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Abstract 

Mechanical Spectral hole burning (MSHB) has been used to investigate the nonlinear 

dynamics in polymers, ranging from melts, solutions, block co-polymers, and glasses. MSHB 

was developed as an analog to the dielectric spectral hole burning method, which is not readily 

applicable in polymers due to weak dielectric response. While similar holes were observed in 

both mechanical and dielectric hole burning, the interpretations were different. In the latter case, 

it has been argued that the holes are related to dynamic heterogeneity as related to an increase in 

local temperature of molecular sub-ensembles (spatial heterogeneity) while in the former case 

the holes have been related to the type of dynamics (rubbery, Rouse etc.). Recent work from our 

labs used MSHB to investigate glassy poly (methyl methacrylate) and showed evidence of hole 

burning and supported the hypothesis that the origin of holes was related to dynamic 

heterogeneity as evidenced by the holes being developed near to the strong β-relaxation in 

PMMA. In the present work MSHB is used to study polycarbonate which has a weak β-

relaxation, and the results are compared with those observed in PMMA. We observe that the 

polycarbonate exhibits weak holes and the nature of the holes with change in pump amplitude 

and frequency are different than observed in PMMA. These results support the hypothesis that 

the hole burning observed in amorphous polymers below the glass transition temperature is 

related to the strength of the β-transition which, in turn, is related to molecular level 

heterogeneity in the material dynamics.  
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1) Introduction 

Glasses find extensive application in different fields such as optics, pharmaceuticals, 

electronics and aerospace 1. Polymeric glasses, in the deep glassy state exhibit excellent 

mechanical properties and are commonly used in engineering applications. Linear viscoelastic 

properties of polymers are well characterized by mechanical and dielectric spectroscopies, and 

going beyond linear response, methods such as large amplitude oscillatory shear (LAOS) 

provides information about material response under large deformations (non-linear deformation). 

These LAOS tests have been applied to soft materials such as polymer solutions and polymer 

melts 2, but only a few works have reported the non-linear dynamics of polymers in the deep 

glassy state3-5. Hence understanding of non-linear response of glassy polymers is important from 

both fundamental and practical perspectives. 

The non-linear measurements in the field of dielectric spectroscopy are similar to LAOS 

experiments (mechanical counterpart) because of the similar nature for their underlying 

equations 6. The non-linear dielectric response of small molecule glass formers (with large 

dielectric susceptibility) was investigated by Schiener et al7, 8 through non-resonant spectral hole 

burning (NSHB). These experiments aimed to investigate dynamic heterogeneity 7-12 in the 

vicinity of the glass transition temperature. In NSHB, a large sinusoidal electric field (pump) is 

applied, followed by a short waiting time and then the sample is subjected to a small constant 

electric field (probe), changing sign in two separate experiments. Then, the after effect on the 

polarization due to the pump is removed by phase cycling, where a similar pump and probe 

sequence is applied but with the probe being of the opposite sign. From these two sets of 

experiments, a modified probe response is obtained which is then compared with the unperturbed 

linear response of the material not subjected to the large sinusoidal pump. If the difference 

between the modified and linear responses (either in horizontal or vertical direction) is zero or 

constant, then it is interpreted as a homogenous response. In the homogenous case, the sample 

responds uniformly to the pump and the entire spectrum (modified response) shifts uniformly. 

However, in the case of a heterogenous response, some parts (sub ensembles) are selectively 

modified by the pump and this leads to a non-uniform shift in response and is evidenced by the 

presence of holes. Presence of holes in NSHB experiments has been related to thermal energy 

being dumped in selected regions of the sample upon application of the pump, which causes a 
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change in local fictive temperature and corresponding dielectric relaxation times. A brief review 

of NSHB has recently been reported by Chamberlin.13 

NSHB is not commonly applied to polymers because of their low dielectric response. For 

such cases, McKenna and co-workers developed mechanical spectral hole burning (MSHB) 14-19 

as an analog to NSHB for polymers. Here the sample is subjected to a large sinusoidal pump of 

either strain or stress (analogous to electric field in NSHB) followed by a waiting time and then 

by a small step probe (strain or stress). To date, MSHB has been used to investigate several 

polymeric systems such as polymer melt 14, 15, polymer solutions 15-18, block copolymers 19 and 

even a polymer in the deep glassy state 20. These works on MSHB enhance our understanding of 

dynamic heterogeneity and the possible origin of holes. Shi and McKenna15 burned holes far 

above the glass transition in a long chain branched polyethylene (where homogenous dynamics 

would be expected if the hole-burning requires a local temperature inhomogeneity) and in 

polystyrene solutions and attributed the presence of holes to spatial heterogeneity (microstructure 

and concentration fluctuation though space respectively). Further, Shi and McKenna 14, 15 

demonstrated that the holes burned were not captured by non-linear models such as the Kaye–

Bernstein, Kearsley, and Zapas (K–BKZ) theory21, 22 and Bernstein–Shokooh stress clock 

model23. These led us to an understanding that holes are not just a manifestation of non-linear 

viscoelasticity arising from the application of the large pump, at least in the present framework 

of constitutive equations tested. In addition MSHB on SIS tri-block copolymers (styrene–

isoprene–styrene) was performed near the order-disorder transition (ODT) temperature 19. Holes 

were burned below the ODT (ordered state) and no holes were observed above the ODT. Qin et 

al16 examined a series of polystyrene solutions in different dynamic regimes and varied the 

length scale of heterogeneity by varying concentration and molecular weight of a series of 

different molecular weight polystyrenes  in solution at different concentrations. Holes were 

observed in the Rouse regime, rubbery plateau regime, and the rubbery to terminal transition 

regime, whereas no holes were observed in the terminal regime, independent of the introduced 

length scales, i.e. the length scale of induced heterogeneity did not influence the hole burning 

event. From these results it was inferred that the dynamic heterogeneity was not necessarily due 

to spatial heterogeneity as caused by changing concentration and molecular weight. Qian et al18 

performed MSHB on similar polystyrene solutions16  but in a stress-controlled domain and made 
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similar conclusions that the dynamic heterogeneity was related to type of dynamics rather than 

increase in fictive temperature due to selective heat dumping. MSHB measurements on 

polystyrene solutions and polybutadiene solutions were compared with other nonlinearity 

characterizing methods which use LAOS, such as Fourier transform rheology (FTR) and 

Lissajous–Bowditch (LB) plots17. The MSHB provides additional information that is potentially 

useful in fingerprinting the non-linear response, rather than duplicating the existing results.  

Hole burning has been extended to investigate the non-linear dynamics of materials in the 

deep glassy state. Richert 5 performed NSHB on D-sorbitol near the β-transition temperature. 

Holes were observed and were attributed to an estimated local temperature change of 0.6 K. 

Mangalara and McKenna 20 have carried out MSHB on PMMA at room temperature (close to the 

β-transition). Temperature change during the application of the pump was directly measured and 

was found to be 0.65 K for a 9% pump deformation. The results were interpreted to imply that 

the observed temperature change was insufficient to cause the holes. It is of interest to ascertain 

whether or not the β-relaxation, related to a dynamic heterogeneity is the cause of the burned 

holes. To this end, in the present work we investigated a polycarbonate material at room 

temperature. Polycarbonate has a weak β-transition (including at room temperature) which is due 

to motions of the chain backbone 3, 24 and the results are compared with the prior results 20 for 

PMMA which shows a strong β-relaxation near to room temperature, which is due to motion of 

the polymer's side groups.3, 25  

2) Experimental Methods 

Materials:  

Polycarbonate rods were obtained from K-Mac plastics and machined into a cylindrical 

geometry before testing. Details of the experimental setup are given in 20. The glass transition 

temperature was determined using Mettler-Toledo DSC 1 where the heating and cooling rates 

used were 10 K/min. Mass of the sample was 9.92 mg and the Tg for polycarbonate was found to 

be 144.6 ⁰C (midpoint).  

Rheological Testing: 
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An RMS 7200 (Rheometrics, Inc.) rotary rheometer was used to perform the MSHB and 

stress relaxation experiments on the polycarbonate sample. Glasses show memory and aging 

effects 26 and, hence, prior to each experiment, the sample was heated to 150 ⁰C and held for 

60min to remove prior mechanical and thermal histories. The sample was then quenched to room 

temperature where aging begins. The sample takes approximately 10 min to cool from 150 ⁰C to 

ambient temperature. Struik’s protocol 27 was followed to account for the aging effects of 

polymer glasses. A constant ageing time of 9000 sec was used 20 while the time for the 

MSHB/stress relaxation experiments themselves were 900 sec. The torsional strain applied on 

the sample varies linearly with the radius and is given by,28 

𝛾𝛾𝑅𝑅 =
𝑅𝑅𝑅𝑅
𝐿𝐿

= 𝜓𝜓𝜓𝜓 

Where, R is the outer radius, L is the gauge length and 𝜃𝜃 is angle of twist in radians. R = 3mm 

and L = 30mm were the sample gauge geometries in this study. Finite strain rate effects 29 were 

corrected using 𝑡𝑡 − 𝑡𝑡1
2

 (with 𝑡𝑡1 = 0.07 sec ), which were the same parameters used in 20 to obtain 

true relaxation time. 

Stress relaxation experiments were used in the investigation along with time temperature 

superposition (TTS) 30 to determine the polycarbonate relaxation response over a wider range of 

times than the 900 s duration usable within the Struik protocol demanded by the hole burning 

experiments. As described subsequently, this permitted the data range for the determination of 

the hole burning behavior to be extended to the full range of the probe time. 

MSHB tests were performed at frequencies of 0.0728, 0.036, 0.0189 and 0.0098 Hz. It 

consists of a series of three experiments as shown in Figure 1(a). In the first experiment a large 

sinusoidal strain (pump) is applied followed by a small waiting time and then a small (linear 

deformation) step strain (probe) is applied. Since the experiments are strain controlled, we work 

in modulus space and the resulting expression for modulus can be written as, 14, 15, 19 

𝐺𝐺+(𝛾𝛾, 𝑡𝑡) =  𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝛾𝛾, 𝑡𝑡) +  𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚(𝛾𝛾, 𝑡𝑡) 

The second part of the experiment consists of the same sinusoidal pump, waiting time and then 

probe but in the negative direction (Figure 1(a)). The expression for modulus is given as,14, 15, 19 



Final Accepted Version: J. Chem. Phys. 154, 124904 (2021); DOI:  10.1063/5.0045589 
  
  

 
6 

 

𝐺𝐺−(𝛾𝛾, 𝑡𝑡) =  𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝛾𝛾, 𝑡𝑡) −  𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚(𝛾𝛾, 𝑡𝑡) 

In order to remove the aftereffects caused by the pump, phase cycling was performed, and the 

modified probe response is given as,14, 15, 19 

𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚(𝛾𝛾, 𝑡𝑡) =
𝐺𝐺+(𝛾𝛾, 𝑡𝑡) − 𝐺𝐺−(𝛾𝛾, 𝑡𝑡)

2
 

In the third part of the experiment, only the probe deformation is applied without any prior 

sinusoidal pump deformation. This is referred to as unmodified or unperturbed response. This 

unmodified response (𝐺𝐺𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝑡𝑡)) is compared with the modified probe response (𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚(𝛾𝛾, 𝑡𝑡)) 

which results in holes. Two types of holes can be seen: (i) in the horizontal direction 

log(𝑡𝑡)𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − log(𝑡𝑡)𝑚𝑚𝑚𝑚𝑚𝑚 at a constant modulus; (ii) in the vertical direction 𝐺𝐺𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝛾𝛾, 𝑡𝑡) −

𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚(𝛾𝛾, 𝑡𝑡) at constant time. Definition of holes are schematically described below (Figure 1(b)).  

 

Figure 1. (a) Schematic of mechanical spectral hole burning (Adapted from Schiener et al7. 

Reprinted with permission from AAAS  ). (b) Schematic of definition of holes for PMMA at 4% 

pump, 0.6% probe, 0.0728 Hz, 22 ⁰C (Reprinted from Mangalara & McKenna 20, with the 

permission of AIP publishing)   

3) Results and Discussion 

3.1) Establishing the Linear regime 

The linear viscoelastic regime was identified by performing a set of stress relaxation 

experiments at different strain magnitudes at 22 ⁰C. Figure 2(a) shows shear modulus variation 
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with time at different strains. The linear regime is established until 1.5% strain and deviation 

from linearity is seen from 2% strain. Other works have also reported that linear response is 

observed below 1.5% strain in polycarbonate.31 from this result we can conclude that the step 

probe of 0.6% strain used in this study is in the linear regime 

 

Figure 2: Shear modulus vs. time for polycarbonate at 22 ⁰C 

3.2) Time-Temperature superposition 

In order to determine the hole burning response, the long time behavior of the single step 

stress relaxation response is required, thus we used time-temperature superposition (TTS) to 

create the required long time relaxation modulus reference response. Polycarbonate shows global 

thermorheological simplicity due to weak β process32. To obtain the master curve using TTS, the 

polycarbonate was subjected to step shear deformation tests at a strain of 0.6% and for a range of 

temperatures below the glass transition from 22 ⁰C to 130 ⁰C. Prior to each experiment the 

sample was quenched to the temperature of interest and aged for 9000 sec, which is 10 times the 

relaxation experiment time of 900 sec. The curves at each temperature were superimposed and 

the produced master curve is shown in figure 3. The reference temperature used to construct the 

master curve was 22 ⁰C. This master curve is useful to obtain horizontal holes over an extended 

timescale.  
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Figure 3: (a) Stress relaxation data for polycarbonate at 0.6% deformation at different 

temperatures (b) Master curve of polycarbonate at 0.6% strain and reference temperature of 22 

⁰C 

3.3) Hole burning in polycarbonate 

3.3.1) Pump Amplitude effects 

In the present work, pump amplitudes of 3%, 4%, 5%, 6%, 7.5% and 9% were used at 

four different frequencies to investigate hole burning effects, if any, in polycarbonate. Figure 

4(a) shows clear evidence of vertical holes in the polycarbonate response for a pump frequency 

of 0.0189 Hz. We have hypothesized that any holes in the polycarbonate response would be 

weaker than what was observed in PMMA because of polycarbonate having a weaker 

β−relaxation 33, 34 than does PMMA.  For comparison Figure 4(b) shows the corresponding 

vertical holes for PMMA 20. For the PMMA the peak intensity can be seen to increase with 

increase in pump amplitude. On the other hand, we see in Figure 4(a) that the polycarbonate 

exhibits relatively low amplitude holes. It is important to note that the highest intensity hole for 

PMMA was ∆𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚~275 MPa (9% pump, 0.0098 Hz), whereas for the polycarbonate the highest 

intensity hole obtained was ∆𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚~95 MPa for the same pump-probe conditions. These results 

strongly support the hypothesis that the holes in the deep glassy state are related to dynamic 

heterogeneity as reflected in the occurrence of a strong β-transition (as seen in PMMA). On the 

other hand, horizontal holes were observed for polycarbonate unlike the case of PMMA for 
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which only segments of potential holes were evidenced. Though the horizontal holes in the 

polycarbonate shifted to much longer time scales (greater than experimental time scale), the 

availability of the master curve enabled us to obtain the complete horizontal holes. This was not 

possible for PMMA because of the presence of a strong β-relaxation at room temperature which 

precludes the use of time temperature superposition to construct a master curve35, 36. In the case 

of the PMMA, incomplete horizontal holes were seen in the accessible experimental time scale. 

For the polycarbonate and the 3% and 4% pump amplitudes, clear horizontal holes were not 

observed and in further analysis of the horizontal holes, these pump amplitudes are not 

considered. Horizontal holes for polycarbonate at 0.0189 Hz are shown in Fig 4(c). The intensity 

of the holes is seen to increase with pump amplitude and are shifted to longer time scales similar 

to the case of the vertical holes. Horizontal and vertical holes both help to distinguish a 

heterogenous response from a homogenous one. Temporal shifts are more easily recognized in 

horizontal holes as they represent a direct shift in relaxation times Horizontal holes are more 

decisive than vertical holes as they can directly distinguish homogenous and heterogenous 

response based on the data even for a single pump frequency. But with vertical holes, a 

frequency varying response is needed in order to conclude a heterogenous response.7, 13 
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Figure 4: Vertical holes at different pump amplitude at 0.0189 Hz & 22 ⁰C (a) Polycarbonate (b) 

PMMA (Reprinted from Mangalara & McKenna 20, with the permission of AIP publishing)   (c) 

Horizontal holes for Polycarbonate at 0.0189 Hz & 22⁰C 

The intensity of the vertical holes varied linearly with the square of the applied pump 

strain in PMMA20, except at the lowest frequency. On the other hand, polycarbonate did not 

show the same behavior. Figure 5 (a) shows a plot of vertical hole intensity with square of strain 

amplitude. A linear correlation for vertical hole intensity with square of pump amplitude was 

observed up until 6% pump and deviation from this behavior can be seen for results above the 

7.5% pump amplitude (PMMA showed the quadratic dependence on the pump amplitude up to 

the highest pump tested of 9% ). For lower frequency, vertical hole intensity started to deviate at 

even lower pump amplitude as seen in the case of 0.0098 Hz. These deviations could be due to 

shear softening. Similar deviations from linear behavior were observed in dielectric hole burning 

of a spin glass 37 and titanium-modified lead magnesium niobite ceramic 38. Similarly, the 

horizontal hole intensity also deviated from the linear dependence on square of pump amplitude 

from 6% pump strain (Figure 5 (b)). These deviations are more significant at lower pump 

frequencies.  Of interest here is that, although it was expected that the polycarbonate hole-

burning response would be weaker than that of the PMMA, it is surprising that the polycarbonate 

response also deviates from the expected 8, 12, 15, 17, 18, 20 scaling behavior that the hole intensity 

should vary with the square of the deformation for the range of pump amplitudes investigated. In 

order to investigate the shear softening behavior in polycarbonate, a plot of peak shear stress 
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(sinusoidal deformation) vs. strain (Figure 5(c)) was constructed. The strain applied on a 

cylindrical sample is a function of radius and the total stress at the edge of the sample is 

calculated by the equation from Nadai & Wahl 39 

𝑆𝑆𝑟𝑟=𝑅𝑅 = �
1

2𝜋𝜋𝑅𝑅3� �
𝜃𝜃
𝑑𝑑𝑑𝑑
𝑑𝑑𝜃𝜃

+ 3𝑀𝑀� 

Where 𝑀𝑀 is the torque on the sample and 𝜃𝜃 is the angle of twist. Polycarbonate begins to soften 

from around 5% - 6% strain amplitude (Figure 5(c)). The softening behavior is consistent with 

the deviations seen in the vertical and horizontal hole intensities with applied strain squared. 

Similar softening was observed at other frequencies investigated in the study.  
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Figure 5: Pump amplitude dependence of the hole burning response in polycarbonate. (a) vertical 

hole intensity with pump amplitude squared (b) horizontal hole intensity with pump amplitude 

squared (c) Peak shear stress vs. strain amplitude at 0.0728 Hz 

3.3.2) Frequency effects: 

In addition to the amplitude dependence of the hole burning event, it is also of interest to 

examine how the hole amplitude changes with pump frequency. The vertical holes obtained at 

different frequencies at each pump amplitude studied are shown in Figure 6. Low intensity 

vertical holes were obtained for the polycarbonate at 3% pump amplitude (figure 6(a)). In this 

case, the applied non-linear deformation (3%) was not enough to spectrally modify the response 

and create a clear vertical modification in the polycarbonate under the instrument limitation and 

experimental time scale investigated. As the pump amplitude was increased, a clear vertical 

modification in the form of holes was observed at different frequencies. Peak intensity increased 

with decrease in pump frequency and the position of the holes shifted to longer times. In the 

glassy state molecular mobility is low and relaxation times become very long. Thus, the lower 

pump frequencies (higher time period) can modify a greater number of molecules (long 

relaxation time) and hence higher intensity holes are observed at the lower pump frequencies. 

The variation of vertical hole intensity with frequency is shown in Figure 7.  For the 

polycarbonate the hole intensity varies as ω−0.39  −  ω−0.13(table 1), while for PMMA the 
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variation was as ω−0.52  −  ω−0.2(Figure 7(b)) when the pump amplitude increased from 4% to 

9%. The results indicate that PMMA shows a larger dependence of vertical hole intensity on 

frequency when compared to polycarbonate reflecting that the underlying dynamics in PMMA 

are more heterogenous and, deep in the glassy state as here, related to the stronger β−relaxation 

in PMMA at room temperature than that of polycarbonate which is quite weak33, 34.  
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Figure 6: Vertical holes for polycarbonate at 22 C (a) 3% (b) 4% (c) 5% (d) 6% (e) 7.5% (f) 9% 

pump amplitude 

 

Figure 7: Vertical hole intensity dependence on frequency (a) Polycarbonate (b) PMMA 20 

Pump amplitude Frequency dependence 

3% ω−0.33±0.1 

4% ω−0.31±0.07 

5% ω−0.39±0.07 

6% ω−0.13±0.043 
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7.5% ω−0.25±0.05 

9% ω−0.2±0.03 

Table 1: Vertical hole dependence on frequency for polycarbonate 

Horizontal hole intensities at different pump amplitudes are shown in figure 8 for the 

polycarbonate. Hole intensity was found to increase with decrease in pump frequency and the 

holes shifted to longer times. Clear horizontal holes were not observed for the 3% and 4% pump 

amplitudes and are not reported. Horizontal holes varied with frequency as ω−1.27  −  ω−0.66 

when the pump amplitude varied from 5% to 9% (Figure 9). In the case of PMMA, complete 

horizontal holes were observed only at 4% and 6% pump. From the results obtained for PMMA 

and polycarbonate, we do not observe any correlation between frequency variation of horizontal 

and vertical holes, and this precludes a comparison of polycarbonate with PMMA.  
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Figure 8. Horizontal holes in polycarbonate at different frequency levels (a) 5% pump (b) 6% 

pump (c) 7.5% pump (d) 9% pump 

 

Figure 9: Horizontal hole intensity dependence on frequency for polycarbonate 

3.3.3) Lissajous loops and pump energy dissipation  

Lissajous loops at different sinusoidal pump strain are shown in figure 10(a). The energy 

dissipated through the application of sinusoidal pump was calculated from the Lissajous-

Bowditch plot and is compared with PMMA (Figure 10(b)). The energy dissipated in a Lissajous 

loop for a strain amplitude in the linear regime can be calculated from the following equation: 
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E = π(γ2) (G′′) 

Where γ is strain amplitude and G′′ is loss modulus. But in the current work the strain 

amplitudes reached were in the non-linear regime. Hence the energy loss was calculated from the 

measured Lissajous figures by calculating the area enclosed by the Lissajous loops. For smaller 

strain amplitudes (3%, 4% and 5%), a quadratic fit was made to the torque vs strain data and the 

area enclosed was calculated. For higher strains (6%, 7.5% and 9%), a cubic fit was used to 

obtain a better fitting for the torque vs strain data and the corresponding area enclosed was 

obtained. This area gives the energy dissipation in a Lissajous loop. Similar calculations were 

performed in our previous work on PMMA.20 Energy dissipated per unit cycle for 9% pump 

amplitude at 0.0728 Hz for polycarbonate (area enclosed by the Lissajous loop) was found to be 

455.24 x 10^(−4)   J. The volume of the polycarbonate sample was 8.48 x 10^(−7) 𝑚𝑚^3. 

Therefore, the energy dissipated per cycle per unit volume is 53680 J/𝑚𝑚^3. Density and heat 

capacity for polycarbonate are 1178 Kg/𝑚𝑚^ 40and 1200 J
𝐾𝐾𝐾𝐾.𝐾𝐾

 41 respectively and this would result 

in a local temperature change of  ̴ 38 𝑚𝑚𝑚𝑚. Mangalara and McKenna 20 performed similar energy 

calculations on PMMA and reported an expected temperature change of   ̴ 96 𝑚𝑚𝑚𝑚 from the 

Lissajous loop for a 9% pump amplitude and 0.0728 Hz. In fact, the temperature change in 

PMMA due to application of 9% strain deformation was found to be 0.65K experimentally. Such 

temperature change magnitude (0.6 K) was estimated by Richert 5 for D-sorbitol near the β-

transition temperature to cause the observed holes using NSHB.  Mangalara and McKenna 
20concluded that the local temperature change due to energy input itself was not enough to burn 

holes, while works on dielectric NSHB attributed holes to the rise in local temperature caused by 

application of a pump. A comparative study of temperature change in both NSHB and MSHB 

was made 20 and the estimated temperature change 5 required to burn holes could not be reached 

through the hysteretic loss during the pump application. Therefore, they 20 interpreted the results 

to support the hypothesis that the dynamic heterogeneity that causes holes is a result of the 

dynamic regime being probed rather than a local fictive temperature change. The energy 

dissipated and corresponding rise in temperature calculated from the Lissajous loops for different 

pump amplitudes are summarized in table 2. 

Pump amplitude Energy dissipated (J/m^3) ΔT (mK) 
3% 2438.44 1.72 
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4% 5408.49 3.82 
5% 12113.63 8.57 
6% 20681.7 14.63 

7.5% 37880.24 26.78 
9% 56167.41 39.73 

Table 2. Energy dissipated and corresponding temperature rise calculated from the measured 

Lissajous loops for different pump amplitudes. 

 



Final Accepted Version: J. Chem. Phys. 154, 124904 (2021); DOI:  10.1063/5.0045589 
  
  

 
19 

 

 

Figure 10. Torque Vs Strain (Lissajous plot) (a) at different pump amplitudes for polycarbonate 

(b) at 9% pump amplitude and 0.0728 Hz for polycarbonate and PMMA. PMMA data from 20 

Hole intensity variations with energy dissipation due to application of pumps at 0.0728 

Hz were also obtained and the results are shown in Figure 11. Both vertical and horizontal hole 

intensities varied linearly up to 6% strain and started to deviate at higher pump amplitude. These 

results are consistent with the previous findings on variation of peak intensities with square of 

pump amplitude. 
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Figure 11. Hole intensity variation with energy dissipated in a Lissajous loop at 0.0728 Hz. (a) 

vertical hole intensity (b) horizontal hole intensity 

Summary and Conclusions 

Mechanical spectral hole burning experiments have been performed using polycarbonate 

material and the results are compared with those for PMMA. Unlike the case for PMMA in the 

deep glassy state, the polycarbonate shows weaker holes and the peak intensity (horizontal and 

vertical) show a linear dependence on square of applied strain but deviates at higher strain 

amplitudes which was not seen in the case of PMMA. This latter result is unexpected and 

requires further exploration. These findings suggest that a weaker β-transition would result in 

weaker holes which supports the hypothesis that the hole burning observed in amorphous 

polymers below the glass transition temperature is related to dynamic heterogeneity related to the 

strength of the β-transition rather than the dynamic heterogeneity as related to selective heat 

dumping. Finally, energy dissipation due to application of the sinusoidal pump has been 

calculated and compared with that of PMMA and the calculated local temperature change is 

insufficient to burn holes. Hole intensities varied linearly with energy dissipated but started to 

deviate above 6% pump amplitude. These deviations are consistent with the hole intensity 

variation with applied strain squared. Further experiments at different temperature and different 

materials (based on their β-transition strength and position) are to be performed to obtain more 
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insights into how the nature of β-transition in the deep glassy state is related to dynamic 

heterogeneity which causes the hole burning rather than change in local fictive temperature. 
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