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Abstract:

In situ, time-resolved, x-ray diffraction and simultaneous continuum measurements were used to
examine structural changes in Si shock compressed to 54 GPa. Shock-melting was
unambiguously established above ~31-33 GPa, through the vanishing of all sharp crystalline
diffraction peaks and the emergence of a single broad diffraction ring. Reshock from the melt
boundary results in rapid (nanosecond) recrystallization to the hexagonal-close-packed Si phase
and further supports melting. Our results also provide new constraints on the high-temperature,

high-pressure Si phase diagram.
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Shock compression experiments — because they can access very high-pressures and high-
temperatures — are well suited for examining material phase diagrams [1], including the melt
boundary, that are not easily accessed using static experiments. As such, shock compression
experiments have provided unique insights into condensed matter states under extreme
conditions including iron at earth core conditions [2,3], carbon phases at TPa pressures [4], and
silica at planetary interior conditions [5]. Although shock-induced phase transformations,
particularly those resulting in large volume changes, can be detected using continuum
measurements [ 1], such measurements do not provide structural information for the high
pressure phase. In situ, x-ray diffraction (XRD) measurements have been crucial for identifying
high-pressure structures in shock-induced solid-solid phase transformations [6-11]. In contrast,
melting, a fundamental and extensively studied phase transition in materials, is more challenging
to examine under shock-compression, in part, because the volume change associated with
melting is often small, and also because XRD patterns from liquids and from amorphous solids

are not easily distinguished.

Although the possibility of melting under shock compression has long been recognized
[1,12], inferences of shock melting have largely been indirect. Early inferences relied on the
observation of discontinuities in shock velocity vs. particle velocity data [1,13]. Sound speed
discontinuities have also been used as a signature of shock melting since the liquid phase is
expected to have no shear modulus [2]. Melting has also been inferred through the observed
plateau (ascribed to latent heat) in the increase of temperature with stress [3,5,14]. Recently,
efforts have been made to identify melting using XRD in nanosecond duration laser shock
experiments on Mo [15], Sc [16], and Bi [17]. These conclusions are essentially based on

observation of weakening and broadening of a single diffraction line and are, therefore, not



unambiguous. Direct and unequivocal demonstration of shock melting remains an important
objective. For that, several sharp XRD lines, signifying crystallinity, must all vanish and the
issue of amorphization rather than melting needs to be carefully addressed. Similarly,

crystallization of shocked liquid phases is of fundamental importance to gain insights into the

crystallization kinetics in real-time.

Here, we report on in situ, time-resolved, XRD measurements in plate impact
experiments to examine the structure of shock-compressed silicon along the Hugoniot between
26-54 GPa — providing explicit proof of shock melting through the simultaneous vanishing of all
sharp crystalline diffraction peaks above ~33 GPa. Recrystallization of liquid Si observed upon
reshock and during release from the Hugoniot state on nanosecond timescales makes a

persuasive case for melting rather than amorphization.

Under static compression at ambient temperature, Si undergoes six structural
transformations [18]. With increasing temperature at ambient pressure, the cubic diamond (cd)
phase melts without undergoing any other phase transitions. The melting temperature of cd Si
decreases with pressure [19] up to the cd—p-tin—liquid triple point near 1000 K and 11 GPa
[20,21] and increases slightly for higher pressures [21]. Measured Si phase boundaries including

the melting curve have not been reported for elevated temperatures above ~16 GPa.

Although previous shock-compression experiments have driven Si into high-temperature,
high-pressure states, most diagnostics have been insufficient to determine the structure or phase
boundaries [22-28]. Early continuum studies concluded that a large volume change ( > 20%)
occurs somewhere above ~10 GPa [22-24] consistent with a transformation to a high-pressure Si
structure [18]. Subsequently, the structure of Si shocked to 26 GPa was confirmed to be simple

hexagonal (sh) using in situ, XRD measurements [8]. Based on characterization of Si recovered
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following laser-shock compression and associated MD simulations, it was suggested that Si
amorphizes during shock compression [28]. Other MD simulations have either predicted a
transformation to the Imma phase before melting at ~36 GPa [29] or have provided Hugoniot
states for shock-compressed Si [30]. However, to date, shock melting and crystalline structures

other than sh have not been observed in situ, in shock-compressed Si.

In the present experiments, shock-compressed Si was examined using the configuration
shown in Fig. 1a. Upon impact of a flyer plate (LiF or polycarbonate) onto a Si sample (0.5-1.6
mm thick), three waves — corresponding to elastic, inelastic, and phase transformation response —
propagate through the Si; wave profiles were recorded using a velocity interferometer at the
Si/LiF interface (see Figs. 1b, and S2 and S3 of the supplementary materials [31]). Analysis of
the transmitted wave profiles provided the stress and density on the Hugoniot [31].
Corresponding Hugoniot temperatures were obtained from Ref. [30]. Off-Hugoniot Si states
were achieved after the phase transformation wave reflected as a reshock from the Si/LiF
interface and/or at late times after stress release. Reshock stresses were obtained directly from
the measured Si/LiF interface velocity and the LiF Hugoniot [34]. Specific parameters for each
experiment are provided in supplementary Tables S1-S3 [31].

The shock-compression experiments were performed at the Dynamic Compression Sector
at the Advanced Photon Source using the 24-bunch synchrotron mode: ~100 ps duration x-ray
pulses every 153.4 ns. Time-resolved, powder XRD measurements (~23 keV x-rays), recording
four XRD frames each separated by 153.4 ns, were used to examine the structural evolution at
different stresses along the Hugoniot, and for reshocked and/or released states. Silicon samples

were either single crystal (shocked along [100]) or polycrystalline. Most experiments were



performed on single crystal Si and we focus our discussion on those results. Results for
polycrystalline Si are consistent with the Si(100) results [31].

Representative XRD data from shocked Si(100) for stresses near the melting transition
are shown in Figs. 1c and 1d. The partial Debye rings observed at 29.7 GPa correspond to a
textured high-pressure crystalline structure, and the smooth broad diffuse ring observed at 34.9
GPa demonstrates loss of crystallinity. We identify the non-crystalline state as the liquid phase,

and we provide further supporting evidence after presenting the experimental results.

Figure 2a shows the temporal-evolution of XRD line profiles for shocked Si(100) for
three representative experiments with peak stresses near the onset of shock melting (bottom),
near the completion of shock melting (middle), and for complete shock melting (top). For 30.5
GPa and 32.7 GPa impact stresses, crystalline diffraction peaks are apparent in the shocked
and/or reshocked state, whereas for 36.7 GPa peak stress only a broad diffraction feature due to
liquid Si is observed. Figures 2b and 2¢ show XRD line profiles for Si(100) corresponding to the

Hugoniot and to the reshocked state, respectively.

The structure of shocked Si along the Hugoniot is determined from the XRD line profiles
obtained prior to the phase transformation wave reaching the Si/LiF interface. For an impact
stress of 29.7 GPa, the diffraction line profile is well-matched by a diffraction simulation using
the sh Si structure (Fig. 3a). For impact stresses from 30.5-32.7 GPa, the line profiles have
diffraction peaks characteristic of the sh Si structure and a broad hump due to liquid Si (Fig. 2b).
The diffraction profile for Si(100) shocked to 30.5 GPa matches the combination of a sh Si
diffraction simulation and a Gaussian due to liquid Si (Fig. 3b). For Si shocked to 32.7 GPa, the
diffraction pattern is primarily a broad hump — with weak superposed sh Si peaks — indicating

that melting is nearly complete. For impact stresses of 34.7 GPa and higher, only a broad



diffraction hump was observed indicating complete melting during shock compression. From
these findings, we conclude that the Hugoniot of shocked Si passes through the sh phase,

intersecting the sh/liquid phase boundary from ~30-33 GPa before undergoing complete melting.

The Si stresses and specific volumes along the Hugoniot, determined from the velocity
interferometry data [31], are shown in Fig. 4a. The solid-liquid transition from ~30-33 GPa is
not readily apparent from these continuum results, since the specific volume varies smoothly
with shock stress through the melt transition. The sh Si specific volumes, calculated from the sh
Si lattice parameters determined from XRD measurements [31], are in excellent agreement with
the densities determined from the continuum measurements. Additionally, the Si Hugoniot
calculated using QMD assuming a liquid final state [30] is consistent with continuum results at
all peak stresses. These observations highlight the importance of the XRD measurements for

identifying the melt transition in shock-compressed Si.

The reshocked states provide further insight into the Si phase diagram near the melt
boundary. After reshock from states on the sh-liquid phase boundary, a new sharp (101)
hexagonal close-packed (hcp) peak, in addition to a broad liquid Si hump, emerges near
20=16.2° showing that the reshocked Si has passed the sh-hcp-liquid triple point but remains on
the melt boundary. For states due to reshock from 30.5 GPa and 30.9 GPa to 35.8 GPa and 36.2
GPa, respectively, both sh and hep XRD peaks are observed; this is expected since the reshock
wave has propagated through less than half of the Si thickness, and the measured line profiles are
matched by a superposition of simulated line profiles for sh and hep structures and a Gaussian
representing liquid Si (Fig. 3c). For complete reshock from 32.7 GPa to 39.3 GPa, the sh peaks
are no longer present and the observed line profile is matched by simulated hcp diffraction peaks

and a Gaussian representing liquid Si (Fig. 3d). The specific volumes of the hcp Si determined



from the XRD data are shown in Fig. 4a and are consistent with the extrapolated hcp specific
volumes from static compression of Si [38]. Crystalline diffraction peaks were not observed for
Si reshocked from Hugoniot stresses of 36.7 GPa or higher indicating that the liquid-solid phase

boundary was not crossed during reshock of pure liquid Si.

The velocity interferometry measurements were also used to calculate the reshock
specific volume and stress after the phase transformation wave reflects from the Si/LiF interface
[31]. The compressibility increases significantly during reshock from ~30-33 GPa stresses (Figs.
S6-S8) when the sh-hcp-liquid triple point is crossed on the melt line. In contrast, for lower peak
stresses where reshocked sh Si remains sh and for higher peak stresses where reshocked liquid Si
remains liquid Si, the volume change during reshock is significantly smaller (Fig. S8) [31].

Thus, the continuum results are well-aligned with the XRD observations — transformation to the

hcp structure during reshock occurs only when reshocked from the sh/liquid melt boundary.

Figure 4b summarizes our extension of the Si phase diagram to elevated temperatures
above 16 GPa. The melting line previously measured between the cd—B-tin—liquid triple point
and 16 GPa [20, 21] is linearly extrapolated to the lower pressure bound (32.7 GPa) determined
here for the sh-hcp-liquid triple point; the three Hugoniot stresses corresponding to sh/liquid
mixtures are shown on this extrapolated melt curve. The sh-hcp phase boundary is constrained
to intersect the melt curve between 32.7 and 35.8 GPa; the uncertainty in the phase boundary is
indicated by the checkered region. At ambient temperature, the Cmca-hcp phase transition
occurs at 42 GPa [38]; however, the Cmca structure was not observed in our shock experiments.
Thus, we conclude that dP/dT<0 for the sh-hcp phase boundary, and a Cmca-sh-hcp triple point

exists somewhere below the melt boundary.



Past work does not provide guidance on the melt line for pressures above the sh-hcp-
liquid triple point. We expect the hcp-liquid melt boundary to have dP/dT>0, typical for close-
packed metals [44]; thus, dT/dP=0 provides a lower bound temperature estimate for the hcp-
liquid phase boundary. An approximate upper bound for the hcp-liquid boundary is obtained
from the reshock stresses at which complete melt was observed both on the Hugoniot and after
reshock. The black dashed lines in Fig. 4b bracket the uncertainty range (cyan region) of the
hep-liquid melt line. The three reshocked states that exhibit a mixture of hcp and liquid Si are

shown as pink vertical bars in the bracketed hcp-liquid phase boundary region.

In principle, the broad diffraction peaks observed from shock-melted Si could also be due
to amorphization during shock compression. However, the monotonic temperature increase of
temperature with shock stress [30] is contrary to the kinetic impedance necessary to realize a
structurally frustrated amorphous state [45]. Additionally, our observations of recrystallization
during stress release from non-crystalline shocked states (see Fig. S17 [31]) and during reshock
from a primarily non-crystalline state (from shock stress of 32.7 GPa) suggest that the kinetic
barriers for crystallization are small (given the small temperature increase expected during
reshock and the small temperature decrease during release). These findings provide strong
supporting evidence that the non-crystalline state in shocked Si is liquid rather than a metastable
amorphous solid, since large temperature increases are typically required to initiate

crystallization of an amorphous solid to the ground state structure [11].

The local structure of liquid Si is reported to be similar to the crystalline B—tin structure
from 0-8 GPa, before transforming to a denser liquid between 8-14 GPa [40,46]. The

Q=4msinB/A values of the center of the broad XRD humps observed for shock-melted Si are



consistent with extrapolated values from lower pressure static data [40] (see Fig. S18) implying

that liquid Si may be a three dimensional network liquid even at higher pressures.

To summarize, our in situ, time-resolved, XRD measurements in shock-compressed Si
show that all crystalline diffraction peaks vanish above ~33 GPa, providing unambiguous proof
of shock melting. The present work is also unique in that Hugoniot and off-Hugoniot states were
both examined with in situ, XRD in the same experiment allowing Si phase boundaries to be
examined off the Hugoniot. Recrystallization of liquid Si was observed on nanosecond
timescales during both reshock and during stress release. Such measurements provide a new
approach for distinguishing between shock-induced melting and amorphization. Finally, our
results provide new insight into the high-temperature, high-pressure Si phase diagram by
constraining the sh-hcp-liquid triple point, by demonstrating that dP/dT<0 for the sh-hcp phase

boundary, and by constraining the hcp-liquid melt line.
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Figure Captions

1.

(Color online) (a) Configuration for simultaneous in situ, XRD and continuum
measurements in shock compressed Si. (b) Representative Si/LiF velocity histories for
impact stresses of 32.7 GPa and 47.8 GPa. For impact stress larger than 39 GPa, the
phase transformation wave overdrives the inelastic shock. (c) and (d) Representative
XRD patterns recorded from shocked Si(100). LiF impactors and windows were (100)
oriented single crystals and the LiF(100) Laue XRD spots were masked before
integrating diffraction patterns azimuthally. Times listed in XRD patterns are relative to
impact.

(Color online) Representative XRD line profiles recorded for shocked Si(100). (a) Time
evolution of XRD line profiles (153.4 ns between profile measurements; green profiles
obtained one frame after blue profiles) from three experiments. Stresses listed are impact
stresses. (b) XRD patterns corresponding to Si(100) on the Hugoniot with impact stresses
and percentage of Si(100) through which the phase transformation wave has propagated
listed. (¢) XRD patterns corresponding to partially or fully reshocked Si(100) with
reshock stresses and percentage of Si reshocked listed. Line profiles with matching
colors in panels (b) and (c) were obtained in the same experiment.

(Color online) Representative background-subtracted measured XRD line profiles (black
lines) and simulated XRD line profiles (red lines) for Si(100). a) For 29.7 GPa impact
stress, the measured peaks match a sh diffraction simulation. (b) For 30.5 GPa impact
stress, the measured peaks match a superposition of a sh diffraction simulation and a
Gaussian representing liquid Si. (c) After partial reshock from 30.5 GPa impact stress to

35.8 GPa, the measured peaks match a superposition of sh and hcp diffraction
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simulations and a Gaussian representing liquid Si. (d) After reshock from 32.7 GPa to
39.3 GPa, measured peaks match a superposition of an hcp diffraction simulation and a
Gaussian representing liquid Si. Times listed in XRD patterns are relative to impact.
(Color online) Phase diagram for silicon. (a) Stress-volume results. The four lowest
peak stress continuum Hugoniot results are from Ref. [26]. The blue line is for
hydrostatically compressed cd Si based on second and third order elastic constants [41].
The Si V (sh) static compression data (orange diamonds) are from Refs. [38,42,43]. Si
VII (hcp) static compression results from Ref. [38] are summarized by the dark red line.
(b) Pressure-temperature summary. The phase boundaries between Si I (cd), IT (B-tin),
XI (Cmca), V and the melt line up to 16 GPa are from Ref. [21]. Dotted lines connect
Hugoniot and reshocked states from the same experiment. Temperatures for completely

melted Si were obtained from calculations in Ref. [30].
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Figure 2
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Figure 3
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Figure 4
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