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Abstract 

We combine in-situ heated atomic force microscopy (AFM) with automated line-by-line spectral 

analysis to quantify the relaxation or decay phenomenon of nanopatterned composite polymer 

films above the glass transition temperature of the composite material. This approach enables 

assessment of pattern fidelity with a temporal resolution of ≈1 s, providing the necessary data 

density to confidently capture the short time relaxation processes inaccessible to conventional ex-

situ measurements. Specifically, we studied the thermal decay of nanopatterned 

polymethylmethacrylate (PMMA) and PMMA nanocomposite films containing unmodified and 

PMMA-grafted silica nanoparticles (SiO2 NP) of varying concentrations and film thicknesses 

using this new approach. Features imprinted on neat PMMA films were seen to relax at least an 

order of magnitude faster than the NP filled films at decay temperatures above the glass transition 

of the PMMA matrix. It was also seen that patterned films with the lowest residual thickness (34 

nm) filled with unmodified SiO2 NP decayed the slowest. The effect of nanoparticle additive was 

almost negligible in reinforcing the patterned features for films with the highest residual thickness 

(257 nm). Our in-situ pattern decay measurement and the subsequent line-by-line spectral analysis 

enabled the investigation of various parameters affecting the pattern decay such as the underlying 

residual thickness, type of additive system, and the exposure temperature in a timely and efficient 

manner.  

Introduction 

Patterned polymeric surfaces are ubiquitous, typically arising in smart coatings1,2, biomimetic 

sensors3, microfluidic devices4, optical diffusers and gratings5, and during nano-device 

fabrication6–9. The nanofeatures imprinted on such patterned homopolymer10–12 and composite13 

films are known to decay via Laplace pressure driven viscous flow coupled with residual stresses14. 
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Understanding and characterizing the pattern fidelity precisely and accurately in a non-destructive 

manner, under various stimuli, is an important aspect to consider from an application standpoint. 

Miniaturization of electronic devices can lead to poor thermal management inside the device15 

requiring robust pattern fidelity characterization as a function of time and temperature. Cross-

sectional scanning electron microscopy (SEM) has been routinely used to check for pattern defects 

after imprinting16,17. This technique requires the sample be destroyed to facilitate measurement 

(breaking/cutting the sample to visualize the film thickness and pattern dimensions in cross 

section) and the scope for dynamic measurements (such as with thermal exposure) is limited. 

Specular X-ray reflectivity18 and critical dimension small-angle X-ray scattering (CD-SAXS)19–24 

have also been used for static and stimulus-driven measurements of pattern fidelity, shape features, 

and line edge roughness. These techniques are less destructive to the sample but require model 

fitting to interpret the acquired data, as they do not provide a direct representation of the sample 

topography.  

     Nanostructure decay for homopolymer and composite films have been investigated ex-situ via 

direct topographic measurement (AFM)10,13,25, sometimes in combination with SEM11. Ex-situ 

techniques require a large number of samples and a large time investment to fully characterize the 

system. For example, to quantify the relaxation dynamics of two imprinted nanoparticle composite 

systems at five exposure temperatures, four nanoparticle concentrations (plus one control), three 

residual layer thicknesses with at least seven individual data points in each of the decay curves (for 

fitting a relaxation function) would require a total of ≈900 samples to be imaged via AFM. At 

roughly (4 to 8) min of scan time per image via ex-situ AFM (dependent on scan rate and aspect 

ratio), it would require approximately (60 to 120) h to fully characterize the topographic height 

decay of that system.  Therefore, robust in-situ decay measurements are sought for better sample 



4 
 

economics and time management. In-situ measurements of pattern decay have previously been 

explored via ellipsometry (scatterometry)26, light scattering14, and CD-SAXS27. Here, we present 

an efficient in-situ approach using heated AFM to monitor the real time topography of decaying 

patterned polymer features. The relaxation behavior was captured above the glass transition 

temperature of the matrix and the composite material (Tg, PMMA matrix ≈ 97.2 °C , Tg, 20 % grafted SiO2 NP 

≈ 99.7 °C and  Tg, 20 % bare SiO2 NP ≈ 100.3 °C; see SI for details). High-throughput, automated analysis 

of the surface topography data gives direct insight into the shape evolution and relaxation 

dynamics of the patterned films.  

 

Results and Discussion     

Parallel line and space patterns (height, H, ≈ 150 nm and wavelength, L, ≈ 850 nm) were imprinted 

with a sawtooth cross sectional profile via capillary force lithography28 using a soft elastomeric 

polydimethylsiloxane (PDMS) stamp as shown in Figure 1. Both neat PMMA and PMMA 

nanocomposite films (with 20 % mass fraction of bare silica nanoparticles (SiO2 NP) and 20 % 

mass fraction of PMMA-grafted SiO2 NP relative to the matrix mass) were investigated. The 

molecular mass of the PMMA matrix is 3 kg/mol with a polydispersity of 1.09. The average radius 

of the bare SiO2 NP was 4.5 (± 0.5) nm. PMMA grafted SiO2 NP had an average radius of 7.7 (± 

2) nm after grafting and the number average molecular mass (Mn) of the grafted chains was 19.4 

kg/mol with a grafting density ≈ 0.65 chains/nm2. After imprinting, the underlying non-patterned 

part of the film  (“residual thickness or residual layer” as shown in Figure 1 as hR)  plays a 

significant role in affecting the decay phenomenon of the pattern10; therefore, different residual 

thickness of ≈ 34 nm, ≈ 152 nm, and ≈ 257 nm were also investigated via this technique.  
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Figure 1. Schematic illustrating the capillary force lithography process used to produce patterned 

PMMA and the PMMA composite films. A soft elastomeric PDMS mold is brought in contact 

with a blade-coated film, and the assembly is heated above the Tg of the PMMA matrix to transfer 

the pattern via mold filling with high fidelity. The height, H, and the wavelength, L, of the sawtooth 

pattern is approximately 150 nm and 850 nm respectively, after imprinting. The residual layer, hR 

depends on the thickness of the blade coated film before imprinting.  

     Figure 2 depicts how continuous scanning was translated into continuous capture of height 

decay for a patterned sample. The relevant AFM scan parameters were: scan rate = 1 Hz, scan size 

= 10 m, aspect ratio = 1, and samples/line = 512. Therefore, a single AFM scan line was 

comprised of 512 data points in x (fast scan axis), which equates to a data spacing of roughly 20 

nm and allows us to adequately capture the surface profile of the nanopattern. Additionally, each 

AFM image was comprised of 512 lines in y (slow scan axis), representing discrete time points in 

the decay process with a time resolution of 1 s (1 Hz). The AFM was run in “continuous capture” 

mode, meaning that when the AFM head reached the end of a scan, it would immediately reverse 

the scan direction and continue to scan the nanopatterned sample. We chose to operate in the 

“continuous capture” mode rather than disabling the slow scan axis (that is, repeatedly scan the 

same exact location on the sample) to reduce any potential tip-induced deformation of the pattern 

during imaging.  Image capture continued until the pattern height trace reached ≈ 10 nm. For each 
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sample, we recorded the time required to place the sample on the AFM heat stage and subsequently 

engage the AFM head/tip onto the sample surface. This delay time was accounted for during the 

image analysis and was generally observed to be between 45 s and 90 s.  

 

Figure 2. In-situ capture of pattern height decay for a neat PMMA film exposed to 120 °C (hR ≈ 

34 nm) using heated AFM. Continuous scanning was employed with a scan resolution of 1 

line/second.  

     One of the biggest advantages of this in-situ pattern decay measurement technique is the 

observation of direct shape evolution of the patterns as shown in Figure 3. As the patterns decay, 

each scan line becomes a discrete temporal data point, enabling us to directly observe the shape 

evolution from an initial asymmetric sawtooth profile into a symmetric sinusoidal profile, 

suggesting that a spectral analysis could be a robust choice for quantification. We compare the 

difference in shape evolution for a neat PMMA film and a nanocomposite film in Figure 3. The 

neat PMMA film decaying at 120 °C loses the sawtooth profile quite early during the decay process 

(as shown in Figures 3a and 3b), whereas the nanocomposite film holds onto the sawtooth profile 

and gradually loses the asymmetric line profile (Figures 3c and 3d), becoming sinusoidal later 

compared to the neat PMMA film. Similar shape evolution for rectangular gratings14,26 has been 
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shown before where the initial height decay is convoluted with a rounding of the rectangular edges, 

driving the gratings to become sinusoidal with time. We witness a similar polymer reflow at these 

sawtooth notches, where the initial height decay is coupled with rounding of the sharp notches, 

driving the line profile to become sinusoidal with time. Another important implication of the line 

profiles shown in Figures 3b and 3d is the relaxation of the imprinted features is much slower in 

composite films compared to the neat PMMA film. This slowing down of the relaxation time for 

composite films has been observed before in ex-situ experiments as discussed in our previous 

paper13.  

 

Figure 3. 3D AFM height image of the patterned film decaying at 120 °C with a hR  of 152 nm for 

(a) neat PMMA and (c) 20 % filled (w.r.t mass of PMMA matrix) bare SiO2 NP film.  Shape 

evolution of the features are depicted by line profiles shown in (b) and (d) where the time 

difference between the red and the black scan lines is approximately 500 s for both the samples.  
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     Due to the periodicity of the imprinted pattern, a Fourier analysis was done for each scan line. 

Any periodic function can be described as a sum of sinusoidal waves: 

𝑠(𝑥) = ∑ 𝐴𝑛𝑠𝑖𝑛(2𝜋𝑛𝑥/𝐿 + 𝜑𝑛)𝑛 ..................... (1)  

where 𝐴𝑛 is the nth order Fourier mode amplitude, L is the pattern wavelength, and 𝜑𝑛 is the nth 

order Fourier mode phase. The power spectrum of such a function will have regularly spaced peaks 

at each multiple of the fundamental spatial frequency, the amplitudes of which correspond to 𝐴𝑛. 

The evolution of these peaks over time provides a complete description of the nano pattern decay.  

A partial differential equation for thin films predicts29 that, if the pattern is small in amplitude 

compared to the film thickness, each Fourier mode will relax independently of the others. Higher-

order modes can play a significant role in defining the overall pattern relaxation for ultra-thin 

polymer films (with very low hR), therefore tracking only the primary peak decay in that case might 

not be sufficient. For this study, our data generally meets the independent relaxation criterion for 

the higher-order modes as the abundance of influence on the fits comes from the tail of the 

relaxation curve which satisfies the small amplitude assumption. Therefore, we only consider the 

fundamental mode for all cases as a simplifying assumption.  

     Figure 4 depicts the spectral analysis and subsequent height decay of a representative patterned 

film of PMMA with 20 % mass fraction bare SiO2  NP at 125 °C with hR = 152 nm. Each scan line 

yields a temporally resolved “spectral average peak to peak (SPTP) amplitude” (see Experimental 

section). Figure 4a shows a sequential AFM height map for a patterned film where the decay can 

be easily visualized as function of time. Any defect arising in the pattern as shown in Figure 4a 

(for example feature distortion, dust particle, NP cluster etc.) does not bias the fit results as these 

lines are identified and masked prior to fitting (see experimental section). Figure 4b illustrates the 

resultant spectrogram exhibiting SPTP amplitude as a function of the spatial frequency of the 



9 
 

pattern signifying the sinusoidal nature of these patterns. Tracking the decay of the primary peak 

in Figure 4b can yield the decay curve of the pattern height as shown in Figure 4c. The decay curve 

is fitted to a stretched exponential function  

𝐴 = 𝐴0𝑒
−(𝑡

𝜏
)
𝛽

..................... (2) 

yielding the important physical parameters of the relaxation process, the decay time τ and the 

stretching parameter β.  

 

Figure 4. Decay of a nanopatterned film of PMMA with 20 % mass fraction bare SiO2  NP at 125 

°C with a 152 nm hR. (a) Sequential height maps depicting the height decay as a function of time 

(b) Spectral analysis yielding sinusoidal features quantified by “spectral average peak to peak 

(SPTP) amplitude” as a function of the spatial frequency.  (c) Tracking the primary peak frequency 

as function of time yields a height decay curve. Solid orange line depicts a stretched exponential 

fit to the data.  

     Utilizing the approach described above, various parameters affecting the pattern decay were 

investigated such as the decay temperature, hR and type of nanoparticle, NP, added (PMMA grafted 

SiO2 NP compared to unmodified bare SiO2 NP). Figures 5a-c display SPTP amplitude decay 
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curves obtained from spectral analysis of the in-situ heated AFM images. Figure 5a shows the 

effect of decay temperature (for a fixed NP loading and residual layer thickness), where the decay 

rate of the patterned nanofeature increases as the exposure temperature increases. In Figure 5b, the 

effect of hR is examined, and we observe that the decay kinetics are faster when the residual layer 

thickness increases. The reflow of the imprinted nanostructure speeds up as the residual thickness 

of the film increases due to a sharp decrease in the relaxation time as the mean thickness of the 

film increases as predicted by the lubrication appriximation10,30. Figure 5c demonstrates that the 

addition of unmodified bare NPs leads to the slowest decay kinetics compared to the grafted NPs 

due to the attractive interactions between the unmodified NP and the matrix chains. 

 

Figure 5. SPTP amplitude decay plots achieved from spectral analysis of the in-situ heated AFM 

images. (a) Effect of temperature for a 20 % filled (mass fraction relative to the  PMMA matrix) 

grafted SiO2 NP film for a hR of 152 nm where increasing the temperature yields a faster decay 
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rate. (b) Effect of hR underneath the patterned features for a 20 % filled (mass fraction relative to 

the  PMMA matrix) bare SiO2 NP film at 120 °C, depicting the faster reflow rate of the 

nanofeatures as the hR increases. (c) Effect of particle system at a decay temperature of 115 °C for 

a hR of 152 nm where bare SiO2 NP features decays the slowest. Solid lines represent the stretched 

exponential fits to the data.  

     To quantify the relaxation dynamics of the pattern decay via in-situ heated AFM, SPTP 

amplitude decay plots (obtained from the spectral analysis) were fit to a stretched exponential 

function as shown in Figures 5a-c yielding τ and β. Arrhenius plots (τ as a function of 1/T) and β 

of the pattern relaxation process for hR 34 nm, 152 nm, and 257 nm are shown in Figure S1 (see 

Supplementary Information). β lies between 0.63 and 1.07  for neat PMMA films,  between 0.36 

and 1.08 for 20 % grafted SiO2 NP (w.r.t. matrix mass) filled films, and between 0.3 and 1  for 20 

% bare SiO2 NP (w.r.t. matrix mass) filled films for all hR investigated. Figures 6a-c show the τ of 

the pattern relaxation process as a function of the reduced glass transition temperature (Tg/T) for 

residual layer thicknesses (hR) of 34 nm, 152 nm and 257 nm, respectively. The Tg of the PMMA 

matrix and the composites were determined via ellipsometry (see experimental section and 

Supporting information Figure S2 and S3). It can be seen from Figures 6a and 6b the relaxation 

kinetics are slowest for the bare SiO2 NP, followed by the grafted SiO2 NP and finally the neat 

PMMA. We believe that the pattern relaxation slows down due to strong attractive interactions 

between the matrix and the bare NP, leading to slower pattern decay kinetics. This specific result 

of the additive system will be explored in detail in a future study. One interesting thing to note 

here is the relaxation trends in Figure 6c for the hR of 257 nm. Here, we see the effective relaxation 

time for the grafted SiO2 NP film is almost comparable to the bare SiO2 NP film. The effect of the 

type of additive added on the nanofeature stability was highly suppressed as the hR was increased 

to 257 nm. This behaviour can be attributed to a higher reflow of the imprinted pattern (as predicted 
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by the lubrication appriximation10,30) into the bulk of the film and the NP interaction with the 

matrix plays a very small or insignificant role here as the majority volume of the film actually lies 

underneath the pattern. Confinement driven NP partitioning has been reported before where the 

NP can move to specific regions in a pattern dependent on the initial thickness of the film and the 

grafted polymer chain length.31 For the hR, the particle system and the confining dimensions 

investigated in this study, we do not believe we have any selective partitioning of the NP within 

the pattern (which can influence heterogenous relaxation behaviour) and that the NP are well-

dispersed throughout the thickness of the film.  
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Figure 6.  Relaxation time, τ as a function of Tg/T for (a) hR = 34 nm (b) hR = 152 nm (c) hR = 257 

nm respectively. Solid lines represent linear fits to the data.  

     It is important to note here that in-situ heated AFM technique enabled us to probe the effect of 

hR on pattern decay of a very low molecular mass PMMA (3 kg/mol, 5× smaller than the 

entanglement molecular mass of PMMA). Patterned films with higher hR, in any case, decay much 

faster (> 9-10 times faster dependent on the decay temperature) than lower hR films. Capturing this 

fast decay process ex-situ can be quite cumbersome and plagued with very low reproducibility of 

the decay kinetics. In-situ heated AFM measurements enabled  the investigation of higher hR films 

by delivering a high density of decay data points to capture the fast relaxation rate confidently. A 

comparison of decay data for an imprinted film captured via ex-situ AFM13 and in-situ AFM is 

shown in Figure S4, where a significant difference in the data density can be seen. Another 

advantage of using in-situ AFM as a measurement technique for nanopattern decay is the 

instrument’s inherent flexibility in changing the stimulus driving the pattern decay; for example, 

the kinetics of imprinted organic nanofeature decay can change under exposure to various solvents 

(and their mixtures), electric charge, mechanical force, heat etc. The surface topography data 

collected is essentially the same, therefore the line-by-line spectral analysis approach depicted here 

would be identical for any stimulus-driven height decay being investigated, making this technique 

highly versatile.  

 

Conclusion 

We demonstrate in-situ heated AFM as a robust characterization tool for tracking the thermal 

induced decay of neat and composite patterned polymer films. Continuous scanning of the 

patterned film with a fixed scan frequency of 1 Hz enabled the capture of pattern decay at a 
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reasonable high temporal resolution of 1 s. Spectral analysis of each scan line provides direct 

insight in to the shape evolution of the pattern and can be used to quantify the decay of the pattern. 

It was seen that films with the lowest hR and with unmodified SiO2 NP decayed the slowest. For 

patterned films with highest hR at all the temperatures investigated (above the Tg), the NP additive 

system (grafted SiO2 NP and unmodified SiO2 NP) played an insignificant role in reinforcing the 

patterned films as the relaxation times were almost comparable. As we have shown, this in-situ 

AFM technique and the subsequent analysis procedure holds high promise to be used for capturing 

the decay of patterned organic nanofeatures as it can be used for any material system, any 

underlying residual layer (hR), and any substrate and doesn’t require any special sample 

preparation.   

 

Experimental 

Poly(methyl methacrylate) (PMMA), with a number average molecular mass (Mn) of 3.1 kg/mol 

and polydispersity, Ð  of 1.09 was purchased from Polymer Source (syndiotactic rich content > 79 

%) and was used as received. The glass transition, Tg  for the PMMA matrix was ≈ 97.2 °C 

determined via ellipsometery13
. PMMA grafted SiO2 NP, Mn, grafted chains ≈ 19.4 kg/mol, Ð  ≈ 1.17, 

grafting density  ≈ 0.65 chains/nm2 with an average radius of 7.7 (± 2) nm after grafting as 

measured by transmission electron microscopy (TEM), were synthesized using surface-initiated 

atom transfer radical polymerization32,33. The glass transition of the composite containing 20 % 

(mass fraction relative to the matrix mass) PMMA grafted SiO2 NP in the PMMA matrix is 99.7 

(± 0.1) °C determined via ellipsometry as shown in Figure S2. Unmodified bare SiO2 NP (nominal 

radius ≈ 4.5 (± 0.5) nm) were purchased from Nissan Chemicals and used as received. The glass 

transition of the composite containing 20 % (mass fraction relative to the matrix mass) unmodified 
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bare SiO2 NP in the PMMA matrix is 100.3 (± 0.5) °C determined via ellipsometry as shown in 

Figure S3. 

     Neat and composite PMMA solutions in acetone for unmodified SiO2 NP and toluene for 

grafted SiO2 NP were prepared with 20 %  NP concentration with respect to the matrix mass. The 

solutions were then blade coated onto a clean ultraviolet ozone treated silicon substrate and the 

thickness of the films was measured by spectral reflectometry (F-20 Ultraviolet Thin Film 

Analyzer; Filmetrics, Inc.). The thickness of the neat PMMA and PMMA composite films before 

imprinting was 109 (±4) nm, 227 (±8) nm and 332 (±7) nm  to yield residual thickness (hR) of 34 

(±4) nm, 152 (±8) nm and 257 (±7) nm respectively. TEM images indicating the dispersion of 20 

%  NP concentration with respect to the matrix mass for both unmodified bare SiO2 NP and PMMA 

grafted SiO2 NP can be seen in Figure S5 for a non-patterned as-cast film (film thickness of 

approximately 109 nm) .  Cross-linked poly(dimethylsiloxane) (PDMS) (purchased from Dow, 

Sylgard 184 Silicone elastomer kit and used as received) elastomer layers (thickness ≈ 1 mm, 20:1 

base to curing agent) were made by casting against on Edmund Optics diffraction grating, pitch ≈ 

850 nm, height difference Δh ≈ 150 nm, and curing at 120 °C for 2 h. The PDMS elastomeric 

stamps were placed in contact with the blade-coated films, and  the assembly was heated at 180 

°C for 1 h to transfer the pattern via mold filling by capillary forces. Small samples were diced 

from the patterned films and used subsequently for the in-situ measurements.   

         In-situ heated AFM experiments were performed on a Dimension Icon (Bruker) equipped 

with a heat stage (Bruker), and the imaging was performed in tapping mode. Decay experiments 

were conducted at temperatures between 110 °C and 130 °C.  The samples were small enough 

(low thermal mass) such that they equilibrated rapidly (< 1 min) on the AFM heat stage within the 

delay time (tD) observed to move the sample under the AFM head and engage the tip onto the 
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surface (tD ≈ 45 s to 90 s).  We employed the automated sample stage and a reduced SPM safety 

height (50 m) to speed up the time required to engage the tip onto the sample surface. The surface 

topography of the patterned samples was captured continuously at a scan rate of 1 Hz. Continuous 

scanning was stopped manually when the pattern height trace reached < 10 nm.  

A script was written in Python to process Nanoscope data files using the Numpy and Scipy 

libraries.34 After parsing the headers and loading the Z-sensor height maps, the images are 

concatenated, alternately flipping the images such that each line is sequential in time. For each 

line, the data are detrended with a linear fit, windowed using a “flattop” profile and zero-padded 

by a factor of 2 to precisely locate (via Fourier interpolation) and accurately measure (via flattop 

windowing) peak amplitudes. The frequency of the fundamental mode is selected by choosing the 

frequency of the maximum amplitude of the first scan of each dataset. Due to imperfections in the 

imprint, this may not be the actual maximum of each individual periodogram. The peak amplitudes 

were converted from mean squared power (P) to average peak-to-peak (SPTP) amplitude by the 

function SPTP=(2P)0.5. Lines that were identified as containing pattern defects large enough to 

bias the SPTP measurement were manually eliminated from the fit by scaling the amplitude 

residuals by infinity, effectively setting those error residuals to zero. These lines were chosen 

liberally and, in some cases (as in Figure 4), lines were eliminated that would have had almost no 

effect on the resultant fit parameters, while in other cases, the eliminated lines would have 

significantly biased the stretched exponential fit. The SPTP amplitude at the fundamental 

frequency is then fitted using the Levenberg-Marquardt nonlinear least-squares algorithm to a 

stretched exponential function as described in equation 2 as in the work by Alvine, et al.35 and 

Karim, et al.14 The fit was bounded to positive values for the initial amplitude (A0), relaxation time 

(τ), and stretching exponent (β). The weight of the fits was determined by estimating the noise 
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amplitude of the data (≈ 50 pm) and scaling the amplitude residuals by that value. Parameter error 

estimates were generated using the covariance matrix at the optimal parameters and represent one 

standard uncertainty.  
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