
SUPPLEMENTARY INFORMATION
DOI: 10.1038/NMAT4359

NATURE MATERIALS | www.nature.com/naturematerials 1

SUPPLEMENTARY INFORMATION:  

TIME-DOMAIN SEPARATION OF OPTICAL PROPERTIES FROM 
STRUCTURAL TRANSITIONS IN RESONANTLY BONDED MATERIALS 

Lutz Waldecker, Timothy A. Miller, Miquel Rudé, Roman Bertoni, Johann Osmond, Valerio Pruneri, 
Robert Simpson, Ralph Ernstorfer, Simon Wall  

 

ELLIPSOMETRY AND RAMAN ANALYSIS OF PHASE TRANSFORMATION 
Figure S1a shows the measured dielectric function for three thermally prepared states. The amorphous state achieved 
after annealing to 75 oC is similar to the one achieved after quenching from the crystalline state. The values for the 
dielectric function reported here are different to those by Shportko et al1; however, we find a much better agreement 
with the dielectric functions found in references 2 and 3. This variation is likely due to the metastability of both 
crystalline and amorphous phases of GST. Small variations in composition and preparation can alter the state of the 
material, and substrates and capping layers can induce strain, resulting in slightly different optical values. However, 
in all cases the energy dependence of the dielectric function follows the same trend. Figure S1b shows the Raman 
spectra for the different states, which are in excellent agreement with other publications4–7. The spectrum obtained 
after pumping the crystalline sample with a fluence just above the phase transformation threshold is in excellent 
agreement with the amorphous state spectrum, whereas regions excited with a higher fluence match the as-
deposited phase spectra more closely. This indicates that the local bonding strongly depends on the temperature 
reached after excitation, even though long range order is lost in both cases.  

Figure S1 | Static Characterization of GST Samples a, Ellipsometry measurements of the dielectric 
function of GST in its different states prepared thermally. b, Raman measurements of the thermally 
prepared states of GST (solid lines) and the laser transformed regions (dashed lines) 
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BELOW-THRESHOLD DATA 
The optical data in Figure 2 of the manuscript is derived from the changes in reflectivity and transmissivity of the 
sample measured using conventional lock-in detection. Figure S2 shows both the data on short (a) and long (b) 
timescales used to extract the recovery time. On short timescales we observe coherent oscillations that can be 
attributed to coherent Raman-active phonons (see Figure S3); these predominantly influence the transmission. The 
dashed line marks the end of one oscillation period and indicates that the coherent phonon frequency remains 
constant for all pump fluences. On longer timescales we observe a slower oscillation corresponding to the breathing 
motion of the film, and the frequency is set by the speed of sound of the material. As the period of oscillation for 
both the optical and acoustic phonons remains constant, we conclude that there is no weakening of the lattice 
potential in this excitation regime.  

TRANSFER MATRIX METHOD 
Reflection and transmission from a layered sample can be converted into the complex dielectric function using a 
transfer matrix method8. A general transfer matrix is written as: 

𝑇𝑇𝑛𝑛 = (
cos(2𝜋𝜋𝑛𝑛𝛿𝛿 𝜆𝜆⁄ ) − 𝑖𝑖

𝑛𝑛 sin(
2𝜋𝜋𝑛𝑛𝛿𝛿 𝜆𝜆⁄ )

−𝑖𝑖𝑛𝑛sin(2𝜋𝜋𝑛𝑛𝛿𝛿 𝜆𝜆⁄ ) cos(2𝜋𝜋𝑛𝑛𝛿𝛿 𝜆𝜆⁄ )
)   (1)  

where 𝑛𝑛 is the complex refractive index, 𝛿𝛿 is the layer thickness and 𝜆𝜆 is the wavelength of the light. The transmission, 
𝑇𝑇, and reflection coefficient, 𝑅𝑅, for the multilayer system studied here can then be obtained from the combined 
system 𝑇𝑇𝑆𝑆𝑖𝑖𝑂𝑂2𝑇𝑇𝐺𝐺𝑆𝑆𝐺𝐺𝑇𝑇𝑆𝑆𝑖𝑖3𝑁𝑁4  with the light entering the Si3N4 layer from air and leaving the GST layer into the SiO2 

Figure S2 | Measured Reflectivity and Transmission of GST Films Used to Calculate the Time-
Dependent Dielectric Function a, Short timescale dynamics b, long time dynamics. Dashed lines show 
the frequency independence of optical phonons (a) and acoustic phonons (b) on the pump fluence.  
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substrate. A small amount of light is further reflected from the SiO2-air interface. This reflection is treated 
incoherently, i.e. light originating from multiple reflections inside the SiO2 layer does not interfere.  

The time dependent dielectric function is obtained by calculating 𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 for a range of complex refractive indices 𝑛𝑛′ =
𝑛𝑛 + Δ, and the average is taken of the values of 𝑛𝑛′ that satisfy both R(t) and T(t) simultaneously. From the resulting 
value for 𝑛𝑛′ the dielectric function can be obtained. The same method is used for calculating the complex dielectric 
function above the amorphization threshold. 

We fit the change in dielectric function with the following phenomenological model in the reversible regime: 

∆𝜀𝜀 = −𝐴𝐴𝑒𝑒−
𝑡𝑡
𝜏𝜏 − 𝐵𝐵 (1 − 𝑒𝑒−

𝑡𝑡
𝜏𝜏) , 𝑡𝑡 > 0  (2) 

where A and B are complex and 𝜏𝜏 is the recovery time of the optical signal (from Figure 1). The signal is then convolved 
with a Gaussian pulse of 40 fs FWHM to account for the experimental resolution. The results of the fit are shown in 
Figure S3 for the highest reversible fluence excitation, and an excellent fit is obtained. We attribute the A term to the 
dynamics of the resonantly bonded state. We can see that the dynamics of this term occur in both the real and 
imaginary part of the dielectric function. The coherent phonon signal, on the other hand, is only observed on the 
imaginary part of the dielectric function (i.e. the real part of B is small), and is in good agreement with the static 
Raman scattering signal.  

SINGLE-SHOT OPTICAL TECHNIQUE 
The linear chirp imparted on the probe beam, generated by passing through a thick glass block, results in a time-
dependent instantaneous frequency. The pump and probe beams are timed so that roughly 1/3 of the probe beam 
has passed through the sample before the pump beam arrives. As a result, each color in the beam experiences a 
different value of the transient refractive index of the sample. If we assume that the resulting ΔR/R and ΔT/T due to 
the time dependent dielectric function is independent of the probe frequency within our laser spectrum, we can 
extract the time-dependent signal.  

The frequency-to-time calibration was achieved by using a motorized delay stage to change the relative arrival time 
between pump and probe beams. The time zero position was found by fitting an error function to the signal at each 

Figure S3 | Typical Fitting results for the broadband dielectric function a, shows the fit parameters for 
the two terms in Equation 2, together with the residual. b, The Fourier transform of the residual obtained 
from the imaginary part from a, compared to the static Raman measurement.  
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delay as shown in Figure S4a. Figure S4b shows the extracted chirp of the pulse, which is 15.4 fs/pixel. Figure S4c 
shows that the ultrafast optical change of GST is independent of the probe wavelength. A limited spectral range was 
chosen for the dynamics due to the decrease in spectral intensity at the wings of the spectrum, resulting in more 
noise on the data.  

To measure the irreversible dynamics we perform three measurements at each position on the sample. First, we 
measure a reflection (R1) and transmission (T1) spectrum of the sample when there is no pump beam. We then 

Figure S4 | Calibration of the spectral signal into the time domain a, The physical pump-probe delay is varied 
and the rising edge of the signal fit to an error function. The laser spectrum is shown in the background.  b, The 
time zero point from (a) is plotted for different physical probe delays and shows the pulse has a linear chirp of 15.4 
fs/px. c, The recorded dynamics are shown to be independent of wavelength within the measured spectral range. 
After shifting the time traces by the appropriate time delay, the exact same dynamics are observed. Note that the 
increased noise at negative delays for t=-1.5 ps and positive delays for 1.5ps is due to the loss of intensity at the 
edges of the spectrum.  

Figure S5 | Measured ΔT/T and ΔR/R Time Traces Using the Single Shot Technique 
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measure the same spectra (R2 and T2) when a pump beam excites the sample. The third measurement of the 
transmission and reflection spectra is again performed without the pump beam (R3, T3) to observe any permanent 
change. This process is repeated at 5 different points on the sample and then averaged. The permanent transmission 
change plotted in Figure 1d of the paper is obtained by averaging (T3/T1)-1 for each power. The dynamics of the 
reflectivity are obtained using ΔR/R = (R2/R1) -1 and the equivalent for ΔT/T. These dynamics are shown in Figure S5 
and are processed in the same way as the below-threshold data to calculate the dielectric function.  
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