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Modulation of the bonding-antibonding splitting in Te by coherent phonons
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We present femtosecond time-resolved measurements of the dielectric tensor of tellurium following intense
photoexcitation. Strong impulsive photoexcitation of crystalline tellurium weakens the covalent bonds between
atoms, which undergo coherent oscillatiqas >3 THz) as they relax to new equilibrium positions. As this
photoexcitation drives the lattice toward a band-crossing transition, we track the decrease and oscillation of the
bonding-antibonding splitting. The reduction of the bonding-antibonding splitting exceeds the band gap for 100
fs, indicating a transient state with crossed bands.
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Ultrashort optical pulses of sub-100-fs duration enable thes a result of the lattice displacement and that an indirect
study of a great variety of ultrafast phenomena, amondpand-crossing transition occurs for a significant lattice dis-
which are the generation and time-resolved detection of coplacement, as shown in Fig(k.'? Early experimental stud-
herent phonon$A number of experiments have been carriedies showed a decrease in the band gap due to pressure-
out and theories have been developed to understand thieduced lattice changes:™ However, no experimental study
physics behind coherent phondiisit has been shown that to date has monitored changes in the band structure of tellu-
Raman-active as well as infrared-active phonon modes cafium on the time scale of the ionic motion after impulsive
be coherently excited. Raman-active modes are excited vighotoexcitation.
impulsive stimulated Raman scatterii§RS and infrared- In this paper we report the effects of displacively excited
active modes have been driven through the rapid screenirgpherent phonons on the bonding-antibonding splitting in Te.
of surface fieldsand the rapid buildup of a Dember field. We measured the time-resolved response of the dielectric

A fundamentally different excitation mechanism called
displacive excitation of coherent phonofBECP was pro- 12
posed by Chengt al.in 1991° The authors observed oscil- Te (@
lations in the reflectivity of Te, Sh, Bi, and ;5 at the
frequency of the symmetry-preservidg phonon mode in
each material. Even though ti#e, mode is Raman active,
ISRS is unlikely to be the generation mechanism because no
other Raman-active modes were observed. The displacive
excitation of coherent phonons is due to an impulsive weak-
ening of the covalent bonds of the lattice following excita-
tion of electrons from bonding valence-band states into anti-
bonding conduction-band stateShe lattice takes on a new
equilibrium configuration due to the weakened covalent
bonds and oscillates around it if the excitation pulse is short
compared to the phonon period. The weakening of the lattice
is isotropic, and thus only phonon modes that fully preserve
the crystal symmetry are excited. For weak photoexcitation,
the oscillatory frequency observed in tellurium is 3.6 THz,
in agreement with continuous-wave Raman experiménts.
This model of a displacive excitation is further supported by
experimental work on Te that demonstrates a softening of the
A; mode for high excited carrier densiti2Motivated by
this finding, Tangney and Fahy performal initio calcula-
tions that revealed a linearly decreasing dependence of the
A; phonon frequency on excited carrier density, in agree-
ment with experiment®!! The calculations also indicated
that intense photoexcitation of tellurium drives the lattice
toward a band-crossing transition. Figuréa)lshows the
band structure of tellurium in its equilibrium, semiconduct-  F|G. 1. Theoretical band structure of Te calculated using density
ing configuration as calculated by density functionalfunctional theory(a) for the equilibrium lattice configuration and
theory*? After an intense femtosecond pulse generates cohetb) for an atomic displacement of 0.018 nm along #he phonon
ent phonons, theory predicts that the indirect gap decreasesode. After Ref. 12.
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tensor of Te to strong photoexcitation. The measurements 60
allow us to quantitatively track the bonding-antibonding
splitting of the material. The data indicate a decrease in the
bonding-antibonding splitting that is larger than the band
gap, opening the possibility of an ultrafast reversible band-
crossing transition.

We performed multiple-angle-of-incidence ellipsométry
in a white-light pump-probe setup to measure the dielectric
function over a broad photon energy range8 — 3.4 eV
with 50-fs time resolution. Measuring reflectivity values at
two angles of incidence allows extraction of the real and | | |
imaginary part ok (w) by numerical inversion of the Fresnel ‘29_5 > 25 3 35
reflectivity formulas. A Czochralski-grown single crystal of energy (eV)
Te is excited with 800-nm pulses from a multi pass amplified

Tisapphire system, producing 0.5-mJ, 35-fs pulses at a re dielectric tensor of Te 500 fs before excitation with a fluence of 120

etition rate of 1 kHZ-® The white-light(1.8 — 3.4 eV probe ; = = =
is obtained by focusing a 1.55-eV laser pulse into a 2_mm:]/rnz. Open circles indicate the imaginary part and solid circles the

. . : . . real parts ofe(w). The solid and dashed curves show the real and
thick piece of Cak. To correct for dispersive stretching of imaginary parts ofe,q(®) and e, (®) from cw measurements
this broadband probe pulse, we measure the chirp separatq&ef. 23, o &
using two-photon-absorptidh and time-shift the data ac-
cordingly. We acquire reflectivity spectra using an imaging
spectrograph and a fast charge-coupled-de{@eD) detec-
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_ FIG. 2. Ordinary(black and extraordinarygray) part of the

vals from —500 fs to 2.5 ps; the data can be animated to

tor, enabling data acquisition at the 1-kHz repetition rate inrowdg a movie Of(w) that clearly gft:ows t.he oscillatory
the laser system. The detection system is calibrated so as Eghawor due _to the coherent phondhss Fig. 3 shows,
obtain absolute reflectivity values. The sensitivity to relative .Oth. t_he peakin ”[r.\f”d(w)] and the Z€ro Of R&oq( @) ] are
reflectivity changes iAaR/R<10"3. In all experiments, the S|g_n|f|cantly redshmec_i after excitation. At 2.20 fs, the red-
excited area on the sample is significantly larger than théh'ft Of €or @) is maximal. At 370 fs, approximately half a
probed area — 5Q0m vs 1Qum — to minimize the effects
of lateral carrier-density inhomogeneity. Further details of
our technique can be found elsewh&hé’ o5 Photon energy (eV)
The tellurium crystal structure consists of three-atom-per-
turn helices whose axes are arranged on a hexagon:

lattice?® The A; phonon mode is a “breathing” mode of the 40
lattice for which the helical radius changes but the interheli- 30
cal distance and-axis spacing remain constant, preserving 20 Re[e(e)]
crystal symmetry. (1)0

The uniaxial nature of Te requires that the dielectric ten- 2
sor have two independent elements — an ordinary and ar - - 2000
extraordinary one. Each of those elements has a real and & <
imaginary part, leading to four unknown quantities to be ex-
tracted from four reflectivity measurements. We performed
two measurements with japolarized probe and with the
axis perpendicular to the plane of incidence and two with the
same probe polarization, but with tleeaxis in the plane of ~_ 25 Photon energy (eV)
incidence. The components of the dielectric tenggy( w)
and e.(w), are determined using an extension of the

-500

Fresnel formulas that accounts for birefringeAt& %0
Figure 2 shows the values @f,(w) and eq(®w) mea-

sured 500 fs before excitation. The size of the error bars is or Im[e(e)]

the order of the size of the data points. The excellent agree 20

ment between the literature values measured by continuou
wave (cw) ellipsometry”® represented by the solid and = o 2000
dashed lines, and the values obtained in our apparatus vall
dates the technique.

Figure 3 shows the temporal evolution e ) after time delay (fs)
excitation with a fluence of 120 JimFollowing excitation, ~500
all features of bothe, (@) and eq( @) shift to lower ener- FIG. 3. Temporal evolution ofa) Re eyqw)] and (b) Im

gies and oscillate, indicating the presence of coherente,(w)] of Te following intense photoexcitation at a fluence of
phonons. We measured the dielectric functions in 30-fs interi20 J/nf.
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creases by about 69, requiring a photoexcited electron
density of about 1.2% of valence electrdfisAssuming
strictly linear absorption, a pump fluence of 120 %/pmo-
- duces an excited carrier density of %.80%cm 3, corre-
sponding to about 3% of valence electrons in Te. The ob-
served decrease in the bonding-antibonding splitting
indicates that the equilibrium helical radius increases upon
excitation, driving the system toward a band-crossing
transition®®
05 | | | | | At the highest pump fluence of 120 Jinthe lattice dis-
205 0.5 15 25 placement at 220 fs is so large that the reduction of the
time delay (ps) bonding-antibonding splitting reaches 0.4 eV, exceeding the
FIG. 4. Temporal evolution of the change in the zero of Re0-3-€V indirect band gap of Te for 100 fs. DFT calculations
[eord(®)] following excitations at 90 J/fand 120 J/rh show that the modulation of the dielectric tensor due to lat-
tice displacements along the, mode is mostly attributable
to a drop of the lowermost conduction band at Zpoint in
the Brillouin zone?® Thus, the measured decrease of the zero

modulate the dielectric tensor for many picoseconds. of Rel €y @) ] should be interpreted as a reduction of the
The oscillatory motion of(w) can clearly be seen in Fig. €nerdy of the conduction-band states arodndy the same

4, which shows the transient behavior of the zero of ReAMmount. The magnitude of this reduction suggests that the
[eas®)]. We fit the traces of the zero of Rgw)] to an lowermost conduction band and the uppermost valence band
or "

overdamped oscillator driven by an exponentially decreasing"0SS(S€€ Fig. 1 While a metallic(Drude-like dielectric
unction is expected for a material with crossed bands, the

offset from its initial positior. The difference between the ' X . D
data and this fit yields just the oscillatory signal, and thedielectric function data at 220 fs do not show significant free

Fourier transformation gives the frequency and a measure G@Ter (Drudg contributions(see Fig. 3

the amplitude of the oscillations. Extrapolating our data to . A Metallic dielectric function will be seen when a large
low excitation fluences, we determine tig phonon fre- density of electrons in valence-band states of kthealley

quency of Te to be 3.6 THz under weak photoexcitation, inscatter into the conduction-band states of Ahealley made

agreement with previous experimental resbitsThe slow accessible by the displacive excitation of the lattice and the

exponential decay component of the traces in Fig. 4 can besultant indirect band crossing. In the case of the data pre-
attributed to the relaxation of the new equilibrium configu- sented here, conduction-band states are accessible via scat-
ration of the Te lattice to the unexcited state due to carrie?;ehrlng only near th? peak c::splacement of the coherent
diffusion out of the probed region. This general scenario of?ONONS. Because electron-phonon scattering times in semi-

highly photoexcited Te is in agreement with the previousCondUCtorS are on the. order of sevgra} hundred
experimental and theoretical WobZ:911 femtosecond$,the time available for the redistribution of

As Fig. 4 further shows, the offset and amplitude of the€lectrons is too short, preventing any metallic character from
oscillations increase with excitation fluence, indicating an€Merging before the ions move to smaller displacement and

increase in both the shift of the equilibrium helical radiusth€ conduction-band states become energetically inacces-

and the amplitude of the coherent phonon. A linear regres§'ble' . : :
In conclusion, we measured the response of the dielectric

sion through the peak frequency data of the zero of Re o .
[€oi(@)] Shows that thed; phonon frequency softens with tensor of Te to strong photoexcitation. Both the ordinary and

increasing excitation fluences at a rate-00.0025 THz per ext.raord.inary parts of () redshift to lower energy due to .
Jm, in agreement with previous reflectivity-based lattice displacements caused by bonq Weakenllng and oscil-
measurements Performing the same analysis as describeo|ate due to the presence of d|spIaC|ver excited cohe_rent
above with thee,,(w) data(not presented hereshows that phqnons_. The qla_ta allow us to o!lrectly track the bonding-
the oscillations ofeq(w) are of smaller amplitude than anubondmg splitting Of. the m.atena_l. The m_agnltude of the
those ofe, (). This difference can be attributed to the fact decrease in the bonding-antibonding splitting and the ab-

that theA; mode oscillates in thab plane of the crystal and sence pf a metallic dielectriq function suggest a transient
€0 ©) d(lascribes the optical properties in that plane state with crossed bands that is nonmetallic. When combined
ord .

Because the zero of Re(w)] corresponds to the with the data presented here, theoretical calculations, similar

bonding-antibonding splitting in a materfIFig. 4 reflects to those in Ref. 10, of the dielectric tensor for various helical
the transient behavior of this bonding-antibonding :splitting.radll would reveal both the actual phonon amplitude as well

As the figure shows, the bonding-antibonding splitting rap—aS the degree of band crossing.

idly decreases, followed by an oscillation around a new equi- We gratefully acknowledge P. Grosse for providing
librium value that decays with time. Theoretical work hassingle-crystal Te samples and P. Tangney, S. Fahy, H. Ehren-
shown that the band structure of Te changes dramatically agich, N. Choly, and E. Kaxiras for discussions. This work
the atoms move along the direction of the mode and that was supported by the National Science Foundation under
a band-crossing transition occurs when the helical radius inGrant No. DMR-9807144.
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phonon period latef,« @) reaches another local extremum
of its motion. The periodic lattice distortions continue to
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