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Calculations of the\; 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 theA; mode to photoexcitation is related to the Peierls mechanism for stabilizing-ffee
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 dassiiyning slow carrier
recombinatioh 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#085 THz per mJ/ch)
compared to an experimental value €f0.07 THz per mJ/cfin the low-fluence regime. The ambipolar
diffusion constant for the optically excited carriers is estimated to be Bdscraubstantially 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.
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[. INTRODUCTION anA; mode corresponds to a time variation of these param-
eters.

Due to rapid improvements in laser technology and the Thus, a very short laser pulse may be used to instanta-
ability to produce very short~10-100 fs) and powerful neously place ions out of equilibrium. The ions then oscillate
(~1-10 mJ/crd) laser pulses, there is increasing need forabout their new equilibrium positions, starting with zero ve-
theoretical insight into the interactions of such laser pulsefocity immediately after the pulse, producing a phonon mo-
with matter* Experiments using powerful laser pulses of du-tion with a cosinelike time dependence. This mechanism is
ration much shorter than phonon periods are now feasiblenown as *“displacive excitation of coherent phonons”
and direct, time-domain studies of phonon motion are pos¢DECP).? [This is in contrast to a sinelike time dependence
sible with pump-probe techniquégzor the duration of ap- which results if a velocity impulse is imparted to the ions
plication of such a laser pulse, its electromagnetic field genthrough second-order Raman coupling to the laser
erates a coherent superposition of excited electron and hofadiation?® without any change in their equilibrium posi-
states in the material. However, coherence is quickly lostions — a mechanism known as impulsive stimulated Raman
and, on the time scales of interest in phonon motion, thescattering(ISRS.] If the excitation of electrons is homoge-
primary effect of such a laser pulé@hen the photon energy neous in the material, only zone-center modes can be ex-
is sufficiently large to generate real electron-hole pagg¢o  cited. Such excitation of the phonon motion can be detected
instantaneously prepare the sample with an excited distribuby measuring oscillations in the optical reflectivity of the
tion of electrons within the bands. material using a probe pulse, delayed with respect to the

Altering the electron distribution in this way changes theexciting pump pulsé.
forces between ions and the effective potential energy land- In crystals without anA; mode, the weakening of bond
scape experienced by each ion. Since electrons are excitsttengths by electronic excitation will usually lower the en-
out of bonding states, the energy barriers between stable amalgy barriers between distinct crystalline phases without
metastable high-symmetry crystalline structures are usuallghanging the equilibrium ion positions in the preexisting
lowered and their relative stability may be changed. In maphase. However, when the excitation is strong enough, struc-
terials which posses8; phonon modes, any change in the tural stability may be lost, leading to a structural transition
distribution of electronge.qg., by laser pulse excitatipgan ~— a mechanism known as “plasma annealiffd.”®
change the equilibrium positions of the ions. In such materi- Density functional theor}Y (DFT) has provided a frame-
als, the equilibrium positions of the atoms within each unitwork within which calculations of many physical properties
cell are not determined solely by crystal symmetry, but aréhave been successfully performed®In this paper we use
specified by one or more free parameters. The excitation dDFT methods to calculate the effect of short-time-scale elec-
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tronic excitation on theA; phonon frequency of tellurium, rium. When attempting to model such a system, it is impor-
with a view to interpreting the results of recent femtosecondant to be aware of the time scales of the various relaxation
pump-probe experiments and demonstrating clearly th@rocesses. We will be concerned with those processes which
mechanism by which laser-induced changes in electronigccur within a few periods of the telluriurd; phonon fre-
structure can alter ion dynamics. In particular, we will com-quency, i.e., times<1-2 ps.
pare with the results ofsrleecen.t pump-probe spectroscopic ex- pyring application of the exciting laser pulse, coherent
periments on tellurium?®'® which observed large amplitude syperposition of excited electronic states gives rise to an
phonons ofA; symmetry following short-time-scale laser ex- electrical polarization of the medium. Once the laser pulse is
citation and measured a linear decrease of the frequencies g longer present, this coherence is lost, typically on a time
these oscillations with pump fluence. We have_discussedcale of 100 fs at low and moderate levels of excitation or
qualitative comparisons with experiment previouSiydere  sybstantially less in highly excited materials, leaving an in-
we introduce a full model of the reﬂeCtiVity oscillations in coherent distribution of excited electron-hole pairs_ Experi_
the low-fluence regime and compare the results quantitanents suggest that carriers within a given subband thermal-
tively with experiment. _ _ . ize among themselves very quicklyin much less than 100
Our use of DFT methods is not entirely within the formal fs) at the very high densities of excited electrons considered
structure of density functional theory. In order to appropri-here, but that intervalley scattering may be considerably
ately represent the electronic relaxation time scales in thgjower (~ ps)! In this paper we will not be directly con-
laser excitation(in particular, the relatively slow electron- cerned with these relaxation processes, except insofar as we
hole recombinatiop we use a constrained form of DFT, assume that they occur relatively quickly and establish a
where occupations of specific classes of orbitals are keRhermal distribution of carriers within individual bands. We
fixed'® Our approach is discussed in detail in Sec. IV and theyjl| assume thermalFermi-Dirag distributions within each
results obtained are compared in Sec. VIl with those founthand. For incident photons of energy 1.5 eV, we would ex-
using finite-temperature DFTRef. 14 to represent the ex- pect the initial carrier temperature for electrons and holes to
cited ~electron-hole plasma. A number of previouspe approximately 0.4 eV. However, as we shall see in Sec.
calculationd™® have used the finite-temperature approach toy|, the exact distribution of electrons within the conduction-
study mode softening and plasma annealing in other sempang stategsand holes among the valence banigsnot cru-
conductors. From a theoretical point of view, a major con-gjg| to theA, phonon frequency. Thus, carrier cooling, which
clusion of this paper is the qualitative difference between thqenay occur very rapidlye.g., by phonon emissipndoes not
results on mode softening in tellurium obtained using a ﬁxecktrongly affect the dynamics of th®, phonon.
electron-hole density and those obtained using a fixed high |, general, the electrons in the conduction band and the
temperature. This conclusion has general implications for thggles in the valence band are initially at different tempera-
use of excited-state electron distributions in the simulation ot res put electron-hole scattering typically establishes a com-
ion dynamics. mon temperature in times of the order of a picosecond. For

The rest of this paper is organized as follows: In Sec. ll;the high carrier densities of interest here, this equilibration is
we discuss the relevant time scales for relaxation of the lasefiyely to occur in substantially less than a picosecond.

the crystal structure of Te in Sec. lll, highlighting the role of gjectron-hole plasma and the phonons, we must distinguish
the Peierls mechanism for stabilization of th€Te structure  petween two types of effecta) coherent excitation of the
and the relevance of this mechanism to fhemode. Details zone-centeA; mode and(b) random thermal excitation of

of the scheme for constrained occupation of conduction a”Bhonon modes throughout the zone by carrier-phonon scat-
valence bands are presented in Sec. IV. The frozen phonagying. The electron-phonon matrix elements which give rise
approach and the calculation of structural energies are digp () are also the source @) but the statistical character of
cussed in Secs. V and VI, respectively. In Sec. VI, wethe effects is quite different. The forces(i@ give rise to the
present the main results of our calculations for fiemode  ¢oherent motion of the ionghe main focus of this study
softening in Te. Section VIII introduces a model of coupledyyith an associated change in the energies of electron and
electromagnetic radiation, carrier diffusion, and phonon dyhgle states, but without any change in the occupations of
namics to simulate the expected pump-probe reflectivity 0Sglectronic states. From the point of view of the electronic
cillations in tellurium. The results are compared in detaildegrees of freedom, this is an isentropic procesgbinthe

with experimental results in Refs. 15 and 16. Finally, in Secexcitation of phonons can be viewed as random events, with
IX, we present our overall conclusions. an associated change in occupation of carrier states and an
exchange of entropy between the electronic and vibrational
degrees of freedom, leading eventually to the electronic and
vibrational temperatures being equal.

When a very short €100 fs) laser pulse, with photon At moderate excitation densities (46-10'® cm3), the
energy larger than the direct band gap, is incident on a sem@arriers reach lattice temperatures in hundreds of
conductor crystal, electrons are excited into conductiorpicoseconds.This may happen much more quickigs fast
bands, creating electron-hole pairs. The semiconductor thems a few picoseconglgt the relatively high densities consid-
undergoes several temporarily overlapping stages of relaxered during the coherent excitation of thg phonon. The
ation before it returns once again to thermodynamic equilibiransfer of thermal energy is more rapid when the carrier

Il. RELAXATION TIME SCALES
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distribution is in its initial, highly excited nonthermal state,
but once the electrons are thermalized within a given sub-
band, the rates of carrier-phonon interactions can be ex
pected to be slower due to the increased probability of occu-
pancy of the final electron state after interaction with a
phonont

As we shall see below, from the point of view of its ef-
fects on theA; phonon in tellurium, the most important as-
pect of carrier-phonon scattering is that it does not change
the total electron-hole density. Moreover, double-pulse exci—@

tation experiments, where the delay between two pulses i
sufficient to allow the lattice to heat after the first pulse, T
show that the effect of lattice heating on ti#g phonon i

frequency is smalf for this system. @,

A crucial issue for modeling the ion dynamics is the time
scale for carrier recombination. In general, for moderate ex-
citation densi;ies, thg .“”.‘e spale for electrons and holes to FIG. 1. View of a-Te structure looking down along theaxis.
reach a cheml_cal equ!llbljum IS of_the order ,Of nanosecéndg.The relative altitudes of the atoms in unitsadre as indicated. The
At the very high excitation ‘?'ens'“es considered herg, th'%jashed lines indicate nearest-neighbor bonds. The dotted lines indi-
rate may be enhanc&tand this has been the assumption in .gte second-nearest neighbors.
previous theoretical investigations of photoexcitation of
semiconductors by ultrashort laser pul883he experiments hole recombination are in good agreement with the excita-
pf Hunscheet a|'15. on tellurium show no significant changg tion experiments for telluriuf® and that the results from
in the A, phonon lifetime as the electron-hole plasma density, o0 jations based on a fast recombination rate and constant
is altered, as would be the case if electron-hole reCOmbInaﬁigh temperature give qualitatively different results. We note
Qhat the first scenario ignores the problem that intervalley
“scattering may be slow compared with the phonon period

nd that one might have several carrier distributions within a

riod. (Relaxation of electronic or rotational degrees of free
dom on a time scale comparable to the period of a vibration

mode leads to dissipation of energy from the m&dhus, given band. However, since the forces driving themode

we consider two possible scenarios. are found to depend primarily on the total number of excited

(i) Slow electron-hole recombination: then the number oo rons in the conduction bands and very little on their

electrons in the conduction band remains constant during th@xact distribution within the conduction bangee Sec

phonon motion(disregarding diffusion effects for the'mo- VI A), it appears that the effect of intervalley relaxation on
ment — see Sec. VIl As discussed above, the relaxation of the phonon frequency is small

the carrier distribution within individual bandgonduction
and valencgis fast and sahe electronic system can be char-
acterized by two separate thermal carrier distributions, elec- ll. STRUCTURE
trons in the conduction bands and holes in the valence
bands, each characterized by a different chemical potentiab
and a temperature substantially higher than the lattice tem-_’
erature. p .
P (ii) Fast electron-hole recombination: throughout the pho_P3121-D3itructure2.2 The three atoms per unit cell are at
non motion chemical equilibrium is maintained between car{X03,0x3,xx0) and form a single, complete turn of a helical
riers in the valence and conduction bands and, at each poighain. Each helix is surrounded by six equidistant helices
of the motion,the entire carrier distribution (electrons and (three of these are shown in Fig. 1 around the helix on the
holes) may be specified by a single chemical potential and &ottom right of the figureand each atom has four second-
temperature comparable to the band gap nearest neighbors in these adjacent helices. The atomic posi-
The second scenario has been used in previous methotien free parametex is equal to the ratio of the radius of
of modeling ultrafast electronic excitation which have beeneach helix to the interhelical distance. The motion of atoms
applied to study plasma annealing in different syst¢eng., in the A; phonon mode corresponds to a variation of the
Si and GaAs’~° They have assumed that the laser excitatiorhelical radiusx, maintaining the symmetry of the crystal.
can be modeled on the time scale of ionic motion as a veryince its value is not determined by symmetry, the equilib-
high electronic temperature, with chemical equilibrium be-rium valuex., is therefore sensitive to the precise details of
tween conduction-band and valence-band carriers. In ththe electronic structure. This allows for an excitation of the
method of Silvestrelliet al.? the carrier temperature is kept A; mode within the DECP mechanism since any change in
constant as the ions move. In the method of Stampfli and¢he occupation of electronic states may alter the value gf
Bennemarf the entropy of the carriers is kept constant as the At the special valuex=3, the nearest- and second-
ions move. nearest-neighbor distances become equal, the atomic coordi-
In this paper we show that results based on slow electronaation number increases to six, the helical chain structure is

The stable form of tellurium at low pressuredsTe (Fig.
1), in which twofold-coordinated tellurium atoms form infi-
nite helical chains parallel to the axis of the trigonal
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FIG. 2. View of the tellurium structure whex> 3. The dotted 12 ]
lines shown are from the center of each helix formed wker to 1 /
the atoms of that heliXsee Fig. 1L The arrows connect nearest Fermim _\/;
neighbors and are directed from atoms of lower altitude to atoms of Level o |
higher altitude. 1
> 6
&)
destroyed, and the structure can be classified as rhombohe- 3 4 /
J— ()
dral, with space grouﬁt’sm-Dgo| and one atom per unit cell. TP
The high-pressurey-Te form of tellurium, which is stable 1
above~ 70 kbar, has this structufd. 97 B
The a-Te structure may be viewed as a Peierls distortion -2
of the -Te structure. The distortion is a standing wave with 4
wave vectorg= (2/c)z and atomic displacements
6 L
T A H K " #states

1 A A
5r=(x——)R (x—iy)exdiq-(r—c/3)]},
3 o yyexiiq J FIG. 3. Calculated band structure and density of states-0é

A N . . ) ) at (&) X=Xgqui=0.2686 andb) x=13. All bands are threefold de-
wherex, y, andz are unit vectors in thg, y, andz directions,  generate ax= 3.

respectively. Whex is increased pas the system is four-
fold coordinated, the nearest neighbors of each atom bein
those that were its second-nearest neighbors fork€ 3. A
convenient way of looking at this for our present purposes i
that each atom is shared between two different helises
Fig. 2). At x=% each atom has an identical relationship wit
the helices formed for values afon either side of.
Figures 3a) and 3b) show the band structure of Te at
=Xeq=0.2686 andk= 1, respectively. The experimentally de-
termined lattice constants aE4.4561 A and c
=5.9271 A) have been used in these calculations. Nine va- For standard ground-state band structure calculations,
lence bandg(six electrons per atomare occupied in the electron states are filled strictly in order of increasing energy.
semiconducting equilibrium structure. The higher symmetryHowever, in this work we are concerned with excited elec-
of y-Te is responsible for the high degeneracy of states ifronic configurations and so the filling of states is not so
Fig. 3(b). It is precisely the energy gained by the splitting of straightforward. We will investigate two different regimes of
these degeneracies at the Fermi level wikeis decreased electronic relaxation and hence band structure filling, corre-
that leads to thex-Te structue — a striking example of the sponding to two different time scales of the electron-hole
Peierls mechanism — and the calculated direct band(gap recombination rate (i) where the conduction-band electrons
H) attains approximately its maximum value for the equilib-and valence-band holes are in chemical equilibri(ire.,
rium value ofx. Since the structural stability of the-Te  rapid electron-hole recombinatipand hence share a single
structure and the value of=Xx.q at equilibrium is heavily ~ chemical potential(ii) where chemical equilibrium between
influenced by the splitting of the conduction and valencevalence-band and conduction-band carriers is not established

gands near the Fermi level, the valuexqf, is strongly af-
gected by laser excitation of the electron-hole pairs. Thus, we
see that the strong DECP of tiAg phonon is directly related
hto the Peierls mechanism for stabilizing theTe structure.

IV. ENERGY LEVEL FILLING IN BAND STRUCTURE
CALCULATIONS
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(i.e., slow electron-hole recombinatijoand so they have two are introduced, one for the conduction band states and one
separate chemical potentials. for the valence bands. Filling of each set of bagctsnduc-
Apart from the unorthodox filling of bands, all other as- tion and valencecan be formally treated in almost exactly
pects of the band structure and total energy calculations prehe same way as the single chemical potential problem, both
sented here follow the standard self-consistent, plane-waveets of carriers occupying energy levels within their permit-

pseudopotential method$! ted bands and forming their own separate thermal distribu-
tions. We will assume that the temperature used in the filling
A. Energy level filling for electrons and holes in chemical of the conduction bands is the same as that used for valence
equilibrium bands, although it is not difficult to relax this constraint, if
.relevant.

Here the number of electrons in the conduction bands is To implement this model, the following procedure is car-
determined solely by the temperature. The energy levels are. 4 out '
filled according to the normal, finite-temperature version of y

DFT: th ¢ h levet: is gi b (i) For each Brillouin zoné& point, the nine lowest-energy
- the occupancyy; of each energy 1evex; IS giVen by giqia5 \which correspond to the valence bands in the ground
the Fermi-Dirac distribution with a given temperatdre

state, are labeled as “hole states.” The electrons remaining in
1 these states following excitation are treated separately from

_— the excited electrons in the conduction baf$ and above

ex;{ K +1 This is so, even if structural or electronic changes cause
T some former conduction-band electron state energy levels to

where is the chemical potential ant=KkgT is the thermal b.e lowered _below the upper hoIe-sta_te energy Iev_els ata
» . o .. differentk point. Hole state electrons will not be permitted to
energy. Here the only “control variable” in the calculation is

the temperaturd, the chemical potential being constrained oceupy electron state energy levels, even if such occupation

i . is energetically favorable.
by the requirement of overall charge neutralite., that the (i) Ag\II eneéy band levels higher than the first nine at
numbers of electrons and holes be egual

The chemical potential is found by a bisection method a%eachk point are labeled as “electron states.” Electrons fill
follows: Assuming that it lies within a certain range hhoeizestg?ggvua(itelﬁz-ebzgg dztates entirely separately from the
[E1,E5], the Fermi-Dirac distribution is formed and the en-

. T i (iii) The valence-band energy levels are filled with elec-
ergy levels filled using. = (E,+E,)/2. Thenumber of elec trons according to a Fermi-Dirac distribution. This assumes

trons are then counted up, and if there are too few, then thi A . ) .
) at thermal equilibrium is established between carriers
value of u becomes the ne,, and if there are too many, _ . hin th | bands. The chemical ™ q
then this value ofu becomeskE,. This process is repeated within the valence bands. The chemical potenfigh use
2 in filling these bands is determined by the condition that the

until a va!ue of 4 which produces.the correct number. of total number of holes per unit volume equal the prescribed
electrons is found. The band energies and charge density a e

: : ; ectron-hole plasma density, which is a control parameter
calculated self-consistently, based on the occupation welgh%r the calculation. The value giy - is found by the bisec-
w; of the states. ' h y

In this approach, it is the high temperature of the eIec—tion method described in Sec. 1V A.
PP ' 9 P (iv) The excited electrons are distributed among the

tronic degfee_s of freedom that maintains the eleCtron'ho'%onduction-band states according to a Fermi-Dirac distribu-
plasma density. However, we note that the number of elec-

. . . tion, with chemical potential.-. The value ofu.- is de-
trons In the conduction band. will be de_pendent gn_the den'Eermined by the bisection method to satisfy the requirement
sity of states near the chemical potential(and, similarly,

. ; that the density of excited electrons equal the prescribed
the number of holes in the valence band=or a given tem- electron-hole plasma density.

perature, the electron-hole plasma density is much higher . . . .
when the band gap is small than it is if the band gap is large. (v) Once the occupation weightg associated with all the

This is of great importance in the case of theAgphonon S:?yglg‘fpta;]rélcleexéiztdeﬂ;.&geer;rei Sde(ztgli;:r?Jllgteéje,l; hii inzrguzl? ;n
because, as we have seen in Sec. lll, the band gap is stronqjyound state calculationdy

affected by the mode amplitude We discuss this point in

more detail in Sec. VII.

Wi:

p(1)=2 wilga(n)[?, (1)
B. Energy level filling for independent thermal distributions
of electrons and holes where ¢;(r) is the value of theith wave function at the
: i S positionr.
In the regime of slow electron-hole recombination, the (vi) The potential for the electrons for the next iteration of

hole state” and “electron state, electrons in the cor_1d_uct|on the self-consistent solution of the Kohn-Sham equation is
and valence bands, respectively, are treated as distinct sp

A H i 24,11
cies. This distinction makes sense as long as the direct barg%etermmed from the charge density in E).
gap remains substantial, as it does in tellurium whenAhe
phonon parametex remains less than 1/3. The temperature
and the electron-hole plasma density are now independent We calculate phonon frequencies using the “frozen pho-
control variables in the calculation. Two chemical potentialsnon” technique!! The calculated structural energies at vari-

V. PHONON FREQUENCY CALCULATIONS

054302-5



P. TANGNEY AND S. FAHY PHYSICAL REVIEW B65 054302

ous values of the phonon displacemenére fitted with a 27 4
fifth-order polynomialV(x). For large electron-hole densi- :
ties, the initial amplitude of phonon motion is large enough E
that anharmonicity of the potentidl(x) may significantly 2.5
affect the period of motion. Within the DECP mechanism, E
the starting point for the motion '@q, the equilibrium value

of x when the electrons are in their ground state. The initial
velocity is zero. The system then oscillates abey, the
new equilibrium value ok for the photoexcited system, with
mode damping gradually reducing the amplitude of motion.
To calculate the effects of anharmonicity, we have found the
period of motion for the initial amplitude and for very small
amplitude as follows: Energy conservation for the classical

N

o

Frequency [THZz]
N

motion of the ions implies that the velocityx) at phonon 19 3 . . T |
displacemenk is given by 0 0.05 0.1 0.15 0.2
T [eV]
2 , FIG. 4. CalculatedA; phonon frequency as a function of the
vx)= \/E[V(X )=V, 2) thermal energyr=KkgT, used in the Fermi-Dirac distribution of the

) _ ) ) _ carriers, for a fixed electron-hole plasma density equal to 1% of the
wheremis the atomic mass and the classical turning point ofotal valence electron density, showing the combined effects of
the motion occurs at=x'. The period of the initial ampli- electron temperature and Brilouin zone sampling. Brillouin zone

tude motion is then given by sampling with grids of & 8x8 (solid circles, 9xX9X9 (open
circles, and 10< 10X 10 (squaresk points were used. The symbols
< dx indicate calculated values and the curves are polynomial fits to the
T= ZJ —, (3)  calculated values shown.
ngU(X)
Where N iS the Value OfX on the opposite Side Oteq at The Val’iation Of the Ca|Cu|ated frequency in Flg 4 at IOW
which V(x’)=V(x2q). temperature is a numerical artifact of the finite sampling of

the Brillouin zone and can be understood as follows: When a
small number ok points is used, the weight associated with
V1. TOTAL ENERGY CALCULATIONS each individual state is relatively large. If a low-temperature

Calculations were performed using the plane-wave-€rmi-Dirac distribution is used, when the energy of a state
pseudopotential meth&t' with the local density approxi- Crosses the Fermi level, the occupatian of the state
mation(LDA) to exchange and correlatidfiPlane waves up changes abruptly, leading to an abrupt change in variation of
to energy cutoffs of 16 and 49 Ry were used in the expansiof1€ total energy. This severely affects the calculated phonon
of the wave functions and charge density, respectively. Wéréquency in the frozen phonon method. Using a larger num-
use semilocal pseudopotentialspp, andd symmetry, gen-  Per ofk points (thereby assigning less weight to any given
erated with an atomic reference configuration st% 5p* ~ state or a larger temperatur@llowing a smoother variation
and %5 using the method of Hamann, Sctey and  Of the occupation for states near the Fermi enpegbstan-
Chiang?® Phonon frequencies were calculated by samplingi@lly reduces these abrupt changes. These combined effects
the Brillouin zone with a uniform 18 10x 10 grid, centered ©Of k point sampling and thermal broadening of the Fermi-
at k=(0,0,0) (i.e., 124k points in the irreducible zone Dirac distribution have been observed in other systéms.
unless otherwise stated. This effect is more severe for larger values of the electron-
hole density.

Our conclusion from the analysis of combined effect& of
point sampling and Fermi-Dirac distribution temperature on

Due to the strong dependence of the phonon frequency otine calculated phonon frequencies is that tihee variation
the character and filling of states near the Fermi level, it ifi.e., for infinite k-point sampling of the phonon frequency
necessary to sample a large number of points in the Brillouirwith electron-hole plasma temperature is negligib@nce
zone to obtain a smooth variation of the energy as the phadiscontinuities due to finite sampling have been smoothed
non coordinatex varies. Figure 4 shows the calculated har-out, the phonon frequency shows a remarkable insensitivity
monic phonon frequencysee Sec. Y as a function of the to changes in temperature. Thus, any effects of rapid carrier
carrier temperaturer=KkgT, for various levels of Brillouin  cooling on the phonon dynamics will be relatively small.
zone sampling. The electron-hole plasma density is keptThis insensitivity to electronic temperature also implies a
fixed (see Sec. IV Bat 1% of the valence electron density. It general insensitivity of the frequency to details of the occu-
is found that above a certain temperature the frequency ipation of states within the low-lying conduction bands.
essentially independent of both the level of sampling and the Thus, the effect of any slow intervalley carrier equilibra-
temperature but that at lower temperatures there is a larg@n on the phonon frequency is negligible. For example, it
variation due to both. can be seen from Fig. 3 that a change in electronic tempera-

Temperature and Brillouin zone sampling
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ture 7 from 0.1 eV to 0.2 eV gives rise to a substantial -48.385
change in the weighting of occupation between the H And
points of the Brillouin zone. Nevertheless, we have seen that -48.39
this change has a negligible effect on the phonon frequency
when the Brillouin zone is fully sampled. -48.395 1

The use of the zero-temperature form of the LDA ex- @
change and correlation potential to calculate the effects of = 5,1
exchange and correlation in the photoexcited system is not § N~
strictly justified since the eigenvalues calculated in this way &£
are not the true quasiparticle excitation energies. However, ?48'405 | ~—
the above discussion would suggest that it is only the gross & ~
features of the conduction bands that are important. More- Asaty
over, in this calculation the LDA gaf0.26 eV} is not too —
much different from the experimental band 48B3 eV Ref. -48.415 4
27)] and the band dispersions within the LDA conduction
and valence bands are very similar to the experimentally de- -48.42

026 028 03 032 034 036 038 04

termined dispersions. X [Lattice units]

Due to the subtle nature of the weak interchain interac-
tions, the equilibrium structural parameters have been shown F|G. 5. Total energy per unit cell as a function of phonon coor-
to be less accurate for Te than for systems such as silicon arthatex for photoexcited plasma densities equal to (&tvermost
diamond?®2° Most of our calculations are performed for ex- curve, 0.25%, 0.5%, 0.75%, 1.0%, and 1.25¥ppermost curve
perimental values of the lattice constaatandc. In order to  of the valence electron density. The vertical dashed line indicates
check the validity of our use of the LDA band structure, wethe value ofx= 3 corresponding to the high-symmetgyTe struc-
have calculated the frozen phonon frequencies at electromnure. The curves are cubic spline fits through the calculated ener-
hole plasma densities equal to zero and equal to 1% of theies.
valence charge density, using the theoretical equilibrium lat-
tice constants rather than the experimental vaffi@he pho-  was calculated as 3.24 THz, 10% smaller than the value of
non frequency and its derivative with respect to carrier den3.6 THz obtained in conventional Raman scattefihg.
sity only change by 15%—-20% when the theoretical lattice For the ground-state curve there are two minima, corre-
constants are used, despite substantial changes in the bagsbnding to the equilibrium<1 andx> 3 structures which
gaps and in the details of the band dispersions. Our use of theay be viewed as Peierls distortions of the- 3 (y-Te)

LDA band structure is therefore justified by this insensitivity structure, as discussed in Sec. We note that thex>3

of the results to details of conduction-band dispersion andtructure is not stable, since a small clockwise rotation of
occupation at this level of accuracy. every second helix of atoms indicated in Fig. 2 brings the
structure back to ther-Te structure withx<<i.) For x<3,

the atomic forces contributed by the valence-band states tend
to restore the equilibrium at=0.2686 and the conduction-

We have calculated the excitation dependence ofithe band states tend to force the structure toward$®.364.(For
phonon in two regimes of electron-hole recombination timeX> 3, the roles of valence and conduction bands are reversed
slow recombination, where conduction-band and valence=— see discussion of charge densities, beldimus, as the
band carriers have separate chemical potentials, and fast relectron-hole plasma density increases, the balance between
combination, where conduction-band and valence-band cathe conduction-band and valence-band forces changes and

riers share a common chemical potential. the equilibrium value ok increases.
In Fig. 5 one can see a broadening of the curves near the

o minima and an increase 4 as the excited-carrier density
A. Slow electron-hole recombination increases. This is shown more clearly in Figa)6lt is this
Figure 5 shows the structural energy as a function ofthange inx.q which is responsible for the DECP mechanism.
atomic displacement parametefor excited carrier densities, In each of the excited-state curves of Fig. 5, we have shown
ranging from 0% to 1.25% of the valence electron densitythat portion of the energy versuscurve which would be
The lattice constants are fixed at their experimental valuedraversed by the photoexcited system if the motion were un-
In each case the temperature used in the Fermi-Dirac distrdamped. This is the initial amplitude of motion, for which
bution function wasr=0.05 eV.(We note that this tempera- the frequency is shown in Fig(l§). Damping of the phonon
ture is substantially smaller than the initial experimental tem-motion will result in a decrease of the amplitudes of succes-
perature of 0.4 eV, which one would expect for photonswe cycles of the oscillation from the maximum value of
energies of 1.5 eV. However, as already discussed, the carnbreq Xeq 10 0.
temperature has little effect on the phonon dynamithe It is found that an indirect closing of the band gap occurs
ground-state equilibrium value of is found to be 0.2686, at x=0.286, with the energy states at H raising slightly
approximately 2% larger than the experimental value ofabove those @A. A direct crossing of energy bands does not
0.2633. The frequency of oscillation about this minimumoccur until the bands become degenerate=at. This clos-

VIl. PHONON FREQUENCY SHIFT
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a) 0.29 . . duction bands whex>3 (lower right panel. Conversely,
' the electron states which form the lowest conduction bands
_.0.285 1 2 whenx< 3 (upper right panglcorrespond to those that form
2 the highest valence bands when 3 (lower left pane). The
> 0 " conduction and valence states shown become degenerate a
2 028 duct d val tates shown b d te at
k3] 1 : : :
§ 0.275 L x=3 and cross one another at this point. This means that an
= excitation of electrons into the conduction band wixens
> 0271 - is an excitation of electrons into states which favor the
> 1 structure. The system is therefore pushed in this direc-
0.265 0 0‘2 0'4 0‘6 0'8 1 1‘2 tion and the helical radius increases. The excitation of elec-

trons into the conduction band corresponds to a placement of
electrons into the center of the helices where the electron
density is highest, thereby pushing the helices apart. The
higher the level of electronic excitation, the greater the influ-
ence of thex>% structure.

Excitation density [% of valence electrons]

B. Fast electron-hole recombination

Figure 8 shows the temperature dependencecgfand
phonon frequency for the single chemical potential model.
1.8 1 of The behavior is qualitatively different from the two-
chemical-potential model and contrary to experiménin
this case ther-Te helical structure seems to be strengthened
by the high electron temperature. The closing band gap and

FIG. 6. (a) Equilibrium atomic displacement parameter gbyl ~ changing density of states near the Fermi levekas in-

A; phonon frequency vs photoexcited carrier density for the twocreased means that the number of electrons in the conduction
chemical potential mode{see Sec. IV A The curve in(a) is a  band changes during the motion. This contributes an effec-
cubic spline fit through the calculated points. The frequencgojn  tive binding force to the helices since the electronic energy
is shown for the initial DECP amplitude motidopen squargsand  can be lowered by a reduction of the density of states near
for the final, small amplitude motiogsolid circles. The slope of the  the Fermi level. This is illustrated in Fig. 9: the percentage of
linear fit to the small amplitude frequencies(in) corresponds to a g|ectrons occupying excited states is at a maximum for the
frequency shift of—0.97 THz for 1% of the valence electrons ex- metallic y-Te structure and decreases again as the bands be-
cited into the conduction bands. gin to recede from the Fermi level beyore L. In the two-
chemical-potential model, the effect of a changing density of

ing of the indirect band gap is only relevant for our calcula- tates is simpl ¢ of the chemical potentials. F
tions for excitation densities greater than 1% of valence elecs'A!€s IS SImply @ movement ol the chemical potentials. or

0 o ) X .
trons. At 1.25% excitation the maximum time spent duringexample, at 1% excitation the hole-state chemical potential

an oscillation withx>0.286 is less than 0.25 ps per cycle Increases from 8.57 eV ax:O.2686_ to 8.71 _eV ax
and. since the relaxation time for carriers from former va-— 0.294 while the electron-state chemical potential decreases

lence states to former excited states with phonon emission gom 9.53 ‘.E’V. to 9.29 eV over the Same range.
From this it is clear that, if one is to model the effects of

likely to be of the order of 1-2 ps, we have not allowed for . ; o X o
y P hort-time-scale electronic excitation of the ion dynamics in

any phonon-assisted electron-hole recombination during thid R -
time. systems where electron-hole recombination is sufficiently

From each fitted curve of the total energy versysve slow, an assumption of thermal and chemical equilibrium
have calculated the maximum and minimum amplitude phoyvithin all electronic bands may lead to qualitatively incorrect

non frequencies as a function of photoexcited carrier densitiesuns' This opens the question of how one may more gen-

using the frozen phonon method described in Sec. V. Thgrally allow for the dynamical redistribution of electrons
results are presented in Fig(b. The graph shows an ap- 2mong the states in a photoexcited system. Neither of the

proximately linear decrease in phonon frequency with in-methods used here strictly follows the evolution of the elec-

creasing excitation density. The anharmonicity of the curvedronic distribution, though it is clear that the method of slow

has a significant effect on the frequency at maximum amp"_electron—hole recombination and rapid thermalization within

tude only for excitation densities greater than 1% of the Va_each band provides a better representation of the phonon

lence electrons. dynamics in photoexcited tellurium.
To examine the real-space character of conduction and

valence bands and the associated forces on the atoms of each VIll. REFLECTIVITY OSCILLATIONS
helix in the «-Te structure, we have calculated the charge
densities associated with various electronic bands near the
Fermi level. Figure 7 shows that the electron states which In order to use the calculated results for the phonon fre-
form the highest valence bands whes (upper left pangl  quency shift as a function of electron-hole plasma density to
correspond quite closely to those that form the lowest conpredict the expected reflectivity oscillations, several physical

0 010203040506070809 1 111213
Excitation density [% of valence electrons]

A. Physical model and numerical methods

054302-8



DENSITY-FUNCTIONAL THEORY APPROACH TO. .. PHYSICAL REVIEW B5 054302

FIG. 7. Cumulative electron
density from selected bands near
the Fermi energy for structures
with atomic displacemenix< 3
(upper panels and x>3 (lower
panel3. The densities shown are
for electrons occupying: the high-
est three valence bands for
=0.29 (upper left pane| the low-
est three conduction bands far
=0.29 (upper right pane| the
highest three valence bands for
=0.36 (lower left pane), and the
lowest three conduction bands for
x=0.36 (lower right panel. The
plane of the plots is that which
passes through the center of one
of the atoms and is perpendicular
to thec axis. The positions in the
(a;,a,) plane of the atoms for
one of thex<3 helices are indi-
cated by stars. Dark regions corre-
spond to regions of high electron
density. In each plot the separation
between contours and the density
range corresponding to the white-
black spectrum are different.

fFu &

processes occuring in the pump-probe experiments must be¢(z,t) and of the dielectric functior. Rewriting the fields
taken into consideratiorfi) generation of electron-hole pairs as E=(y,+iy,)/\e, and H=(ys+iy.)/\e, We obtain
by photons absorbed from the pump pulé#) diffusion of  four coupled equations for the real fields:
carriers;(iii) phonon dynamics driven by carrier densities at
each depth, according to the parameters calculated above; dy,
(iv) dependence of the dielectric functior;(+ie;)ey on qz —KoYa,
phonon displacement and carrier density; &ndreflection
of the probe pulse from the medium, where the dielectric d
function e(z,t) ¢, depends on depth and timet. Since the £=koy3,
laser pump focus is of the order of 1Qom, whereas all dz
relevant processes occur within approximately 100 nm of the
surface, variations of the plasma density and related quanti- dys
ties in directions parallel to the surface can be neglected in dz —ko(€e2y1t€1y2),
treating these effects.
To calculate both the probe reflectivity and the pump dy
electron-hole pair production, we must find the radiation 22 kol €ry1— €ya), (5)
fields within the material at each timeWe will assume that dz
the radiation is incident normal to the surface and has electri
polarization in thex direction. The electromagnetic fields
E(z,t)exp(—iwt) andH(z,t)exp(—iwt) in the material then
satisfy the Maxwell equations

fhere ko is the radiation wave number in vacuum. These
equations can be solved numerically by integration from
deep in the bulk out to the surface, using a standard fourth-
order Runge-Kutta integration scherifeWe impose the
dH dE boundary condition that the asymptotic fields at large depth
—=iwe(z,t)egE, ——==lTwuoH, (4)  be for a wave decaying in amplitude into the bulk, which is
dz dz satisfied ify,=0, yz3=n,y;, andy,=n,y, asz—», where
where we have ignored propagation delay effects by neglechi= Je=n;+in, is the complex refractive index of the un-
ing time derivatives of the field amplitudeE(z,t) and perturbed material. The reflectivitk may be found by
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0 27 1 1 1 1 L L L 1 3 2 1 1 1 1 1 1 1
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v .
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S 0.266 A - ]
ot . 0 2.6 1 r
o264 1 - 824 - -
> 0.262 - i 8221 L
R o]
— g 5| L
0.26 ———% g
0 005 01 015 02 025 03 035 04 045 G 1.8 A -
Electron temperature (kT) [eV] R 16 4 |
3 7 1 1 1 1 1 1 1 1 1 4 - =
3.6 1 - b L 1.2 T T T T T T T
g 0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4
£35 1 L X [lattice units]
(&3
§ 3.4 A - FIG. 9. The fraction of the valence electrons which occupy the
§ = conduction band as a function of atomic displacemeat a tem-
3.3 1 I perature ofr=0.4 eV for the single-chemical-potential model.
T
3.2 T T T T T T T T T - - . - . . g
0 005 01 015 02 025 03 035 04 045 depth of radiation in the incident laser pump pulse, the initial
Electron temperature (kT) [eV] electron-hole plasma density decreases rapidly with depth

o o below the sample surface. Carrier diffusion then leads to a
FIG. 8. (8 Equilibrium atomic displacement parameter dbfl  yapid decay of the plasma density at the surface within a few
A; phonon frequency vs temperature for the smgle-chemlcal-cydes of theA; phonon. This may be accounted for by the

potential mode(see Sec. IV A The curve in(@ is a cubic spline fit g gition of a diffusion term in the time derivative of the
through the calculated points. The frequencyhhis shown for the carrier density:

initial DECP amplitude motion.
an(z,t) 1 9S

— VU2 _ -7
P DV-n(zt e a7 (8)

matching the radiation fields at the surface of the material to
incident and reflected waves in the vacuum, giving

. whereD is the ambipolar diffusion constant agds nonzero
2Bine=(Y11Y3) Ti(y2tya), only during application of the pump puls%. T?goequilibrium
o Lo ambipolar diffusion constant in Te is 40 €® ~.** For the
2Brer= (Y17 ¥a) Ti(y27Ya), © highly excited carrier distribution initially created after the
atz=0 andR=|Ej,./E{%. We use an integration step of 1 incidence of the pump pulse, the valueldmay be different
nm in the Runge-Kutta scheme and a maximum integratiorirom its equilibrium value, but we would expect it to be of
depth of 1 um. the same order of magnitudéds we shall see below, com-
Photon absorption from the pump pulse is determined byarison of our simulations with experimental results for re-
the imaginary part,(z) of the dielectric constant. Assuming flectivity oscillations will allow us to obtain quite an accurate
linear absorption of photons, the rate of change of theestimate ofD for this system. The evolution of the density

electron-hole densitp(z,t) is given by due to diffusion is solved by the Crank-Nicholson metfibd.
The phonon displacemenf(z,t) is driven by the carrier

3_”_ _ i (9_3 7) plasma densityn(z,t). The equilibrium positiorx, and vi-
ot he iz’ bration frequencyw, depend om, as shown in Fig. 6. The

equation of motion for the phonon displacemepf(z,t) is

where S=c(y1Y3tY,Ys) is the radiation energy flux. The then given by

amplitude of the asymptotic fielg;(z) at largez is scaled,
so that the fields at the surface match those in vacuum for a
given intensity of the incident radiation. The pump pulse is

assumed to have a negligible rise time and a constant inten- at?
sity for its entire duration, so that the radiation energy flux
incident on the surface is assumed to be equal to the pu

fluence divided by the pulse time for the duration of the

9?x X
=~ oo DX Xo(M] =y, (9

here we have introduced the phenomenological damping
orce — ydXp,/dt to allow for homogeneous broadening of

pump pulse. After application of the pump pulse, the generat-he phonon line. For small plasma density, we may use a

tion of electron-hole pairs ceaséise., S is negligible and  linear approximation:xo(n) =xg+(dXe/dn)n and we(n)
the total number of electron-hole pairs is assumed to remair: (wg+ dwg/dn)n. Values of @xo/dn)=7.4x10"2* cm?
constant. anddwq/dn=—3.45x 102> THzcn? give good linear fits
So far, we have not considered the effects of carrier difto the results shown in Fig. Note that 1% of the valence
fusion. However, because of the relatively short absorptiomensity in tellurium is 1.768 10?* cm™3.) We use the ex-
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perimental valug3.6 THz for the unperturbed phonon fre- 0.02 . . . . T
quency, givingwy=22.6 s 1. The integration of Eq(9) is — D =10 em’s!
performed by a modification of the standard leapfrog - D240 ems”!

approacf? for systems with damping, using the value pf 0.015
=2/r=1.1x 10" s !, wherer is the dephasing time which

is compatible with the attenuation observed in low-fluence o
experimentgsee Fig. 5 of Ref. 15 The integration time-step & 0.01f
used was 2 fs for all dynamical aspects of the simulations.<
The dynamics of the system was simulated for a total time of

]
10 ps. 0.005 I+ | "y |,"l|‘|'“\,"\vll‘\ll‘”\\lf\ s ]
The dielectric constant at each depth is influenced by the TN Nt
phonon displacement,, and the carrier density at that
depth. Sincee; is much larger thar,, changes ire; have a 0 s | . L ‘ | ; !
larger effect on the optical reflectivity. Saturation effects in 0 2 4 6 8 10
time delay (ps)

the absorption of photons from the pump pulse are not taker.
into account, limiting the applicability of our results to pump g6, 10, Simulated pump-probe reflectivity oscillations in tellu-
fluences substantially less than 3 mﬁ_dl_w a 100 fs pump  yiym for a pump fluence of 1.19 mJ ch The parameters
pulse!® Thus, in modeling the reflectivity oscillations, we € 10%=35x10%, de/on=2.75<10"% ecm 3, and D

will assume for simplicity thak, remains unchanged and =10 cn?/s were chosen to match the experimental results, as dis-
cussed in the text. The reflectivity f@ =40 cnf/s is shown for
— deg dey comparison.
=€+ —Xppt—=n, 10
€1=€; e P (10

However, saturation of absorption affects the data at the

where €, is the real part of the dielectric constant for the higher end of this range: fitting only data in the low-fluence

unperturbed ma_terial. We take v_alues?qf= 32 and_ezz_ll regime (o< 1.5< 10%* cm~3, where the frequencies vary
for 825 nm radiation from the I|teratufé.The derivatives i ar the same range as in Fig. 4 of Ref) tives a slope
(761./07)("“. and e, /on are taken as adjustable parametersy, ,yg— 0,07 THz per mJ/cf This is a slightly larger
which will be used to fit the amplitude of the experimentally slope than is indicated for data over the much larger range of

obse_zr\_/ed background shift a?‘d initial OSC.'”at'.OnS in the re'pump fluences presented in Fig. 3 of Ref. 15, where satura-
flectivity. These parameters influence primarily the overall; L . : : .
tion of absorption is a major factor, but is consistent with the

scale of the reflectivity oscillations, rather than their fre- .
' ta for low-fluenceF<2.4 mJ/cm) included there. Thus,
quency spectrum, and the dependence of the frequency pegﬁe can associate initial background reflectivity chan@es

on pump fluence is not strongly affected by their values. ; .
In pump-probe experiments, the reflectivity measured i%) W':E pumptéluenlcet(.lnﬁrg\]/c_n?()) (l;c;r/éhoe&llov[flug;:ce re-
an average over the duration of the probe pulse. In our sim(g!Me througn the relatio b= (0. : iF._ i
Estimating the initial background reflectivity to be 1.3%

lations we then take a running average of the reflectivity ove%; th ianal of the inset to Fia. 4 of Ref. 15
a time window equal to the probe pulse width, which is taken'©" tN€ prepump signal ot the inset to =ig. 4 ot Ret. 1o, we

to be 100 fs, the same as the pump pulse. The final resuilts f§2n infer that the fluence for this pump pulse was 1.3/1.09

the reflectivity are only slightly different from those obtained —_ .1'19. mJ/lcrﬁ. ?]ndhcompare the df.“a‘” fealtures} of the_refl;ec-
using the instantaneous reflectivity. tivity signal with the corresponding results of our simula-

tions for a pump fluence of 1.19 mJ/&mas shown in Fig.
10. This allows us to estimate values fo#; /Xy, dei/dn,
and the diffusion consta. Our simulations give an initial
Because we have not allowed for saturation effects in oubackground change, initial oscillation amplitude, and decay
simulations, we use the low-fluence data reported in Fig. 4 0bf the background reflectivity over 6 ps in good agreement
Ref. 15 and Fig. 2 of Ref. 16 for comparison with our simu-with the experimental data when we use values of
lations. In Fig. 4 of Ref. 15, the frequency shift is shown asde; /9xp,=3.5X 107, de;/dn=2.75<10"2' cm™3, and D
a function of the initial background reflectivity change =10 cnf/s. We note that using the standard equilibrium
ARyg. The slope of the data v/dARy,=—0.064 THz per  value of D =40 cnf/s gives a decay of the background re-
1% change in initial background reflectivity. On the otherflectivity which is substantially more rapid than that ob-
hand, Fig. 2 of Ref. 16 shows the frequency sfifir a  served in the experiments.
somewhat wider range of pump fluengas a function of an Using these parameters in our model, we then find a peak
excitation density parameteM.,.. This excitation density in the frequency at,,,=3.515 THz for a pump fluence
was determined from the pump fluence, assuming exponeri==1 mJ/cnt. This gives a variation of the peak frequency,
tial absorption of photons in an absorption depth of 50 nmdv/dF=—0.085 THz per mJ/cf in very good agreement
Thus, N, corresponds directly to the pump fluereewith  with the low-fluence data. The values of the fitted parameters
F=2.1MN,,., WhereNg,.is in units of 16* cm 2 andF is  de;/dxp, and de;/an used in the simulation have a very
in mJ/cnt. The slope of the data over the range shown insmall effect on the value adv/dF. The value used for the
Fig. 2 of Ref. 16 isdv/dF=—0.058 THz per mJ/cf diffusion constant has a noticeable effect; for example, using

B. Comparison with pump-probe experiments
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the standard equilibrium val@®D =40 cnf/s in the simu- above by two effects(i) damping of the phonon amplitude,
lations gives a valuev/dF=—0.055 THz per mJ/ck which leads to a lessening of the anharmonic frequency shift,

We have not included saturation effects on the productioihereby increasing the frequency with successive cycles of
of electron-hole pairs and so we cannot sensibly compare o€ motion[see Fig. &)]; (ii) a continuous reduction of the

results with experiment at high fluences. We expect optica,urface carrier den_si_ty by diﬁusion_ normal to the surface. We
saturation effects in the real material, which become venyind the anharmonicity has a relatively small effect and may
e neglected for carrier plasma densities less than 1% of the

noticeable for fluences above 3 mJfgno reduce slightly . . .
- . : valence electron density and that the dominant effect in the
the variation of the peak frequency with pump fluence in the xperiments of Hunschet al ' probably arises from carrier

low-fluence regime because of the smaller density oﬁiffusion normal to the surface.

electron—holg pairs produced' at the surfapg. I . Direct quantitative comparison of simulations of the re-
A greatly increased damping of reflectivity oscillations is e fivity shows a good agreement with the experimental data
observed in the experiments involving high pump fluencessq |ow-fluences. In particular, we estimate the derivative of
On the basis of double-pump experiments, it was propsedhe frequency of reflectivity oscillations with respect to
that this was due to the large inhomogeneity of the initialyymp fluence to bely/dF=—0.085 THz per mJ/cf) in
plasma density within the optical absorption depth. Howeveryery good agreement with the experimental resbidF
in our simulations, we see that variation of the electron-hole= — .07 THz per mJ/cffor low fluence data. Comparing
density with depth(and the associated inhomogeneousthe decay of the background reflectivity seen in our simula-
broadening of the phonon oscillatigrdpesnotgive rise to & tions with corresponding experimental results allows an ac-
large damping of the reflectivity oscillations. We see a slightcyrate determination of the ambipolar diffusion constant
increase in damping of the reflectivity oscillations in simula- =109 cn?/s in the highly excited regime, substantially
tions for high fluences, but nothing like the kind of damping smaller than its equilibrium valuB =40 cn#/s.
shown in F|g 1 of Ref. 15. The Slmu|atI0n_S would seem to At h|gh pump ﬂuenCeS, where optica' saturation becomes
suggest that some other physical mechanisms, beyond whgfiportant, the results of the simulations differ from the ex-

is in our model, come into play at high fluences. perimental observations. In particular, we find much less
broadening of the frequency peaks of the reflectivity oscilla-
IX. DISCUSSION AND CONCLUSIONS tion than is found in experiment. Further developments of

H1e model used here for the coupled dynamics of carriers,
Rhonons, and radiation are required to describe this regime.
From the point of view of simulations of photoexcited

: : Shaterials usingb initio methods based on DFT, a very im-
such as tellurium, with am, phonon mode. The phonon ortant result of this study is the demonstrated discrepancy

frequency decreases approximately linearly and the InItIaEetween calculations based on fast electron-hole recombina-

amplitude .Of t'he phonon increases with the strength of th‘%ion and those based on slow recombination. Simulations
carrier excitation. We have calculated the dependence of thg j

L . ased on a single thermal distribution of electrons in all
phonon frequency and initial coherent phonon amplitude O"hand<-® implicitly assume very fast electron-hole recombi-
carrier plasma density, allowing comparison with the laser__.. plicitly . y )
Y X - . nation and may not provide an adequate representation of the
excitation experiments and a quantitative estimate of the sur- : . )
. . phonon dynamics on the picosecond time scale.

face carrier density from the measurkdphonon frequency.

Experiment® finds a relaxation with time of both fre- This work was supported by Forbairt Contract No. SC/96/
guency and amplitude back towards their values in the unex?42 and by the Irish Higher Education Authority Program for

cited system. This can be explained from the results showResearch in Third Level Institutions.

We have demonstrated how photoinduced changes i
electronic structure can dramatically alter the forces betwee
ions and produce a coherent phonon motion in material
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