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Abstract

:

We describe here a time resolved pump-probe laser technique—picosecond interferometry—which has been combined with diamond anvil cells (DAC). This method enables the measurement of the longitudinal sound velocity up to Mbar pressure for any kind of material (solids, liquids, metals, insulators). We also provide a description of picosecond acoustics data analysis in order to determine the complete set of elastic constants for single crystals. To illustrate such capabilities, results are given on the pressure dependence of the acoustic properties for prototypical cases: polycrystal (hcp-Fe-5 wt% Si up to 115 GPa) and single-crystal (Si up to 10 GPa).
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1. Introduction


The study of the effects of pressure and temperature on the acoustic properties of condensed matter is well known to be particularly useful information in the framework of geophysics and physics. Among the most fascinating questions that still need to be addressed, the composition and structure of the planetary core [1], the role of electron-phonon interactions in the emergence of super-conducting phases [2], or the melting curve of alkali liquids [3], could be recalled.



Beyond such fundamental interest, the precise knowledge of the anisotropic distribution of sound velocities in a crystal and their evolution with pressure and temperature can have direct technological applications. The case of silicon is an obvious example for semiconducting technologies, where the knowledge of its complete set of elastic constants under constraints is employed to improve its mechanical stability [4].



Experimentally, access to the acoustic properties of materials submitted to extreme pressure and temperature conditions remains limited, mainly because of the severe constraints imposed on the sample volume by the pressure-generating device. With the notable exception of Brillouin scattering in diamond anvil cells (DACs), which allows measuring the energy of thermal phonons of a transparent sample [5], most studies on the elasticity or visco-elasticity of dense solids and liquids were done by conventional ultrasonics [6], limited to a few tens of GPa [7,8]. The technique of Inelastic X-ray scattering, compatible with the use of DACs, has paved the way for more ambitious studies and has helped to confirm the great relevance of acoustic phonon measurements in physics [9] and geophysics [10]. We emphasize here that this technique is nevertheless very time demanding and particularly suited to the study of the acoustic phonons far from the zone center. It may thus seem expensive (and somewhat less direct) to use such a powerful method to “simply” derive the speed of sound through the help of a dispersion model.



Thereafter, this article will focus on a review of a recent development, the application of picosecond acoustics in diamond anvils cell. Some of its capabilities will here be illustrated by a choice of two examples of experimental results: (i) the measurements of sound velocities of polycrystalline Fe-5 wt% Si and Fe-10 wt% Si at Mbar pressure and (ii) the determination of the complete set of elastic constants on an opaque single-crystalline sample (silicon) up to 10 GPa.




2. Measuring Techniques


Picosecond Acoustics in Diamond Anvil Cells: A Complementary Acoustic Technique for Sound Velocity Measurements at High Pressure and Temperature


The three most well-established types of experiment that allow the determination of the speed of sound in environments subject to extreme conditions are: (i) the ultrasound techniques; (ii) the inelastic neutrons scattering in the large volume press; or using a diamond anvils cell (DAC), (iii) the inelastic scattering of the light by phonons applied either in the visible (Brillouin) or X-ray (IXS) wavelength range. The capabilities, as well as the limitations of each technique are summarized below.



The measurement of sound speed by the ultrasonic technique, where ultrasonic waves are generated through the use of a piezoelectric transducer, may only be carried out for sample dimensions on the order of a few millimeters [6,11]. Therefore, the use of devices allowing large sample volumes (incompatible with the achievement of very high pressures) is required [7,8]. Some attempts have been made to adapt the ultrasonic technique at a very high frequency (on the order of the GHz) to apply the pulse-echo overlap technique in DACs [12], but complications due to interface contact between the sample and the diamond anvils limit the maximum pressure that can be reached, typically less than 15 GPa.



Brillouin scattering could only be applied to transparent materials [5]. In its simpler geometry, mostly used within a DAC, the knowledge of the sample index of refraction is required (including its pressure variation).



As a consequence, if one wished to directly measure the sound velocity of an opaque sample under pressures higher than 20 GPa, IXS has been the only adapted technique [10]. This is an extremely powerful technique as it allows the study of phonon dispersions in condensed matter at momentum transfers and energy transfers characteristic of collective atom motions in a wide range of materials. Disordered systems, opaque crystals, or samples only available in very small quantities could be studied. However, this technique necessitates the use of third-generation synchrotron light sources and long collection times—severely constraining the breadth and scope of such investigations.



In 1986, the first picosecond acoustic experiments were performed, where the authors reported the observation of acoustic oscillations during the measurement of the transitional transmissivity of semiconductor thin films [13]. This idea is schematically illustrated in Figure 1. With this technique, relative changes of the coefficient of electromagnetic reflectivity of the sample are measured as a function of the delay between probe (detection) and pump (generation) laser pulses.



A first ultrashort laser pulse with a duration of approximately 100 fs generates ps acoustic pulses within the sample. The generation process is a result of the photo-elastic coupling between the incident radiation and the material. The energy carried by the incident photons of the pump beam is absorbed by the sample, and electron-phonon coupling causes a local sharp heat pulse (dilatation). This rapid change in volume generates a longitudinal sound wave, the propagation of which is perpendicular to the surface of the sample. A second light pulse, shifted in time with respect to the pump through the use of a delay line, detects the arrival of the acoustic strain field at the surface of the sample. In the framework of a simple photo-elastic model [14,15], the time variation of the sample reflectivity   δ r ( t )   of the probe is a function of the photo-elastic coefficient   ∂  n ˜  / ∂ η   (where   n ˜   is the sample refractive index and  η  the stress generated by thermal expansion) and the surface displacement    u 0   ( t )    along the propagation axis z. It can be expressed as:


    δ r ( t )   r 0   = 2 i  k 0   n d    ∫  0   + ∞   η  ( z , t )  d z +    ∂  n ˜    ∂ η       2  n ˜     n d 2  −   n ˜  2     ∫  0   + ∞   η  ( z , t )   e  2 i  k 0   n ˜  z   d z   



(1)




where   k 0   is the laser wave vector and   n d   the refractive index of the material surrounding the sample (pressure transmitting medium or diamond anvil, depending on experimental design).



In other words, after propagation across the sample, both thermal and acoustic effects alter the optical reflectivity sample in two ways: the photo-elastic effect and surface displacement (as the acoustic echo reaches the surface). The first modification contributes to the change in intensity of the reflectivity and its phase shift, whereas the second one only modifies the phase of the reflectivity signal.



Using this novel approach combined with DACs, we showed that such a laboratory setup circumvents all previous limitations [16,17,18]. Technical details related to the setup of such an experiment can be found in [19]. A schematic of the DAC/picosecond acoustics combination setup is given in Figure 2. Sound velocity extraction from the raw experimental data (the time dependence of the surface sample reflectivity) was described in detail in the following references [19,20,21].





3. Measurement of the Sound Velocities of Polycrystalline Fe-Si Alloys at Mbar Pressures


Iron and iron alloys at extreme conditions have garnered significant interest due to their relevance to the Earth’s deep interior. While there are strong constraints on the elastic properties of the Earth’s interior via seismological investigations (e.g., [22]) providing constraints on density, longitudinal wave velocities and shear wave velocities, there is no direct chemical information regarding Earth’s iron-rich core. Consequently, the chemical composition of the Earth’s core is heavily debated, with the presence or absence of different light elements indicating the presence or absence of various geochemical cycles [23,24] or differing formation scenarios of the Earth itself (e.g., [25,26]).



One possible way to constrain the Si content of the inner core is the comparison between seismological data and experimental measurements, or calculations, of  ρ ,   V p  , and   V s   of candidate materials at pertinent P-T conditions. Thanks to the adaptation of picosecond acoustics to DAC previously described, it has been possible to make direct measurements of the compressional sound velocity of Fe-Si alloy with 5 wt% Si (Fe5Si) and 10 wt% Si (Fe10Si) up to more than 120 GPa.



Shown in Figure 3 are selected travel times collected during high pressure runs of Fe10Si before, during, and after the bcc-hcp transition. It is observed that well within the stability field of bcc or hcp Fe-Si alloys, the first acoustic echo is sharp and unambiguous. However, in the transition region, there is significant distortion of the shape and intensity of the initial rise of the time domain signal. This likely arises because in the transition region, the sample exists as a mechanical mixture of two elastically distinct phases.



It is seen that in each case, the bcc-hcp transformation results in some anomaly in the pressure evolution of the normalized travel time (Figure 4), which is somewhat different from alloy to alloy, due to complex changes in the texture, stress, thickness, and elasticity of the sample. Error bars in Figure 4 were estimated as the pressure difference between the last time domain measurement exhibiting a well-defined acoustic echo observed before the transition region in the case of the onset of the bcc-hcp transition, or the first time-domain measurement after the transition region, at the end of the bcc-hcp transition.



The pressure dependence of the sample thickness was taken into account using P-V EoS determined by X-ray diffraction, either after [28] for the bcc and hcp phases of Fe10Si or after [27,29] for Fe5Si. We relate the pressure evolution of the longitudinal sound velocity to the pressure evolution of thickness and acoustic travel time using the following equation:


  e  (  t 0  )  =  v L  Δ t =  v L    t 0  + p  T  l a s e r   − τ   



(2)




where   e (  t 0  )   is the sample thickness, p an integer that takes into account the delay due to the successive generation of echoes due to the the laser repetition rate (  T  l a s e r    = 12.554 ns),  τ  the time at which the pump-probe coincidence occurs, and   t 0   the emergence time of the acoustic wave at the surface of the sample.



In Equation (2), the thickness of the sample is assumed to vary purely with the hydrostatic variation of the unit cell volume of the sample. In general, stress exerted by the diamond anvils onto the sample chamber of a DAC leads to sample compression where the stress along the compression axis is equal to or greater than the stress perpendicular to the compression axis. The variation of these stress components and their influence upon elasticity measurements depends on many aspects of the experimental design, sample elasticity, and the choice of pressure-transmitting medium (e.g., [30]). While a hydrostatic stress (where the magnitude of the stress on the sample is equal in all directions) on a given sample can be achieved through the use of a liquid pressure-transmitting medium surrounding the sample, all conventional pressure-transmitting media crystallize into solids by about 12 GPa at ambient temperature [31,32,33], which leads to the development of differential stress across the sample and the possibility for sample deformation under compression at high pressures. The degree to which such effects take place is bounded by the elastic properties of the sample itself, and the elastic properties of the pressure transmitting medium. On the basis of the determined sound velocities and literature constraints on the shear strength of Ne [34], the pressure gradients that may develop in Ne or Ar are not sufficiently large to induce significant elastic or plastic deformation of the sample in the case of Fe or Fe-alloys relative to experimental uncertainties. Estimations of the Young’s moduli of Fe, Fe5Si, and Fe10Si at the highest pressure data points used from these experiments are E = 890 GPa at 152 GPa, E = 810 GPa at 114 GPa, and E = 340 GPa at 36 GPa for these alloys, respectively [27,28,35]. Given that the shear strength of Ar is estimated to be about 3–6 GPa at 150 GPa [36,37] and the shear strength of Ne is less than 1–2 GPa over the pressure ranges investigated in [27,28], deviations from the assumption of purely volumetric variation in thickness are not significant in these systems relative to experimental uncertainties and scatter. However, future studies are needed to test this assumption for materials that undergo reconstructive phase transitions at very high pressures, as the rapid loss of shear or compressive strength in a sample under conditions where compression becomes strongly deviatoric may lead to plastic effects that would be important to constrain for more precise velocity determination at multi-Mbar pressures.



Irrespective of such considerations, for Fe-5Si, we observed that the acoustic travel time of a sample varied by nearly 50% from ambient pressure to 1 Mbar, while changes in sample volume led to variations in sample thickness of about 10% over the same pressure range [28]. Consequently, the primary contribution to the variation of the sample acoustic travel time over this pressure range was due to the change in sound velocity, rather than the change in thickness. As a result, under strongly deviatoric conditions where the presented assumptions in thickness are violated, the main systematic errors would more likely arise due to variations in sound velocity from the development of sample texture. For the Fe-Si system, textures remained nearly constant over the studied pressure range as observed by XRD [27,28] and have been proposed as the primary explanation for the strong disagreement between ab initio molecular dynamics calculations (e.g., [38]), IXS [29,39,40], and NRIXS [41] investigations of the elastic properties of the Fe-Si system at high pressures. Indeed, due to the limitations on sample volume imposed by NRIXS and IXS, maintaining a good sample texture is challenging at Mbar pressures.



The sound velocities of Fe, Fe5Si, and Fe10Si are reported in Figure 5. We observed that following the transition region, a sharp rise in sound velocity was observed, with nonlinear variations up to about 30 GPa (Fe5Si) or 80 GPa (Fe10Si), across the bcc-hcp transition region.



A critical discussion of these results can be found in [27,28].



Through the combination of a P-V-T equation of state and longitudinal sound velocities, it is possible to derive other thermodynamic quantities to place further constraints on core composition and properties. Adiabatic and isothermal bulk moduli can be related by the equation:


   K S  =  K T   ( 1 + α  γ  t h   T )   



(3)




where   K S   is the adiabatic bulk modulus,   K T   is the isothermal bulk modulus,  α  is the coefficient of thermal expansion of the material, and   γ  t h    is the thermodynamic Grüneisen parameter. It follows that knowing    V p   ( ρ )    and    K S   ( ρ )    allows for the determination of shear velocities (  V s  ) through the equation:


    K S  ρ  =  V P 2  −  4 3   V S 2   



(4)







For Fe-Si alloys at ambient temperature, adiabatic bulk moduli are only marginally different from isothermal bulk moduli under pressure (about 2% higher at 20 GPa and about 1% higher at 1.2 Mbar [28]). It follows that using either isothermal or adiabatic bulk moduli to derive   V s   at ambient temperature results in similar extrapolations to core densities, albeit with isothermal moduli, resulting in a slight overestimation of   V s  .




4. Propagation of the Acoustic Energy in a Silicon Single Crystal at High Pressure


4.1. “Phonon Focusing” at High Pressure: Experimental Principles and Data Analysis


In the preceding studies on Fe-Si alloys, the travel time determination was typically similar to what was usually done at MHz frequencies using the pulse-echo ultrasonic technique.



Because of the acoustic far field diffraction limit, the pump beam mainly generated a longitudinal acoustic strain field such that no shear wave could be detected by the probe. In order to circumvent this “shearless” limitation, we demonstrated in a previous study [42] that lateral compressive stresses (producing internal diffraction) could be produced through a minimization of the source area with respect to the characteristic acoustic wavelength. Similarly to the well-known phonon focusing technique [43], we developed a wavefront “imagery method” that could be used to extract the complete set of elastic constants as a function of pressure. The prototypical case of silicon single crystals was studied and described in the following, demonstrating the high accuracy of such method.



We here used a thin platelet single-crystal of silicon oriented along [100] (dimensions were about 70 × 70  μ m   2  ). As transducers, thin films (50 nm) of aluminum were sputtered on both sides of the single-crystal platelet. From data at ambient conditions [6] and the picosecond measurement of the travel time, we determined the thickness of the sample to be 42.2(1)  μ m. This sample was loaded within a DAC, using neon as the pressure transmitting medium and a ruby chip in order to determine the pressure.



For each pressure point, we then used the picosecond setup to image the acoustical surface energy of the sample, as described in [16,42]. The main issue here was the data analysis, as the determination of the elastic constants of a single-crystal through the measurement of its surface energy was a typical inverse problem. Apart from very few cases that could be analytically solved [44], a numerical procedure needed to be developed in order to extract with a high accuracy the complete set of elastic constants from the raw data. Such a procedure was particularly crucial within the context of high pressure data analysis.



In this work, we considered a large number N of experimental velocities   v  exp  m   in well-chosen directions. Indeed, by working on pre-aligned samples or with known orientations, experimental velocities could be measured in the plane (100) giving access to   C 11   and   C 44  , and (110) (  θ =  45 ∘   ) for   C 12   (for a cubic symmetry). For each direction, the corresponding experimental velocity was the solution of the Christoffel equation.



Theoretical velocities   v e th   were calculated for several pump-probe delays (identical to the experimental delays) and in several directions for a given elastic tensor   C  i j k l   . Taking into account the laser characteristics (to determine the pump-probe delay), the density  ρ  and the thickness of the sample e and its initial input values   C  i j k l  0   were approximated from the expected elastic constants. To estimate the agreement between the experimental and theoretical velocities, the   χ 2   test was chosen, assuming that the experimental velocities followed a normal distribution, centered around theoretical velocities:


   χ 2  =  ∑  m = 1  N     [  v th e   (  n i  ,  C  i j k l   , ρ )  −  v exp m  ]  2   σ m 2   .  



(5)




where the parameter   σ m   corresponds to the estimated uncertainty associated with the   m th   experimental velocity measurement. The procedure to optimize the elastic constants (schematized by a diagram giving in Figure 6) then consisted of minimizing the difference between the experimental and theoretical velocities by a least squares method.



The optimization procedure converged towards optimized elastic constants according to the initialization values   C  i j k l  0   given to the algorithm, but the latter succeeded in most cases (except in values much too higher/inferior compared to those expected) to find the expected values. The accuracy on the calculation of elastic constants by the inverse problem depended on the number of experimental velocities considered: the more there were, the more precise the calculation was.




4.2. Ambient Conditions Elastic Constants


Past work [45,46] at ambient conditions showed that pulling part of the diffraction effects, it was possible through a reduction of the pump laser spot to generate and detect transverse waves by picosecond acoustics. Following such a technique, the Christoffel equation was here solved for a set of wave vectors  k  lying within 45 degrees (cubic symmetry) around the [100] crystallographic direction of our silicon single crystal ( ρ  = 2.331 g·cm    − 3   ). For the three acoustical polarizations, we calculated from ray theory [47] the set of elastic constants that produced the observed slowness curves and the wave front curves within a surface section in the plane (100) (see Figure 7).



The simulated process of the wave surfaces, where the elastic constants were the fitting parameters, well reproduced the experimental pattern and gave rise to an elastic tensor in very good agreement with previously published data [6,48]. We here emphasize that, for a given thermodynamical condition (ambient or high pressures), successive patterns at different pump-probe delays could be used to renew the fitting process in order to determine the complete set of elastic constants with an exceptional accuracy (see Figure 8).




4.3. High Pressure Dependence of the Complete Set of Elastic Constants


Using the procedure described previously and illustrated in Figure 6, we simulated for each high pressure point the 3D phonon imaging patterns for the three acoustic polarizations. Sound velocities and elastic constants of a Si cubic single crystal were then deduced from high pressure picosecond measurements in DAC. The high accuracy of such technique allowed fitting the C   11  ), C   44  , and C   12   high pressure data point with a second-order polynomial regression (data in GPa):




	
C   11  (P) = 165.7 + 4.73P − 0.09P   2  ;



	
C   12  (P) = 63.60 + 5.78P − 0.12P   2  ;



	
C   44   (P) = 80 GPa (constant)








Finally, using the experimental values of C    I J   (p), the highly accurate and free-hypothesis equation of state B(p) was determined.



A second-order polynomial curve well reproduced the experimental pressure dependence of the bulk modulus with: B(P) = 97.60 + 5.74P − 0.16P   2  , in excellent agreement with a fourth-order regression of the elastic energy with respect to the strain giving: B’ = dB/dP = 5.08 − 0.24P.





5. Conclusions


In conclusion, we showed that the adaptation of picosecond acoustics for measurements in diamond anvil cell opens a wide landscape of new experimental research opportunities. Complementary to the ongoing efforts focused on the use of large facilities, this new high pressure technique allows for determination of the sound velocity as a function of density over a pressure and temperature range one order of magnitude higher than what was previously attainable in both poly- and single-crystalline materials, including metallic samples.



In a first example, we showed that the compressional and shear properties of Fe-Si alloys were incompatible with seismic observations of Earth’s inner core [28]. By combining measurements of the P-V-T EoS and compressional sound velocities of Fe5Si, it was shown that Fe-Si alloys whose velocities were expected to get close to seismological observations were too dense at relevant temperatures, and thus, significant quantities of other elements were needed to describe the elastic properties of Earth’s inner core.



A second example showed that this technique is an adequate tool to extract at high pressure the complete set of elastic constants of single-crystalline silicon with an outstanding accuracy. This study demonstrated that picosecond acoustics in DAC enabled nonlinear acoustics, anisotropy, the equation of state, as well as structural stability measurement on single crystals, whatever the sample.



Finally, and from a more general point of view, we here emphasize that combined with laser heating, this technique would also open a way of determining the sound velocity under the thermodynamical conditions of the Earth’s core (around three million atmospheres and 6000 K). Due to the shorter time scale of the experiments, the temperature stability of the laser was less technically challenging, and there was a lower chance for chemical reaction between the Fe-bearing sample and diamonds. Such measurements will be crucial to new and exciting advances in our comprehension of the properties of the Earth’s deep interior.
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Figure 1. Femtosecond laser light pulse used here as a kind of ultimate “hammer” to generate an ultrashort (ps) acoustic strain. (Top) The pump is focused on one surface of the sample (focused spot of about 3  μ m) through a diamond window and absorbed on a length scale of  ξ  (  ≈ 10   nm). As soon as the pump laser pulse reaches the surface, it creates a sudden and small temperature increase   Δ T   (less than 10 K). (Bottom) The change of temperature relaxes by launching an acoustic strain field (with frequency typically on the order of GHz in a metallic liquid) propagating at the sound velocity   v l   (the laser probe is here focused on the opposing face of the sample with respect to the pump beam). 
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Figure 2. (Top) Schematic [19] of the diamond anvil cell (DAC)/picosecond acoustics setup (transmission geometry) within the reflectometry configuration (one diode detection). (Bottom) Interferometric setup (both the real and imagery part of the reflectivity are measured using a Michelson interferometer). PBS: polarizing beam-splitter,  λ /4: quarter wave plate,  λ /2: half-wave plate, pol.: linear polarizer, A.O.M.: acousto-optic modulator. A and B: diodes. 
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Figure 3. bcc-hcp transition observed by PA time domain measurements for Fe10Si. The signal shows a sharp, well-defined initial acoustic echo above and below the transition region observed by XRD [27]. 
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Figure 4. Normalized travel time   t /  t 0    vs P for different runs on Fe5Si (up) and Fe10Si (down). The bcc-hcp transition results in a significant reduction in the scatter of the measured travel times for Fe5Si. We also note that sample tilt within the sample chamber has a negligible effect on measured travel times due to the instrumental configuration used. Run numbers indicate the number of each experimental run for a given alloy, and Samples 1 and 2 for Fe10Si indicate two separate samples co-compressed in one experimental run. 
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Figure 5. Vp vs. P for Fe (left triangles, labeled Fe [35]), Fe5Si (squares), and Fe10Si (up-triangles) compressed quasi-hydrostatically. While at the transition for Fe, there is a sharp increase in Vp, this does not occur in Fe5Si and Fe10Si, possibly due to a change in the bcc-hcp transition mechanism with Si addition [27]. Errors in Vp were about 2% up to 60 GPa, and up to 3% at higher pressures. 
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Figure 6. Calculation procedure for the determination of the complete set of elastic constants   C  i j k l    using experimental measurements of 3D phonon imaging patterns of single crystals. 
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Figure 7. Group velocity surfaces at ambient conditions along the [100] symmetry axis of ZB-cubic silicon. The pump probe delay time here is 3.5 ns. Red, blue, and green dashed lines correspond respectively to the longitudinal, fast, and slow transversal group velocities. Right: surface wave sections along the (100) plane of a cubic zincblende structure) 






Figure 7. Group velocity surfaces at ambient conditions along the [100] symmetry axis of ZB-cubic silicon. The pump probe delay time here is 3.5 ns. Red, blue, and green dashed lines correspond respectively to the longitudinal, fast, and slow transversal group velocities. Right: surface wave sections along the (100) plane of a cubic zincblende structure)



[image: Minerals 10 00214 g007]







[image: Minerals 10 00214 g008 550] 





Figure 8. Top panel: Experimental phonon imaging pattern (100 × 100  μ m   2  ) in the (100) plane of silicon at three different delay times: (a) 8.3 ns, (b) 9.6 ns, and (c) 10.7 ns. Lower panel: Comparison between simulation and experimental phonon imaging patterns using C   11  = 165.7 GPa, C   12  = 63.9 GPa, and C   44   = 79.5 GPa. 






Figure 8. Top panel: Experimental phonon imaging pattern (100 × 100  μ m   2  ) in the (100) plane of silicon at three different delay times: (a) 8.3 ns, (b) 9.6 ns, and (c) 10.7 ns. Lower panel: Comparison between simulation and experimental phonon imaging patterns using C   11  = 165.7 GPa, C   12  = 63.9 GPa, and C   44   = 79.5 GPa.



[image: Minerals 10 00214 g008]








© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
/ + Ti:sapphire laser

/

A2
PBS! El_, AP : A.OM
delay line (0 > 13.5 ns)
pr>obe < E;
"""""""" 4(" - DAC + resistive heating
pol. == furnace

l A4 MA oy :
One-diode detection

\/

+ Ti:sapphire laser
A2
sz1|:|_, - Bump > AOM.
delay line (0 > 13.5 ns)
probe < ::;
r====== A T DAC + resistive heating
pol. == furnace

.

PBS3 A4 M4

by

Michelson interferometer + two-diodes detection

Y/
{ \

‘ A4

T
i L.

pol.

pol.

A2

M2

\_





nav.xhtml


  minerals-10-00214


  
    		
      minerals-10-00214
    


  




  





media/file16.png





media/file2.png
Femtosecond laser
Repetition rate 80 MHz
A=800 nm

N

/Optoacoutic generation (pump) :

Heated region

Metallic samplh

<> 1ps

‘/\r?

Longitudinal

acoustic wave

ﬁptoacoutic detection (probe) :

c
2
=3
()
Q
et
Q
(@]

Surface deformation

N\

Change of
optical properties

Metallic sample

-

reflected
wave

1/






media/file5.jpg
Intensity (arb. units)

|~ 82.6 GPa, hcp
——49.2 GPa, mixed region

——30.3 GPa, bee

02

03

04

05
Time (ns)

06 07 08






media/file3.jpg
Thsapphire laser \

delay line (05 13.5 ns)

o

DAC + resistive heating

i
fumace

"

DAC + resisive heating |

fumace e

/=

Michelson interferometer + two-diodes detection /






media/file1.jpg
Optoacoutic generation (pump} Heated region  Metallic sample

< 1ps

m

Longitudinal
acoustic wave

Femtosecond laser
Repetition rate 80 MHz
\=800 nm

‘Optoacoutic detection (probe) : N
Surface deformation Metallic sample

Change of
optical properties






media/file7.jpg
= Runispatt
© Runispoi2

* mimz

Prossure (GPa)

= Run 1 samplo |
= Runt Sample?|

ENERERERE

() 155-04 sow jonen pozyeuion

05

£

w0

Pressure (GPa)





media/file10.png
Vp (km/s)

10

<4 Fe (Decremps 2014) '4
B Feb5Si -
A Fe10Si
9 « « -
A
= ‘:‘
A
' < gﬁ
l' <
8 - . A A
- « A8
&M
2
1N
AN
6 - Onset of hcp transition
A
| | ! | ! | | ! | |
0 20 40 60 80 100 120

Pressure (GPa)






media/file12.png
Initialization

0
C ki

\

Theoretical velocities calculation
VEn (N, Cijkr )

Experimental velocities

Y
X? calculation

Y

New tensor
l Ciijki
‘Xz test‘ A
No

‘Minimum deviation?l

Yes

Y

Optimized elastic constants ¢,






media/file9.jpg
10

<« Fe (Decremps 2014) LR ]
= Fe5Si &
4 Fel0Si A A
94 <« «
A
L] AA
] < h& A
l' 4
8 i A 2
PR T
o
[ D
4\ “d
~
6 Onset of hep transition
T r T r T T T
0 20 40 60 80 100 120

Pressure (GPa)






media/file0.png





media/file14.png
I\l

gitudinal

Wi\ Fast tifansverse

Slow fransverse






media/file8.png
| | | | |
— N
[rrp— o
128 -8
ww ¢
1 ~— ~— N
SS55 o
1 X -9
1m @ « i
- | O
00
« o
N [~ ©
[
m =
® 2 . b
2 L @
o
IIIII D — e — — I.I — e - - — - e -
14 L
_M_I'II |%
..... P
A
a0 c — O
O
I | | I I
o o)) 0 N~ © 0
-— o o o o o
("1n) 1SG-24 sewi] [oAel] PSZI[BULION

Pressure (GPa)

| | | | | 1
— O\ Py
L 0
4 m.m. |
] © ®© L g
nw
— — O\ Y
c c c =
5 5 S 1@
X oo ﬁ
EE O .m L)
LLl 8 B
|||||||||||||| |‘_TIIIII
- H B
8 =
C
o]
o Lk
14
Xl'ﬁ
llllllllllll illlllll'
- Lo
-
- 2 i
u @)
L
]
m®
™
| I | | |
o o © ~ © T}
- o o o o o
(") 1SOL-04 saw) [9AEI) PaZI|eWION

40 60 80 100 120
Pressure (GPa)

20





media/file11.jpg
Initialization
©
ik

v
Theoretical velocities calculation
el

Experimental velocities. T
b5 {———{ X2 calculation
e New tensor
l Ciiki.
X? test ¥
| No

Minimum deviation?

[res

Optimized elastic constants ¢






media/file6.png
Intensity (arb. units)

———82.6 GPa, hcp

- |——49.2 GPa, mixed region

—— 30.3 GPa, bcc

0.2

0.3

0.4

|
0.5
Time (ns)

0.6 0.7 0.8






media/file15.jpg





