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Chapter 1: General Overview

Fig.1.1: Schematic diagram of charge separation inside a piezoelectric crystal under the influence of 

external mechanical stress [2]. 
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Fig.1.2: Direct and converse piezoelectric effect [3]. 

 



1.1. General constitutive equations of piezoelectricity 

Fig. 1.3: The forces on the faces of a cube located inside a stressed body [4]. 
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1.2. Voigt�s notations 



1.3. Simplifications for the trigonal crystallographic class 

1.4. Electromechanical coupling factor 
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2.1. Quartz crystal 

Fig.1.4: Phase diagram of Silica (SiO2) [2]. 

2.1.1. Quartz Crystallography 



Fig.1.5: The quartz lattice (from http://volga.eng.yale.edu/sohrab/grouppage/pics/SiO2bulksupercell.jpg). 

Si atoms/ions are in red, Oxygen atoms/ions in blue, iono-covalent bounds in black. 
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Table 1.1: Most important crystallographic forms in quartz. 
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Fig. 1.6: Left-Handed and Right-handed quartz [2]. 



Fig.1.7: Inclusion detection and seed localization with white light [10]. 



Fig.1.8: X-ray topography of Y-cut plates. 



Table 1.2: Chemical impurities measured in the crystal block. 
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Fig.1.9: Value of the IR transmission versus wavelength expressed in cm-1 (left) and parameters (at 

3410, 3500 and 3580 cm-1) versus inverted wavelength of crystal bar (right) [10]. 

2.1.2. Quartz crystal cuts 

Fig.1.10: Description of the axis of quartz and X, Y, and Z rotational cuts [12]. 



Fig.1.11: Zero temperature�coefficient quartz cuts [2]. 



Fig. 1.12: Schematic representation of various cuts in the quartz crystal [12]. 

Fig.1.13: Schematic diagram of quartz AT cut [13]. 



Fig.1.14: Schematic diagram of quartz SC cut. 



2.2. Crystals Homeotypic to Quartz (LGS, LGT and GaPO4) 

Fig.1.15: Temperature dependent resonant frequency of langasite, gallium phosphate and quartz BAW 

resonators [14]. 

2.2.1. Langasite (La3Ga5SiO14) 
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Fig.1.16: Crystal structure of Langasite. (a) a1-a2 plane and (b) a1-c plane are viewed from [001] and 

[120], respectively. (c) four kinds of cation of cation polyhedra [15]. 



2.2.2. Langatate (La3Ga5.5Ta0.5O14) 

2.2.3. Gallium orthophosphate (GaPO4) 
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Fig.1.17: Gallium orthophosphate (GaPO4) crystal. 
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2.3. Materials constants comparison 



Table 1.3: Material properties of -Quartz, GaPO4, LGS, LGT. 

Table 1.4: Values of the expansion coefficients of -Quartz, GaPO4, LGS, LGT (given at 25 °C). 



Table 1.5: Values of the piezoelectric and dielectric constants of -Quartz, GaPO4, LGS, LGT 
(given at 25 °C). 

Table 1.6: Values of the elastic constants of -Quartz, GaPO4, LGS, LGT (given at 25°C). 

Table 1.7: Values of the temperature coefficient of elastic constants of -Quartz, GaPO4, LGS and 
LGT (given at 25 °C). 



3.1. Crystal resonators 

3.1.1. Frequency temperature characteristics of a quartz resonator 



Fig.1.18: Model of temperature-frequency curve of AT cut [27]. 

Fig.1.19: Frequency-Temperature characteristics of AT-cut for different values of . [2]. 



Fig.1.20: Typical frequency-temperature characteristics of SC-cut, third overtone, for different values of . 

 varies from -1� to 8� from  = 34°, [27]. 

3.1.2. Equivalent circuit of crystal resonator: 
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Fig.1.21: Equivalent electrical circuit [27]. 
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Fig.1.22: Resonance and phase curves [27]. 
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Fig.1.23: Load capacitance in series[27]. 

3.2. Crystal Oscillators 

Fig.1.24: Classical circuit of a crystal oscillator [2]. 



3.2.1. Long-term and short term stabilities 

Fig.1.25: Time domain stability of the fractional frequency change (in ppm) over time (days), starting from a 

point of calibration. Zoom in the figure shows the short term time domain stability or the fractional 

frequency change over time (seconds) and its relationship to aging [12]. 
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Fig.1.26: Exemple of short term time domain stability curve: RMS of averaged relative frequency 

fluctuations, for specific averaging times. [12]. 

3.3. Noise and stabilities in the time and frequency domains 

3.3.1. Noise in time domain 



Fig.1.27: Samples divided into time steps by an interval  to get the average value of y(t) [32]. 



3.3.2. Noise in frequency domain 
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3.3.3. Relationship between time and frequency stabilities 

Table 1.8: Correspondence between noise types, power spectral densities and Allan variance (fh is 

the high cut-off frequency) [31]. 











Chapter 2: Bibliography of 1/f noise models

Fig.2.1: Spectral density observed by J.B. Johnson(1925) [1]. The vertical scale represents the 

observed noise power density divided by the theoretical shot noise power density; the horizontal 

scale is the frequency in Hz. 
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1.1. Schottky�s theory and its derivatives 
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Fig.2.2: Log power spectral density plot with respect to log frequency [4]. 
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1.4. F. N. Hooge and P. A. Bobbert�s theory 
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Chapter 3: Investigation of Quantum 1/f noise

f

1.1. Handel�s theory of quantum 1/f noise in electronic devices 
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1.2. Criticisms of Handel�s theory 
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1.3. Handel�s theory of quantum 1/f noise for piezoelectric quartz 
crystal resonators 
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1.3.1. Obtention of the power spectral density for the relative fluctuations of the 

number of interactions per unit time 
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3.1. Acoustic volume estimation 

e. g.

Fig.3.1: Geometric definition of a plano-convex resonator. 
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3.2. Application of the models to experimental measurements 
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Table 3.1: Comparison of the short-term stability in terms of Allan standard deviation y_floor of a 
SC-cut, 5 MHz and 3
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 OT resonator. 

f



3.3. Size dependence 

Fig.3.2: Sy(1 Hz) as a function of the volume between the electrodes of the resonator for 

experimental points from various authors. 

Q
4



Fig.3.3: Q4 Sy as a function of the volume between the electrodes of the resonator, experimental points from 

various authors + straight line for Handel�s prediction with  = 1 cm 3. 

Fig.3.4: Q4 Sy as a function of the acoustic volume of the resonator (given by (3.55) for plano-convex 

resonators and (3.65) for plano-plano resonators), experimental points from various authors + straight line 

for Handel�s prediction with  = 1 cm 3. 
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Table 3.2: Resonator parameters from [35] and [36] used to draw Fig.3.4. Q factor of resonators 

from [36] have been found more precisely in [37]. 
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4.1. Simulation details 

4.1.1. Introduction to molecular dynamics simulations 
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4.1.2. BKS Potential 
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Table 3.3: Parameter set for quartz BKS potential. 

4.1.3. Short description of the software used 



phana

phana

4.2. Estimation of the average angular frequency 



Fig.3.5: Phonon dispersion curves for -quartz, i.e. eigenfrequencies (in THz) as a function of one of the 

vibration wave vector reduced coordinate, following paths along several cristallographic directions, starting 

from the center of the Brillouin zone ( ), going in the  direction (  K), then in the  direction 

(KM),or in the  direction ( A) Left: Circles are experimental values and solid lines represent the 

results of our calculations for 6.5 million time steps in LAMMPS. Right: Circles are experimental values and 

solid lines represent the results of the quasi-harmonic calculations of Gonze et al. [50] 

et al.



Fig.3.6: -quartz phonon density of states vs frequency (in THz), for 6.5M time steps in LAMMPS. 

 

Fig.3.7: -quartz phonon density of states vs frequency (in THz), as digitized from Fig. 1 of Ref. [38], which 

is recalled in the insert. 
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Fig.3.8: Experimental X-VDOS of a-quartz (room temperature) compared to the calculated X-VDOS (with 

the CASTEP code) and the true VDOS (as measured by neutron inelastic scattering). The areas underneath 

the curves are normalized to the same surface. (Fig. 1 from [51]). 



Table 3.4: Average frequency for different time steps. 
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Chapter 4: Investigation of 1/f Noise With The help of Fluctuation
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1.3. Kubo�s form of the FDT 
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2.1. Evaluation of the contribution of thickness fluctuations to 
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Fig.4.1: Resonator design. 
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Fig.4.2: Variations of Sy( ) in log-log scale. 
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Fig.4.3: Behavior of Sy( ) for various values of  for a  thickness oscillation mode with  

  rad/s. The transition frequency between the 1/  regime and the white noise regime is proportional to 

. At low frequencies Sy( ) is also proportional to , whereas at resonance and above the influence of  can 

be completely neglected with respect to the traditional  viscoelastic damping  term. 
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2.2. Tentative physical explanation of the internal friction 

coefficient  



Fig.4.4: Motion of a pinned dislocation loop under the influence of externally applied stress (A. Granato 

and K. Lucke, �Theory of mechanical damping due to dislocations�, J. Appl. Phys. Vol. 27, No-583, 1956. 

(page.584)). 
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a

Fig.4.5: The stress-amplitude dependence of the decrement (A. Granato and K. Lucke, �Theory of 

mechanical damping due to dislocations�, J. Appl. Phys. Vol. 27, No-583, 1956. (page.584)). 
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Chapter 5: Experimental observations

f

1.1. Crystal block and blank cutting 



Fig.5.1: Quartz C2 crystal block. 

Fig.5.2: Quartz crystal bars and their positions in the crystal. 

 

Fig.5.3: SC-cut plates obtained in the quartz crystal bar. 



1.2. Final 5 MHz SC-cut resonators 

Fig.5.4: Quartz resonator. 

Fig.5.5: X-ray topography of the resonator in its (300) vibration mode [5]. 

1.3. Resonator parameters 



Fig.5.6: Motional resistances of measured resonators. 



Fig.5.7: Resonant frequency of the measured resonators. 

Fig.5.8: Turnover temperature of the measured resonators. 



Fig.5.9: Unloaded quality factor of the measured resonators. 

2.1. Measurement set-up 



Fig.5.10: Resonator noise measurement set-up. 



L

Fig.5.11: Typical phase noise measurement. 



Fig.5.12: Transfer function: a) amplitude b) phase. 



L

f f

2.2. Noise results 

Fig.5.13: Noise measurements from resonator cut in bar 14 [2]. 



Fig.5.14: Noise measurements from resonators [8]. 

a h



3.1. Cryogenic set-up 

Fig.5.15: General construction of the cryogenic system [15]. 



Fig.5.16: Schematic diagram of the pulse tube cryocooler [16]. 



Fig.5.17: Resonator impedance measurements [15]. 

3.2. Measurement results 

a l

Table 5.1: Theoretical values of resonant frequencies of the designed resonator for A, B and C 

modes (overtones and anharmonic modes of C300 modes (Temperature = 4 K)). 

CMode C300 C320 C302 C340 C322 C304 C500 C700

Res. Freq. (MHz) 4.993 5.117 5.127 5.242 5.251 5.267 8.287 11.583

BMode B300 B500 B700 B1100 B1300 B1500

Res. Freq. (MHz) 5.487 9.112 12.736 20.161 23.631 27.244

Amode A300 A500 A900 A1100 A1300 A1500

Res. Freq. (MHz) 9.362 15.569 27.988 34.177 40.385 46.587



Table 5.2: Q-factor at cryogenic temperature of selected resonators (a to l in Fig.5.14). 

Fig.5.18: Resonator noise as a function of Q-factor of the resonators for different modes of vibration 

(Temperature 4K). 



Fig.5.19: Resonator noise as a function of Q-factor of the resonators for anharmonic modes of C300 

(Temperature 4K). 



Fig.5.20: Resonator noise as a function of Q-factor of the resonators for overtone modes of C300. 

f

4.1. Time measurement setup 

Fig.5.21: Time measurement setup [8]. 



a g h

a d e f

b g h

Table 5.3: Resonators selected for time measurements. 

Resonator Q (10
6
) y_floor 

a 7.1 10
-14

 

b 2.3 10
-12

 

c 1.8 10
-12

 

d 6.3 10
-14

 

e 6.3 10
-14

 

f 7.8 10
-14

 

g 1.1 10
-12

 

h 2.3 10
-12

 

4.2. Results 

a



Fig.5.22: a) Synchronization signal, b) Attenuation of resonator a, 

 c) Zoom on a maximum value of resonator a. 



h

Fig.5.23: Attenuation signal of resonator h. 

4.3. Mathematical treatments 



Table 5.4: Loaded Q-factor measured from the logarithmic decrement of weakly damped 

oscillations, for several very good and not so good resonators. 

a 

b 

c 

d 

e 

f 

g 

h 

f



Fig.5.24: Residuals of the fit (in mV) as a function of the number of the residual for resonator a (top left), 

b(top right), f (bottom left), g (bottom right). The upper (or lower) enveloppe could be described by 

piecewise linear functions giving some hint at solid friction, as discussed in the conclusions. 

Fig.5.25: Zoom of Fig.5.24. Zoom on the residuals of the fit as a function of the number of the residual used 

in the figure, for resonator f. 
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Conclusion and perspectives:
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