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We present femtosecond time-resolved measurements of the dielectric tensor of tellurium under single and
double pulse excitation. We demonstrate the ability to both enhance and cancel coherent lattice vibrations for
large lattice shifts under near-damage threshold excitation. The excitation conditions for which cancellation is
achieved in tellurium reveal a departure from the low-excitation strength behavior of similar materials.
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Early investigations into ultrafast materials science relied
on intense femtosecond laser pulses to initiate and probe
dynamics that follow from photoinduced lattice
instabilities.1,2 Recently, the focus has shifted from photoin-
duced instabilities that lead to a disordered state3–5 to those
that result in an altered lattice configuration6–8 and to the
methods by which lattice dynamics can be controlled.9–12 In
absorbing solids, the nuclear motion is believed to follow a
trajectory dictated by the potential surface of the electronic
excited state,13 much like the semiclassical picture of nuclear
dynamics in molecules.14–17

We report the demonstration of optical control of large
amplitude coherent phonons in tellurium using a two-pulse
excitation scheme. Time-resolved dielectric tensor measure-
ments reveal both the cancellation of lattice oscillations by
the second excitation pulse as well as a redshift of the main
resonance of the material as a result of the lattice displace-
ment. Coupled with theoretical band structure calculations,
the data provide an estimate of the size of the lattice dis-
placement as well as the magnitude of the single-pulse-
induced lattice vibration. The data also indicate a departure
from the semiclassical mass-and-spring picture of the lattice
dynamics observed under weak excitation.10

We performed pump-probe experiments on a single-
crystal Czochralski-grown tellurium sample using 800-nm
pulses from a multipass amplified Ti:sapphire laser, produc-
ing 0.5-mJ, 35-fs pulses at a repetition rate of 1 kHz.18 Two
collinear s polarized pump pulses excite the sample below
the threshold for permanent damage while thep polarized
transient reflectivity is measured using a white-light pulse
s1.65−3.2 eVd. Two-photon absorption measurements19 indi-
cate that the time-resolution of the pump-probe setup is bet-
ter than 50 fs, while calculations based on measurements of
the spectrum and chirp of the white-light probe indicate that
the time resolution of the probe varies from 20 fs near
1.7 eV to 60 fs near 3.2 eV.20 The entire system is calibrated
to obtain absolute reflectivity. Measurements at a 68.4° and
80.4° angle of incidence, with the optic axis of Te perpen-
dicular to the plane of incidence of the probe, allow us to
determine the ordinary dielectric functioneosvd. Measure-
ments at the same two angles of incidence with the sample
rotated so the optic axis lied within the plane of incidence
allow extraction of the extraordinary dielectric function
eesvd, given measured values ofeosvd at each time delay.

Further details of this experimental technique can be found
in Ref. 21.

Figure 1(a) shows the response of Imfeosvdg of Te follow-
ing a single pulse excitation where the peak fluence is
0.43Fth, whereFth=21 J/m2 is the threshold fluence above
which we observe visible damage to the sample. For nega-
tive time delays, when the probe arrives before the pump, the
data are in excellent agreement with literature values of

FIG. 1. Transient behavior of Imfeosvdg (a) under single pulse
excitation at 0.43Fth, and (b) under a double pulse excitation that
cancels the oscillations in(a). For part(b), a 0.43Fth pulse is fol-
lowed by a 0.35Fth pulse that is delayed 127 fs with respect to the
first.
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eosvd,22 as shown in Fig. 2(a). Oscillations in the linear op-
tical properties with a frequency.3 THz for positive time
delays are due to in-phase vibrations of theA1 phonon mode
within the pumped volume.23–25The crystal structure of Te is
that of three-atom-per-turn helices arranged on a hexagonal
lattice. The lattice displacement associated with theA1 pho-
non mode corresponds to a change in the helical radius that
preserves the symmetry of the crystal and is confined to the
plane perpendicular to the helical axis(optic axis).

Figure 1(b) shows the response of Imfeosvdg for a double
pulse excitation where a first pump pulse at 0.43Fth and a
second pump pulse at 0.35Fth arrive 127 fs apart. The flu-
ence of the second pump pulse and the time delay between
the exciting pulses that halts the vibrations near the first
maximum displacement is uniquely determined by the flu-
ence of the first pump pulse: oscillations in the optical prop-
erties ensue for any other second pump fluence or for any
other time delay between the pump pulses.

The main feature ofeosvd and eesvd is the broad reso-
nance near 2 eV. Typically, each resonance in a material re-
sults from vertical transitions in one region ofk space. The-
oretical calculations show that the resonance near 2 eV is
due to transitions from the uppermost valence band to the
lowermost conduction band.26,27 Other band structure calcu-
lations support this claim and further indicate that transitions
of energy 2 eV are available between this valence band and
the minimum of the conduction band near theA point in k
space.28 The simplest model that captures the contribution of

all such transitions to the dielectric function is the Drude-
Lorentz model,29

esvd =
Ne2

«0m

1

v0
2 − v2 − ivG

. s1d

We applied the Drude-Lorentz model toeosvd and eesvd at
each time delay, fitting for the resonance energyEres="v0,
the resonance line width"G, and the oscillator strengthf
=Ne2/«0m. Resonances outside the spectral range of the
probe give roughly constant contributions to the real part of
the dielectric function within the probe range, so a real ad-
ditive constantc is included in the fit toesvd to account for
this offset. An example of the fit is shown in Fig. 2(b) for a
time delay of −300 fs. The parameters of the fit aref =110,
Eres=2.33 eV, "G=1.34 eV, andc=7.34 for the ordinary
part andf =161,Eres=2.11 eV,"G=1.41 eV, andc=5.77 for
the extraordinary part. The differences in the fit values for
eosvd andeesvd are due to the differences ineosvd andeesvd
themselves; the variation in the matrix elements of the dipole
interaction that couples the same set of states when the elec-
tric field is parallel or perpendicular to the optic axis results
in slightly different optical properties.

The Drude-Lorentz fits to the time-resolved dielectric ten-
sor data show that all four fit parameters deviate from their
pre-excitation values for positive time delays. Statistical tests
of the fit question the significance of the variation in the
additive constantc and no consistent behavior is observed in
its dynamics. On the other hand, the oscillator strengthf and
the line width "G increase somewhat upon excitation for
both the ordinary and extraordinary dielectric functions. The
change in the resonance energyEres is the most statistically
significant feature of the dynamics as well as that of the
greatest physical significance.

Figure 3 shows the changes in the resonance energy ob-
tained from fits toeosvd andeesvd under various single and
double pulse excitation conditions. In all parts, pump pulses
“1” and “2” (and “3”) indicate their time of arrival and their
35-fs pulse duration is drawn to scale. In Fig. 3(a), the varia-
tion in the resonance energy ineosvd is shown under single
pulse excitation at 0.57Fth and under double pulse excitation
at 0.57Fth and 0.46Fth with a pulse separation of 133 fs. The
data show that this double pulse combination leads to can-
cellation of the coherent phonons. The cancellation of oscil-
lations in theeesvd data is shown in parts(b) and (c) under
different excitation conditions. Figure 3(b) shows single
pulse oscillations, double pulse cancellation, and double
pulse enhancement of the oscillations for a first pump pulse
fluence of 0.43Fth and a second pump pulse fluence of
0.33Fth. For cancellation, the time delay between pump
pulses is 127 fs, while for maximum enhancement the time
delay is 267 fs. Figure 3(c) shows cancellation at the first
maximum as well as at the second maximum, both leading to
roughly the same lattice displacement for different excita-
tions(1=0.57Fth, 2=0.45Fth, 133 fs delay for first-maximum
cancellation; 1=0.71Fth, 2=0.34Fth, 467 fs delay for second-
maximum cancellation).

Using density functional theory calculations of the band
structure,28,30we can estimate the size of the lattice displace-

FIG. 2. (a) An agreement between measured and literature val-
ues of the dielectric tensor when the probe arrives before the pump.
Measured dielectric tensor values are represented by circles, litera-
ture values are represented by curves.(b) Fits of the Drude-Lorentz
model with a single resonance to the data in(a).
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ment from the measured changes in the resonance energy.
The energy gap between valence and conduction bands that
give rise to the resonance near 2 eV depends on the helical
radius asDEres<−20 eV/Du,30 whereu is the ratio of the
helical radius to the spacing of the helices on the hexagonal
array, a. The equilibrium lattice parameters areu=0.2633
anda=0.4456 nm. The data in Figs. 3(a) and 3(c) represent
the maximum displacement that can be achieved under
double pulse excitation without causing permanent damage
to the sample. Given that the resonance shifts by approxi-
mately −0.2 eV, the maximum controllable lattice displace-
ment is approximatelyDu/u<0.04, which corresponds to an
increase of 0.004 nm in the helical radius. Under 0.85Fth
single pulse excitation, tellurium shows a 0.15-eV peak-to-
trough oscillation of the resonance energy, or a 0.003-nm
coherent phonon amplitude.

Many aspects of the current theoretical understanding of
coherent phonon excitation in absorbing solids are supported
by the results presented here. Both thedisplacive excitation
of coherent phononstheory31 and thelight-excitation of co-
herent phonontheory32 predict that the coherent phonons are
driven by deformation potential-coupling of the excited elec-
trons. In essence, photoexcitation breaks a number of bonds
in the material and the nuclear motion that ensues follows a
classical trajectory on the potential energy surface deter-
mined by the number(and distribution) of the excited carri-
ers. In zincblende semiconductors, calculations show that the
absorption of intense femtosecond pulses can produce a po-

tential surface with no minimum, leading to disorder within
hundreds of femtoseconds.13 In tellurium, density functional
theory calculations show that transferring electrons from the
valence band to the conduction band changes the potential
surface so that a larger equilibrium helical radius is
established.28

Given that the distribution of excited carriers drives the
coherent phonons, the process of coherent control can be
thought of in the following way. The first pump pulse estab-
lishes a new potential surface on which the nuclei move.
Initially displaced from the newly established equilibrium
configuration, the lattice achieves this configuration in ap-
proximately one quarter of a phonon period, but the nuclei
have momentum at that point. When the nuclei reach the
classical turning point of their motion, a second pump pulse
can excite the precise density of carriers to shift the equilib-
rium position to the current position of the ions, stopping the
oscillatory motion. Because photoexcitation of additional
electrons can only increase the equilibrium helical radius, the
vibrations can only be stopped at the maximum displace-
ment. For weak excitation pulses, cancellation of the coher-
ent vibrations at the maximum displacement has been ob-
served in bismuth films.10

In contrast to the low excitation results, our experiments
reveal that under strong excitation the vibrations do not stop
at the maximum displacement. The 127 fs and 133 fs time
delays that achieve cancellation as shown in Fig. 3 do not
coincide with the time to reach the maximum displacement
in the single pump case, which is approximately 220 fs. The
467 fs time delay between pulses that results in cancellation
near the second maximum is also smaller than the 520 fs it
takes for the ions to reach the second maximum under single
pulse excitation. Similar results occur in bismuth under
strong excitation, where a 500 fs delay between pump pulses
cancelled the lattice vibrations near the second maximum,
while the second maximum is reached 600 fs after single
pulse excitation,12 but the authors do not comment on the
discrepancy. Our dielectric tensor data reveal that the reso-
nance energy redshifts beyond the single pump maximum for
phonon-cancelling excitations, as shown in Fig. 3. Thus, in
addition to the delay between pulses being different from
expected, the nuclei do not stop their coherent oscillations at
the classical turning point, which is also different from the
low-excitation strength behavior of other materials.10

The fact that the second pump pulse causes the ions to
move past the classical turning point without resulting in
oscillations indicates that the value of the equilibrium helical
radius continues to change after the second pump has been
fully absorbed. This departure of the molecular dynamics
from that of an impulsively driven mass-spring system is the
manifestation of a time-dependent driving term, i.e., that the
carrier-lattice coupling through the deformation potential
changes in time. The difference between the tellurium lattice
dynamics and that of a mass-spring system are also apparent
in the single-pulse excitation data where the first maximum
is reached at 220 fs rather than at one half of the 310-fs
phonon period[see Fig. 3(a)]. The physical origin of such a
phenomenon would likely involve many body effects, such
as a deformation coupling that changes with lattice configu-
ration. For a sufficiently large displacement of the lattice, a

FIG. 3. Transient behavior of the main resonance energy deter-
mined by Drude-Lorentz fits to the data.(a) Pump pulses 1 and 2
lead to cancellation of the oscillations at the first peak. By varying
the time delay between the two pump pulses, enhancement[(b),
“1+3”] or cancellation at later peaks[(c), “1+3”] can be achieved.
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further increase in the helical radius may allow the excited
electrons to redistribute in such a way as to increase the
equilibrium helical radius. In this way, the lattice essentially
“pulls” the equilibrium position along until it costs too much
energy to displace the lattice further, at which point the he-
lices stop their expansion and slowly return to their unex-
cited configuration.

The dynamics of tellurium under near-damage threshold
excitation illustrate an interesting dynamic relationship be-
tween the excited carriers that drive the lattice motion and
the lattice whose configuration determines the band structure
on which the carriers redistribute. The observation of this
effect only at large ionic displacements and high excited car-

riers further supports the notion that many-body effects play
an important role in determining the system dynamics. While
the subject of coherent phonons has enjoyed a great deal of
theoretical inquiry,28,31–33our results invite new investigation
of the interplay between excited carriers and lattice motion.
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