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To help our understanding of the structural and superconducting transitions in 

ferropnictides, partial phonon density of states (PDOS) of iron in a single-crystal 

SrFe2As2 pnictide have been investigated from both out-of-plane and in-plane 

polarizations with respect to the basal plane of the crystal structure using nuclear 

resonant inelastic x-ray scattering (NRIXS) in a high-pressure diamond anvil cell at 

ambient temperature. The partial PDOS of iron in the pnictide crystal changes 

dramatically at approximately 8 GPa, which can be associated with the tetragonal (T) 

to collapsed tetragonal (CT) isostructural transition as evidenced in high-pressure 

X-ray diffraction (XRD) measurements and theoretical calculations. Across the T-CT 

phase transition, analysis of the PDOS spectra shows a rapid stiffening of the optical 

phonon modes and a dramatic increase of the Lamb-Mössbauer factor (fLM) and mean 

force constant which can be associated with the rapid decrease of the c-axis and the 

anomalous expansion of the a-axis. Theoretically calculated Fe partial phonon DOS 

and lattice parameters of SrFe2As2 further reveal the strong correlation between the 

lattice parameters and phonons. Our results show that the T-CT transition can induce 

significant changes in the vibrational, elastic, and thermodynamic properties of 

SrFe2AS2 single crystal at high pressure. 
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Ⅰ. INTRODUCTION 

The discovery of the high transition temperature (Tc) superconductivity in 

ferropnictides has inspired renewed research interest in the fundamental physics of the 

origin of superconductivity.1 Thus far, all of the newly discovered ferropnictide 

superconductors exhibit tetrahedral coordinated FeAs layers.2,3 The parent 

ferropnictide compounds undergo a structural transition from a tetragonal to an 

orthorhombic phase at low temperatures that is accompanied by a paramagnetic (PM) 

to an antiferromagnetic (AFM) spin density wave (SDW) transition.4-6 

Superconductivity in this system can be induced by chemical doping or applied 

pressure to suppress the SDW.3,7 The interplay of the structure and magnetism is 

believed to play an important role in the origin of superconductivity in the pnictide 

superconductors.2 First-principles calculations have shown that the electron-phonon 

coupling is too weak to give rise to the high Tc in the ferropnictide superconductors.8 

However, many recent theoretical calculations and experimental results have 

indicated that the phonon coupling with the magnetism or the spin fluctuations in the 

compound can play an important role in the origin of the superconductivity.9-10 In 

particular, a large isotope effect related to Coulomb interactions between electrons, in 

which the isotope coefficient is defined by –dlnTc/dlnM where M is the isotope mass, 

has been observed in Ba1-xKxFe2As2 and SmFeAsO1-xFx iron pnictide 

superconductors.11 A similar isotope effect was also reported for the FeSe 

compound,12 demonstrating that the phonon-electron coupling in iron pnictides cannot 

be ruled out as a fundamental mechanism for the origin of superconductivity in 
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pnictides.  

Superconductivity can also be induced by applying pressure to the parent 

pnictide compounds.3,7 Compared to chemical doping, applied pressure introduces 

less disorder and was found to be a powerful tool to unravel the intrinsic properties in 

the iron pnictides.13 Previous high-pressure studies performed on BaFe2As2 reveal that 

the structural and antiferromagnetic transitions are rapidly suppressed by applied 

pressure before the superconductivity of the system occurs, although some crucial 

issues remain to be addressed, including the effects of hydrostaticity and uniaxial 

stress on the structural, magnetic, and superconducting behaviors of the system.3,14,15 

Similarly, pressure-induced superconductivity was also reported for CaFe2As2 and 

SrFe2As2 in which Ca and Sr ions are much smaller cations occupying the charge 

reservoir layers.16-19 At ambient pressure, the parent SrFe2As2 compound exhibits the 

SDW transition at 205 K,20 whereas the superconductivity only appears when 

suppressing the SDW transition at high pressure.21 

It has also been shown that high pressure can cause the tetragonal (T) phase in 

SrFe2As2 to transform to a collapsed tetragonal (CT) phase.22 The complex 

interactions between structural, magnetic, and superconducting parameters indicate 

that the lattice dynamics can play a key role in the origin of superconductivity in the 

pnictides. Knowledge of the partial phonon density of states (PDOS) of iron in 

pnictides can provide valuable information about the lattice dynamics and vibrational, 

thermodynamic, and elastic properties of the system. Previous nuclear resonant 

inelastic x-ray scattering (NRIXS) experiments performed on both the parent and 
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doped Ba(Fe1-xCox)2As2 iron pnictides have provided information about the partial 

PDOS of iron and revealed pressure-induced phonon stiffing at 4 GPa and 300 K. A 

temperature-induced discontinuity of the phonon frequencies was also reported to 

occur across the magnetic and structural phase transition at 130 K under ambient 

pressure.23 The change of the phonon properties around these transitions suggested a 

close correlation between the partial PDOS of iron and the magnetic and structural 

transitions in the sample that were driven by applied low temperature and high 

pressure. Therefore, studying the PDOS and lattice and hyperfine parameters of the 

pnictide system under controlled hydrostatic pressure conditions is helpful in 

understanding the structural and magnetic transitions, as well as the formation of 

superconductivity in iron pnictide system. In this study, we have investigated the 

pressure effect on the iron PDOS in a single-crystal SrFe2As2 enriched in 57Fe isotope 

using NRIXS and synchrotron X-ray diffraction (XRD) in a high-pressure diamond 

anvil cell (DAC). Our results show that applied pressure induces an abrupt phonon 

stiffing in certain vibrational modes across the isostructural T-CT transition. Together 

with the lattice parameters derived from XRD studies and first principle theoretical 

calculations, the phonon stiffing can be associated with the dramatic decrease in the 

axial c/a ratio, where the elastic constants such as the mean force constant also 

experience dramatic increase across the transition. 

II. EXPERIMENTAL DETAILS 

Single-crystal SrFe2As2 samples with 20 at% 57Fe enrichment were grown using 

the FeAs self-flux method.24 XRD measurements of the sample at ambient conditions 
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showed that the crystal exhibits a tetragonal structure (space group: I4/mmm) with a = 

3.9256(2) Å and c = 12.379(1) Å, consistent with a previous report.25 A single-crystal 

sample measuring 25 µm thick and 80 µm in length was loaded into a three-fold 

panoramic DAC with a Be gasket having Ne as the pressure medium and ruby spheres 

as the pressure calibrant. One crystal was loaded into the DAC with its 

crystallographic c-axis parallel to the compressional axis of the DAC to allow for 

out-of-plane (OP) NRIXS measurements, while another crystal was loaded into the 

DAC having its c-axis perpendicular to the compression axis for in-plane (IP) NRIXS 

measurements. 

    NRIXS experiments were conducted at Sector 3 of the Advanced Photon Source 

(APS), Argonne National Laboratory (ANL) with an energy resolution of 1 meV and 

an x-ray beam size of approximately 10 μm in diameter (FWHM). Energy spectra 

were obtained by tuning the incident x-ray energy (±70 meV) around the nuclear 

transition energy of 14.4125 keV, and the Fe K-fluorescence radiation that was 

emitted with a time delay relative to the incident x-ray pulse was collected by three 

avalanche photodiode detectors (APD). Our experimental NRIXS method is the same 

as that used in previous NRIXS studies of BaFe2As2 and Ba(Fe1-xCox)2As2.23 

Out-of-plane (OP) measurements were performed with the incident x-ray beam along 

the c-axis of the single crystal, whereas the in-plane (IP) measurements were 

performed with the incident x-ray beam parallels the ab basal plane of the crystal. In 

both OP and IP measurements, the scattered NRIXS signal were measured through the 

Be gasket. These single-crystal NRIXS measurements from the OP and IP spectra 
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permit us to decipher the evolution of the PDOS along two distinct orientations of the 

crystal across the collapsed tetragonal transition at high pressures and room 

temperature. The collection time for each energy spectrum was approximately 8-12 hr 

and 8-10 spectra at a given pressure were co-added with a maximum phonon intensity 

of 100-150 counts to allow for sufficient data quality for further analyses. Pressures of 

the NRIXS experiments were determined from the ruby spheres loaded in the sample 

chamber, while pressure uncertainties were calculated from measured pressures 

before and after the experiments at each given pressure step. The measured spectra 

consisted of an intense elastic peak in the center and a series of sidebands from 

lower-energy and higher-energy regions. After removing the elastic peak, the 

measured energy spectra were analyzed using the PHOENIX software using a 

quasiharmonic model to derive the PDOS as well as elastic, vibrational, and 

thermodynamic parameters of the sample.26 

X-ray diffraction experiments were carried out using an incident x-ray 

wavelength of 0.4132 Å and a beamsize of 20 µm (FWHM) at the 16-BMD beamline 

of the HPCAT, Advanced Photon Source (APS), Argonne National Laboratory (ANL). 

A single-crystal sample measuring 50 µm in diameter and 20 µm in thickness was 

loaded into a symmetric DAC having Ne as the pressure medium and ruby spheres as 

the pressure calibrant. During the XRD measurements, the crystal in the DAC was 

rotated at ±2˚ continuously about the vertical axis of the DAC holder to optimize for 

the collection of the zone diffraction patterns. Refinements of the lattice parameters of 

the sample were performed using the LeBail method in the GSAS software package.27   
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III. EXPERIMENTAL RESULTS 

NRIXS spectra of the single-crystal SrFe2As2 have been measured up to 15.6 

GPa for the out-of-plane orientation and up to 14.5 GPa for the in-plane orientation, 

respectively (Fig. 1). Analysis of the measured energy spectra and the derived PDOS 

spectra at ambient conditions shows some prominent spectral features in the low 

(~0-20 meV), intermediate (~20-30 meV), and high-energy (~ >30 meV) regions (Fig. 

1). The low-energy spectral region consists of three major vibrational bands centered 

around 9, 14, and 17 meV, in which the very low-energy portion below the band at 9 

meV can be attributed to the acoustic phonons. The intermediate and high-energy 

regions include two vibrational bands located at around 24 and 31 meV, respectively. 

The out-of-plane spectra exhibit distinct spectral features in the low-energy region 

from that in the in-plane spectra (Fig. 1), indicating that the acoustic phonons from the 

iron lattice displacement in these orientations are very different. Overall, the spectral 

features of our PDOS spectra are consistent with previous results by neutron inelastic 

scattering (NIS) and NRIXS measurements using powder samples at ambient 

condistions28,29, although our spectra definitely show many more distinct features due 

to the use of the pre-oriented single-crystal sample. Comparison of the Fe PDOS 

spectra with previously reported Raman spectra of SrFe2As2 allows us to identify the 

phonon bands of the B1g mode, which represents the relative vibration of Fe atoms 

along c-axis at approximately 24 meV, and the Eg mode at around 13 and 31 meV, 

which represent the two types of relative vibration between Fe and As atoms in the ab 

plane, respectively. 30  
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Pressure-dependent PDOS spectra of the single-crystal SrFe2As2 at room 

temperature are shown in Fig. 2 for both OP and IP orientations. The spectral features 

from the OP bands are much more prominent than the IP spectral features. These 

spectral features are overall in agreement with a previous Raman study of SrFe2As2, 

in which the Raman active phonons taken from ac/bc planes are much clearer than 

those taken from the ab basal plane.30  

The PDOS spectra bands move gradually toward higher energy with increasing 

pressure up to approximately 8 GPa, corresponding to a normal compression-induced 

phonon stiffening behavior. However, significant changes in the spectral features 

occur at pressures from 8.2 to 11.3 GPa (Fig. 2a), including the rapid modes stiffening 

and apparent spectral widening. The pressure-induced spectral changes appear to 

become more gradual at pressures above 12 GPa. The sharp increase in phonon 

energy from 8 to 11 GPa indicates a possible structural transition occurred in this 

pressure range. 

Modeling the experimentally measured energy spectra using the PHOENIX 

program allows us to derive vibrational, elastic, and thermodynamic parameters of the 

iron contribution to the lattice dynamics of the SrFe2As2 lattice as a function of 

pressure (Fig. 3). We note that although the derived PDOS and physical properties 

only represent the iron vibrational contributions in the structure, detailed lattice 

dynamics of the whole sample can still be understood as iron atoms would 

intrinsically interact with surrounding Sr and As atoms in the lattice, thus providing 

detailed information about the lattice dynamics of the system at high pressures. 
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Specifically, the Lamb-Mössbauer factor (fLM) represents the probability for recoilless 

absorption, or the ratio of elastic to total incoherent scattering in NRIXS experiments, 

which contains information about lattice dynamics and, in turn, depends strongly on 

the binding of the resonant nuclei in the lattice. The mean force constant reflects the 

average strength of chemical bonds in the lattice. Thus, the derived Lamb-Mössbauer 

factor (fLM) and mean force constant from the OP and IP orientations can be correlated 

with the detailed structural parameters along the c axis and ab basal plane. 

The fLM and mean force constant derived from both OP and IP orientations 

gradually increase with increasing pressure up to 8 GPa, indicating an enhanced 

binding of the resonant nuclei and the chemical bond strength (Fig. 3). At pressures 

above 8 GPa, however, both the fLM and mean force constant from the OP orientation 

show a sudden increase from 8.2 to 11.3 GPa, followed by a platform above 12 GPa. 

The jump is consistent with observations made for the sudden stiffening of the lattice 

constants along c-axis of SrFe2As2 based on XRD measurements (Fig. 4; see further 

discussions below). On the other hand, for the IP mode, both the fLM and mean force 

constant rise to maximum values at around 8.6 GPa, and then show an abnormal 

decrease when the pressure increases to 11.4 GPa, suggesting an extended lattice in ab 

plane of SrFe2As2 in the pressure region from 8.6 to 11.4 GPa. The concurrent sudden 

stiffening along c-axis and abnormal expanding in ab plane of the lattice of SrFe2As2 

further suggests the occurrence of the structural and/or electronic transition(s) 

between 8 and 11 GPa. 

We have also measured and refined the XRD patterns of the single-crystal 



 

 11

SrFe2As2 in order to understand the correlation between lattice parameters and PDOS. 

The derived lattice constants, a and c, as a function of pressure are presented in Fig. 

4(a) and (b). Below 8 GPa, both a and c lattice parameters monotonically decrease 

with increasing pressure. However, the a-axis expands anomalously at pressures 

above 8 GPa, whereas the c-axis shows a rather rapid decrease. The c/a axial ratio 

also reduces at pressures between 8 and 11 GPa (Fig. 4(c)). At pressures between 11 

and 16 GPa, the axial incompressibility of the crystal appears to become normal with 

a near constant c/a ratio of 2.65. Here we have analyzed the linear compressibility 

along a and c axis according to the extended Eulerian finite-strain equation of state.42 

The modeled linear incompressibilities along a and c direction are 256.6 (±5.9) GPa 

and 30.3 (±0.2) GPa, respectively, below 8 GPa and 367.2 (±47.7) GPa and 142.2 

(±19.6) GPa, respectively, above 11 GPa. These results show an extremely anisotropic 

compressional behavior along a and c axis, in which c axis is much more 

compressible than a axis. Previous high-pressure studies in powder SrFe2As2 and 

BaFe2Aa2 by Uhoya et al. 22,31 have revealed an abnormal increase of a-axis and a 

rapid decrease of c-axis with compression that were found to be associated with the 

T–CT isostructural transition. Our measured lattice parameters here are thus 

consistent with the occurrence of the T-CT transition in SrFe2As2 at high pressures. 

The T-CT phase transition starts at ~8 GPa, where the lattice parameters abnormally 

change. At approximately 11 GPa, SrFe2As2 transforms completely to the CT 

structure with the same space group of I4/mmm but with a larger a and smaller c 

lattice parameter. This collapsed tetragonal isostructural transition has also been 
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reported for other “122” pnictide superconductors.32,33 It should be noted that the 

T-CT phase transition observed at 8-11 GPa in our study is slightly higher than the 

pressure range of 5-10 GPa in previous study on powder SrFe2As2 under 

non-hydrostatic conditions.22 This difference in the transition pressure can be 

attributed to the presence of the uniaxial stress in the sample chamber with different 

pressure medium used. Such a non-hydrostatic pressure-induced transition has also 

been observed in BaFe2As2 in which the starting transition pressure is 17 GPa under 

non-hydrostatic conditions31 and 22 GPa under hydrostatic conditions,34 respectively.  

IV. THEORETICAL CALCULATIONS 

In order to help decipher the underlying physics for the changes in the lattice 

parameters and PDOS across the T-CT transition in SrFe2As2 at high pressure, 

first-principle calculations were carried out using VASP code,35 projector augmented 

wave (PAW) pseudopotentials with the Perdew-Burke-Ernzerhof (PBE) Generalized 

Gradient Approximation (GGA) density functional.36 The geometry optimization was 

performed over a 9×9×12 k-point grid, with cutoffs of 500 eV for the wave functions. 

The phonon spectra calculations were performed through the finite displacement 

method implemented in the PHONOPY code,37 with a 2×2×2 supercell for force 

constant set calculations.  

The lattice parameters and atomic positions of SrFe2As2 at high pressures were 

obtained from nonspin polarized geometry optimization, as shown in Fig 4(d)-(f), 

which shows similar trends as the experimentally measured results. Specifically, the 

abnormal expansion of the lattice parameter a and the change of the slope of c/a ratio 
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upon pressure are shown to be associated with the electronic collapsing across the 

T-CT transition.34,38 The variations of As-As and Fe-As bond length as well as 

As–Fe–As bond angles after relaxation, which have been also calculated and 

presented in Fig.4 (g)-(i), are associated with a significant decrease in the height of 

the FeAs and As-Sr-As planes below transition pressure. This reduction is not as 

apparent at higher pressure and can be attributed to pressure-induced strengthening of 

the As-As interactions.41 The calculated phonon spectra of SrFe2As2 at 16 GPa are 

plotted in Fig. 5, which shows the dynamical stabilities of CT phase of SrFe2As2 

under high pressure and confirms the T-CT phase transition. The structural stability 

could also be ascribed to be the enhanced As-As interactions under high pressure. 

 The evolution of Fe out-of-plane spectra under high pressure, shown in Fig 5(b), 

agrees with the experiments reasonably well. To figure out vibrational mode 

compound of each peaks, we carried out Γ-point phonon calculations. The vibrational 

modes related to Fe atoms and the evolution of frequency with pressure are shown in 

Fig 5(c). There are eight irreducible representations of the optical phonons in 

SrFe2As2 at Γ point for the D4h (4/mmm) group: 

Γoptic = A1g + 2A2u+B1g+2Eg+2Eu 

The spectra in the low-energy spectral region (10-20 meV) emerge as two bands, 

which are contributed by the acoustic modes and the optical A2u(2) mode, respectively. 

These two bands separate from each other with increasing pressure, which agrees with 

the widening of spectra observed in our experiment. In the intermediate (~20-30 meV) 

region, the peak corresponding to the B1g mode indicates a non-monotonic variation 
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in frequency, consistent with the experimental result shown in Fig 2(a). The 

vibrational phonon B1g stiffens at the pressure of 0~4 GPa, then softens at around 7 

GPa, and finally stiffens rapidly at pressure above 8 GPa, exhibiting a similar trend to 

the evolution of the a axis in lattice. As shown in Fig. 5 (c), B1g mode represents the 

Fe-Fe asymmetric off-plane vibration along c axis, Fe-Fe distance (= a/√2)) may 

significantly influence the vibrational frequency of this mode. The A2u(1) mode in the 

high-energy (~ >30 meV) region, representing the Fe-As asymmetric off-plane 

vibration, shows a rapid stiffening at pressure above 8 GPa, which is in agreement 

with the increasing of experimental out-of-plane mean force constant during T-CT 

transition. 

Based on these high-pressure NRIXS and XRD results of the single-crystal 

SrFe2As2 as well as theoretical calculations for the structural parameters, phonon 

dispersions, and PDOS, here we address how phononic and structural properties of the 

sample are affected by the pressure-induced T-CT transition. Our observed drastic 

changes in the PDOS between 8 and 11 GPa can be directly associated with the 

occurrence of the collapsed tetragonal transition. Thus, the evolution of the derived 

fLM and mean force constant in OP and IP modes can be associated to the abnormal 

change of the lattice constants of a and c across the T-CT transition. Between 8 and 11 

GPa, the rapid decrease of c with the increasing pressure indicates a quick shortening 

of atomic spacing along c-axis direction; therefore, the phonon mode B1g, which 

represents the Fe-Fe stretching vibration along c-axis, shows a rapid stiffening in OP 

mode. Correspondingly, the derived fLM and mean force constant in OP mode shows a 
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rapid increase in the pressure region. On the contrary, the increase of the lattice 

parameter a across T-CT transition induces an expansion in ab plane and an abnormal 

decrease of fLM and mean force constant in IP mode from 8.6 to 11.4 GPa (Fig. 3).  

Conclusion 

The pressure dependence of the partial phonon density of states in the single 

crystal SrFe2As2 has been studied by the high-energy resolution 57Fe NRIXS together 

with X-ray diffraction under hydrostatic conditions. Our X-ray diffraction studies 

reveal anomalous changes of the lattice parameters between 8-11 GPa with an 

abnormal change in a and rapid decrease in c, which can be associated to the 

isostructural phase transition from the tetragonal to the collapsed tetragonal phase. 

The Fe partial PDOS of the SrF2As2 were found to be drastically affected by the phase 

transition such that a stiffening of the vibrational modes was observed in both the OP 

and IP polarized modes under high pressure. Accompanied with the phase transition 

and mode stiffening, the elastic and vibrational parameters, such as Lamb-Mössbauer 

factor and mean force constant, show drastic change across the T-CT transition 

between 8 and 11 GPa. These changes in PDOS, fLM, and mean force constant can be 

associated with the anomalous changes of the lattice parameters, a and c, as a result of 

the T-CT phase transition under high pressure. Our results here can be used to help 

understand the evolution of phononic and structural properties across the T-CT phase 

transition in SrFe2As2 at high pressures. 
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Figure Captions 

FIG 1. Representative partial phonon density of state (PDOS) of iron in single-crystal 

SrFe2As2 at ambient condition. Red dots and line: out-of-plane spectra; blue dots and 

line: in-plane spectra. The vertical dotted lines represent previously reported 

frequencies (energies) of the Raman modes from the same compound.30 Literature 

PDOS results for powder SrFe2As2 samples obtained by inelastic neutron scattering 

(INS) at ambient conditions (black line)28 and by NRIXS at 250 K and ambient 

pressure (olive line)29 are also plotted for comparison.  

 

FIG. 2 Representative PDOS spectra of iron in single-crystal SrFe2As2 measured by 

NRIXS at high pressures. (a) Out-of-plane spectra measured with the incident x-ray 

beam alone the c-axis of the crystal; (b) In-plane spectra with the beam parallel to the 

ab basal plane. The error bars equal to the symbols suggest a very small uncertainties 

of PDOS. The spectra show a rapid modes stiffening as well as an obvious widening 

in the region below 20 meV with the pressure increasing from 8 to 11 GPa. 

 

FIG. 3 Derived vibrational and elastic parameters of the single-crystal SrFe2As2 from 

the in-plane and out-of-plane PDOS spectra as a function of pressure. (a) 

Lamb-Mössbauer factor (fLM); (b) mean force constant. Both the fLM and mean force 

constant show sudden jump at 8.2 GPa and experience a rapid increase from 8.2 to 

11.3 GPa. Vertical dashed lines are used to separate tetragonal, tetragonal and 

collapsed tetragonal, and collapsed tetragonal phases (see Figure 4 for details). 



 

 23

 

FIG. 4 Experimental (open circle) (a)-(c) and theoretically calculated (solid circle) 

(d)-(f) lattice parameters a, c and axial ratio c/a of the single-crystal SrFe2As2 as a 

function of pressure. Vertical dotted lines indicate tetragonal (T), two-phase 

coexistence (T/CT), and collapsed tetragonal (CT) phase regions. The abnormal 

expansion of a and rapid decrease of c between 8 and 11 GPa highlight the occurrence 

of T-CT phase transition. The calculated results give a similar change tendency and 

confirm the phase transition observed in the XRD experiments. Theoretically 

calculated As-As bond length and ZAs (g), Fe-As bond length (h), and As-Fe-As bond 

angles (i) as a function of pressure. These results suggest a relatively less decease of 

the bond lengths and bond angles with the increasing pressure above 11 GPa, as a 

results of As-As interactions strengthening. 

 

Fig 5. Theoretically calculated (a) phonon spectra and phonon DOS of SrFe2As2 at 16 

GPa, which shows the CT structure is dynamically stable at high pressure. (b) partial 

phonon DOS of Fe in SrFe2As2 at high pressures projected on the out-of-plane 

direction. (c) the vibrational modes at Γ point associated with the Fe out-of-plane 

vibration. The pressure dependence of these modes has a similar evolution as the 

measured out-of-plane modes from experiments. The intermediate frequency B1g 

mode at around 20-30 meV indicates a non-monotonic variation with pressure. 
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FIG. 2 
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FIG. 4 
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FIG. 5 
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