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This work shows that detectable terahertz �THz� frequency radiation can be emitted when a wurtzite-
structure crystal transforms to a rocksalt structure under shock compression on picosecond time scales. Infor-
mation about the atomic-scale transformation pathway is contained in the sign of the emitted THz electric field
and information about the kinetics is contained in the time dependence. This phenomenon provides an avenue
to experimental measurement of microscopic transformation pathways in crystals on the shortest �picosecond�
time scales.

DOI: 10.1103/PhysRevB.81.144123 PACS number�s�: 62.50.Ef, 78.55.�m

One of the far-reaching goals in current materials physics
research is experimental observation of the atomic motions
associated with a change in phase. Here we present a physi-
cal mechanism that can be utilized to accomplish this in
some crystals lacking inversion symmetry. Observing ul-
trafast, picosecond time scale phase transformations and de-
termining how they occur is extremely challenging but
promises to usher in a new era of understanding and control
of materials. The picosecond time scale dynamics of materi-
als are beginning to be revealed by a cadre of innovative
ultrafast x-ray, electron, and optical techniques �see, e.g.,
Refs. 1–3�.

One of the common scenarios where picosecond time
scale phase transformations occur is during shock-
compression high-pressure studies, i.e., by launching a tran-
sient high-pressure wave into the material using a laser or
impacting projectile �see, e.g., Refs. 4–6�. Understanding
high-pressure phase transformations in materials is central to
planetary science and geological processes7,8 and has been
the subject of much research in CdSe for technological
applications.9–16 In this work, we show that the ultrafast,
shock wave induced wurtzite to rocksalt phase transforma-
tion in CdSe is accompanied by the generation of detectable
terahertz �THz� frequency electromagnetic radiation. Motion
of charged ions during transformation generates electrical
currents and endows the transformed material with a static
electrical polarization. Remarkably, this work finds that the
sign of the emitted electric field contains information about
the atomic-scale transformation pathway. We demonstrate
that a shift in transformation pathway with increasing shock
pressure can be observed by detecting emitted THz radiation.

This work builds on recent theoretical and experimental
work showing that THz frequency electrical signals are co-
herently generated when acoustic and shock waves propagate
through ionic materials and can be utilized as a new type of
ultrafast materials dynamics probe.17–21 Motion of charged
atoms in ionic materials radiates coherently when coherently
excited by acoustic or shock waves. This phenomenon has
recently been experimentally observed for THz frequency
acoustic waves propagating through GaN/AlN
heterostructures.21 In this work, we consider an experimental
scenario similar to that of Ref. 21 but at pressures suffi-

ciently large to induce a phase transformation.
We consider CdSe rather than the GaN utilized in the

experiments of Ref. 21 because CdSe exhibits a well-studied
rocksalt phase transformation that occurs at relatively low
pressures.9–16 Both CdSe and GaN are piezoelectric and have
the wurtzite structure. CdSe is a semiconducting material
with applications in electronic and optical devices. Consid-
erable interest has revolved around the synthesis and control
of nanocrystalline forms. The wurtzite to rocksalt transfor-
mation under pressure in CdSe has been studied via experi-
ments and molecular-dynamics simulations in the bulk9–12

and nanocrystalline forms.13–16 A number of different mecha-
nisms have been proposed for the microscopic transforma-
tion pathway. In particular, simulations by Shimojo et al.12

have suggested that there may be multiple competing mecha-
nisms under hydrostatic conditions in the bulk transforma-
tion. The wurtzite to rocksalt transformation and its dynami-
cal pathway have also been studied under the nonhydrostatic
conditions of shock compression in CdS �Refs. 22 and 23�
but not in CdSe.

Figure 1 schematically shows how a hypothetical one-
dimensional �1D� crystal that undergoes a phase transforma-
tion can generate a static polarization. In Fig. 1�a�, the top
line shows a 1D chain of atoms in a wurtzitelike crystal
structure �with c axis in the chain direction�. Arrows show
how the central atoms move to form a rocksaltlike crystal
structure, i.e., equal spacing between atoms. Regions with
static electric charge are created at the rocksalt-wurtzite in-
terface. In Fig. 1�b�, a different transformation mechanism
results in a static polarization sign opposite to that in �a�.
Measurement of the sign and magnitude of the static polar-
ization reveals the atomic transformation pathway.

Figure 2 schematically shows how polarization currents
can be generated when a compression wave propagates into a
wurtzite-structure material or any material that lacks inver-
sion symmetry. Figure 2�a� shows how a compression wave
generated on the left propagating to the right generates a
static polarization of the compressed material due to the pi-
ezoelectric effect. The c axis of the material is oriented in the
vertical direction, leading to the production of static charge
on the top and bottom of the strained region. If the charge
density produced is �1, the polarization current per unit area
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generated by the shock is j=�1v1 in the c lattice direction
where v1 is the propagation speed.

Figure 2�b� shows the case where the wurtzite material
transforms to the rocksalt structure, accompanied by a
change in static polarization. In this case the total polariza-
tion current per area is j=�2�v2�+�1�v1�. Depicted is the case
where the elastic wave speed exceeds the speed of the trans-

formation interface. Note that if �1� and �2� are of opposite
signs, the polarization current j can potentially be of either
sign. The polarization currents generate radiation which can
be detected some distance away from the shock wave.
Changes in the amplitude and/or sign of the radiation can
indicate the onset of the phase transformation.

I. METHODS

To accurately explore the dynamics and fields generated
by this phenomenon, we perform multimillion atom
molecular-dynamics simulations utilizing the LAMMPS code24

and the CdSe potential of Rabani25 which consists of a Cou-
lomb interaction �effective atomic charges of magnitude
1.18� plus a Lennard-Jones interaction. This potential has
been found to reproduce the bulk wurtzite to rocksalt transi-
tion near the experimentally observed hydrostatic pressure of
2.5 GPa and the ionic nature of the representation of wurtzite
and rocksalt phases has been further validated by Zahn et
al.11 In this work we perform nonequilibrium molecular-
dynamics �NEMD� simulations of shock waves propagating
down the a axis direction of CdSe single crystals. Shock
experiments on single crystals are routinely performed, see,
e.g., Ref. 6.

We perform shock wave NEMD simulations which are
commonly employed to study shock waves in a variety of
materials �see, for example, Ref. 26�. Planar shock waves are
generated within three-dimensional computational cells of
crystalline atoms with cross section 15�15 nm2 and length
in the shock propagation direction about 200 nm. A piston
consisting of rigid atoms on one side of the cell is given a
constant velocity moving into the cell. A shock wave propa-
gates away from the piston.

The electromagnetic radiation generated by the shocked
material in the THz frequency regime can be calculated di-
rectly from the polarization currents per area generated in the
molecular-dynamics simulation, j��t�= 1

A�iqiv� i�t�, where the
sum is over all atoms in the computational cell. Since CdSe
is electrically insulating, we assume that electronic contribu-
tions to this spectral regime are negligible so that only the
motion of the charged atoms contributes to THz polarization
currents. This assumption is justified in detail in Sec. III. The
electric field at a point r� generated by the shocked material is
calculated by assuming a point-dipole source,

Ẽ� �r�,�� = A�
j̃���
− i�
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where j̃����= j̃����̂ and A� is the area of the shock. The cross
product term dominates in the far field and is proportional to
the time derivative of the current. Static polarizations mani-
fest themselves in the near field. In this work, a typical ex-
perimental circular shock diameter of 2�A� /�=1 mm and
distance of 	r�	=2 mm perpendicular to the polarization di-
pole are considered. The field at 2 mm contains both near-
and far-field components for the frequencies considered here.

FIG. 1. �Color online� Schematic showing how a hypothetical
1D crystal that undergoes a phase transformation generates a static
polarization with sign depending on the transformation pathway. �a�
The top line shows a hypothetical 1D chain of atoms in a wurtzite-
like crystal structure. The color denotes the electric charge. Arrows
show how the central atoms can move to form a rocksaltlike crystal
structure, characterized by equal spacing between atoms. Regions
with static electric charge are created at the rocksalt-wurtzite inter-
face, resulting in the formation of an electric dipole. �b� A different
transformation mechanism results in a static polarization sign oppo-
site to that in �a�. Note that the rocksalt crystal is identical in both
�a� and �b� cases but the sign of the electric dipole differs depending
on how the atoms move to form the rocksalt. Measurement of the
sign and magnitude of the static polarization reveals the atomic
transformation pathway.

FIG. 2. �Color online� Schematic of shock waves in �piezoelec-
tric� wurtzite generating static polarizations. �a� An elastic wave
front propagates left to right with speed v1, leaving the material
behind it in a uniaxially compressed state. Static polarization charge
�1 is generated in the c axis �vertical� direction due to the piezo-
electric effect. �b� At higher pressures, a slower wave propagates
behind the elastic wave. The slower wave is associated with trans-
formation to the rocksalt structure, exhibiting a different static po-
larization charge �2���1�. Changes in amplitude and/or sign of the
total polarization indicate the onset of the rocksalt transformation.
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The dielectric structure and geometry of the sample are ne-
glected for simplicity here. Such details have been taken into
account in earlier work.21 We note that nearby large magni-
tude dielectric materials �e.g., metals� can potentially have
significant impact on the efficiency of the radiative process
and need to be considered for experimental work.

Since the cross-section dimensions of the computational
cell are much smaller than the lateral dimension of the shock
in Fig. 2, some consideration must be given to the electro-
static boundary conditions. Periodic boundary conditions
maintain a periodic electrostatic potential and a zero macro-
scopic electric field across the computational cell. The inter-
nal macroscopic electric field in pyroelectrics is typically
zero because surface charges and other defect charges screen
any fields present. The generation of static charges as shown
in Fig. 2 will establish a nonzero electric field in the c direc-
tion �transverse direction� that is not present in the simula-
tion. However, the magnitude of such fields is small away
from the edges of the shock. Note that the aspect ratio in Fig.
2 is exaggerated. For a circular diameter of 1 mm and �
�0.1 C /m2, the electric field near the center is on the order
of ��

�
d
D �0.1–1 kV /cm and is sufficiently small to be ne-

glected in this geometry. The corresponding electric field
cannot be neglected when the shock propagation direction is
not normal to the c axis when employing periodic boundary
conditions for the electrostatic interactions. In this case
analogous to a parallel-plate capacitor geometry, stronger lo-
cal electric fields are produced by the polarization charges.

Spectral content above 0.25 THz was filtered out of the
computed polarization currents to reduce high-frequency in-
coherent noise. The much larger number of atoms employed
in an experiment combined with the group-phase velocity
mismatch of experimental electro-optic sampling THz detec-
tion techniques has a similar filtering effect.

II. RESULTS

Figure 3�a� shows the magnitude of the c �unique� axis
static polarization of the material when a shock is generated
by a piston speed of 600 m/s. The uniaxial strain and stress
in the shock propagation direction are −0.12 and 17 GPa,
respectively. The vertical axis shows distance in the shock
propagation direction. The polarization of material within
some region �x in the shock propagation direction x is cal-
culated by P�t�= 1

A�x
t0
t dt��i��xqiv� i�t�� · ẑ, where qi and v� i�t�

are the charge and velocity of atom i, A is the computational
cell cross section perpendicular to x, and ẑ points down the c
axis. The initial polarization state of the wurtzite material has
been arbitrarily taken to be zero in Fig. 3�a�. The shock is
generated by the piston at 10 ps. It propagates into the cell,
inducing a positive change in static polarization due to the
piezoelectric effect. The material is elastically strained from
10 to 20 ps. At 20 ps, a region of negatively polarized rock-
salt begins to form near the piston and propagates away more
slowly than the elastic wave. Figure 3�b� shows the coordi-
nation of the material. The material is all fourfold coordi-
nated �wurtzite� except for the formation of sixfold coordi-
nated rocksalt beginning around 20 ps.

Figure 3�c� shows the time dependence of the electric
field generated by the polarization currents in the simulation
for a typical experimental configuration. The field is calcu-
lated 2 mm away from the shocked material where it can be
experimentally detected. The peak at 10 ps corresponds to
the shock entering the CdSe. Such signals were initially pre-
dicted by our earlier work20 and subsequently experimentally
observed in GaN.21 A feature around 20 ps indicates the on-
set of the rocksalt phase transformation. This feature has sign
opposite to the 10 ps feature because the polarization of the
rocksalt material is opposite in sign to the elastically com-
pressed wurtzite, shown in Fig. 3�a�. Observation of the de-
lay between these pulses provides information about the ki-
netics of the transformation.

The time dependence of the electric field from shocks of
different amplitudes generated by other piston speeds is
shown in the inset of Fig. 4. At 500 m/s piston speed, the
phase transition begins around 30 ps, indicated by a change
in slope of the field. For higher piston speeds shown, the
transformation begins immediately after the shock enters the
material around 10 ps as evidenced by plots of coordination
and polarization. At 2 mm from the shocked material, the
electric field contains both near- and far-field components.
The far-field components contain the transient spikes and the
near-field component grows nearly linearly with time. The

FIG. 3. �Color online� Material polarization, atomic coordina-
tion, and emitted electric field for shock generated by 600 m/s pis-
ton speed. �a� An x-t diagram for the static polarization of the ma-
terial in the computational cell, showing the propagation of the
elastic wave �positive polarization, blue� followed by formation of
rocksalt structure �negative polarization, red� around 20 ps. �b� An
x-t diagram of the atomic coordination shows the coordination of
most of the material is fourfold �wurtzite� except for the rocksalt
region which is sixfold coordinated. �c� The computed electric field
2 mm away shows coherent signals when the shock enters the com-
putational cell �10 ps� and when the rocksalt transformation begins
�20 ps.�
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near field or static component reflects the static polarization
of the material and will be the focus of the remainder of this
work.

To provide a clearer picture of the field variation with
shock intensity, Fig. 4 shows the electric field at 25 ps for a
range of piston speeds. The field at 25 ps in all cases is
largely the static component of the field, corresponding to the
static polarization of the shocked material. At the lowest pis-
ton speeds, the static component has a negative sign associ-
ated with the usual piezoelectric effect: the shock strains the
material which generates a static polarization. Between 500
and 1000 m/s the sign of the static field changes from nega-
tive to positive. This regime is qualitatively different from
the piezoelectric regime and indicates the onset of the rock-
salt phase transformation. Naively, it is not obvious how the
sign should change during the wurtzite to rocksalt transfor-
mation. The sign change is determined by the atomic trans-
formation pathway, a topic of much interest and previous
work.9–16 In this case, the sign flip makes the piezoelectric
and rocksalt regimes easy to distinguish qualitatively. In the
case where the sign does not change but the magnitude does,
the distinction may be more challenging to interpret experi-
mentally.

At piston speeds above 1000 m/s, the sign of the static
component of the electric field in Fig. 4 becomes negative.
Figure 5 shows how this sign change is associated with a
change in the transformation pathway from wurtzite to the
rocksalt structure. Figure 5�a� shows simulation snapshots of
the transformation with a 900 m/s piston speed and Fig. 5�b�
shows snapshots with a 1100 m/s piston speed, piston speeds

below and above the electric field sign flip, respectively. The
movement of the planes of atoms in the c axis �horizontal�
direction results in changes in polarization. Such planes
�basal planes� are shown by the dashed lines. In Fig. 5�a�,
basal planes of Cd and Se atoms move into the same plane to
form rocksalt. In Fig. 5�b�, basal planes of Cd and Se atoms
move further apart, changing the polarization the opposite
direction. Rocksalt structure is formed in both cases but dif-
fering transformation pathways lead to different resulting
static polarizations of the rocksalt material.

Association of the magnitude of the static polarization
with a particular transformation mechanism is complicated
by the possibility of multiple transformation mechanisms at
play. If multiple mechanisms are present, the polarization of
the transformed material will reflect a weighted average over
polarization changes in the individual mechanisms involved.
To elucidate the statistical nature of the static polarization
shifts, Fig. 6 shows the time dependence of the distribution
of polarization of a group of 10 500 wurtzite primitive cells
contained in the shocked crystal. The unit cells are located a
distance 400 nm from the piston that generates the shock.
The c-axis polarization of each unit cell k is determined by
pk�t�=
t0

t dt��i�kqiv� i�t�� · ẑ, where the summation over i in-
cludes all atoms in unit cell k, consisting of eight atoms. The

FIG. 4. �Color online� Generated electric field reveals phase
transformation and shift in transformation pathway. The inset shows
the time dependence of the generated electric field for a series of
piston speeds or shock amplitudes. The fields are approximately
described by transient components �far-field� on top of a static com-
ponent �near-field� that grows with time. The larger plot shows the
electric field at 25 ps for a series of piston speeds. The sign of the
field reveals the sign of the static polarization of the shocked ma-
terial. The onset of the wurtzite to rocksalt transformation is indi-
cated by a flip in sign around 500 m/s. A shift in atomic transfor-
mation pathway to rocksalt is indicated by another flip in sign
around 1000 m/s.

FIG. 5. �Color online� Two different wurtzite to rocksalt trans-
formation pathways exhibit static polarizations of opposite sign. �a�
Snapshots of the wurtzite to rocksalt transformation with a 900 m/s
piston speed. In this case planes of Cd and Se atoms �shown by
white dotted vertical lines� shift in the c direction to merge �shown
by colored arrows at bottom of dotted lines.� �b� Snapshots with a
1100 m/s piston speed where a different transformation pathway is
observed. In this case, planes of Cd and Se atoms move opposite in
direction to the 900 m/s case, resulting in rocksalt that has polar-
ization opposite to the 900 m/s case.
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distribution of unit-cell polarizations is �arbitrarily� taken to
be centered around zero before the shock arrives.

Figure 6�a� shows the 600 m/s piston speed case also
shown in Fig. 3. The increase in average polarization around
20 ps is associated with the arrival of the elastic wave. The
changes around 50 ps occur when the slower phase transfor-
mation wave arrives. The polarization in most of the wurtzite
unit cells is shifted in the negative direction, consistent with
the negative average polarization of the rocksalt phase
shown in Fig. 3�a�. However, the polarization of some unit
cells remains near zero or positive, suggesting the presence
of other transformation mechanisms. Unit cells located on
grain boundaries of the resulting polycrystalline rocksalt ma-
terial may undergo polarization changes different from those
of cells located within a rocksalt grain. The apparent discreti-
zation of the polarization values of the unit cells is associated
with the crystalline nature of the transformed material.

Figure 6�b� shows the 900 m/s piston speed case. In this
case, the elastic wave propagates at nearly the same speed as
the phase-transition wave, both arriving around 20 ps. Like
the 600 m/s case, most of the unit-cell polarizations are
shifted to negative polarizations. Figure 6�c� shows the 1100
m/s piston speed case, a piston speed above the transforma-
tion mechanism shift. In this case, the polarization of most
unit cells shifts in the positive direction.

Figures 6�a�–6�c� show that the polarization of most of
the unit cells is correlated with the static component of the
electric field in Fig. 4. Therefore, experimental observation
of the static component of the field enables determination of
the polarization sign shift of most of the individual unit cells.

Naively, it might be expected that a transformation to a
disordered state would not be accompanied by any electric

field generation since the polarization of the disordered ma-
terial might be expected to be zero. Figure 6�d� shows the
2000 m/s piston speed case, where the material transforms to
a disordered state. In this case, the unit-cell polarizations
briefly shift up before becoming broadly and continuously
distributed. Rapid diffusion of the atoms in the disordered
state is indicated by a decrease in the distribution peak with
time. The initial coherent shift in polarization before becom-
ing disordered results in an observable electric field as indi-
cated for the largest piston speed values shown in Fig. 4. The
initial polarization shift suggests that the initial process of
disordering occurs in a coherent fashion. Once the material is
completely disordered, it is expected that the static polariza-
tion will remain constant. This form of disordering differs
qualitatively from laser induced melting where atoms are
observed to initially move with thermal, random velocities
for the first few hundred femtoseconds.1 In the latter case, no
coherent polarization shifts would be expected during the
initial stages of melting.

III. DISCUSSION

The experimental measurement of picosecond time scale
solid-solid phase transformations is of considerable recent
interest. The electric technique presented here provides infor-
mation that is challenging or impossible to obtain with exist-
ing techniques, including x-ray diffraction. Phase transfor-
mation from bcc to hcp structures in Fe have been observed
in nanosecond time scale x-ray diffraction experiments6,27

and the atomic transformation pathway inferred from com-
parisons of the orientation of the resulting hcp crystals to
atomic simulations.28 The THz mechanism presented here
exhibits several fundamental distinctions from such x-ray ex-
periments. First, the THz mechanism provides information
on picosecond time scales, the time scale at which many
shock-induced transformations are expected to occur4,5 and
shorter time scale than the nanosecond time scale of the
x-ray experiments of Ref. 28. Second, the sign of the THz
contains information about the transformation mechanism
that does not require atomic simulations to interpret, i.e.,
observation of the sign of the emitted THz is a definitive
indication of a particular class of transformation pathways.
Third, the THz technique potentially provides information
about the transformation to a liquid state �see the sign of the
liquid regime in Fig. 4�. The atomic pathway for such melt-
ing transformations cannot be determined using the x-ray
orientation approach of Ref. 28 because the liquid state has
no orientation. X-ray and electrical techniques have a num-
ber of complimentary features that might provide the most
insightful results when applied simultaneously.

This work has focused on polarization changes in the c
direction but polarization shifts could also occur along other
axes. Nonzero average polarization of the transformed mate-
rial was observed only in the b crystalline direction in the
600 and 700 m/s piston speed cases. All other piston speeds
exhibited negligible polarization shifts in the a and b crystal
directions.

Considerable fundamental theoretical work on the polar-
ization of crystals has been performed in the last few

FIG. 6. �Color online� Time evolution of histogram of the po-
larization of wurtzite primitive cells for a series of piston speeds.
These plots show that the sign of the generated electric fields in Fig.
4 reflect the sign of the polarization of most of the material, en-
abling identification of mechanism shifts by observing the electric
field. Discretization in �a�–�c� results from crystallinity. Discretiza-
tion is not observed in �d� due to disordering of the material.
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decades.29–31 Within the classical description of the atoms
employed in this work, changes in polarization are well de-
fined by integrating polarization currents over time. Within a
quantum description of the atoms, changes in polarization of
a material have been shown to be related to a geometrical
Berry phase of the many-body wave function.30 This holds
when the change is adiabatic and the material remains insu-
lating throughout the transformation. Different transforma-
tion pathways from wurtzite to the rocksalt structure mani-
fest themselves as differing geometric phases and different
static polarizations. Measurement of the resulting static po-
larization shift can be interpreted as a measurement of a geo-
metric phase shift of the wave function. A perfect wurtzite
crystal that transforms into a perfect rocksalt crystal will
have charge density independent of the transformation
mechanism but information about the transformation path-
way will be contained in the wave-function phase.

Experimental observation of the sign of the static polar-
ization of the rocksalt enables distinction between classes of
transformation mechanisms but does not enable identifica-
tion of a specific mechanism. For example, all of the hydro-
static wurtzite to rocksalt transformation pathways addressed
by Shimojo et al. exhibit identical change in static
polarization.12 The observation of at least two mechanisms
with opposite sign in the nonhydrostatic MD simulations
here �at least one of which is unlike the mechanisms pro-
posed by Shimojo et al.� indicates that the electrical mea-
surement contains useful information. X-ray diffraction or
other potentially complementary measurements are not re-
quired to make a statement about the class of transformation
mechanisms observed based on the electrical measurement.

The analysis in this work assumes that electronic contri-
butions to the polarization currents are negligible. Electronic
currents flow in response to the fields generated by the static
polarization shown in Fig. 2 and can potentially screen the
polarization, reducing the amplitude of emitted radiation.
Neglect of electronic screening is valid when the conductivi-
ties of all states of matter present in the shock and the mac-
roscopic electric fields driving the electronic currents are suf-
ficiently small. The electric field near the center can be
shown to be on the order of E� ��

�
d
D , where D�1 mm is

the diameter of the shock, d�100 nm is the shock propaga-
tion distance, � is the unscreened surface charge due to the
change in static polarization, and we take ��10. For the
material resistivity �, the time scale over which the interface
charge in screened by free charge carriers is given by ��

�
D
d . In

the case of CdSe, wurtzite-structure crystals with resistivity
1011 	 cm are commercially available. Assuming the resis-
tivity of the uniaxially strained wurtzite is not significantly
different, the time scale for screening is 103 s, well longer
than the time scale of the experiment. The high-pressure
rocksalt phase of CdSe has been reported to have a lower
resistivity on the order of 10−2 	 cm upon formation under
static conditions from a single wurtzite crystal with resistiv-
ity 6�104 	 cm.32 A different resistivity value reported for
the rocksalt phase formed from the zinc-blende phase is
10 	 cm, suggesting significant variability.32 The value of
10−2 	 cm �worse case� gives rise to a screening time scale
of 100 ps. While this time scale is sufficiently large to ob-
serve the effects discussed in this work, it is sufficiently
small to warrant experimental consideration.

The pressure limits of the electrical effect might be ex-
pected to be determined by the increase in carrier concentra-
tion as pressure increases. Higher shock temperatures at
higher pressures will lead to increased thermal carrier con-
centration. It is also possible that band-gap closure may oc-
cur at sufficiently high pressures or during the transforma-
tion, at which point the ionized state of the atoms ceases to
exist and the analysis utilized here no longer applies. The
electrical properties of CdSe undergoing the wurtzite to rock-
salt transformation have been studied at the density-
functional theory level by Zahn et al.11 Zahn et al. find that
the electron charges showed little variation between the
wurtzite, rocksalt, and zinc-blende structures. They also stud-
ied the charges along a wurtzite to rocksalt transformation
pathway and found the same result. These results suggest
that the empirical approach utilized here with fixed charge
values is valid at lower transition pressures.

Crystal defects are not expected to play a significant role
in the electrical signals generated. While macroscopic single
crystals of CdSe and other wurtzite-structure materials are
commercially available and suitable for the experiments pro-
posed in this work, some consideration of the role of defects
is warranted. The total polarization of the shocked material at
time t �given by P�t�= 1

V
t0
t dt��i

Nqiv� i�t�� · ẑ� exhibits changes
of order 
P�t� for a crystal defect population 
. Since the
defect concentration 
�1 for any crystal, defects have a
negligible effect on the polarization currents. In fact, the
rocksalt structures formed by the shock are nanocrystalline
indicating that high degrees of crystallinity are not required
to observe the effects in this work. However, making a mean-
ingful statement about the atomic transformation pathway
from electrical signals dictates starting with a single crystal,
rather than a polycrystalline wurtzite material.

Another fashion in which crystal defects could play a role
is in the kinetics of the rocksalt phase transformation in lo-
calized regions around the defect. At piston speeds of 700
m/s and above, the rocksalt phase forms as soon as the shock
enters the crystal. For piston speeds below this value where
the rocksalt phase forms after some nucleation time �see Fig.
3�, crystal defects could play a role in kinetics of the rocksalt
phase transformation as nucleation sites. Such effects will
have an impact on the emitted radiation if the defect density
is sufficiently high that the total volume of transformed ma-
terial around all defects is greater than the untransformed
material behind the shock over the homogeneous transforma-
tion induction duration �about 10 ps in Fig. 3�. When the
homogeneous induction time is negligible �e.g., for 700 m/s
piston speeds and greater�, defects are expected to play no
significant role in the polarization currents for any 
�1.

Experimental observation of this phenomenon has a num-
ber of challenges but is likely to be possible with existing
technology. THz emission on the order of 1 V/cm has been
observed from elastic waves propagating through �piezoelec-
tric� GaN structures by averaging over many shots to im-
prove the signal-to-noise ratio.21 The latter experiment is a
lower shock amplitude variation in the experiment discussed
in this work. The distinguishing challenge of the CdSe phase
transformation experiment is the destructive nature of the
experiment. The sample is irreversibly altered during each

EVAN J. REED PHYSICAL REVIEW B 81, 144123 �2010�

144123-6



shot, preventing repetitive experiments from being per-
formed at the same place on the sample. A sample rastering
scheme must be utilized. The electric fields that are gener-
ated are expected to be in the 10–100 V/cm range several
millimeters from the shocked material. Shocks of the ampli-
tudes considered in this work are routinely generated using
table-top scale and larger lasers.

While the experiments of Ref. 21 are the most closely
related to those proposed in this work, a number of other
experimental efforts are also related. At sufficiently high
shock pressures to induce a phase transformation, large am-
plitude microsecond time scale voltage spikes have been ex-
perimentally observed in ferroelectric materials.33 The
present work considers much faster time scales �picoseconds
versus microseconds� and shows that information about the
atomic transformation pathway is contained in the emitted

THz signals. Some further experimental evidence exists for
other forms of electromagnetic radiation that are correlated
with acoustic or shock wave processes.34,35 THz signals have
been previously observed from a wide variety of ultrafast
charge-transfer processes36 and more recently from the co-
herent motion of charged protons in biomolecular systems.37
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