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Density-functional theory approach to ultrafast laser excitation of semiconductors:
Application to the A1 phonon in tellurium

P. Tangney1 and S. Fahy2
1International School for Advanced Studies, via Beirut 2-4, 34013 Trieste, Italy

2Department of Physics, University College, Cork, Ireland
~Received 15 August 2001; published 9 January 2002!

Calculations of theA1 phonon frequency in photoexcited tellurium are presented. The phonon frequency as
a function of photoexcited carrier density and phonon amplitude is determined, including anharmonic effects.
The sensitivity of theA1 mode to photoexcitation is related to the Peierls mechanism for stabilizing thea-Te
structure. The assumptions of slow and fast carrier recombination are investigated and it is found that the two
regimes give qualitatively different predictions for the excitation dependence of the phonon frequency. Recent
pump-probe experiments are compared with the calculations. The predictions based on fast carrier recombi-
nation are not in agreement with experiment. The reflectivity oscillations expected to occur in pump-probe
experiments are simulated, including the coupled effects of optical absorption, carrier diffusion, and phonon
dynamics. Using the calculated dependence of phonon frequency on carrier density~assuming slow carrier
recombination! and experimental values for the optical dielectric constants, the derivative of the frequency
peak for reflectivity oscillations with respect to pump fluence is found to be20.085 THz per mJ/cm2,
compared to an experimental value of20.07 THz per mJ/cm2 in the low-fluence regime. The ambipolar
diffusion constant for the optically excited carriers is estimated to be 10 cm2/s, substantially smaller than its
equilibrium value. The effects of carrier diffusion are found to be more important than phonon anharmonicity
in the observed changes of phonon frequency within the first few cycles of motion after laser excitation.
Greatly increased damping of the reflectivity oscillations at high pump fluences, which was reported in recent
experiments, is not found in the simulations.

DOI: 10.1103/PhysRevB.65.054302 PACS number~s!: 78.20.Bh, 78.47.1p, 71.15.Pd, 71.15.Nc
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I. INTRODUCTION

Due to rapid improvements in laser technology and
ability to produce very short (;10–100 fs) and powerfu
(;1 –10 mJ/cm2) laser pulses, there is increasing need
theoretical insight into the interactions of such laser pul
with matter.1 Experiments using powerful laser pulses of d
ration much shorter than phonon periods are now feas
and direct, time-domain studies of phonon motion are p
sible with pump-probe techniques.2 For the duration of ap-
plication of such a laser pulse, its electromagnetic field g
erates a coherent superposition of excited electron and
states in the material. However, coherence is quickly
and, on the time scales of interest in phonon motion,
primary effect of such a laser pulse~when the photon energ
is sufficiently large to generate real electron-hole pairs! is to
instantaneously prepare the sample with an excited distr
tion of electrons within the bands.

Altering the electron distribution in this way changes t
forces between ions and the effective potential energy la
scape experienced by each ion. Since electrons are ex
out of bonding states, the energy barriers between stable
metastable high-symmetry crystalline structures are usu
lowered and their relative stability may be changed. In m
terials which possessA1 phonon modes, any change in th
distribution of electrons~e.g., by laser pulse excitation! can
change the equilibrium positions of the ions. In such mat
als, the equilibrium positions of the atoms within each u
cell are not determined solely by crystal symmetry, but
specified by one or more free parameters. The excitatio
0163-1829/2002/65~5!/054302~13!/$20.00 65 0543
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an A1 mode corresponds to a time variation of these para
eters.

Thus, a very short laser pulse may be used to insta
neously place ions out of equilibrium. The ions then oscilla
about their new equilibrium positions, starting with zero v
locity immediately after the pulse, producing a phonon m
tion with a cosinelike time dependence. This mechanism
known as ‘‘displacive excitation of coherent phonon
~DECP!.3 @This is in contrast to a sinelike time dependen
which results if a velocity impulse is imparted to the io
through second-order Raman coupling to the la
radiation,2,5 without any change in their equilibrium pos
tions — a mechanism known as impulsive stimulated Ram
scattering~ISRS!.# If the excitation of electrons is homoge
neous in the material, only zone-center modes can be
cited. Such excitation of the phonon motion can be detec
by measuring oscillations in the optical reflectivity of th
material using a probe pulse, delayed with respect to
exciting pump pulse.2

In crystals without anA1 mode, the weakening of bon
strengths by electronic excitation will usually lower the e
ergy barriers between distinct crystalline phases with
changing the equilibrium ion positions in the preexisti
phase. However, when the excitation is strong enough, st
tural stability may be lost, leading to a structural transiti
— a mechanism known as ‘‘plasma annealing.’’4,6–9

Density functional theory10 ~DFT! has provided a frame
work within which calculations of many physical propertie
have been successfully performed.11–13 In this paper we use
DFT methods to calculate the effect of short-time-scale e
©2002 The American Physical Society02-1
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tronic excitation on theA1 phonon frequency of tellurium
with a view to interpreting the results of recent femtoseco
pump-probe experiments and demonstrating clearly
mechanism by which laser-induced changes in electro
structure can alter ion dynamics. In particular, we will co
pare with the results of recent pump-probe spectroscopic
periments on tellurium,15,16 which observed large amplitud
phonons ofA1 symmetry following short-time-scale laser e
citation and measured a linear decrease of the frequenci
these oscillations with pump fluence. We have discus
qualitative comparisons with experiment previously.17 Here
we introduce a full model of the reflectivity oscillations
the low-fluence regime and compare the results quan
tively with experiment.

Our use of DFT methods is not entirely within the form
structure of density functional theory. In order to approp
ately represent the electronic relaxation time scales in
laser excitation~in particular, the relatively slow electron
hole recombination!, we use a constrained form of DFT
where occupations of specific classes of orbitals are k
fixed.18 Our approach is discussed in detail in Sec. IV and
results obtained are compared in Sec. VII with those fou
using finite-temperature DFT~Ref. 14! to represent the ex
cited electron-hole plasma. A number of previo
calculations7–9 have used the finite-temperature approach
study mode softening and plasma annealing in other se
conductors. From a theoretical point of view, a major co
clusion of this paper is the qualitative difference between
results on mode softening in tellurium obtained using a fix
electron-hole density and those obtained using a fixed h
temperature. This conclusion has general implications for
use of excited-state electron distributions in the simulation
ion dynamics.

The rest of this paper is organized as follows: In Sec.
we discuss the relevant time scales for relaxation of the la
induced, excited electronic state of the material. We disc
the crystal structure of Te in Sec. III, highlighting the role
the Peierls mechanism for stabilization of thea-Te structure
and the relevance of this mechanism to theA1 mode. Details
of the scheme for constrained occupation of conduction
valence bands are presented in Sec. IV. The frozen pho
approach and the calculation of structural energies are
cussed in Secs. V and VI, respectively. In Sec. VII, w
present the main results of our calculations for theA1 mode
softening in Te. Section VIII introduces a model of coupl
electromagnetic radiation, carrier diffusion, and phonon
namics to simulate the expected pump-probe reflectivity
cillations in tellurium. The results are compared in det
with experimental results in Refs. 15 and 16. Finally, in S
IX, we present our overall conclusions.

II. RELAXATION TIME SCALES

When a very short (&100 fs) laser pulse, with photo
energy larger than the direct band gap, is incident on a se
conductor crystal, electrons are excited into conduct
bands, creating electron-hole pairs. The semiconductor
undergoes several temporarily overlapping stages of re
ation before it returns once again to thermodynamic equi
05430
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rium. When attempting to model such a system, it is imp
tant to be aware of the time scales of the various relaxa
processes. We will be concerned with those processes w
occur within a few periods of the telluriumA1 phonon fre-
quency, i.e., times,1 –2 ps.

During application of the exciting laser pulse, cohere
superposition of excited electronic states gives rise to
electrical polarization of the medium. Once the laser puls
no longer present, this coherence is lost, typically on a ti
scale of 100 fs at low and moderate levels of excitation
substantially less in highly excited materials, leaving an
coherent distribution of excited electron-hole pairs. Expe
ments suggest that carriers within a given subband therm
ize among themselves very quickly19 ~in much less than 100
fs! at the very high densities of excited electrons conside
here, but that intervalley scattering may be considera
slower (; ps).1 In this paper we will not be directly con
cerned with these relaxation processes, except insofar a
assume that they occur relatively quickly and establish
thermal distribution of carriers within individual bands. W
will assume thermal~Fermi-Dirac! distributions within each
band. For incident photons of energy 1.5 eV, we would e
pect the initial carrier temperature for electrons and holes
be approximately 0.4 eV. However, as we shall see in S
VI, the exact distribution of electrons within the conductio
band states~and holes among the valence bands! is not cru-
cial to theA1 phonon frequency. Thus, carrier cooling, whic
may occur very rapidly~e.g., by phonon emission!, does not
strongly affect the dynamics of theA1 phonon.

In general, the electrons in the conduction band and
holes in the valence band are initially at different tempe
tures but electron-hole scattering typically establishes a c
mon temperature in times of the order of a picosecond.
the high carrier densities of interest here, this equilibration
likely to occur in substantially less than a picosecond.

In considering the interaction between the photoexci
electron-hole plasma and the phonons, we must disting
between two types of effect:~a! coherent excitation of the
zone-centerA1 mode and~b! random thermal excitation o
phonon modes throughout the zone by carrier-phonon s
tering. The electron-phonon matrix elements which give r
to ~a! are also the source of~b! but the statistical character o
the effects is quite different. The forces in~a! give rise to the
coherent motion of the ions~the main focus of this study!
with an associated change in the energies of electron
hole states, but without any change in the occupations
electronic states. From the point of view of the electron
degrees of freedom, this is an isentropic process. In~b!, the
excitation of phonons can be viewed as random events, w
an associated change in occupation of carrier states an
exchange of entropy between the electronic and vibratio
degrees of freedom, leading eventually to the electronic
vibrational temperatures being equal.

At moderate excitation densities (101721018 cm23), the
carriers reach lattice temperatures in hundreds
picoseconds.1 This may happen much more quickly~as fast
as a few picoseconds! at the relatively high densities consid
ered during the coherent excitation of theA1 phonon. The
transfer of thermal energy is more rapid when the car
2-2
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DENSITY-FUNCTIONAL THEORY APPROACH TO . . . PHYSICAL REVIEW B65 054302
distribution is in its initial, highly excited nonthermal stat
but once the electrons are thermalized within a given s
band, the rates of carrier-phonon interactions can be
pected to be slower due to the increased probability of oc
pancy of the final electron state after interaction with
phonon.1

As we shall see below, from the point of view of its e
fects on theA1 phonon in tellurium, the most important a
pect of carrier-phonon scattering is that it does not cha
the total electron-hole density. Moreover, double-pulse e
tation experiments, where the delay between two pulse
sufficient to allow the lattice to heat after the first puls
show that the effect of lattice heating on theA1 phonon
frequency is small15 for this system.

A crucial issue for modeling the ion dynamics is the tim
scale for carrier recombination. In general, for moderate
citation densities, the time scale for electrons and hole
reach a chemical equilibrium is of the order of nanosecon1

At the very high excitation densities considered here, t
rate may be enhanced20 and this has been the assumption
previous theoretical investigations of photoexcitation
semiconductors by ultrashort laser pulses.8,9 The experiments
of Hunscheet al.15 on tellurium show no significant chang
in theA1 phonon lifetime as the electron-hole plasma dens
is altered, as would be the case if electron-hole recomb
tion occurred on a time scale comparable to the phonon
riod. ~Relaxation of electronic or rotational degrees of fre
dom on a time scale comparable to the period of a vibratio
mode leads to dissipation of energy from the mode.21! Thus,
we consider two possible scenarios.

~i! Slow electron-hole recombination: then the number
electrons in the conduction band remains constant during
phonon motion~disregarding diffusion effects for the mo
ment — see Sec. VIII!. As discussed above, the relaxation
the carrier distribution within individual bands~conduction
and valence! is fast and sothe electronic system can be cha
acterized by two separate thermal carrier distributions, ele
trons in the conduction bands and holes in the valen
bands, each characterized by a different chemical poten
and a temperature substantially higher than the lattice te
perature.

~ii ! Fast electron-hole recombination: throughout the p
non motion chemical equilibrium is maintained between c
riers in the valence and conduction bands and, at each p
of the motion,the entire carrier distribution (electrons an
holes) may be specified by a single chemical potential an
temperature comparable to the band gap.

The second scenario has been used in previous met
of modeling ultrafast electronic excitation which have be
applied to study plasma annealing in different systems~e.g.,
Si and GaAs!.7–9 They have assumed that the laser excitat
can be modeled on the time scale of ionic motion as a v
high electronic temperature, with chemical equilibrium b
tween conduction-band and valence-band carriers. In
method of Silvestrelliet al.,9 the carrier temperature is kep
constant as the ions move. In the method of Stampfli
Benneman,8 the entropy of the carriers is kept constant as
ions move.

In this paper we show that results based on slow elect
05430
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hole recombination are in good agreement with the exc
tion experiments for tellurium15 and that the results from
calculations based on a fast recombination rate and cons
high temperature give qualitatively different results. We no
that the first scenario ignores the problem that interval
scattering may be slow compared with the phonon per
and that one might have several carrier distributions withi
given band. However, since the forces driving theA1 mode
are found to depend primarily on the total number of exci
electrons in the conduction bands and very little on th
exact distribution within the conduction band~see Sec.
VI A !, it appears that the effect of intervalley relaxation
the phonon frequency is small.

III. STRUCTURE

The stable form of tellurium at low pressure isa-Te ~Fig.
1!, in which twofold-coordinated tellurium atoms form infi
nite helical chains parallel to thec axis of the trigonal
P3121-D3

4 structure.22 The three atoms per unit cell are

(x0 1
3 ,0x 2

3 ,x̄x̄0) and form a single, complete turn of a helic
chain. Each helix is surrounded by six equidistant helic
~three of these are shown in Fig. 1 around the helix on
bottom right of the figure! and each atom has four secon
nearest neighbors in these adjacent helices. The atomic p
tion free parameterx is equal to the ratio of the radius o
each helix to the interhelical distance. The motion of ato
in the A1 phonon mode corresponds to a variation of t
helical radiusx, maintaining the symmetry of the crysta
Since its value is not determined by symmetry, the equi
rium valuexeq is therefore sensitive to the precise details
the electronic structure. This allows for an excitation of t
A1 mode within the DECP mechanism since any change
the occupation of electronic states may alter the value ofxeq .

At the special valuex5 1
3 , the nearest- and second

nearest-neighbor distances become equal, the atomic co
nation number increases to six, the helical chain structur

FIG. 1. View of a-Te structure looking down along thec axis.
The relative altitudes of the atoms in units ofc are as indicated. The
dashed lines indicate nearest-neighbor bonds. The dotted lines
cate second-nearest neighbors.
2-3
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P. TANGNEY AND S. FAHY PHYSICAL REVIEW B65 054302
destroyed, and the structure can be classified as rhomb
dral, with space groupR3̄m-D3d

5 and one atom per unit cell
The high-pressureg-Te form of tellurium, which is stable
above;70 kbar, has this structure.22

The a-Te structure may be viewed as a Peierls distort
of theg-Te structure. The distortion is a standing wave w
wave vectorq5(2p/c) ẑ and atomic displacements

dr5S x2
1

3DRe$~ x̂2 i ŷ!exp@ iq•~r2c/3!#%,

wherex̂, ŷ, andẑ are unit vectors in thex, y, andz directions,
respectively. Whenx is increased past13 the system is four-
fold coordinated, the nearest neighbors of each atom b
those that were its second-nearest neighbors for 0,x, 1

3 . A
convenient way of looking at this for our present purpose
that each atom is shared between two different helices~see
Fig. 2!. At x5 1

3 each atom has an identical relationship w
the helices formed for values ofx on either side of13 .

Figures 3~a! and 3~b! show the band structure of Te atx
5xeq50.2686 andx5 1

3 , respectively. The experimentally de
termined lattice constants (a54.4561 Å and c
55.9271 Å ) have been used in these calculations. Nine
lence bands~six electrons per atom! are occupied in the
semiconducting equilibrium structure. The higher symme
of g-Te is responsible for the high degeneracy of states
Fig. 3~b!. It is precisely the energy gained by the splitting
these degeneracies at the Fermi level whenx is decreased
that leads to thea-Te structure — a striking example of the
Peierls mechanism — and the calculated direct band gap~at
H! attains approximately its maximum value for the equil
rium value of x. Since the structural stability of thea-Te
structure and the value ofx5xeq at equilibrium is heavily
influenced by the splitting of the conduction and valen

FIG. 2. View of the tellurium structure whenx.
1
3 . The dotted

lines shown are from the center of each helix formed whenx,
1
3 to

the atoms of that helix~see Fig. 1!. The arrows connect neare
neighbors and are directed from atoms of lower altitude to atom
higher altitude.
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bands near the Fermi level, the value ofxeq is strongly af-
fected by laser excitation of the electron-hole pairs. Thus,
see that the strong DECP of theA1 phonon is directly related
to the Peierls mechanism for stabilizing thea-Te structure.

IV. ENERGY LEVEL FILLING IN BAND STRUCTURE
CALCULATIONS

For standard ground-state band structure calculatio
electron states are filled strictly in order of increasing ener
However, in this work we are concerned with excited ele
tronic configurations and so the filling of states is not
straightforward. We will investigate two different regimes
electronic relaxation and hence band structure filling, cor
sponding to two different time scales of the electron-h
recombination rate :~i! where the conduction-band electron
and valence-band holes are in chemical equilibrium~i.e.,
rapid electron-hole recombination! and hence share a sing
chemical potential;~ii ! where chemical equilibrium betwee
valence-band and conduction-band carriers is not establis

of

FIG. 3. Calculated band structure and density of states ofa-Te
at ~a! x5xequil50.2686 and~b! x5

1
3 . All bands are threefold de-

generate atx5
1
3 .
2-4
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DENSITY-FUNCTIONAL THEORY APPROACH TO . . . PHYSICAL REVIEW B65 054302
~i.e., slow electron-hole recombination! and so they have two
separate chemical potentials.

Apart from the unorthodox filling of bands, all other a
pects of the band structure and total energy calculations
sented here follow the standard self-consistent, plane-w
pseudopotential methods.24,11

A. Energy level filling for electrons and holes in chemical
equilibrium

Here the number of electrons in the conduction band
determined solely by the temperature. The energy levels
filled according to the normal, finite-temperature version
DFT: the occupancywi of each energy levele i is given by
the Fermi-Dirac distribution with a given temperatureT:

wi5
1

expFe i2m

t G11

,

wherem is the chemical potential andt5kBT is the thermal
energy. Here the only ‘‘control variable’’ in the calculation
the temperatureT, the chemical potential being constraine
by the requirement of overall charge neutrality~i.e., that the
numbers of electrons and holes be equal!.

The chemical potential is found by a bisection method
follows: Assuming that it lies within a certain rang
@E1 ,E2#, the Fermi-Dirac distribution is formed and the e
ergy levels filled usingm5(E21E1)/2. Thenumber of elec-
trons are then counted up, and if there are too few, then
value ofm becomes the newE1, and if there are too many
then this value ofm becomesE2. This process is repeate
until a value ofm which produces the correct number
electrons is found. The band energies and charge densit
calculated self-consistently, based on the occupation wei
wi of the states.

In this approach, it is the high temperature of the el
tronic degrees of freedom that maintains the electron-h
plasma density. However, we note that the number of e
trons in the conduction band will be dependent on the d
sity of states near the chemical potentialm ~and, similarly,
the number of holes in the valence bands!. For a given tem-
perature, the electron-hole plasma density is much hig
when the band gap is small than it is if the band gap is la
This is of great importance in the case of the TeA1 phonon
because, as we have seen in Sec. III, the band gap is stro
affected by the mode amplitudex. We discuss this point in
more detail in Sec. VII.

B. Energy level filling for independent thermal distributions
of electrons and holes

In the regime of slow electron-hole recombination, t
‘‘hole state’’ and ‘‘electron state,’’ electrons in the conductio
and valence bands, respectively, are treated as distinct
cies. This distinction makes sense as long as the direct b
gap remains substantial, as it does in tellurium when theA1
phonon parameterx remains less than 1/3. The temperatu
and the electron-hole plasma density are now indepen
control variables in the calculation. Two chemical potenti
05430
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are introduced, one for the conduction band states and
for the valence bands. Filling of each set of bands~conduc-
tion and valence! can be formally treated in almost exact
the same way as the single chemical potential problem, b
sets of carriers occupying energy levels within their perm
ted bands and forming their own separate thermal distri
tions. We will assume that the temperature used in the fill
of the conduction bands is the same as that used for vale
bands, although it is not difficult to relax this constraint,
relevant.

To implement this model, the following procedure is ca
ried out.

~i! For each Brillouin zonek point, the nine lowest-energy
states, which correspond to the valence bands in the gro
state, are labeled as ‘‘hole states.’’ The electrons remainin
these states following excitation are treated separately f
the excited electrons in the conduction bands~10 and above!.
This is so, even if structural or electronic changes ca
some former conduction-band electron state energy leve
be lowered below the upper hole-state energy levels a
differentk point. Hole state electrons will not be permitted
occupy electron state energy levels, even if such occupa
is energetically favorable.

~ii ! All energy band levels higher than the first nine
eachk point are labeled as ‘‘electron states.’’ Electrons fi
these conduction-band states entirely separately from
hole states~valence bands!.

~iii ! The valence-band energy levels are filled with ele
trons according to a Fermi-Dirac distribution. This assum
that thermal equilibrium is established between carri
within the valence bands. The chemical potentialmh1 used
in filling these bands is determined by the condition that
total number of holes per unit volume equal the prescrib
electron-hole plasma density, which is a control parame
for the calculation. The value ofmh1 is found by the bisec-
tion method described in Sec. IV A.

~iv! The excited electrons are distributed among
conduction-band states according to a Fermi-Dirac distri
tion, with chemical potentialme2. The value ofme2 is de-
termined by the bisection method to satisfy the requirem
that the density of excited electrons equal the prescri
electron-hole plasma density.

~v! Once the occupation weightswi associated with all the
single-particle statesc i(r ) are determined, the charge de
sity of the excited system is calculated~as in the usual
ground state calculations! by

r~r !5(
i

wi uc i~r !u2, ~1!

where c i(r ) is the value of thei th wave function at the
position r .

~vi! The potential for the electrons for the next iteration
the self-consistent solution of the Kohn-Sham equation
determined from the charge density in Eq.~1!.24,11

V. PHONON FREQUENCY CALCULATIONS

We calculate phonon frequencies using the ‘‘frozen ph
non’’ technique.11 The calculated structural energies at va
2-5
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P. TANGNEY AND S. FAHY PHYSICAL REVIEW B65 054302
ous values of the phonon displacementx are fitted with a
fifth-order polynomialV(x). For large electron-hole dens
ties, the initial amplitude of phonon motion is large enou
that anharmonicity of the potentialV(x) may significantly
affect the period of motion. Within the DECP mechanis
the starting point for the motion isxeq

0 , the equilibrium value
of x when the electrons are in their ground state. The ini
velocity is zero. The system then oscillates aboutxeq , the
new equilibrium value ofx for the photoexcited system, wit
mode damping gradually reducing the amplitude of moti
To calculate the effects of anharmonicity, we have found
period of motion for the initial amplitude and for very sma
amplitude as follows: Energy conservation for the class
motion of the ions implies that the velocityy(x) at phonon
displacementx is given by

y~x!5A2

m
@V~x8!2V~x!#, ~2!

wherem is the atomic mass and the classical turning poin
the motion occurs atx5x8. The period of the initial ampli-
tude motion is then given by

T52E
xeq

0

x8 dx

y~x!
, ~3!

where x8 is the value ofx on the opposite side ofxeq at
which V(x8)5V(xeq

0 ).

VI. TOTAL ENERGY CALCULATIONS

Calculations were performed using the plane-wa
pseudopotential method24,11 with the local density approxi-
mation~LDA ! to exchange and correlation.25 Plane waves up
to energy cutoffs of 16 and 49 Ry were used in the expans
of the wave functions and charge density, respectively.
use semilocal pseudopotentials ofs, p, andd symmetry, gen-
erated with an atomic reference configuration of 5s1.0, 5p4.0,
and 5d0.5 using the method of Hamann, Schlu¨ter, and
Chiang.23 Phonon frequencies were calculated by sampl
the Brillouin zone with a uniform 10310310 grid, centered
at k5(0,0,0) ~i.e., 124 k points in the irreducible zone!,
unless otherwise stated.

Temperature and Brillouin zone sampling

Due to the strong dependence of the phonon frequenc
the character and filling of states near the Fermi level, i
necessary to sample a large number of points in the Brillo
zone to obtain a smooth variation of the energy as the p
non coordinatex varies. Figure 4 shows the calculated h
monic phonon frequency~see Sec. V! as a function of the
carrier temperature,t5kBT, for various levels of Brillouin
zone sampling. The electron-hole plasma density is k
fixed ~see Sec. IV B! at 1% of the valence electron density.
is found that above a certain temperature the frequenc
essentially independent of both the level of sampling and
temperature but that at lower temperatures there is a l
variation due to both.
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The variation of the calculated frequency in Fig. 4 at lo
temperature is a numerical artifact of the finite sampling
the Brillouin zone and can be understood as follows: Whe
small number ofk points is used, the weight associated w
each individual state is relatively large. If a low-temperatu
Fermi-Dirac distribution is used, when the energy of a st
crosses the Fermi level, the occupationwi of the state
changes abruptly, leading to an abrupt change in variatio
the total energy. This severely affects the calculated pho
frequency in the frozen phonon method. Using a larger nu
ber of k points ~thereby assigning less weight to any give
state! or a larger temperature~allowing a smoother variation
of the occupation for states near the Fermi energy! substan-
tially reduces these abrupt changes. These combined ef
of k point sampling and thermal broadening of the Ferm
Dirac distribution have been observed in other system26

This effect is more severe for larger values of the electr
hole density.

Our conclusion from the analysis of combined effects ok
point sampling and Fermi-Dirac distribution temperature
the calculated phonon frequencies is that thetrue variation
~i.e., for infinite k-point sampling! of the phonon frequency
with electron-hole plasma temperature is negligible. Once
discontinuities due to finite sampling have been smoot
out, the phonon frequency shows a remarkable insensiti
to changes in temperature. Thus, any effects of rapid ca
cooling on the phonon dynamics will be relatively sma
This insensitivity to electronic temperature also implies
general insensitivity of the frequency to details of the occ
pation of states within the low-lying conduction bands.

Thus, the effect of any slow intervalley carrier equilibr
tion on the phonon frequency is negligible. For example
can be seen from Fig. 3 that a change in electronic temp

FIG. 4. CalculatedA1 phonon frequency as a function of th
thermal energy,t5kBT, used in the Fermi-Dirac distribution of th
carriers, for a fixed electron-hole plasma density equal to 1% of
total valence electron density, showing the combined effects
electron temperature and Brilouin zone sampling. Brillouin zo
sampling with grids of 83838 ~solid circles!, 93939 ~open
circles!, and 10310310 ~squares! k points were used. The symbol
indicate calculated values and the curves are polynomial fits to
calculated values shown.
2-6
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DENSITY-FUNCTIONAL THEORY APPROACH TO . . . PHYSICAL REVIEW B65 054302
ture t from 0.1 eV to 0.2 eV gives rise to a substant
change in the weighting of occupation between the H anA
points of the Brillouin zone. Nevertheless, we have seen
this change has a negligible effect on the phonon freque
when the Brillouin zone is fully sampled.

The use of the zero-temperature form of the LDA e
change and correlation potential to calculate the effects
exchange and correlation in the photoexcited system is
strictly justified since the eigenvalues calculated in this w
are not the true quasiparticle excitation energies. Howe
the above discussion would suggest that it is only the gr
features of the conduction bands that are important. Mo
over, in this calculation the LDA gap~0.26 eV! is not too
much different from the experimental band gap@0.33 eV Ref.
27!# and the band dispersions within the LDA conducti
and valence bands are very similar to the experimentally
termined dispersions.

Due to the subtle nature of the weak interchain inter
tions, the equilibrium structural parameters have been sh
to be less accurate for Te than for systems such as silicon
diamond.28,29 Most of our calculations are performed for e
perimental values of the lattice constantsa andc. In order to
check the validity of our use of the LDA band structure, w
have calculated the frozen phonon frequencies at elect
hole plasma densities equal to zero and equal to 1% of
valence charge density, using the theoretical equilibrium
tice constants rather than the experimental values.28 The pho-
non frequency and its derivative with respect to carrier d
sity only change by 15%–20% when the theoretical latt
constants are used, despite substantial changes in the
gaps and in the details of the band dispersions. Our use o
LDA band structure is therefore justified by this insensitiv
of the results to details of conduction-band dispersion
occupation at this level of accuracy.

VII. PHONON FREQUENCY SHIFT

We have calculated the excitation dependence of theA1
phonon in two regimes of electron-hole recombination tim
slow recombination, where conduction-band and valen
band carriers have separate chemical potentials, and fas
combination, where conduction-band and valence-band
riers share a common chemical potential.

A. Slow electron-hole recombination

Figure 5 shows the structural energy as a function
atomic displacement parameterx for excited carrier densities
ranging from 0% to 1.25% of the valence electron dens
The lattice constants are fixed at their experimental valu
In each case the temperature used in the Fermi-Dirac di
bution function wast50.05 eV.~We note that this tempera
ture is substantially smaller than the initial experimental te
perature of 0.4 eV, which one would expect for phot
energies of 1.5 eV. However, as already discussed, the ca
temperature has little effect on the phonon dynamics.! The
ground-state equilibrium value ofx is found to be 0.2686
approximately 2% larger than the experimental value
0.2633. The frequency of oscillation about this minimu
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was calculated as 3.24 THz, 10% smaller than the value
3.6 THz obtained in conventional Raman scattering.15

For the ground-state curve there are two minima, cor
sponding to the equilibriumx, 1

3 andx. 1
3 structures which

may be viewed as Peierls distortions of thex5 1
3 (g-Te!

structure, as discussed in Sec. III.~We note that thex. 1
3

structure is not stable, since a small clockwise rotation
every second helix of atoms indicated in Fig. 2 brings t
structure back to thea-Te structure withx, 1

3 .! For x, 1
3 ,

the atomic forces contributed by the valence-band states
to restore the equilibrium atx50.2686 and the conduction
band states tend to force the structure towardsx50.364.~For
x. 1

3 , the roles of valence and conduction bands are reve
— see discussion of charge densities, below.! Thus, as the
electron-hole plasma density increases, the balance betw
the conduction-band and valence-band forces changes
the equilibrium value ofx increases.

In Fig. 5 one can see a broadening of the curves near
minima and an increase inxeq as the excited-carrier densit
increases. This is shown more clearly in Fig. 6~a!. It is this
change inxeq which is responsible for the DECP mechanis
In each of the excited-state curves of Fig. 5, we have sho
that portion of the energy versusx curve which would be
traversed by the photoexcited system if the motion were
damped. This is the initial amplitude of motion, for whic
the frequency is shown in Fig. 6~b!. Damping of the phonon
motion will result in a decrease of the amplitudes of succ
sive cycles of the oscillation from the maximum value
uxeq

0 2xequ to 0.
It is found that an indirect closing of the band gap occu

at x50.286, with the energy states at H raising sligh
above those atA. A direct crossing of energy bands does n
occur until the bands become degenerate atx5 1

3 . This clos-

FIG. 5. Total energy per unit cell as a function of phonon co
dinatex for photoexcited plasma densities equal to 0%~lowermost
curve!, 0.25%, 0.5%, 0.75%, 1.0%, and 1.25%~uppermost curve!
of the valence electron density. The vertical dashed line indica
the value ofx5

1
3 corresponding to the high-symmetryg-Te struc-

ture. The curves are cubic spline fits through the calculated e
gies.
2-7
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ing of the indirect band gap is only relevant for our calcu
tions for excitation densities greater than 1% of valence e
trons. At 1.25% excitation the maximum time spent duri
an oscillation withx.0.286 is less than 0.25 ps per cyc
and, since the relaxation time for carriers from former v
lence states to former excited states with phonon emissio
likely to be of the order of 1–2 ps, we have not allowed f
any phonon-assisted electron-hole recombination during
time.

From each fitted curve of the total energy versusx, we
have calculated the maximum and minimum amplitude p
non frequencies as a function of photoexcited carrier den
using the frozen phonon method described in Sec. V.
results are presented in Fig. 6~b!. The graph shows an ap
proximately linear decrease in phonon frequency with
creasing excitation density. The anharmonicity of the cur
has a significant effect on the frequency at maximum am
tude only for excitation densities greater than 1% of the
lence electrons.

To examine the real-space character of conduction
valence bands and the associated forces on the atoms of
helix in the a-Te structure, we have calculated the cha
densities associated with various electronic bands near
Fermi level. Figure 7 shows that the electron states wh
form the highest valence bands whenx, 1

3 ~upper left panel!
correspond quite closely to those that form the lowest c

FIG. 6. ~a! Equilibrium atomic displacement parameter and~b!
A1 phonon frequency vs photoexcited carrier density for the t
chemical potential model~see Sec. IV A!. The curve in~a! is a
cubic spline fit through the calculated points. The frequency in~b!
is shown for the initial DECP amplitude motion~open squares! and
for the final, small amplitude motion~solid circles!. The slope of the
linear fit to the small amplitude frequencies in~b! corresponds to a
frequency shift of20.97 THz for 1% of the valence electrons e
cited into the conduction bands.
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duction bands whenx. 1
3 ~lower right panel!. Conversely,

the electron states which form the lowest conduction ba
whenx, 1

3 ~upper right panel! correspond to those that form
the highest valence bands whenx. 1

3 ~lower left panel!. The
conduction and valence states shown become degenera
x5 1

3 and cross one another at this point. This means tha
excitation of electrons into the conduction band whenx, 1

3

is an excitation of electrons into states which favor thex
. 1

3 structure. The system is therefore pushed in this dir
tion and the helical radius increases. The excitation of e
trons into the conduction band corresponds to a placemen
electrons into the center of the helices where the elec
density is highest, thereby pushing the helices apart.
higher the level of electronic excitation, the greater the infl
ence of thex. 1

3 structure.

B. Fast electron-hole recombination

Figure 8 shows the temperature dependence ofxeq and
phonon frequency for the single chemical potential mod
The behavior is qualitatively different from the two
chemical-potential model and contrary to experiment.15 In
this case thea-Te helical structure seems to be strengthen
by the high electron temperature. The closing band gap
changing density of states near the Fermi level asx is in-
creased means that the number of electrons in the condu
band changes during the motion. This contributes an ef
tive binding force to the helices since the electronic ene
can be lowered by a reduction of the density of states n
the Fermi level. This is illustrated in Fig. 9: the percentage
electrons occupying excited states is at a maximum for
metallic g-Te structure and decreases again as the bands
gin to recede from the Fermi level beyondx5 1

3 . In the two-
chemical-potential model, the effect of a changing density
states is simply a movement of the chemical potentials.
example, at 1% excitation the hole-state chemical poten
increases from 8.57 eV atx50.2686 to 8.71 eV atx
50.294 while the electron-state chemical potential decrea
from 9.53 eV to 9.29 eV over the same range.

From this it is clear that, if one is to model the effects
short-time-scale electronic excitation of the ion dynamics
systems where electron-hole recombination is sufficien
slow, an assumption of thermal and chemical equilibriu
within all electronic bands may lead to qualitatively incorre
results. This opens the question of how one may more g
erally allow for the dynamical redistribution of electron
among the states in a photoexcited system. Neither of
methods used here strictly follows the evolution of the el
tronic distribution, though it is clear that the method of slo
electron-hole recombination and rapid thermalization with
each band provides a better representation of the pho
dynamics in photoexcited tellurium.

VIII. REFLECTIVITY OSCILLATIONS

A. Physical model and numerical methods

In order to use the calculated results for the phonon
quency shift as a function of electron-hole plasma density
predict the expected reflectivity oscillations, several physi

o

2-8
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FIG. 7. Cumulative electron
density from selected bands ne
the Fermi energy for structure
with atomic displacementx,

1
3

~upper panels! and x.
1
3 ~lower

panels!. The densities shown are
for electrons occupying: the high
est three valence bands forx
50.29 ~upper left panel!, the low-
est three conduction bands forx
50.29 ~upper right panel!, the
highest three valence bands forx
50.36 ~lower left panel!, and the
lowest three conduction bands fo
x50.36 ~lower right panel!. The
plane of the plots is that which
passes through the center of on
of the atoms and is perpendicula
to thec axis. The positions in the
(a1 ,a2) plane of the atoms for
one of thex,

1
3 helices are indi-

cated by stars. Dark regions corre
spond to regions of high electro
density. In each plot the separatio
between contours and the densi
range corresponding to the white
black spectrum are different.
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processes occuring in the pump-probe experiments mus
taken into consideration:~i! generation of electron-hole pair
by photons absorbed from the pump pulse;~ii ! diffusion of
carriers;~iii ! phonon dynamics driven by carrier densities
each depth, according to the parameters calculated ab
~iv! dependence of the dielectric function (e11 i e2)e0 on
phonon displacement and carrier density; and~v! reflection
of the probe pulse from the medium, where the dielec
function e(z,t)e0 depends on depthz and timet. Since the
laser pump focus is of the order of 100mm, whereas all
relevant processes occur within approximately 100 nm of
surface, variations of the plasma density and related qua
ties in directions parallel to the surface can be neglecte
treating these effects.

To calculate both the probe reflectivity and the pum
electron-hole pair production, we must find the radiati
fields within the material at each timet. We will assume that
the radiation is incident normal to the surface and has elec
polarization in thex direction. The electromagnetic field
E(z,t)exp(2ivt) and H(z,t)exp(2ivt) in the material then
satisfy the Maxwell equations

dH

dz
5 ive~z,t !e0E,

dE

dz
5 ivm0H, ~4!

where we have ignored propagation delay effects by negl
ing time derivatives of the field amplitudesE(z,t) and
05430
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H(z,t) and of the dielectric functione. Rewriting the fields
as E5(y11 iy2)/Ae0 and H5(y31 iy4)/Am0, we obtain
four coupled equations for the real fields:

dy1

dz
52k0y4 ,

dy2

dz
5k0y3 ,

dy3

dz
52k0~e2y11e1y2!,

dy4

dz
5k0~e1y12e2y2!, ~5!

where k0 is the radiation wave number in vacuum. The
equations can be solved numerically by integration fro
deep in the bulk out to the surface, using a standard fou
order Runge-Kutta integration scheme.31 We impose the
boundary condition that the asymptotic fields at large de
be for a wave decaying in amplitude into the bulk, which
satisfied ify250, y35n1y1, andy45n2y1 asz→`, where
n5Ae5n11 in2 is the complex refractive index of the un
perturbed material. The reflectivityR may be found by
2-9
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P. TANGNEY AND S. FAHY PHYSICAL REVIEW B65 054302
matching the radiation fields at the surface of the materia
incident and reflected waves in the vacuum, giving

2Einc5~y11y3!1 i ~y21y4!,

2Eref5~y12y3!1 i ~y22y4!, ~6!

at z50 andR5uEinc /Erefu2. We use an integration step of
nm in the Runge-Kutta scheme and a maximum integra
depth of 1 mm.

Photon absorption from the pump pulse is determined
the imaginary parte2(z) of the dielectric constant. Assumin
linear absorption of photons, the rate of change of
electron-hole densityn(z,t) is given by

]n

]t
52

1

\v

]S

]z
, ~7!

where S5c(y1y31y2y4) is the radiation energy flux. The
amplitude of the asymptotic fieldy1(z) at largez is scaled,
so that the fields at the surface match those in vacuum f
given intensity of the incident radiation. The pump pulse
assumed to have a negligible rise time and a constant in
sity for its entire duration, so that the radiation energy fl
incident on the surface is assumed to be equal to the p
fluence divided by the pulse time for the duration of t
pump pulse. After application of the pump pulse, the gene
tion of electron-hole pairs ceases~i.e., S is negligible! and
the total number of electron-hole pairs is assumed to rem
constant.

So far, we have not considered the effects of carrier
fusion. However, because of the relatively short absorp

FIG. 8. ~a! Equilibrium atomic displacement parameter and~b!
A1 phonon frequency vs temperature for the single-chemi
potential model~see Sec. IV A!. The curve in~a! is a cubic spline fit
through the calculated points. The frequency in~b! is shown for the
initial DECP amplitude motion.
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depth of radiation in the incident laser pump pulse, the ini
electron-hole plasma density decreases rapidly with de
below the sample surface. Carrier diffusion then leads t
rapid decay of the plasma density at the surface within a
cycles of theA1 phonon. This may be accounted for by th
addition of a diffusion term in the time derivative of th
carrier density:

]n~z,t !

]t
5D¹2n~z,t !2

1

\v

]S

]z
, ~8!

whereD is the ambipolar diffusion constant andS is nonzero
only during application of the pump pulse. The equilibriu
ambipolar diffusion constant in Te is 40 cm2 s21.30 For the
highly excited carrier distribution initially created after th
incidence of the pump pulse, the value ofD may be different
from its equilibrium value, but we would expect it to be o
the same order of magnitude.~As we shall see below, com
parison of our simulations with experimental results for
flectivity oscillations will allow us to obtain quite an accura
estimate ofD for this system.! The evolution of the density
due to diffusion is solved by the Crank-Nicholson method31

The phonon displacementxph(z,t) is driven by the carrier
plasma densityn(z,t). The equilibrium positionx0 and vi-
bration frequencyv0 depend onn, as shown in Fig. 6. The
equation of motion for the phonon displacementxph(z,t) is
then given by

]2xph

]t2
52v0~n!2@xph2x0~n!#2g

]xph

]t
, ~9!

where we have introduced the phenomenological damp
force 2g]xph/]t to allow for homogeneous broadening
the phonon line. For small plasma density, we may us
linear approximation:x0(n)5 x̄01(]x0 /]n)n and v0(n)
5(v̄01]v0 /]n)n. Values of (]x0 /]n)57.4310224 cm3

and]v0 /]n523.45310221 THz cm3 give good linear fits
to the results shown in Fig. 6.~Note that 1% of the valence
density in tellurium is 1.76631021 cm23.! We use the ex-

l-

FIG. 9. The fraction of the valence electrons which occupy
conduction band as a function of atomic displacementx at a tem-
perature oft50.4 eV for the single-chemical-potential model.
2-10
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DENSITY-FUNCTIONAL THEORY APPROACH TO . . . PHYSICAL REVIEW B65 054302
perimental value~3.6 THz! for the unperturbed phonon fre
quency, givingv̄0522.6 s21. The integration of Eq.~9! is
performed by a modification of the standard leapfr
approach32 for systems with damping, using the value ofg
52/t51.131012 s21, wheret is the dephasing time which
is compatible with the attenuation observed in low-fluen
experiments~see Fig. 5 of Ref. 15!. The integration time-step
used was 2 fs for all dynamical aspects of the simulatio
The dynamics of the system was simulated for a total time
10 ps.

The dielectric constant at each depth is influenced by
phonon displacementxph and the carrier densityn at that
depth. Sincee1 is much larger thane2, changes ine1 have a
larger effect on the optical reflectivity. Saturation effects
the absorption of photons from the pump pulse are not ta
into account, limiting the applicability of our results to pum
fluences substantially less than 3 mJ/cm2 for a 100 fs pump
pulse.15 Thus, in modeling the reflectivity oscillations, w
will assume for simplicity thate2 remains unchanged and

e15 ē11
]e1

]xph
xph1

]e1

]n
n, ~10!

where ē1 is the real part of the dielectric constant for th
unperturbed material. We take values ofē1532 ande2511
for 825 nm radiation from the literature.33 The derivatives
]e1 /]xph and ]e1 /]n are taken as adjustable paramete
which will be used to fit the amplitude of the experimenta
observed background shift and initial oscillations in the
flectivity. These parameters influence primarily the over
scale of the reflectivity oscillations, rather than their fr
quency spectrum, and the dependence of the frequency
on pump fluence is not strongly affected by their values.

In pump-probe experiments, the reflectivity measured
an average over the duration of the probe pulse. In our si
lations we then take a running average of the reflectivity o
a time window equal to the probe pulse width, which is tak
to be 100 fs, the same as the pump pulse. The final result
the reflectivity are only slightly different from those obtaine
using the instantaneous reflectivity.

B. Comparison with pump-probe experiments

Because we have not allowed for saturation effects in
simulations, we use the low-fluence data reported in Fig. 4
Ref. 15 and Fig. 2 of Ref. 16 for comparison with our sim
lations. In Fig. 4 of Ref. 15, the frequency shift is shown
a function of the initial background reflectivity chang
DRbg. The slope of the data isdn/dDRbg520.064 THz per
1% change in initial background reflectivity. On the oth
hand, Fig. 2 of Ref. 16 shows the frequency shift~for a
somewhat wider range of pump fluences! as a function of an
excitation density parameterNexc. This excitation density
was determined from the pump fluence, assuming expon
tial absorption of photons in an absorption depth of 50 n
Thus,Nexc corresponds directly to the pump fluenceF, with
F52.15Nexc, whereNexc is in units of 1021 cm23 andF is
in mJ/cm2. The slope of the data over the range shown
Fig. 2 of Ref. 16 isdn/dF520.058 THz per mJ/cm2.
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However, saturation of absorption affects the data at
higher end of this range; fitting only data in the low-fluen
regime (Nexc,1.531021 cm23, where the frequencies var
over the same range as in Fig. 4 of Ref. 15! gives a slope
dn/dF520.07 THz per mJ/cm2. This is a slightly larger
slope than is indicated for data over the much larger rang
pump fluences presented in Fig. 3 of Ref. 15, where sat
tion of absorption is a major factor, but is consistent with t
data for low-fluence (F<2.4 mJ/cm2) included there. Thus
we can associate initial background reflectivity changes~in
%! with pump fluence~in mJ/cm2) for the low fluence re-
gime through the relationDRbg5(0.07/0.064)F51.09F.

Estimating the initial background reflectivity to be 1.3
for the prepump signal of the inset to Fig. 4 of Ref. 15, w
can infer that the fluence for this pump pulse was 1.3/1
51.19 mJ/cm2 and compare the main features of the refle
tivity signal with the corresponding results of our simul
tions for a pump fluence of 1.19 mJ/cm2, as shown in Fig.
10. This allows us to estimate values for]e1 /]xph, ]e1 /]n,
and the diffusion constantD. Our simulations give an initial
background change, initial oscillation amplitude, and dec
of the background reflectivity over 6 ps in good agreem
with the experimental data when we use values
]e1 /]xph53.53102, ]e1 /]n52.75310221 cm23, and D
510 cm2/s. We note that using the standard equilibriu
value ofD540 cm2/s gives a decay of the background r
flectivity which is substantially more rapid than that o
served in the experiments.

Using these parameters in our model, we then find a p
in the frequency atnmax53.515 THz for a pump fluence
F51 mJ/cm2. This gives a variation of the peak frequenc
dn/dF520.085 THz per mJ/cm2, in very good agreemen
with the low-fluence data. The values of the fitted parame
]e1 /]xph and ]e1 /]n used in the simulation have a ver
small effect on the value ofdn/dF. The value used for the
diffusion constant has a noticeable effect; for example, us

FIG. 10. Simulated pump-probe reflectivity oscillations in tell
rium for a pump fluence of 1.19 mJ cm22. The parameters
]e1 /]xph53.53102, ]e1 /]n52.75310221 cm23, and D
510 cm2/s were chosen to match the experimental results, as
cussed in the text. The reflectivity forD540 cm2/s is shown for
comparison.
2-11
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the standard equilibrium value30 D540 cm2/s in the simu-
lations gives a valuedn/dF520.055 THz per mJ/cm2.

We have not included saturation effects on the produc
of electron-hole pairs and so we cannot sensibly compare
results with experiment at high fluences. We expect opt
saturation effects in the real material, which become v
noticeable for fluences above 3 mJ/cm2, to reduce slightly
the variation of the peak frequency with pump fluence in
low-fluence regime because of the smaller density
electron-hole pairs produced at the surface.

A greatly increased damping of reflectivity oscillations
observed in the experiments involving high pump fluenc
On the basis of double-pump experiments, it was propos15

that this was due to the large inhomogeneity of the ini
plasma density within the optical absorption depth. Howev
in our simulations, we see that variation of the electron-h
density with depth ~and the associated inhomogeneo
broadening of the phonon oscillations! doesnot give rise to a
large damping of the reflectivity oscillations. We see a slig
increase in damping of the reflectivity oscillations in simu
tions for high fluences, but nothing like the kind of dampi
shown in Fig. 1 of Ref. 15. The simulations would seem
suggest that some other physical mechanisms, beyond
is in our model, come into play at high fluences.

IX. DISCUSSION AND CONCLUSIONS

We have demonstrated how photoinduced changes
electronic structure can dramatically alter the forces betw
ions and produce a coherent phonon motion in materi
such as tellurium, with anA1 phonon mode. The phono
frequency decreases approximately linearly and the in
amplitude of the phonon increases with the strength of
carrier excitation. We have calculated the dependence o
phonon frequency and initial coherent phonon amplitude
carrier plasma density, allowing comparison with the la
excitation experiments and a quantitative estimate of the
face carrier density from the measuredA1 phonon frequency.

Experiment15 finds a relaxation with time of both fre
quency and amplitude back towards their values in the un
cited system. This can be explained from the results sho
nd
e

u

zu

05430
n
ur
al
y

e
f

s.

l
r,
e
s

t
-

hat

in
n

s,

l
e
he
n
r
r-

x-
n

above by two effects:~i! damping of the phonon amplitude
which leads to a lessening of the anharmonic frequency s
thereby increasing the frequency with successive cycles
the motion@see Fig. 6~a!#; ~ii ! a continuous reduction of the
surface carrier density by diffusion normal to the surface.
find the anharmonicity has a relatively small effect and m
be neglected for carrier plasma densities less than 1% of
valence electron density and that the dominant effect in
experiments of Hunscheet al.15 probably arises from carrie
diffusion normal to the surface.

Direct quantitative comparison of simulations of the r
flectivity shows a good agreement with the experimental d
for low-fluences. In particular, we estimate the derivative
the frequency of reflectivity oscillations with respect
pump fluence to bedn/dF520.085 THz per mJ/cm2, in
very good agreement with the experimental resultdn/dF
520.07 THz per mJ/cm2 for low fluence data. Comparing
the decay of the background reflectivity seen in our simu
tions with corresponding experimental results allows an
curate determination of the ambipolar diffusion constantD
510 cm2/s in the highly excited regime, substantial
smaller than its equilibrium valueD540 cm2/s.

At high pump fluences, where optical saturation becom
important, the results of the simulations differ from the e
perimental observations. In particular, we find much le
broadening of the frequency peaks of the reflectivity osci
tion than is found in experiment. Further developments
the model used here for the coupled dynamics of carri
phonons, and radiation are required to describe this regi

From the point of view of simulations of photoexcite
materials usingab initio methods based on DFT, a very im
portant result of this study is the demonstrated discrepa
between calculations based on fast electron-hole recomb
tion and those based on slow recombination. Simulati
based on a single thermal distribution of electrons in
bands7–9 implicitly assume very fast electron-hole recomb
nation and may not provide an adequate representation o
phonon dynamics on the picosecond time scale.
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Research in Third Level Institutions.
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