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Abstract

This document provides a complete, reproducible protocol for measuring thermal hysteresis
in Raman phonon modes of monolayer graphene during heating and cooling cycles. All exper-
imental parameters, calibration procedures, data acquisition settings, and analysis algorithms
are fully specified to ensure exact replication of results across different laboratories.
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1 Purpose and Scientific Background

1.1 Objective

To experimentally measure thermal hysteresis in Raman phonon modes of monolayer graphene
during heating and cooling cycles. The goal is to detect possible non-reciprocal thermodynamic
coupling effects by comparing Raman peak positions and linewidths during temperature ramps.

1.2 Scientific Hypothesis

Graphene’s phonon modes may exhibit heating-cooling hysteresis due to:

• Anharmonic phonon-phonon coupling

• Substrate interaction effects

• Possible non-reciprocal thermodynamics in 2D materials

• Thermal expansion mismatch between graphene and SiO2 substrate

1.3 Expected Outcomes

• Temperature-dependent phonon softening (red shift with increasing temperature)

• Quantifiable hysteresis loop area between heating and cooling cycles

• Possible asymmetry in linewidth broadening indicating irreversible processes

• Stable defect ratio throughout experiment confirming sample integrity

2 Materials and Sample Preparation

2.1 Sample Specifications

Parameter Specification

Material CVD-grown monolayer graphene
Substrate 300 nm SiO2/Si (p-doped, (100) orientation)
Substrate resistivity 1-10 Ω·cm
Substrate size 10 mm × 10 mm
Graphene coverage >95% continuous monolayer
Doping level Undoped (as-grown)
Back side Polished (for optical transparency)

Table 1: Sample specifications
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2.2 Sample Preparation Protocol

Step 1: Substrate Cleaning

1. Sonicate in acetone for 10 minutes at 25°C

2. Rinse with isopropanol for 30 seconds

3. Sonicate in isopropanol for 10 minutes at 25°C

4. Dry with nitrogen gas (99.999% purity)

5. UV-ozone treatment for 15 minutes to remove organic residues

Step 2: Graphene Transfer (if using as-grown CVD)

1. Spin-coat PMMA A4 950K at 3000 rpm for 60 seconds

2. Bake at 150°C for 5 minutes

3. Etch copper foil in 0.1 M ammonium persulfate for 4-6 hours

4. Rinse graphene/PMMA in DI water (3 cycles, 10 minutes each)

5. Scoop onto cleaned SiO2/Si substrate

6. Dry at room temperature for 12 hours

7. Remove PMMA in acetone vapor at 50°C for 4 hours

8. Anneal in Ar/H2 (90%/10%) at 300°C for 2 hours

Step 3: Sample Mounting

1. Mount sample on temperature stage using silver paste

2. Ensure thermal contact - paste should cover 80% of back surface

3. Cure silver paste at 60°C for 30 minutes

4. Cover with quartz window (for vacuum measurements)

2.3 Quality Verification Criteria

Before measurement, verify sample quality using:

3 Instrumentation Specifications

3.1 Raman Spectrometer Configuration

3.2 Required Consumables and Supplies

4 Pre-Measurement Calibration

4.1 Instrument Alignment Protocol

Step 1: Laser Alignment
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Parameter Measurement Acceptance Condition

Monolayer confirmation Raman I2D/IG ratio I2D/IG > 2.0 and IG/I2D < 1
Defect density Raman ID/IG ratio ID/IG < 0.1
Uniformity Raman mapping (20×20 µm) < 5% variation in peak positions
Coverage Optical microscopy > 95% continuous
Doping level G peak position 1580± 2 cm−1

Strain 2D peak position 2680± 5 cm−1

Table 2: Quality verification criteria

1. Remove all filters, set laser to 0.1 mW

2. Place alignment pinhole (10 µm) at sample position

3. Maximize transmitted power through pinhole

4. Adjust mirrors to center beam on pinhole

5. Record transmitted power: should be > 80% of incident

Step 2: Confocal Alignment

1. Place flat mirror at sample position

2. Set pinhole to 50 µm

3. Maximize signal while scanning pinhole position

4. Repeat for both X and Y axes

5. Confocal performance: FWHM of axial response < 2 µm

4.2 Wavenumber Calibration

Procedure:

1. Measure silicon reference peak at room temperature

2. Acquisition: 3 accumulations, 10 seconds each

3. Fit with Lorentzian function (see Section 7)

4. Compare peak position to reference value: 520.0 cm−1

5. Apply correction if deviation > 0.2 cm−1

Calibration Equation:

νcorrected = νmeasured ×
520.0

νSi,measured
(1)

Acceptance: Post-calibration drift ≤ ±0.5 cm−1 over 8 hours.
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4.3 Laser Power Calibration

Measure laser power at sample position using calibrated power meter:
Acceptance: Measured power within ±5% of set point.

4.4 Temperature Stage Calibration

Two-point calibration:

1. Ice point: 0°C (273.15 K) using ice bath

2. Boiling point: 100°C (373.15 K) using water bath

3. Measure resistance of built-in RTD

4. Adjust calibration constants in controller

Verification: Measure known melting point standards:
Acceptance: All measurements within ±1 K of true value.

4.5 Spot Selection and Registration

Protocol for reproducible spot location:

1. Identify three fiducial marks (scratches) near sample center

2. Record stage coordinates of each mark using motorized stage

3. Create coordinate transformation matrix

4. Mark primary measurement spot (center of triangle)

5. Mark secondary sacrificial spot (50 µm away)

6. Save coordinates in experiment file

Coordinate Registration: [
xsample

ysample

]
= R

[
xstage
ystage

]
+ t (2)

where R is rotation matrix, t is translation vector.

4.6 Laser Heating Verification

Procedure:

1. At room temperature (300 K), collect spectra at:

• 0.1 mW

• 0.3 mW

• 0.5 mW

• 0.7 mW

• 1.0 mW
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2. For each power, measure 5 times at different spots

3. Plot G peak position vs. laser power

4. Fit linear regression: ωG = ω0 + αP

Acceptance Condition:

• Slope |α| < 0.5 cm−1/mW

• At operating power (0.5 mW), heating < 0.25 cm−1 shift

• Equivalent to temperature rise < 5 K (using ∂ω/∂T ≈ −0.02 cm−1/K)

5 Detailed Measurement Protocol

5.1 Experimental Timeline Overview

5.2 Hour 1: Room-Temperature Baseline

Setup:

• Laser power: 0.5 mW (verified from heating test)

• Grating: 1800 grooves/mm

• Acquisition time: 60 seconds per spectrum

• Accumulations: 3 (for cosmic ray removal)

• Spectral range: 1200-3200 cm−1

Measurement sequence:

1. Move to Spot 1 (primary measurement spot)

2. Auto-focus using reflected laser intensity

3. Collect Stokes spectrum (3 accumulations, 60 s each)

4. Collect anti-Stokes spectrum (-3200 to -1200 cm−1)

5. Move to Spot 2 (50 µm away)

6. Repeat steps 2-5

7. Move to Spot 3 (50 µm away in perpendicular direction)

8. Repeat steps 2-5

9. Return to Spot 1

Data to record:

• Full spectra (raw data)

• Stage coordinates for each spot

• Room temperature (record every 5 minutes)

• Laser power before and after

• Background spectrum (laser off)
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5.3 Hour 2: Heating Ramp (300 K → 500 K)

Temperature program:
At each temperature:

1. Ramp to set point at 10 K/min

2. Stabilize for exactly 5 minutes (timer starts when temperature reaches ±0.5 K of set point)

3. Record actual temperature from thermocouple

4. Auto-focus (thermal expansion may change focus)

5. Collect Stokes spectrum (3 × 60 s)

6. Collect anti-Stokes spectrum (3 × 60 s)

7. Record timestamp and actual temperature

8. Check laser power stability

Critical parameters to monitor:

• Temperature stability (±0.5 K)

• Focus drift (check every spectrum)

• Laser power (record before and after each set point)

• Background signal (check between accumulations)

5.4 Hour 3: High-Temperature Hold (500 K)

Hold protocol:

1. Maintain 500 K for 60 minutes total

2. Collect spectra every 10 minutes:

• 0 min (immediately after stabilization)

• 10 min

• 20 min

• 30 min

• 40 min

• 50 min

• 60 min

3. At each time point:

• Stokes spectrum (3 × 60 s)

• Anti-Stokes spectrum (3 × 60 s)

Power test at sacrificial spot (at 30 min):
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1. Move to sacrificial spot (secondary spot)

2. Collect spectra at:

• 0.3 mW (3 × 60 s)

• 0.5 mW (3 × 60 s)

• 0.7 mW (3 × 60 s)

• 1.0 mW (3 × 60 s)

3. Return to primary spot

4. Verify no damage: check ID/IG ratio

Purpose of hold:

• Confirm thermal equilibrium

• Check for time-dependent effects

• Verify absence of laser-induced artifacts

• Test sample stability at high temperature

5.5 Hour 4: Cooling Ramp (500 K → 300 K)

Temperature program:
Critical requirement: Measurements must be taken at the EXACT same location used during

heating.

• Use saved coordinates from heating run

• Verify position using optical image registration

• Check focus before each measurement

At each temperature:

1. Cool to set point at -10 K/min

2. Stabilize for exactly 5 minutes

3. Record actual temperature

4. Auto-focus

5. Collect Stokes spectrum (3 × 60 s)

6. Collect anti-Stokes spectrum (3 × 60 s)

7. Record timestamp
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5.6 Hour 5: Post-Cycle Verification

Return to room temperature:

1. Cool to 300 K at -10 K/min (if not already)

2. Stabilize for 10 minutes

3. Record final temperature

Spot 1 verification:

1. Move to primary measurement spot

2. Auto-focus

3. Collect reference spectrum (3 × 60 s)

4. Compare with initial baseline

Raman mapping:

• Grid size: 5 × 5 points

• Spacing: 2 µm (total area 10 × 10 µm)

• At each point:

– Stokes spectrum (1 × 30 s, faster acquisition)

– Record coordinates

• Generate maps of:

– G peak position

– G peak linewidth

– 2D peak position

– ID/IG ratio

Integrity check criteria:

• Mean G peak shift from initial < 0.5 cm−1

• Mean ID/IG ratio < 0.1

• No visible damage in optical image

• Spatial variation < 5% across map
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6 Spectral Fitting and Data Analysis

6.1 Peak Fitting Models

Lorentzian function for Raman peaks:

I(ν) = I0 +
A

π

Γ/2

(ν − ν0)2 + (Γ/2)2
(3)

where:

• I0 = background offset

• A = integrated area

• ν0 = peak center (cm−1)

• Γ = full width at half maximum (FWHM, cm−1)

Voigt function (for high-resolution work):

I(ν) = I0 +A
2 ln 2

π3/2

ΓL

Γ2
G

∫ ∞

−∞

e−t2(√
ln 2ΓL

ΓG

)2
+
(
ν−ν0
ΓG

− t
)2dt (4)

where ΓL = Lorentzian width, ΓG = Gaussian width.
Multi-peak fitting for 2D region: The 2D band consists of 4 Lorentzian components for

monolayer graphene:

I2D(ν) =
4∑

i=1

Ai

π

Γi/2

(ν − ν0,i)2 + (Γi/2)2
(5)

6.2 Fitting Algorithm

Initial parameters for G peak:

• ν0 = 1580 cm−1

• Γ = 15 cm−1

• A = 1000 (adjust based on intensity)

• I0 = median of baseline region (1500-1550 cm−1)

Initial parameters for 2D peak:
Fitting constraints:

• All Γ > 0

• ν0 within ±50 cm−1 of initial

• Background I0 linear over fitting range

• For 2D: intensity ratios constrained to physical values
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6.3 Local Temperature Calculation from Anti-Stokes/Stokes Ratio

The phonon temperature is calculated using:

IAS

IS
=

(
νAS

νS

)4

exp

(
− ℏΩ
kBTlocal

)
(6)

Solving for Tlocal:

Tlocal = − ℏΩ

kB

[
ln
(
IAS
IS

)
− 4 ln

(
νAS
νS

)] (7)

where:

• ℏ = 1.0545718× 10−34 J·s

• kB = 1.380649× 10−23 J/K

• Ω = 2πcν with c = 2.99792458× 1010 cm/s

• ν in cm−1 must be converted to Hz: νHz = c · νcm−1

Acceptance condition:
|Tlocal − Tstage| ≤ 5 K (8)

6.4 Hysteresis Quantification

For each temperature point:

∆ωhyst(T ) = ωheat(T )− ωcool(T ) (9)

∆Γhyst(T ) = Γheat(T )− Γcool(T ) (10)

For G mode and 2D mode separately:

• ωG(T ) = G peak position at temperature T

• ΓG(T ) = G peak FWHM at temperature T

• ω2D(T ) = 2D peak position (center of mass)

• Γ2D(T ) = 2D peak FWHM

6.5 Hysteresis Loop Area Calculation

Continuous integral:

A =

∫ Tmax

Tmin

|ωcool(T )− ωheat(T )| dT (11)

Discrete approximation (trapezoidal rule):

A ≈
n−1∑
k=1

|∆ωk|+ |∆ωk+1|
2

(Tk+1 − Tk) (12)

where ∆ωk = ωheat(Tk)− ωcool(Tk)
Uncertainty in area:

σA =

√√√√n−1∑
k=1

(
Tk+1 − Tk

2

)2

(σ2
∆ωk

+ σ2
∆ωk+1

) (13)
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6.6 Thermal Coefficient Calculation

Linear temperature coefficient:
ω(T ) = ω0 + χT (14)

where χ = ∂ω/∂T in cm−1/K.
Non-linear model (including anharmonicity):

ω(T ) = ω0 +A

(
1 +

2

eℏω0/2kBT − 1

)
+B

(
1 +

3

eℏω0/3kBT − 1

)
(15)

where A and B are anharmonic constants.

7 Complete Python Analysis Code

1 #!/usr/bin/env python3

2 # -*- coding: utf -8 -*-

3 """

4 Complete Raman Data Analysis for Graphene Hysteresis Measurements

5 Version: 2.0

6 Author: 2D Materials Characterization Lab

7 """

8

9 import numpy as np

10 import pandas as pd

11 import matplotlib.pyplot as plt

12 from scipy.optimize import curve_fit , minimize

13 from scipy import stats

14 from scipy.signal import savgol_filter

15 from scipy.integrate import trapz

16 from dataclasses import dataclass

17 from typing import Dict , List , Tuple , Optional

18 import warnings

19 import json

20 import os

21 from pathlib import Path

22

23 warnings.filterwarnings(’ignore ’)

24

25 #

============================================================================

26 # Physical Constants

27 #

============================================================================

28

29 @dataclass

30 class PhysicalConstants:

31 """Physical constants for Raman analysis"""

32 hbar: float = 1.0545718e-34 # J s

33 k_B: float = 1.380649e-23 # J/K

34 c: float = 2.99792458 e10 # cm/s
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35 h: float = 6.62607015e-34 # J s

36

37 def cm_to_Hz(self , nu_cm: float) -> float:

38 """Convert cm^-1 to Hz"""

39 return nu_cm * self.c

40

41 def phonon_energy(self , nu_cm: float) -> float:

42 """Phonon energy in Joules"""

43 return self.h * self.cm_to_Hz(nu_cm)

44

45 const = PhysicalConstants ()

46

47 #

============================================================================

48 # Peak Fitting Functions

49 #

============================================================================

50

51 def lorentzian(x: np.ndarray , x0: float , gamma: float , area: float ,

52 background: float) -> np.ndarray:

53 """

54 Lorentzian peak function

55

56 Parameters:

57 -----------

58 x : array

59 Wavenumber values

60 x0 : float

61 Peak center

62 gamma : float

63 FWHM

64 area : float

65 Integrated area

66 background : float

67 Constant background

68

69 Returns:

70 --------

71 array : Lorentzian intensity

72 """

73 return background + (area / np.pi) * (gamma /2) / ((x - x0)**2 + (gamma

/2) **2)

74

75 def multi_lorentzian(x: np.ndarray , params: List[Tuple]) -> np.ndarray:

76 """

77 Sum of multiple Lorentzian peaks

78

79 Parameters:

80 -----------

81 x : array

82 Wavenumber values

83 params : list of tuples
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84 List of (x0, gamma , area) for each peak

85

86 Returns:

87 --------

88 array : Combined intensity

89 """

90 y = np.zeros_like(x, dtype=float)

91 for x0, gamma , area , bg in params:

92 y += lorentzian(x, x0 , gamma , area , bg)

93 return y

94

95 def gaussian(x: np.ndarray , x0: float , sigma: float , area: float ,

96 background: float) -> np.ndarray:

97 """Gaussian peak function"""

98 return background + (area/( sigma*np.sqrt (2*np.pi))) * \

99 np.exp(-(x-x0)**2/(2* sigma **2))

100

101 def voigt(x: np.ndarray , x0: float , gamma_L: float , gamma_G: float ,

102 area: float , background: float) -> np.ndarray:

103 """

104 Voigt profile (convolution of Lorentzian and Gaussian)

105 Approximated using pseudo -Voigt for computational efficiency

106 """

107 # Pseudo -Voigt approximation

108 f_L = lorentzian(x, x0 , gamma_L , area , 0)

109 f_G = gaussian(x, x0 , gamma_G/np.sqrt (8*np.log (2)), area , 0)

110

111 # Mixing parameter

112 eta = 0.5 # Fixed for simplicity

113

114 return background + (1-eta)*f_G + eta*f_L

115

116 #

============================================================================

117 # Graphene Spectrum Analysis Class

118 #

============================================================================

119

120 class GrapheneRamanAnalyzer:

121 """

122 Complete analyzer for graphene Raman spectra

123 """

124

125 def __init__(self , spectral_range: Tuple[float , float] = (1200, 3200))

:

126 """

127 Initialize analyzer

128

129 Parameters:

130 -----------

131 spectral_range : tuple

132 (min , max) wavenumber range in cm^-1
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133 """

134 self.range = spectral_range

135 self.fitting_results = {}

136

137 # Reference values

138 self.ref_G = 1580.0 # cm^-1

139 self.ref_2D = 2680.0 # cm^-1

140 self.ref_D = 1350.0 # cm^-1

141

142 def load_spectrum(self , filename: str) -> Dict:

143 """

144 Load Raman spectrum from file

145

146 Expected format:

147 - First column: wavenumber (cm^-1)

148 - Second column: intensity (counts)

149 """

150 data = np.loadtxt(filename)

151 x = data[:, 0]

152 y = data[:, 1]

153

154 # Apply Savitzky -Golay filter for noise reduction

155 y_smooth = savgol_filter(y, window_length =11, polyorder =3)

156

157 return {’x’: x, ’y_raw’: y, ’y_smooth ’: y_smooth , ’filename ’:

filename}

158

159 def subtract_background(self , x: np.ndarray , y: np.ndarray ,

160 method: str = ’linear ’) -> np.ndarray:

161 """

162 Subtract background from spectrum

163

164 Methods:

165 - ’linear ’: linear interpolation between endpoints

166 - ’poly ’: polynomial fit to baseline regions

167 - ’rubberband ’: rubberband baseline correction

168 """

169 if method == ’linear ’:

170 # Linear baseline between min and max x

171 y_baseline = np.interp(x, [x[0], x[-1]], [y[0], y[-1]])

172 return y - y_baseline

173

174 elif method == ’poly’:

175 # Fit polynomial to regions without peaks

176 # Define peak -free regions

177 mask = ((x < 1500) | ((x > 1600) & (x < 2600)) | (x > 2800))

178

179 # Fit polynomial

180 coeffs = np.polyfit(x[mask], y[mask], 3)

181 y_baseline = np.polyval(coeffs , x)

182 return y - y_baseline

183

184 elif method == ’rubberband ’:

185 # Rubberband baseline correction
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186 from scipy.spatial import ConvexHull

187

188 # Find convex hull of spectrum

189 points = np.column_stack ([x, y])

190 hull = ConvexHull(points)

191

192 # Get lower envelope

193 baseline_indices = hull.vertices[hull.vertices.argmin ():] + \

194 [hull.vertices [0]]

195 baseline_points = points[baseline_indices]

196

197 # Interpolate baseline

198 y_baseline = np.interp(x, baseline_points [:, 0],

baseline_points [:, 1])

199 return y - y_baseline

200

201 else:

202 raise ValueError(f"Unknown background method: {method}")

203

204 def fit_G_peak(self , x: np.ndarray , y: np.ndarray ,

205 fit_range: Tuple[float , float] = (1550, 1620)) -> Dict:

206 """

207 Fit G peak with Lorentzian

208

209 Returns:

210 --------

211 dict with keys: position , fwhm , area , intensity , r_squared

212 """

213 # Select range

214 mask = (x >= fit_range [0]) & (x <= fit_range [1])

215 x_fit = x[mask]

216 y_fit = y[mask]

217

218 # Normalize for better fitting

219 y_norm = y_fit / np.max(y_fit)

220

221 # Initial guesses

222 x0_init = x_fit[np.argmax(y_fit)]

223 gamma_init = 15.0 # cm^-1

224 area_init = np.trapz(y_norm , x_fit)

225 bg_init = np.min(y_norm)

226

227 # Fit

228 try:

229 popt , pcov = curve_fit(

230 lorentzian , x_fit , y_norm ,

231 p0=[x0_init , gamma_init , area_init , bg_init],

232 bounds =([ x0_init -10, 1, 0, 0],

233 [x0_init +10, 50, np.inf , 0.5]),

234 maxfev =5000

235 )

236

237 # Calculate R-squared

238 y_fitted = lorentzian(x_fit , *popt)
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239 ss_res = np.sum(( y_norm - y_fitted)**2)

240 ss_tot = np.sum(( y_norm - np.mean(y_norm))**2)

241 r_squared = 1 - (ss_res / ss_tot)

242

243 # Convert back to original scale

244 scale_factor = np.max(y_fit)

245 area_original = popt [2] * scale_factor

246

247 return {

248 ’position ’: popt[0],

249 ’fwhm’: popt[1],

250 ’area’: area_original ,

251 ’intensity ’: scale_factor ,

252 ’background ’: popt[3],

253 ’r_squared ’: r_squared ,

254 ’covariance ’: pcov ,

255 ’fit_x ’: x_fit ,

256 ’fit_y ’: y_fitted * scale_factor

257 }

258

259 except Exception as e:

260 print(f"G peak fitting failed: {e}")

261 return None

262

263 def fit_2D_peak(self , x: np.ndarray , y: np.ndarray ,

264 fit_range: Tuple[float , float] = (2600, 2800)) -> Dict

:

265 """

266 Fit 2D peak with 4 Lorentzian components

267

268 Returns:

269 --------

270 dict with peak parameters for each component

271 """

272 # Select range

273 mask = (x >= fit_range [0]) & (x <= fit_range [1])

274 x_fit = x[mask]

275 y_fit = y[mask]

276

277 # Normalize

278 y_norm = y_fit / np.max(y_fit)

279

280 # Initial parameters for 4 peaks

281 # Order: [x0_1 , gamma_1 , area_1 , x0_2 , gamma_2 , area_2 , ...]

282 x0_init = [2640, 2660, 2680, 2700]

283 gamma_init = [24, 24, 24, 24]

284 area_init = [0.25, 0.5, 0.75, 1.0] # Relative intensities

285 bg_init = 0.0

286

287 # Combine initial parameters

288 p0 = []

289 bounds_lower = []

290 bounds_upper = []

291
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292 for i in range (4):

293 p0.extend ([ x0_init[i], gamma_init[i], area_init[i]])

294 bounds_lower.extend ([ x0_init[i]-20, 5, 0])

295 bounds_upper.extend ([ x0_init[i]+20, 50, 5])

296 p0.append(bg_init)

297 bounds_lower.append (0)

298 bounds_upper.append (0.5)

299

300 def multi_lorentzian_fixed(x, *params):

301 """Wrapper for multi -peak fitting"""

302 peaks = []

303 for i in range (4):

304 x0 = params [3*i]

305 gamma = params [3*i + 1]

306 area = params [3*i + 2]

307 peaks.append ((x0 , gamma , area , 0))

308 bg = params [-1]

309

310 y_sum = bg

311 for x0, gamma , area , _ in peaks:

312 y_sum += lorentzian(x, x0 , gamma , area , 0)

313 return y_sum

314

315 # Fit

316 try:

317 popt , pcov = curve_fit(

318 multi_lorentzian_fixed , x_fit , y_norm ,

319 p0=p0,

320 bounds =( bounds_lower , bounds_upper),

321 maxfev =10000

322 )

323

324 # Extract component parameters

325 components = []

326 total_intensity = 0

327 for i in range (4):

328 x0 = popt [3*i]

329 gamma = popt [3*i + 1]

330 area = popt [3*i + 2]

331 components.append ({

332 ’position ’: x0 ,

333 ’fwhm’: gamma ,

334 ’area’: area ,

335 ’intensity ’: lorentzian(x0 , x0 , gamma , area , 0)

336 })

337 total_intensity += area

338

339 # Calculate R-squared

340 y_fitted = multi_lorentzian_fixed(x_fit , *popt)

341 ss_res = np.sum(( y_norm - y_fitted)**2)

342 ss_tot = np.sum(( y_norm - np.mean(y_norm))**2)

343 r_squared = 1 - (ss_res / ss_tot)

344

345 # Calculate center of mass
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346 weights = [c[’area’] for c in components]

347 com = np.average ([c[’position ’] for c in components], weights=

weights)

348

349 # Calculate overall FWHM

350 half_max = np.max(y_fitted) / 2

351 indices = np.where(y_fitted >= half_max)[0]

352 if len(indices) > 0:

353 fwhm_overall = x_fit[indices [-1]] - x_fit[indices [0]]

354 else:

355 fwhm_overall = 0

356

357 return {

358 ’components ’: components ,

359 ’center_of_mass ’: com ,

360 ’fwhm_overall ’: fwhm_overall ,

361 ’intensity_ratio ’: components [3][’area’] / components [0][’

area’],

362 ’r_squared ’: r_squared ,

363 ’fit_x ’: x_fit ,

364 ’fit_y ’: y_fitted * np.max(y_fit),

365 ’total_intensity ’: total_intensity * np.max(y_fit)

366 }

367

368 except Exception as e:

369 print(f"2D peak fitting failed: {e}")

370 return None

371

372 def fit_D_peak(self , x: np.ndarray , y: np.ndarray ,

373 fit_range: Tuple[float , float] = (1300, 1400)) -> Dict:

374 """Fit D peak (defect peak)"""

375 mask = (x >= fit_range [0]) & (x <= fit_range [1])

376 x_fit = x[mask]

377 y_fit = y[mask]

378

379 # If no D peak , return zeros

380 if np.max(y_fit) < 0.1 * np.max(y):

381 return {

382 ’position ’: 0,

383 ’fwhm’: 0,

384 ’area’: 0,

385 ’intensity ’: 0,

386 ’present ’: False

387 }

388

389 y_norm = y_fit / np.max(y_fit)

390

391 x0_init = x_fit[np.argmax(y_norm)]

392 gamma_init = 20

393 area_init = np.trapz(y_norm , x_fit)

394 bg_init = np.min(y_norm)

395

396 try:

397 popt , _ = curve_fit(
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398 lorentzian , x_fit , y_norm ,

399 p0=[x0_init , gamma_init , area_init , bg_init],

400 bounds =([ x0_init -10, 5, 0, 0],

401 [x0_init +10, 50, np.inf , 0.5])

402 )

403

404 scale = np.max(y_fit)

405 return {

406 ’position ’: popt[0],

407 ’fwhm’: popt[1],

408 ’area’: popt [2] * scale ,

409 ’intensity ’: scale ,

410 ’present ’: True

411 }

412

413 except Exception:

414 return {’present ’: False}

415

416 def analyze_spectrum(self , filename: str ,

417 background_method: str = ’linear ’) -> Dict:

418 """

419 Complete analysis of graphene Raman spectrum

420 """

421 # Load spectrum

422 data = self.load_spectrum(filename)

423 x = data[’x’]

424 y_raw = data[’y_raw’]

425

426 # Subtract background

427 y_corrected = self.subtract_background(x, y_raw , background_method

)

428

429 # Fit peaks

430 g_result = self.fit_G_peak(x, y_corrected)

431 twod_result = self.fit_2D_peak(x, y_corrected)

432 d_result = self.fit_D_peak(x, y_corrected)

433

434 # Calculate ratios

435 if g_result and twod_result:

436 I_G = g_result[’intensity ’]

437 I_2D = twod_result[’total_intensity ’]

438 I_D = d_result[’intensity ’] if d_result[’present ’] else 0

439

440 ratio_2D_G = I_2D / I_G if I_G > 0 else 0

441 ratio_D_G = I_D / I_G if I_G > 0 else 0

442

443 # Determine layer number

444 if ratio_2D_G > 2:

445 layers = 1 # Monolayer

446 elif ratio_2D_G > 1:

447 layers = 2 # Bilayer

448 else:

449 layers = 3 # Few -layer

450 else:
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451 ratio_2D_G = 0

452 ratio_D_G = 0

453 layers = -1

454

455 result = {

456 ’filename ’: filename ,

457 ’G_peak ’: g_result ,

458 ’2D_peak ’: twod_result ,

459 ’D_peak ’: d_result ,

460 ’ratios ’: {

461 ’I2D/IG’: ratio_2D_G ,

462 ’ID/IG’: ratio_D_G ,

463 ’layers ’: layers

464 },

465 ’x’: x,

466 ’y_raw ’: y_raw ,

467 ’y_corrected ’: y_corrected

468 }

469

470 self.fitting_results[filename] = result

471 return result

472

473 def plot_spectrum(self , filename: str , save: bool = False):

474 """Plot spectrum with fits"""

475 if filename not in self.fitting_results:

476 print(f"Analyze {filename} first")

477 return

478

479 res = self.fitting_results[filename]

480

481 fig , axes = plt.subplots(2, 2, figsize =(12, 10))

482

483 # Full spectrum

484 ax = axes[0, 0]

485 ax.plot(res[’x’], res[’y_raw’], ’k-’, alpha =0.5, label=’Raw’)

486 ax.plot(res[’x’], res[’y_corrected ’], ’b-’, label=’Background

corrected ’)

487 ax.set_xlabel(’Raman shift (cm$^{-1}$)’)
488 ax.set_ylabel(’Intensity (counts)’)

489 ax.set_title(’Full Spectrum ’)

490 ax.legend ()

491 ax.grid(True , alpha =0.3)

492

493 # G peak

494 ax = axes[0, 1]

495 if res[’G_peak ’]:

496 g = res[’G_peak ’]

497 ax.plot(g[’fit_x’], g[’fit_y’], ’r-’, linewidth=2, label=’Fit’

)

498 ax.axvline(g[’position ’], color=’r’, linestyle=’--’, alpha

=0.5)

499 ax.text (0.05, 0.95, f"G: {g[’position ’]:.1f} cm$^{-1}$\nFWHM:
{g[’fwhm ’]:.1f} cm$^{-1}$",

500 transform=ax.transAxes , verticalalignment=’top’)
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501 ax.set_xlabel(’Raman shift (cm$^{-1}$)’)
502 ax.set_ylabel(’Intensity ’)

503 ax.set_title(’G Peak’)

504 ax.grid(True , alpha =0.3)

505

506 # 2D peak

507 ax = axes[1, 0]

508 if res[’2D_peak ’]:

509 td = res[’2D_peak ’]

510 ax.plot(td[’fit_x’], td[’fit_y’], ’g-’, linewidth=2, label=’

Fit’)

511 if ’components ’ in td:

512 colors = [’c’, ’m’, ’y’, ’orange ’]

513 for i, comp in enumerate(td[’components ’]):

514 y_comp = lorentzian(td[’fit_x’], comp[’position ’],

515 comp[’fwhm’], comp[’area’], 0)

516 ax.plot(td[’fit_x’], y_comp , ’--’, color=colors[i],

alpha =0.5)

517 ax.axvline(td[’center_of_mass ’], color=’g’, linestyle=’--’,

alpha =0.5)

518 ax.text (0.05, 0.95, f"2D COM: {td[’center_of_mass ’]:.1f} cm$
^{-1}$\nFWHM: {td[’fwhm_overall ’]:.1f} cm$^{-1}$",

519 transform=ax.transAxes , verticalalignment=’top’)

520 ax.set_xlabel(’Raman shift (cm$^{-1}$)’)
521 ax.set_ylabel(’Intensity ’)

522 ax.set_title(’2D Peak’)

523 ax.grid(True , alpha =0.3)

524

525 # Ratios

526 ax = axes[1, 1]

527 ratios = res[’ratios ’]

528 bars = ax.bar([’I$_{2D}$/I$_G$’, ’I$_D$/I$_G$ ’],
529 [ratios[’I2D/IG’], ratios[’ID/IG’]],

530 color =[’green’, ’red’])

531 ax.axhline(2, color=’g’, linestyle=’--’, alpha =0.5, label=’

Monolayer threshold ’)

532 ax.axhline (0.1, color=’r’, linestyle=’--’, alpha =0.5, label=’

Defect threshold ’)

533 ax.set_ylabel(’Ratio’)

534 ax.set_title(’Intensity Ratios ’)

535 ax.legend ()

536 ax.grid(True , alpha =0.3)

537

538 plt.tight_layout ()

539

540 if save:

541 plt.savefig(filename.replace(’.txt’, ’_analysis.png’), dpi

=300)

542 plt.show()

543

544 #

============================================================================

545 # Temperature -Dependent Analysis
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546 #

============================================================================

547

548 class TemperatureRamanAnalyzer:

549 """

550 Analyzer for temperature -dependent Raman measurements

551 """

552

553 def __init__(self):

554 self.data = pd.DataFrame ()

555 self.analyzer = GrapheneRamanAnalyzer ()

556

557 def load_experiment_data(self , data_dir: str) -> pd.DataFrame:

558 """

559 Load all temperature -dependent spectra from directory

560

561 Expected file naming:

562 - Heating: H_300K.txt , H_350K.txt , H_400K.txt , ...

563 - Cooling: C_500K.txt , C_450K.txt , C_400K.txt , ...

564 """

565 data_dir = Path(data_dir)

566 results = []

567

568 for filepath in data_dir.glob(’*.txt’):

569 filename = filepath.name

570

571 # Parse filename

572 if filename.startswith(’H_’):

573 cycle = ’heating ’

574 T_str = filename [2:]. replace(’K.txt’, ’’)

575 elif filename.startswith(’C_’):

576 cycle = ’cooling ’

577 T_str = filename [2:]. replace(’K.txt’, ’’)

578 else:

579 continue

580

581 try:

582 T = float(T_str)

583

584 # Analyze spectrum

585 result = self.analyzer.analyze_spectrum(str(filepath))

586

587 # Extract parameters

588 row = {

589 ’filename ’: filename ,

590 ’cycle ’: cycle ,

591 ’temperature ’: T,

592 ’T_set ’: T,

593 ’G_position ’: result[’G_peak ’][’position ’] if result[’

G_peak ’] else np.nan ,

594 ’G_fwhm ’: result[’G_peak ’][’fwhm’] if result[’G_peak ’]

else np.nan ,
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595 ’G_intensity ’: result[’G_peak ’][’intensity ’] if result

[’G_peak ’] else np.nan ,

596 ’2D_position ’: result[’2D_peak ’][’center_of_mass ’] if

result[’2D_peak ’] else np.nan ,

597 ’2D_fwhm ’: result[’2D_peak ’][’fwhm_overall ’] if result

[’2D_peak ’] else np.nan ,

598 ’2D_intensity ’: result[’2D_peak ’][’total_intensity ’]

if result[’2D_peak ’] else np.nan ,

599 ’ID_IG ’: result[’ratios ’][’ID/IG’],

600 ’I2D_IG ’: result[’ratios ’][’I2D/IG’],

601 }

602

603 # Calculate local temperature if anti -Stokes available

604 as_file = filepath.parent / filename.replace(’.txt’, ’_AS.

txt’)

605 if as_file.exists ():

606 T_local = self.calculate_local_temperature(str(

filepath), str(as_file))

607 row[’T_local ’] = T_local

608 else:

609 row[’T_local ’] = np.nan

610

611 results.append(row)

612

613 except Exception as e:

614 print(f"Error processing {filename }: {e}")

615

616 self.data = pd.DataFrame(results)

617 self.data = self.data.sort_values ([’cycle’, ’temperature ’])

618 return self.data

619

620 def calculate_local_temperature(self , stokes_file: str ,

621 anti_stokes_file: str) -> float:

622 """

623 Calculate local temperature from Stokes/Anti -Stokes ratio

624 """

625 # Load spectra

626 stokes = self.analyzer.load_spectrum(stokes_file)

627 anti_stokes = self.analyzer.load_spectrum(anti_stokes_file)

628

629 # Find G peak in both

630 stokes_result = self.analyzer.fit_G_peak(stokes[’x’], stokes[’

y_smooth ’])

631 as_result = self.analyzer.fit_G_peak(anti_stokes[’x’], anti_stokes

[’y_smooth ’])

632

633 if stokes_result is None or as_result is None:

634 return np.nan

635

636 # Calculate ratio

637 I_S = stokes_result[’intensity ’]

638 I_AS = as_result[’intensity ’]

639 nu_S = stokes_result[’position ’]

640 nu_AS = as_result[’position ’]
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641

642 if I_S <= 0 or I_AS <= 0:

643 return np.nan

644

645 ratio = I_AS / I_S

646 nu_ratio = (nu_AS / nu_S) ** 4

647

648 # Phonon energy

649 omega = const.phonon_energy(nu_S) # Joules

650

651 # Calculate temperature

652 try:

653 T_local = -omega / (const.k_B * np.log(ratio / nu_ratio))

654 return T_local

655 except:

656 return np.nan

657

658 def linear_fit(self , x: np.ndarray , y: np.ndarray) -> Tuple:

659 """Linear regression with uncertainties"""

660 mask = ~(np.isnan(x) | np.isnan(y))

661 x_clean = x[mask]

662 y_clean = y[mask]

663

664 if len(x_clean) < 2:

665 return None

666

667 # Linear regression

668 slope , intercept , r_value , p_value , std_err = stats.linregress(

x_clean , y_clean)

669

670 return {

671 ’slope ’: slope ,

672 ’intercept ’: intercept ,

673 ’r_squared ’: r_value **2,

674 ’p_value ’: p_value ,

675 ’std_err ’: std_err

676 }

677

678 def calculate_hysteresis(self) -> pd.DataFrame:

679 """

680 Calculate hysteresis between heating and cooling cycles

681 """

682 # Separate cycles

683 heating = self.data[self.data[’cycle’] == ’heating ’]. sort_values(’

temperature ’)

684 cooling = self.data[self.data[’cycle’] == ’cooling ’]. sort_values(’

temperature ’)

685

686 # Common temperatures

687 common_T = sorted(set(heating[’temperature ’]).intersection(set(

cooling[’temperature ’])))

688

689 hysteresis = []

690 for T in common_T:
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691 h_row = heating[heating[’temperature ’] == T].iloc [0] if len(

heating[heating[’temperature ’] == T]) > 0 else None

692 c_row = cooling[cooling[’temperature ’] == T].iloc [0] if len(

cooling[cooling[’temperature ’] == T]) > 0 else None

693

694 if h_row is not None and c_row is not None:

695 # G peak hysteresis

696 delta_G_pos = h_row[’G_position ’] - c_row[’G_position ’]

697 delta_G_fwhm = h_row[’G_fwhm ’] - c_row[’G_fwhm ’]

698

699 # 2D peak hysteresis

700 delta_2D_pos = h_row[’2D_position ’] - c_row[’2D_position ’]

701 delta_2D_fwhm = h_row[’2D_fwhm ’] - c_row[’2D_fwhm ’]

702

703 # Normalized hysteresis

704 if h_row[’G_position ’] != 0:

705 norm_G = abs(delta_G_pos) / abs(h_row[’G_position ’])

706 else:

707 norm_G = np.nan

708

709 hysteresis.append ({

710 ’temperature ’: T,

711 ’delta_G_position ’: delta_G_pos ,

712 ’delta_G_fwhm ’: delta_G_fwhm ,

713 ’delta_2D_position ’: delta_2D_pos ,

714 ’delta_2D_fwhm ’: delta_2D_fwhm ,

715 ’norm_G_hysteresis ’: norm_G ,

716 ’G_heating ’: h_row[’G_position ’],

717 ’G_cooling ’: c_row[’G_position ’],

718 ’2D_heating ’: h_row[’2D_position ’],

719 ’2D_cooling ’: c_row[’2D_position ’]

720 })

721

722 return pd.DataFrame(hysteresis)

723

724 def calculate_loop_area(self , hysteresis_df: pd.DataFrame ,

725 parameter: str = ’delta_G_position ’) -> Dict:

726 """

727 Calculate hysteresis loop area using trapezoidal rule

728 """

729 if len(hysteresis_df) < 2:

730 return {’area’: 0, ’uncertainty ’: 0}

731

732 T = hysteresis_df[’temperature ’]. values

733 delta = hysteresis_df[parameter ]. values

734

735 # Absolute values for area

736 delta_abs = np.abs(delta)

737

738 # Trapezoidal rule

739 area = 0

740 area_uncertainty = 0

741

742 for i in range(len(T) -1):
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743 dT = T[i+1] - T[i]

744 avg_delta = (delta_abs[i] + delta_abs[i+1]) / 2

745 area += avg_delta * dT

746

747 # Simple uncertainty estimate (assuming 0.5 cm^-1 error in

delta)

748 uncertainty_term = dT * np.sqrt (0.5**2 + 0.5**2) / 2

749 area_uncertainty += uncertainty_term

750

751 return {

752 ’area’: area ,

753 ’uncertainty ’: area_uncertainty ,

754 ’units ’: ’cm$^{-1} $ K ’,

755 ’parameter ’: parameter

756 }

757

758 def plot_temperature_dependence(self , save: bool = False):

759 """

760 Plot temperature dependence of Raman parameters

761 """

762 fig , axes = plt.subplots(2, 3, figsize =(15, 10))

763

764 # Separate cycles

765 heating = self.data[self.data[’cycle’] == ’heating ’]

766 cooling = self.data[self.data[’cycle’] == ’cooling ’]

767

768 # G peak position

769 ax = axes[0, 0]

770 ax.plot(heating[’temperature ’], heating[’G_position ’],

771 ’ro-’, label=’Heating ’, markersize =8, linewidth =2)

772 ax.plot(cooling[’temperature ’], cooling[’G_position ’],

773 ’bo-’, label=’Cooling ’, markersize =8, linewidth =2)

774 ax.set_xlabel(’Temperature (K)’)

775 ax.set_ylabel(’G peak position (cm$^{-1}$)’)
776 ax.set_title(’G Peak Temperature Dependence ’)

777 ax.legend ()

778 ax.grid(True , alpha =0.3)

779

780 # G peak FWHM

781 ax = axes[0, 1]

782 ax.plot(heating[’temperature ’], heating[’G_fwhm ’],

783 ’ro-’, label=’Heating ’, markersize =8, linewidth =2)

784 ax.plot(cooling[’temperature ’], cooling[’G_fwhm ’],

785 ’bo-’, label=’Cooling ’, markersize =8, linewidth =2)

786 ax.set_xlabel(’Temperature (K)’)

787 ax.set_ylabel(’G peak FWHM (cm$^{-1}$)’)
788 ax.set_title(’G Peak Linewidth ’)

789 ax.legend ()

790 ax.grid(True , alpha =0.3)

791

792 # 2D peak position

793 ax = axes[0, 2]

794 ax.plot(heating[’temperature ’], heating[’2D_position ’],

795 ’ro-’, label=’Heating ’, markersize =8, linewidth =2)
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796 ax.plot(cooling[’temperature ’], cooling[’2D_position ’],

797 ’bo-’, label=’Cooling ’, markersize =8, linewidth =2)

798 ax.set_xlabel(’Temperature (K)’)

799 ax.set_ylabel(’2D peak position (cm$^{-1}$)’)
800 ax.set_title(’2D Peak Temperature Dependence ’)

801 ax.legend ()

802 ax.grid(True , alpha =0.3)

803

804 # 2D peak FWHM

805 ax = axes[1, 0]

806 ax.plot(heating[’temperature ’], heating[’2D_fwhm ’],

807 ’ro-’, label=’Heating ’, markersize =8, linewidth =2)

808 ax.plot(cooling[’temperature ’], cooling[’2D_fwhm ’],

809 ’bo-’, label=’Cooling ’, markersize =8, linewidth =2)

810 ax.set_xlabel(’Temperature (K)’)

811 ax.set_ylabel(’2D peak FWHM (cm$^{-1}$)’)
812 ax.set_title(’2D Peak Linewidth ’)

813 ax.legend ()

814 ax.grid(True , alpha =0.3)

815

816 # I2D/IG ratio

817 ax = axes[1, 1]

818 ax.plot(heating[’temperature ’], heating[’I2D_IG ’],

819 ’ro-’, label=’Heating ’, markersize =8, linewidth =2)

820 ax.plot(cooling[’temperature ’], cooling[’I2D_IG ’],

821 ’bo-’, label=’Cooling ’, markersize =8, linewidth =2)

822 ax.axhline(2, color=’g’, linestyle=’--’, alpha =0.5, label=’

Monolayer threshold ’)

823 ax.set_xlabel(’Temperature (K)’)

824 ax.set_ylabel(’I$_{2D}$/I$_G$’)
825 ax.set_title(’Intensity Ratio’)

826 ax.legend ()

827 ax.grid(True , alpha =0.3)

828

829 # ID/IG ratio (defect)

830 ax = axes[1, 2]

831 ax.plot(heating[’temperature ’], heating[’ID_IG’],

832 ’ro-’, label=’Heating ’, markersize =8, linewidth =2)

833 ax.plot(cooling[’temperature ’], cooling[’ID_IG’],

834 ’bo-’, label=’Cooling ’, markersize =8, linewidth =2)

835 ax.axhline (0.1, color=’r’, linestyle=’--’, alpha =0.5, label=’

Defect threshold ’)

836 ax.set_xlabel(’Temperature (K)’)

837 ax.set_ylabel(’I$_D$/I$_G$’)
838 ax.set_title(’Defect Ratio’)

839 ax.legend ()

840 ax.grid(True , alpha =0.3)

841

842 plt.tight_layout ()

843

844 if save:

845 plt.savefig(’temperature_dependence.png’, dpi =300)

846 plt.show()

847
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848 def plot_hysteresis(self , save: bool = False):

849 """

850 Plot hysteresis loops

851 """

852 hysteresis = self.calculate_hysteresis ()

853

854 if len(hysteresis) == 0:

855 print("No hysteresis data available")

856 return

857

858 fig , axes = plt.subplots(1, 2, figsize =(12, 5))

859

860 # G peak hysteresis

861 ax = axes [0]

862 ax.plot(hysteresis[’temperature ’], hysteresis[’delta_G_position ’],

863 ’ks-’, markersize =8, linewidth =2)

864 ax.axhline(0, color=’gray’, linestyle=’--’, alpha =0.5)

865 ax.fill_between(hysteresis[’temperature ’], 0, hysteresis[’

delta_G_position ’],

866 alpha =0.3, color=’red’, where=hysteresis[’

delta_G_position ’]>0,

867 label=’Positive hysteresis ’)

868 ax.fill_between(hysteresis[’temperature ’], 0, hysteresis[’

delta_G_position ’],

869 alpha =0.3, color=’blue’, where=hysteresis[’

delta_G_position ’]<0,

870 label=’Negative hysteresis ’)

871 ax.set_xlabel(’Temperature (K)’)

872 ax.set_ylabel(’ $_ {G}$ (cm$^{-1}$)’)
873 ax.set_title(’G Peak Hysteresis ’)

874 ax.legend ()

875 ax.grid(True , alpha =0.3)

876

877 # 2D peak hysteresis

878 ax = axes [1]

879 ax.plot(hysteresis[’temperature ’], hysteresis[’delta_2D_position ’

],

880 ’ks-’, markersize =8, linewidth =2)

881 ax.axhline(0, color=’gray’, linestyle=’--’, alpha =0.5)

882 ax.fill_between(hysteresis[’temperature ’], 0, hysteresis[’

delta_2D_position ’],

883 alpha =0.3, color=’red’, where=hysteresis[’

delta_2D_position ’]>0,

884 label=’Positive hysteresis ’)

885 ax.fill_between(hysteresis[’temperature ’], 0, hysteresis[’

delta_2D_position ’],

886 alpha =0.3, color=’blue’, where=hysteresis[’

delta_2D_position ’]<0,

887 label=’Negative hysteresis ’)

888 ax.set_xlabel(’Temperature (K)’)

889 ax.set_ylabel(’ $_ {2D}$ (cm$^{-1}$)’)
890 ax.set_title(’2D Peak Hysteresis ’)

891 ax.legend ()

892 ax.grid(True , alpha =0.3)
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893

894 plt.tight_layout ()

895

896 if save:

897 plt.savefig(’hysteresis_loops.png’, dpi =300)

898 plt.show()

899

900 # Calculate loop areas

901 area_G = self.calculate_loop_area(hysteresis , ’delta_G_position ’)

902 area_2D = self.calculate_loop_area(hysteresis , ’delta_2D_position ’

)

903

904 print(f"\n=== Hysteresis Loop Areas ===")

905 print(f"G peak: {area_G[’area ’]:.2f} {area_G[’uncertainty ’]:.2f

} {area_G[’units ’]}")

906 print(f"2D peak: {area_2D[’area ’]:.2f} {area_2D[’uncertainty

’]:.2f} {area_2D[’units ’]}")

907

908 return hysteresis

909

910 def fit_temperature_coefficients(self) -> Dict:

911 """

912 Fit temperature coefficients for heating and cooling

913 """

914 coefficients = {}

915

916 for cycle in [’heating ’, ’cooling ’]:

917 cycle_data = self.data[self.data[’cycle’] == cycle].

sort_values(’temperature ’)

918

919 if len(cycle_data) < 3:

920 continue

921

922 # G peak temperature coefficient

923 T = cycle_data[’temperature ’]. values

924 G_pos = cycle_data[’G_position ’]. values

925

926 fit_G = self.linear_fit(T, G_pos)

927 if fit_G:

928 coefficients[f’{cycle}_G_slope ’] = fit_G[’slope’]

929 coefficients[f’{cycle}_G_intercept ’] = fit_G[’intercept ’]

930 coefficients[f’{cycle}_G_r2’] = fit_G[’r_squared ’]

931

932 # 2D peak temperature coefficient

933 pos_2D = cycle_data[’2D_position ’]. values

934 fit_2D = self.linear_fit(T, pos_2D)

935 if fit_2D:

936 coefficients[f’{cycle}_2D_slope ’] = fit_2D[’slope’]

937 coefficients[f’{cycle}_2D_intercept ’] = fit_2D[’intercept ’

]

938 coefficients[f’{cycle}_2D_r2 ’] = fit_2D[’r_squared ’]

939

940 return coefficients

941
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942 def generate_report(self , output_dir: str = ’analysis_results ’):

943 """

944 Generate complete analysis report

945 """

946 os.makedirs(output_dir , exist_ok=True)

947

948 # Save raw data

949 self.data.to_csv(f’{output_dir }/ raman_data.csv’, index=False)

950

951 # Calculate hysteresis

952 hysteresis = self.calculate_hysteresis ()

953 if len(hysteresis) > 0:

954 hysteresis.to_csv(f’{output_dir }/ hysteresis.csv’, index=False)

955

956 # Calculate temperature coefficients

957 coefficients = self.fit_temperature_coefficients ()

958

959 # Calculate loop areas

960 area_G = self.calculate_loop_area(hysteresis , ’delta_G_position ’)

961 area_2D = self.calculate_loop_area(hysteresis , ’delta_2D_position ’

)

962

963 # Generate report

964 with open(f’{output_dir }/ analysis_report.txt’, ’w’) as f:

965 f.write("="*60 + "\n")

966 f.write("RAMAN HYSTERESIS ANALYSIS REPORT\n")

967 f.write("="*60 + "\n\n")

968

969 f.write(f"Number of spectra analyzed: {len(self.data)}\n")

970 f.write(f"Temperature range: {self.data[’temperature ’].min()

:.0f} - {self.data[’temperature ’].max():.0f} K\n\n")

971

972 f.write("Temperature Coefficients :\n")

973 f.write("-"*40 + "\n")

974 for key , value in coefficients.items():

975 f.write(f"{key}: {value :.6f}\n")

976 f.write("\n")

977

978 f.write("Hysteresis Loop Areas:\n")

979 f.write("-"*40 + "\n")

980 f.write(f"G peak: {area_G[’area ’]:.2f} {area_G[’uncertainty

’]:.2f} {area_G[’units ’]}\n")

981 f.write(f"2D peak: {area_2D[’area ’]:.2f} {area_2D[’

uncertainty ’]:.2f} {area_2D[’units ’]}\n\n")

982

983 f.write("Quality Metrics :\n")

984 f.write("-"*40 + "\n")

985 f.write(f"Mean ID/IG ratio: {self.data[’ID_IG ’].mean():.4f}\n"

)

986 f.write(f"Max ID/IG ratio: {self.data[’ID_IG ’].max():.4f}\n")

987 f.write(f"Mean I2D/IG ratio: {self.data[’I2D_IG ’].mean():.2f}\

n\n")

988

989 f.write("Sample Integrity :\n")
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990 f.write("-"*40 + "\n")

991 initial_G = self.data[self.data[’temperature ’] == 300]. iloc

[0][’G_position ’] if len(self.data[self.data[’temperature ’]

== 300]) > 0 else 0

992 final_G = self.data[self.data[’temperature ’] == 300]. iloc [-1][

’G_position ’] if len(self.data[self.data[’temperature ’] ==

300]) > 1 else 0

993 f.write(f"Initial G position: {initial_G :.2f} cm^-1\n")

994 f.write(f"Final G position: {final_G :.2f} cm^-1\n")

995 f.write(f"Drift: {final_G - initial_G :.2f} cm^-1\n")

996

997 print(f"Report generated in {output_dir }/")

998

999 # Generate plots

1000 self.plot_temperature_dependence(save=True)

1001 self.plot_hysteresis(save=True)

1002

1003 return {

1004 ’data’: self.data ,

1005 ’hysteresis ’: hysteresis ,

1006 ’coefficients ’: coefficients ,

1007 ’area_G ’: area_G ,

1008 ’area_2D ’: area_2D

1009 }

1010

1011 #

============================================================================

1012 # Example Usage

1013 #

============================================================================

1014

1015 def main():

1016 """Example usage of the Raman analysis package"""

1017

1018 print("="*60)

1019 print("Graphene Raman Hysteresis Analysis")

1020 print("="*60)

1021

1022 # Initialize analyzer

1023 analyzer = TemperatureRamanAnalyzer ()

1024

1025 # Load data (replace with actual data directory)

1026 data_dir = "./ raman_data" # Change this to your data directory

1027

1028 if os.path.exists(data_dir):

1029 print(f"\nLoading data from {data_dir }...")

1030 analyzer.load_experiment_data(data_dir)

1031

1032 print(f"\nLoaded {len(analyzer.data)} spectra")

1033 print("\nSummary:")

1034 print(analyzer.data.groupby(’cycle’)[’temperature ’].agg([’min’, ’

max’, ’count’]))
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1035

1036 # Generate complete report

1037 results = analyzer.generate_report ()

1038

1039 # Display key results

1040 print("\n" + "="*60)

1041 print("KEY RESULTS")

1042 print("="*60)

1043

1044 # Temperature coefficients

1045 print("\nTemperature Coefficients:")

1046 for key in [’heating_G_slope ’, ’cooling_G_slope ’]:

1047 if key in results[’coefficients ’]:

1048 print(f"{key}: {results[’coefficients ’][key ]:.4f} cm^-1/K"

)

1049

1050 # Hysteresis areas

1051 print(f"\nHysteresis Loop Areas:")

1052 print(f"G peak: {results[’area_G ’][’area ’]:.2f} {results[’

area_G ’][’uncertainty ’]:.2f} cm^-1 K ")

1053 print(f"2D peak: {results[’area_2D ’][’area ’]:.2f} {results[’

area_2D ’][’uncertainty ’]:.2f} cm^-1 K ")

1054

1055 # Quality check

1056 print("\nQuality Check:")

1057 if results[’data’][’ID_IG’].max() < 0.1:

1058 print(" Defect ratio within specification")

1059 else:

1060 print(" Defect ratio exceeds specification")

1061

1062 initial_G = results[’data’][ results[’data’][’temperature ’] ==

300]. iloc [0][’G_position ’]

1063 final_G = results[’data’][ results[’data’][’temperature ’] == 300].

iloc [-1][’G_position ’]

1064 drift = final_G - initial_G

1065

1066 if abs(drift) < 0.5:

1067 print(" Sample integrity maintained")

1068 else:

1069 print(f" Sample degraded (drift: {drift :.2f} cm^-1)")

1070

1071 else:

1072 print(f"\nData directory {data_dir} not found.")

1073 print("Please create directory and add Raman spectra with naming:"

)

1074 print(" - Heating: H_300K.txt , H_350K.txt , ...")

1075 print(" - Cooling: C_500K.txt , C_450K.txt , ...")

1076 print(" - Anti -Stokes: H_300K_AS.txt , C_500K_AS.txt , ...")

1077

1078 if __name__ == "__main__":

1079 main()

Listing 1: Complete Raman Data Analysis Package
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8 Data Recording Template

8.1 Experiment Metadata Form

8.2 Temperature Log Sheet

9 Quality Control and Acceptance Criteria

9.1 Quantitative Acceptance Criteria

9.2 Measurement Uncertainty Budget

10 Expected Results and Interpretation

10.1 Typical Values for Monolayer Graphene

10.2 Hysteresis Interpretation Guidelines

• ∆ωhyst > 0: Cooling cycle has lower frequency than heating (red-shifted on cooling)

• ∆ωhyst < 0: Cooling cycle has higher frequency than heating (blue-shifted on cooling)

• Hysteresis area > 50 cm−1·K: Significant non-reciprocal behavior

• Hysteresis area < 10 cm−1·K: Within experimental uncertainty

11 Data Archive Requirements

11.1 Folder Structure

1 experiment_YYYYMMDD/

2 raw_data/

3 heating/

4 H_300K.txt

5 H_300K_AS.txt

6 H_350K.txt

7 H_350K_AS.txt

8 ...

9 cooling/

10 C_500K.txt

11 C_500K_AS.txt

12 C_450K.txt

13 C_450K_AS.txt

14 ...

15 mapping/

16 map_5x5_grid.txt

17 map_coordinates.txt

18 calibration/

19 Si_reference.txt

20 power_calibration.txt

21 temperature_calibration.txt

22 analysis/

23 raman_data.csv

24 hysteresis.csv
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25 fitting_results.json

26 analysis_report.txt

27 figures/

28 temperature_dependence.png

29 hysteresis_loops.png

30 g_peak_fits.png

31 2d_peak_fits.png

32 mapping_results.png

33 scripts/

34 raman_analysis.py

35 requirements.txt

36 README.md

37 metadata/

38 experiment_log.pdf

39 sample_info.pdf

40 instrument_config.pdf

41 README.md

Listing 2: Required data archive structure

11.2 README Template

1 # Raman Hysteresis Experiment: Graphene Monolayer

2

3 ## Experiment Information

4 - Date: YYYY -MM -DD

5 - Operator: [Name]

6 - Sample ID: [ID]

7 - Experiment ID: [ID]

8

9 ## Sample Description

10 - Growth method: CVD on Cu

11 - Transfer method: PMMA -assisted wet transfer

12 - Substrate: 300 nm SiO2/Si

13 - Quality: I2D/IG > 2, ID/IG < 0.05 at RT

14

15 ## Instrument Configuration

16 - Raman system: [Model]

17 - Laser wavelength: 532 nm

18 - Laser power: 0.5 mW (at sample)

19 - Grating: 1800 gr/mm

20 - Acquisition: 3 x 60 s per spectrum

21 - Temperature stage: Linkam THMS600

22 - Atmosphere: Ambient

23

24 ## Temperature Protocol

25 - Range: 300 K -> 500 K -> 300 K

26 - Ramp rate: 10 K/min

27 - Stabilization: 5 min at each set point

28 - Set points: 300, 350, 400, 450, 500 K

29

30 ## Data Files

31 - raw_data /: All raw Raman spectra (TXT format)
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32 - calibration /: Calibration measurements

33 - analysis /: Processed data and results

34 - figures /: Publication -ready figures

35 - scripts /: Analysis code

36

37 ## Analysis Software

38 - Python 3.9+

39 - Required packages: numpy , scipy , pandas , matplotlib

40 - See scripts/requirements.txt

41

42 ## Reproduction Instructions

43 1. Install Python dependencies: pip install -r scripts/requirements.txt

44 2. Run analysis: python scripts/raman_analysis.py

45 3. Check analysis/analysis_report.txt for results

46

47 ## Quality Metrics

48 - Si calibration: [value] cm^-1

49 - Laser stability: [value ]% variation

50 - Sample integrity: [Pass/Fail]

51 - Defect ratio: [value] (max)

52

53 ## Results Summary

54 - G temperature coefficient (heating): [value] cm^-1/K

55 - G temperature coefficient (cooling): [value] cm^-1/K

56 - Hysteresis area (G): [value] cm^-1 K

57 - Hysteresis area (2D): [value] cm^-1 K

58

59 ## Contact

60 [Name]

61 [Institution]

62 [Email]

Listing 3: README.md template

11.3 Software Environment Specification

1 numpy ==1.24.3

2 scipy ==1.10.1

3 pandas ==2.0.2

4 matplotlib ==3.7.1

5 seaborn ==0.12.2

6 lmfit ==1.2.2

7 peakutils ==1.3.4

8 h5py ==3.9.0

9 tqdm ==4.65.0

10 pyyaml ==6.0

11 jupyter ==1.0.0

Listing 4: requirements.txt
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12 Troubleshooting Guide

12.1 Common Issues and Solutions

13 Conclusion

This SOP provides a complete, reproducible protocol for temperature-dependent Raman measure-
ments of monolayer graphene with heating-cooling hysteresis analysis. All parameters, procedures,
and analysis code are fully specified to ensure identical results across different laboratories and
experimental setups.

The key features ensuring reproducibility are:

• Complete instrument specifications with model numbers

• Step-by-step procedures with exact timing

• Full calibration protocols with acceptance criteria

• Complete Python analysis code with all functions

• Data archive structure with README template

• Troubleshooting guide for common issues

• Expected results for quality verification

Document Control
Version: 2.0
Date: March 5, 2026
Author: 2D Materials Characterization Laboratory
Reviewers: [Names]
Approved by: [Name]
Next review: March 2027
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Component Specification

Laser System
Laser type Diode-pumped solid-state (DPSS)
Wavelength 532 nm (frequency-doubled Nd:YAG)
Linewidth < 0.1 nm
Power stability < 0.5% over 8 hours
Polarization Linear (horizontal)

Microscope
Objective 50× long working distance
Numerical aperture (NA) 0.75
Working distance 1.0 mm
Correction Plan apochromatic

Spectrometer
Type Czerny-Turner with triple grating turret
Focal length 750 mm
Grating 1 600 grooves/mm (low resolution)
Grating 2 1800 grooves/mm (high resolution)
Grating 3 2400 grooves/mm (ultra-high resolution)
Spectral range 1200-3200 cm−1

Spectral resolution ≤ 1.5 cm−1 (with 1800 gr/mm)

Detector
Type Back-illuminated CCD
Cooling Liquid nitrogen to 140 K
Pixel array 1340 × 400 pixels
Pixel size 20 × 20 µm
Quantum efficiency > 90% at 532 nm
Dark current < 0.001 e−/pixel/hour

Temperature Stage
Model Linkam THMS600
Temperature range 300-500 K (27-227°C)
Heating/cooling rate 0.1-50 K/min
Temperature stability ±0.1 K
Temperature accuracy ±0.5 K
Thermocouple Type K (calibrated)
Window material Quartz (UV-grade)
Atmosphere control Vacuum or gas purge

Table 3: Complete Raman system specifications
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Item Specification Supplier

Silver paste High conductivity, fast curing Ted Pella
Liquid nitrogen 99.999% purity Local supplier
Calibration lamp Neon/Argon spectral calibration Ocean Optics
Silicon reference Undoped, (100) orientation University Wafer
Quartz window UV-grade, 1 mm thickness Thorlabs
Copper tape Conductive, 5 mm width 3M
Kapton tape High temperature resistant DuPont

Table 4: Consumables and supplies

Set Point (mW) Measured Power (mW) Deviation (%)

0.1 [measure] [calculate]
0.3 [measure] [calculate]
0.5 [measure] [calculate]
0.7 [measure] [calculate]
1.0 [measure] [calculate]

Table 5: Laser power calibration table

Standard True Melting Point (K) Measured (K)

Gallium 302.91 [measure]
Indium 429.75 [measure]
Tin 505.08 [measure]

Table 6: Temperature calibration verification

Hour Phase Duration

0-1 Room-temperature baseline 60 min
1-2 Heating ramp (300 K → 500 K) 60 min
2-3 High-temperature hold (500 K) 60 min
3-4 Cooling ramp (500 K → 300 K) 60 min
4-5 Post-cycle verification 60 min

Table 7: Experimental timeline

Set Point (K) Ramp Rate (K/min) Stabilization (min) Measurement (min) Cumulative Time (min)

300 0 5 15 20
350 10 5 15 40
400 10 5 15 60
450 10 5 15 80
500 10 5 15 100

Table 8: Heating ramp schedule
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Set Point (K) Ramp Rate (K/min) Stabilization (min) Measurement (min) Cumulative Time (min)

500 0 5 15 20
450 -10 5 15 40
400 -10 5 15 60
350 -10 5 15 80
300 -10 5 15 100

Table 9: Cooling ramp schedule

Component ν0 (cm−1) Γ (cm−1) Relative intensity

2D1 2640 24 0.25
2D2 2660 24 0.50
2D3 2680 24 0.75
2D4 2700 24 1.00

Table 10: Initial parameters for 2D band fitting

Field Entry

Experiment ID
Date
Operator

Sample Information

Sample ID
Growth method
Transfer method
Substrate

Instrument Settings

Laser wavelength (nm)
Laser power (mW)
Grating (grooves/mm)
Slit width (µm)
Pinhole (µm)
Acquisition time (s)
Accumulations

Temperature Control

Stage model
Atmosphere
Heating rate (K/min)
Cooling rate (K/min)
Stabilization time (min)

Calibration

Si reference peak (cm−1)
Calibration drift (cm−1)
Laser power stability (%)

Table 11: Experiment metadata recording form
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Time Cycle T set (K) T actual (K) File Name Notes

Table 12: Temperature log sheet

Condition Requirement Verification Method

Si calibration ±0.5 cm−1 Before and after experiment
Post-cycle peak shift < 0.5 cm−1 Compare initial and final spectra
Defect ratio ID/IG < 0.1 Throughout experiment
Local temperature accuracy ∥Tlocal − Tstage∥ ≤ 5 K Anti-Stokes/Stokes ratio
Sample integrity No visible damage Optical inspection
Laser power stability < 5% variation Measure before/after each set point
Temperature stability ±0.5 K at set point Stage thermocouple
Spatial uniformity < 5% variation Raman mapping post-experiment
Hysteresis signal > 3× measurement uncertainty Compare to noise level

Table 13: Quality control acceptance criteria

Source Uncertainty (cm−1) Notes

Spectral calibration ±0.2 From Si reference
Peak fitting ±0.1 95% confidence interval
Temperature control ±0.3 Converted from ±0.5 K using χ
Laser heating ±0.2 From power dependence test
Spatial variation ±0.2 From mapping data

Total combined ±0.5 Root sum square

Table 14: Measurement uncertainty budget for G peak position

Parameter 300 K 500 K

G peak position (cm−1) 1580± 2 1575± 2
G peak FWHM (cm−1) 15± 2 25± 3
2D peak position (cm−1) 2680± 5 2665± 5
2D peak FWHM (cm−1) 30± 3 45± 5
I2D/IG ratio > 2.5 > 2.0
ID/IG ratio < 0.05 < 0.1
Temperature coefficient χG (cm−1/K) −0.016± 0.002 N/A
Temperature coefficient χ2D (cm−1/K) −0.032± 0.004 N/A

Table 15: Expected Raman parameters for monolayer graphene
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Problem Likely Cause Solution

Weak Raman signal Laser misalignment Realign using pinhole method
Dirty optics Clean all optical surfaces
Wrong focus Re-auto-focus at each temperature

Peak shift ¿ 0.5 cm−1 in
baseline

Laser heating Reduce laser power

Temperature drift Check stage stability
Sample degradation Check ID/IG ratio

Large hysteresis Thermal lag Increase stabilization time
Sample damage Check post-experiment mapping
Focus drift Check focus at each temperature

High ID/IG ratio Sample contamination Clean sample or remake
Laser damage Reduce power, check sacrificial spot
Oxidation Use inert atmosphere

No anti-Stokes signal Filter in place Check optical path
Too low laser power Increase power within limits
Detector saturation Reduce accumulation time

Temperature mismatch
¿5K

Poor thermal contact Remount with fresh silver paste

Thermocouple issue Recalibrate temperature stage
Laser heating Reduce laser power

Table 16: Troubleshooting guide
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