucidate the structural damage of a material upon physical contact cannot be 

delineated based on the topographic deformation of the surface. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Due to intrinsic chemical and mechanical stabilities as well 

s optical transparency, oxide glasses are widely used for optical 

bers, optoelectronics, display panels, solar modules, and so on [1–

] . Once manufactured into functional shapes, they are subject to 

hysical contacts with foreign materials during storage, transport, 

nstallation, and in-service. Such contacts will introduce extrinsic 

efects to the surface [ 5 , 6 ]. Even if physical contacts are made

ar below the indentation or shear damage threshold, thus leav- 

ng no topographic damage, such “mild” contacts can still make 

nvisible chemical defects to the glass [7–10] . Those invisible sur- 

ace defects can deteriorate the mechanical strength or chemical 

urability of the material [11–13] . Then, the in-service performance 

s not governed by the intrinsic properties anymore; it will be 

he extrinsically-introduced surface defects that determine optical 

roperties and mechanical strengths. Thus, it is of paramount im- 

ortance to understand what structural changes are made in the 

lass network by the physical contact with foreign objects. 
∗ Corresponding authors: 

E-mail addresses: hehongtu@swust.edu.cn (H. He), shk10@psu.edu (S.H. Kim). 
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Various short- and medium-range structural aspects of amor- 

hous glass networks can be analyzed with x-ray scattering, nu- 

lear magnetic resonance, and vibrational spectroscopy [14–17] ; 

ut, they do not have sufficient spatial resolution or detection sen- 

itivity to analyze glass structures at or around surface defects 

hat are often highly localized or heterogenous [18–20] . In this 

tudy, we use nanoscale-infrared spectroscopy (nano-IR) based on 

cattering-type scanning near-field optical microscopy (s-SNOM) 

hich can provide a spatial resolution of 20-30 nm in the sur- 

ace plane and 30–50 nm in the depth direction [21–23] , to ana- 

yze structural changes in the glass network upon nanoindentation 

nd nanoscratch. A silica glass was chosen for comparison with ex- 

ensive literatures on its nanoindentation and nanoscratch proper- 

ies [ 24 , 25 ]. Although compositionally simple, the silica glass net- 

ork can have complicated structural responses, through combina- 

ions of changes in Si –O bond length distribution as well as O –Si –O

nd Si –O –Si bond angle distributions, to accommodate strains in- 

uced by externally applied mechanical stress [26–36] . By combin- 

ng with the recent advancement in spectral interpretation of the 

i –O stretching mode of silica [ 37 , 38 ] and reactive molecular dy-

amics (MD) simulations, we find that the Si –O bond length of 

he glass network is elongated even in the elastic contact region 

https://doi.org/10.1016/j.actamat.2021.116694
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.116694&domain=pdf
mailto:hehongtu@swust.edu.cn
mailto:shk10@psu.edu
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s well as in the subsurface region where local molar volume is 

ecreased due to indentation. 

. Materials and methods 

.1. Nanoscratch and nanoindentation 

Fused quartz plates (Technical Glass Products Inc., Painesville, 

H) with a thickness of 1 mm were used as a silica glass sub- 

trate. More details about the sample and the cleaning procedure 

an be found elsewhere [7–9] . The root-mean-square (RMS) rough- 

ess over a 2 × 2 μm 
2 area was found to be 0.3 nm, which was

egligible compared to the tip penetration depth during the me- 

hanical testing. The nanoindentation and nanoscratch tests were 

erformed with a Hysitron Triboindenter TI-980 (Minneapolis, MN) 

t room temperature (~22 ◦C) in air with a relative humidity of 

0%. A Berkovich diamond tip and a cono-spherical diamond tip 

ith an effective radius ~150 nm were used for nanoindenta- 

ion and nanoscratch tests, respectively. The nanoindentation tests 

ere conducted with a maximum load of 5 mN, and the loading- 

olding-unloading time was set to 5s-2s-5s. The nanoscratch tests 

ere carried out in constant-load and ramp-load scratch modes. 

he constant load scratch was performed at an applied load of 

 mN and 7 mN with a scratch speed of 1 μm/s. The ramp load

cratch was performed while increasing the load at a constant rate 

rom 0 mN to 3 mN with a scratch speed of 1 μm/s. The sliding

istances in all nanoscratch tests were set to 10 μm. The sub- T g 
nnealing temperature was 10 0 0 o C. 

.2. IR spectroscopy with scattering-type scanning near-field optical 

icroscopy (s-SNOM) 

The nanoscale IR spectroscopy analysis was performed using 

 custom-made neaSNOM microscope (-neaspec GmbH) equipped 

ith atomic force microscopy (AFM), and combined UV-Vis-NIR- 

IR system of pulsed and continuous-wave (CW) laser sources. 

or Fourier transform IR spectroscopy, tunable, broadband mid- 

nfrared supercontinuum laser pulses (ca. 680–1500 cm 
-1 ) gener- 

ted by a difference frequency generation laser source (FemtoFiber 

ichro mid-IR, Toptica) were focused onto a metal coated AFM 

ip (nano-IR tips, neaspec) passing a beam splitter which was 

art of an asymmetric Michelson interferometer (nano-FTIR mod- 

le, neaspec), where the sample and tip were each positioned in 

ne arm of the interferometer. The tip-scattered light was col- 

ected by a high-NA parabolic mirror objective and guided together 

ith the reference beam on a liquid nitrogen-cooled mercury cad- 

ium telluride (MCT) detector. Interferograms of the tip-scattered 

ight were obtained by translation of the mirror in the reference 

rm and recording the detector signal as position of the mirror 

isplacement. Subsequent Fourier transform of the interferograms 

ielded simultaneously near-field amplitude and phase spectra of 

he tip scattered fields. 

In order to obtain background-free nano-FTIR spectra, the AFM 

f the s-SNOM setup was operated in intermittent contact mode, 

here the AFM tip was oscillating vertically (~50 nm) with a fre- 

uency � close to the mechanical resonance frequency of the 

antilever. For separating the near-field signal from spurious far- 

eld signal contributions, demodulation of the detector signal at 

 higher harmonics n of � ( n > 1) was used. Each sample spec- 

rum was normalized to a reference spectrum measured on a clean 

ilicon sample surface, yielding normalized near-field amplitude 

nd phase spectra, S n / S n (Si) and ϕ n - ϕ n (Si), respectively. Near-

eld amplitude and phase spectra with demodulation order n = 2 

re plotted. The data were recorded with a spectral resolution of 

 cm 
-1 . 
2 
For s-SNOM imaging, an 8-chip set of mid-IR tunable quan- 

um cascade lasers (Daylight Solutions) generated MIR CW illumi- 

ation with wavenumbers ranging from 800 cm 
-1 and 1400 cm 

-1 . 

he back-scattered IR amplitude ( S n ) and phase ( ϕn ) signals were 

ecorded in a pseudo-heterodyne detection mode at the second 

armonic ( n = 2) of the tapping frequency of the AFM probe to 

xtract the near-field signal without background interference. Pt- 

oated Si AFM tips with an apex radius of ~25 nm (Arrow NCPt, 

anoworld) were used and operated with a tapping amplitude of 

50 nm. The scanned area was 2 μm × 2 μm for the nanoin- 

entation mark, 3 μm × 1 μm for the constant-load nanoscratch 

rack, and 12 μm × 3 μm for the ramp-load nanoscratch track. 

 schematic illustration showing the s-SNOM measurement of a 

anoscratch is presented in Fig. 1 a. During scanning, the AFM to- 

ography and corresponding s-SNOM signals were obtained simul- 

aneously. 

.3. ReaxFF MD simulations 

Molecular dynamics (MD) simulations were carried out with 

eaxFF potentials to investigate the subsurface structural changes 

fter nanoscratch at the atomic level. We modeled an amorphous 

ilica (5184 atoms) as a substrate material and the diamond in- 

enter (3515 atoms) with a spherical shape (radius = 1.5 nm) as 

 counter-surface. Further details of the model construction pro- 

ess are elaborated in the Supporting Information. To mimic hu- 

id air condition during the nanoscratch experiments, 150 H 2 O 

olecules were introduced in the space between the substrate 

nd the indenter during the MD simulation. The initial config- 

ration was first equilibrated under canonical ensemble (NVT - 

onstant number of atoms, system volume, and temperature) at 

00 K for 100 ps. Then, the indenter was engaged to the sub- 

trate and moved across in the x -direction for the nanoscratch 

imulation. The contact pressure, sliding speed, and sliding dis- 

ance were 10 GPa, 10 m/s, and 4 nm, respectively. After the nano- 

cratch process, the substrate was extracted and equilibrated for 

0 ps before analyzing glass network structure parameters (Si –O 

ond length and Si –O –Si bond angle). This represents the struc- 

ural data immediately after the nanoscratch test. Following the 

quilibration step, the system temperature was increased to inves- 

igate the effect of annealing to the scratched substrate material. 

he substrate was subject to gradual increase (10 K/ps) of temper- 

ture from 300 K to 1500 K and was maintained for 1 ns. The sys-

em was cooled back to 300 K at a rate of 5 K/ps and structural

nformation was obtained from the 50 ps-run of equilibration at 

00 K. ReaxFF-MD simulations in canonical ensemble (NVT, Nosé- 

oover thermostat with τ = 100 fs) were carried out with ReaxFF 

mplementation in Large-scale Atomic/Molecular Massively Parallel 

imulator (LAMMPS) package [39] . Integration time step of 0.25 fs 

as used throughout all MD simulations performed in this study. 

ore details of ReaxFF reactive potential for C/H/O/Si descrip- 

ion and MD nanoscratch simulation can be found in Supporting 

nformation. 

. Results and discussion 

.1. Spectral interpretation of nano-IR data 

Fig. 1 a and 1 b show the optical image of nanoscratch lines on a

ilica surface and an atomic force microscopy (AFM) probe used for 

-SNOM detection and the topographic image of a ~160 nm deep 

anoscratch line, respectively. Fig. 1 c and 1 d display the second- 

armonic near-field amplitude ( S 2 ) and phase ( ϕ2 ) spectra of the 

cattered IR signals detected at seven locations (Figure S1 in the 

upporting Information). In the spectra of the scattered IR ampli- 

ude ( S ), the main peak is observed at ~1120 cm 
-1 outside the
2 
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Fig. 1. (a) Optical image of AFM cantilever and nanoscratch lines and schematic illustration of nano-IR measurement. (b) AFM topography images and cross-section line 

profile of a nanoscratch on the silica glass surface. The nanoscratch was made with a cono-spherical tip at a constant load of 7 mN. The nano-FTIR signals were measured 

at 25 locations (separated by 80 nm) across the scratch line marked in the image. (c) Amplitude, S 2 , and (d) phase, ϕ2 , data of nano-FTIR signals at selected locations. All 25 

amplitude spectra can be found in Figure S1 in Supporting Information. The IR band in this region is typically attributed to the Si –O stretch mode of the glass network in the 

vibrational spectroscopy literature [40] , but the back-scattered signal cannot be compared directly with the absorption band in IR spectroscopy (see the specular-reflection 

IR spectra in Figure S1a). For spectral interpretation, it must be converted to the quantity relevant to absorbance. Using the effective polarizability of the tip-sample and 

simple model approximations [41] , the S 2 amplitude and ϕ2 phase spectra of the nano-FTIR data ( Fig. 1 c and 1 d) can be converted to the dielectric function ( ε 1 + i ε 2 ) of 

the surface region under the tip, which then can be converted to the complex refractive index ( n + ik ); details of this conversion are given in the Supporting Information. 

The imaginary part ( k ) of refractive index is directly related to the absorptivity of the sample ( α = 4 πk / λ where λ is the wavelength of IR). 

Fig. 2. Comparison of (a) real, ε1 , and (b) imaginary, ε2 , parts of dielectric function, ε1 + i ε2 , and (c) real, n , and (d) imaginary, k , parts of refractive index, n + ik , calculated 

from the measured amplitude ( S 2 ) and phase ( ϕ2 ) of the nano-FTIR signals at the pristine surface (outside) versus the edge (pile-up) and vertex (inside) of the nanoscratch 

track. For comparison, the literature values of silica are also shown at the top. 
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anoscratch line and shifted to ~1070 cm 
-1 in the nanoscratch re- 

ion. This band is relatively sharp on the pristine surface and be- 

omes weaker and broader inside the nanoscratch in the S 2 ampli- 

ude spectrum. 

Fig. 2 displays the calculated dielectric function and refractive 

ndex of the pristine surface outside the nanoscratch line (position 

2 in Figure S1b) and the edge (position #6) and vertex (position 

12) regions of the nanoscratch line; for comparison, the reference 

alues of silica taken from the literature are also shown [38] . The 

pectral shape in the calculated dielectric function of the pristine 

egion is quite comparable with the literature, supporting that the 
3 
ata conversion is acceptable. Note that due to the non-equilibrium 

ature, the refractive index of glass can vary depending on the 

ample history even if the composition is the same [42] . In the 

-SNOM experiment, a non-linear phase baseline drift can occur 

43] and the correction for such drifting is not perfect (Figure S2). 

lso, the AFM tip is modeled as a sphere (Eq. S1), which is prob- 

bly over-simplification. These errors propagate in the calculation 

Eq. S5) converting the measured amplitude and phase (S2 and 

2 ) to the complex dielectric constant. Even so, it can be clearly 

een that the peak positions of the real ( ε1 ) and imaginary ( ε2 )

arts of dielectric function are significantly red-shifted to the lower 
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avenumber side as the AFM probe position moves from the out- 

ide, to the pile-up edge region, and to the vertex region of the 

anoscratch. 

The same trend can be seen in the n - and k -spectra calculated 

rom the dielectric function. Although the detailed shape is slightly 

ifferent around 1200 cm 
-1 , the overall shape and maximum peak 

osition in the k -spectrum are in agreement with the Si –O stretch 

and of the pristine silica glass. The main Si –O stretch band cen- 

ered at 1100 cm 
-1 is shifted to ~1050 cm 

-1 and becomes broader 

s the position is moved from the outside to the inside of the 

anoscratch. 

In the vibrational spectroscopy literature of silica, the shift in 

he Si –O stretch mode at 1050-1200 cm 
-1 was often attributed to 

he change in the Si –O –Si bond angle based on the non-central 

orce constant assumption [ 44 , 45 ]. However, advanced MD simula- 

ion studies on silica and sodium silicate glasses have shown that 

he Si –O stretch band position does not correlate consistently with 

he changes in the Si –O –Si angle distribution (Figure S3b); instead, 

t correlates linearly with the Si –O bond length change (Figure S3a) 

 37 , 38 , 46 ]. Because the force constant of the Si –O stretch mode is

o large [38] , a small increase in the Si –O length by 0.01 Å can be

anifested as a substantial red-shift of the Si –O stretch band by 

40 cm 
-1 (Figure S3a). And the density of silica is found to have 

 negative correlation with the Si –O –Si bond angle (Figure S3c 

nd S4). These recent findings collectively indicate that the den- 

ification of the silica network occurs through the decrease in the 

i –O –Si bond angle and is accompanied with a small increase in 

he Si –O bond length. 

This is consistent with previous literatures reporting the corre- 

ation between the bond parameters of silica glass and its density 

hange under hydrostatic pressure [26–36] . Upon compression- 

nduced densification, the Si –O –Si angle distribution shifts no- 

iceably to a lower angle and the Si –O length increases slightly 

 26 , 28 , 32–34 ]. The O –Si –O tetrahedral angle does not change with

he applied pressure [34] . The degree of densification is largely de- 

ermined by the large decrease in the Si –O –Si angle (Figure S3c), 

hich will decrease the distance between two adjacent Si atoms 

Figure S4b) [ 32 , 47 ]. The Si –O –Si bending mode has a force con-

tant about two orders of magnitude smaller than the Si –O stretch 

ode [48] ; thus, the Si –O –Si angle is easier to deform to accom-

odate the volume change. 

It should be noted that, because the glass is a non-equilibrium 

aterial, its structure has a dependence on thermal and mechani- 

al history (Figure S3b) [37] . To verify if the correlation between 

ond parameter and densification found from previous studies 

 26 , 28 , 32–34 ] is applicable to the nanoscratch region, we carried

ut MD simulations of the subsurface damage and deformation 

f silica during and after the scratch with a diamond tip using 

eaxFF force fields [7] . In the MD simulation ( Fig. 3 a), the sub-

urface region with large displacements is found to be densified 

y 7.5%. The Si –O length ( Fig. 3 b) and Si –O –Si angle ( Fig. 3 c) dis-

ributions clearly show that the nanoscratch-induced densification 

s accompanied with an elongation of the Si –O bond length and a 

oticeable decrease in the Si –O –Si bond angle. This supports that 

he red-shift in the S 2 -spectrum ( Fig. 1 c) and k -spectrum ( Fig. 2 d)

f the nanoscratched region is the evidence for the elongation of 

he Si –O bond length ( Fig. 3 b) [ 7 , 37 , 38 , 46 ]. The local molar volume

hange associated with the densification is due to the decrease in 

he Si –O-Si bond angle ( Fig. 3 c). 

It is known that the subsurface densification induced by inden- 

ation or friction can be reverted through annealing at a temper- 

ture slightly lower than glass temperature ( T g ), for example, at 

.9 × T g (K) [ 7 , 13 ]. Indeed, the ReaxFF-MD simulation shows that

he annealing of the nanoscratched silica glass at 1500 K for 1 ns 

nduces shortening of the elongated Si –O length and increasing of 

he Si –O –Si angle toward the original values ( Fig. 3 b and 3 c). This
4 
uggests that, upon annealing of the nanoscratched sample, the 

eak position in the S 2 -amplitude spectrum should increase (due 

o shortening of the elongated Si –O bonds) and the scratch vol- 

me is recovered (due to increasing of the narrowed Si –O –Si an- 

les). This was experimentally confirmed by re-analyzing the nano- 

cratch line with nano-IR after sub- T g annealing (Figure S5). 

.2. Spectral imaging of subsurface structural changes after 

anoscratch and nanoindentation 

The high spatial resolution of s-SNOM-based nano-IR imaging 

 21 , 22 ] allows the spectral analysis to probe subsurface structural 

hanges in and around the nano-scale mechanical deformation re- 

ion. To investigate the effect of applied load, a nanoscratch line 

as made on the silica surface with increasing applied load. Fig. 4 

ompares the topography and S 2 -amplitude maps at 980 cm 
-1 , 

070 cm 
-1 , and 1120 cm 

-1 of the nanoscratch before and after sub- 

 g annealing. The intensity map at 1170 cm 
-1 (non-absorbing re- 

ion) confirms no topographic artifacts in nano-IR detection. 

When the scratch load is < 0.6 mN, the residual depth is zero, 

uggesting that the deformation is topography-wise fully elastic . 

owever, the cross-section line profile at 0.5 mN region (A in 

ig. 4 c) shows that the S 2 -amplitude at 1120 cm 
-1 is slightly lower 

nside the contact area, compared to the outside. The decrease in 

he 1120 cm 
-1 S 2 -amplitude becomes larger with the applied load 

n this topographically-elastic region (Figure S7a). This means that 

he elongation of the Si –O bond length occurs in the subsurface region 

ven after the elastic deformation. Because the topographic depres- 

ion is negligible, the change in the Si –O –Si bond angle (and thus 

he Si –Si distance) is expected to be insignificant after the elastic 

ecovery. 

The onset of plastic deformation is observed at ~0.6 mN, which 

orresponds to a maximum Hertzian stress of ~8 GPa. The ex- 

ct yield strength of the silica glass under the given stress condi- 

ion is not known. But, based on the general relationship between 

trength and hardness [49–51] , the yield strength of silica glasses 

an be estimated to be around 3 GPa. During the ramp-load nano- 

cratch, the tip is constantly moving and thus the critical load for 

he onset of plastic deformation is likely to be higher than the 

alue measured in the static condition. Considering these factors, 

he onset of plastic deformation at ~0.6 mN is reasonable. 

When the applied load increases above 0.6 mN, the plastic de- 

ormation of glass surface is clearly seen in the topography im- 

ge ( Fig. 4 a).The volume recovery upon sub- T g annealing ( Fig. 4 b)

onfirms that this deformation is accompanied with the subsur- 

ace densification. Upon sub- T g annealing, the residual depth at 

he maximum load decreases and a large pile-up appears around 

he nanoscratch edge due to the volume recovery of the densified 

ubsurface region (Figure S7b). The decrease in the 1120 cm 
-1 S 2 - 

mplitude appears to be linear with the residual depth (i.e., degree 

f densification) up to ~1.6 mN (near B in Fig. 4 a) and then levels

ff although the residual depth keeps increasing. As the applied 

oad continues increasing, the 1070 cm 
-1 S 2 -amplitude decreases 

urther and the 980 cm 
-1 S 2 -amplitue increases (C in Fig. 4 c; Figure

7a), indicating further downward shift of the Si –O stretch band as 

he densification continues increasing with the load. After sub- T g 
nnealing for 3 hours, all strained Si –O bonds are fully recovered 

o the original length distribution ( Fig. 4 b). 

In the forward direction of the nanoscratch line (D in Fig. 4 c; 

igure S7a), the 1070 cm 
-1 and 1120 cm 

-1 S 2 -amplitudes are found 

o be slightly lower than the outside region. This is an artifact 

ade by the frictional slip when a secondary slip of the tip oc- 

urrs during unloading process (Figure S8a). During the unloading, 

he contact area between the tip and the substrate decreases, thus 

he shear stress applied to the surface due to the bent indenter 

ip increases gradually. When this stress becomes larger than the 
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Fig. 3. (a) Snapshots from MD simulations for the nanoscratch-induced subsurface deformation at the full loading with a diamond tip at a 10 GPa contact pressure at 300 K, 

after unloading, and then after annealing at near glass transition temperature ( T g ). The simulated silica glass is 4.16 nm × 4.22 nm × 4.52 nm; the diamond tip is not shown 

in the ‘during sliding’ image. The displacement, shown in the color scale, is from the original position before indentation and scratch with the diamond tip. (b) Normalized 

Si –O bond length distribution and (c) Si –O –Si bond angle distribution of the subsurface region (22.5 Å-thickness from the surface) of the silica glass upon nanoscratch and 

subsequent annealing. Note that, in (b) the black and green lines are overlapping. (For interpretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.) 

Fig. 4. AFM Topography and S 2 -amplitude images of (a) fresh and (b) annealed nanoscratch on silica glass. The nanoscratch was made with a cono-spherical tip while 

ramping the load from zero to 3 mN at a constant rate. The penetration depth of the tip into the glass substrate during the ramp-load nanoscratch test and the residual 

scratch depth after removal of the tip are also shown at the top; the region marked with light green background is the elastic contact region. The topography and S 2 images 

are 12 μm × 3 μm in x-y directions; the S 2 image has 600 × 200 pixels. (c) Comparison of cross-section line profiles of the topography and S 2 images of the fresh nanoscratch 

at the positions marked in (a). The applied loads at the positions marked as A, B, and C are 0.5 mN, and 1.8 mN, and 2.8 mN, respectively. The position D is in front of 

the leading edge of the nanoscratch, which is the region contacted due to the secondary slip of the cono-spherical tip during the unloading process (Figure S8a). The line 

profiles along the scratch direction are shown in Figure S7. 
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Fig. 5. (a) Topography and s-SNOM S 2 amplitude images of (a) fresh and (b) annealed nanoindentation mark on silica glass. The nanoindentation was done with a Berkovich 

tip at an applied load of 5 mN. The topography and S 2 images are 2 μm × 2 μm in x-y directions; the S 2 image has 200 × 200 pixels. The dotted white lines are added 

as a guide for eyes showing the three facet edges of the nanoindentation mark identified in the topography image. The plots in (c) and (d) compare the cross-section line 

profiles of the topography and S 2 images of the fresh and annealed nanoindentation marks, respectively, at the location marked with red lines in (a). (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this article.) 
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hear strength of the contact, then the secondary slip of the tip 

n the forward direction of the scratch can occur. The fact there is 

o depression in the surface topography indicates that the normal 

oad at the moment of the secondary slip is in the elastic contact 

egime ( < 0.6 mN). 

Fig. 5 shows the topography and S 2 -amplitude maps of the 

anoindentation mark on silica produced with a Berkovich tip be- 

ore and after sub- T g annealing. Similar to the nanoscratch dam- 

ge made with the cono-spherical tip ( Fig. 4 ), the 1120 cm 
-1 S 2 -

mplitude is significantly reduced inside the nanoindentation mark 

nd the 980 cm 
-1 amplitude is slightly increased; again, this sug- 

ests the elongation of the Si –O bond length due to the subsur- 

ace densification ( Fig. 5 a and 5 c). The higher intensity of the back-

cattered signal at the vertex is an artifact due to the geometry of 

he nanoindentation mark made with the Berkovich tip (Figure S9). 

he subsurface densification is fully reverted upon sub- T g anneal- 

ng and all strains in the Si –O bond are reduced below the detec-

ion limit ( Fig. 5 b and 5 d). 

Similar to the nanoscratch behavior, it can be seen that the 

120 cm 
-1 S 2 -amplitude is lower even in the topographically-elastic 

egion (~100 nm region marked with green color in Fig. 5 c). Thus, 

he subsurface structural change in the topographically-elastic re- 

ion is not unique to the shear contact; it occurs even in the nor- 

al indentation without lateral friction. The 1120 cm 
-1 intensity 

rops suddenly at the elastic-plastic boundary in the nanoindenta- 

ion mark. At the onset region of plastic deformation, the residual 

ensile stress may change abruptly [ 52 , 53 ], and this may leave a

ootprint in the Si –O bond length distribution. 

In and around nanoindentation and nanoscratch marks, the 

ano-IR imaging reveals that the Si –O bond length in the sub- 

urface region is elongated even in the region that the surface 

opography is full recovered indicating that the contact is fully 

lastic. This testifies that even if the glass surface is topograph- 

cally intact, there is an atomic-scale “chemical plasticity” in the 

ubsurface glass network structure. This finding may explain why 

he physically-contacted glass surface is mechanically weaker and 
6 
hemically more vulnerable, although it is topographically smooth 

nd undamaged visually [ 7 , 9 , 10 , 13 , 28 , 32 , 35 , 54 ] . 

This discovery may incur a change of the current view on rela- 

ionships between the mechanical deformation of the surface and 

he glass network bond parameter [ 54 , 55 ]. Why is the length of the

tiff Si –O bond increased in response to external mechanical stress 

hile the flexible Si –O –Si bond angle does not change in the elas-

ic contact condition? Why is the Si –O bond elongated when the 

i –O –Si bond angle is reduced upon densification due to external 

tress [56–59] ? How does the degree of Si –O elongation quantita- 

ively correlate with the loss of mechanical strength and chemi- 

al resistance of glass? Answering these questions may require ad- 

anced computational modeling, which should be the subject of 

uture studies. 

. Conclusion 

In summary, the nanoscale infrared spectroscopy combined 

ith scattering-type scanning near-field optical microscopy re- 

ealed the evolution of nanoscale chemical structure of silica glass 

y mechanical deformation. Based on the recent advancement in 

pectral interpretation of the Si –O stretching vibration mode of sil- 

ca and by comparing with reaction-force molecular dynamics sim- 

lations, we show that the Si –O bond length distribution of the 

lass network is decoupled from the bond angle change and the 

ond can be elongated even in the subsurface densification region 

s well as in the elastic contact region (with complete topographic 

ecovery). The results clearly show the change of subsurface chem- 

cal structure in absence of surface topography variation, indicating 

he “chemical plasticity” of silica glass upon mechanical deforma- 

ion. In the plastically deformed region with subsurface densifica- 

ion, the Si –O bond length is found to be longer compared to the 

ristine region, indicating that the densification of the glass net- 

ork occurs primarily through the decrease in the Si –O –Si bond 

ngle, not the shortening of the Si –O bond length. These find- 

ngs elucidate new insights into the correlation between nanoscale 
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