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We have interpreted the different relaxation energies,
obtained for absorption into the exciton and A„. b state, as
due to exciton screening of the core hole. The exciton
wave function should therefore be localized primarily
within one lattice spacing of the Mg ion. This is con-
sistent with the size of the exciton determined through
comparison of the exciton energy with the first allowed

2p 2p 3s' transition in gas phase Mg +. These tran-
sitions are within 0.15 eV of each other at room tempera-
ture, " suggesting that the spatial extent of the exciton is
less than a lattice spacing. If the exciton were larger than
a lattice spacing, the 0 2P states would screen the exci-
ton, changing the energy from what is observed in the gas
phase. The screening of the core hole potential by the ex-
citon state is not complete, however. This is evident in the
slight broadening with temperature of the exciton transi-
tion.

Phonon relaxation energies in ionic crystals have been
estimated by Citrin, Eisenberger, and Hamann (CEH)
using polaron theory, ' with reasonable success. Here the
long-range Coulomb potential of the core hole is assumed
to interact with the ionic polarizability of the lattice. The
core hole potential interacts primarily with LO phonons.
Due to the low dispersion of LO phonons, all phonons are
considered to have the same frequency. In the strong-
coupling limit, ' assuming a Debye cutoff for the phonon
wave vector, the relaxation energy is

Z„t, =e (6/nV„, ) '"(I/e —I/e'o), (2)

where V„, is the primitive cell volume, e is the high-
frequency dielectric constant (n'-), and eo is the static
dielectric constant. For MgO we obtain Z„h=1.6 eV.
This should be compared with our measured value of
Zph =2. 1 eV for absorption into state A„. b (ionized core
hole). This is consistent with the trend found by CEH
when comparing their results on alkali halides to this
model; the model underestimates the relaxation energy
More recently, Mahan has obtained closer fits to the
available alkali halide data using a multimode model. In
his analysis, Mahan determined that LO phonons at X
provide the important temperature dependence to the
linewidth. We are not aware of any such calculations on
MgO although Mahan's model, which considers localized
holes in a point-ion lattice, should be applicable for MgO.

Similar measurements were made on a-A1203 and a-
SiOq. Shown in Fig. 3 are the room-temperature SXE/E
and SXA spectra for a-A1203 and a-Si02. Relaxation
energies were determined for the VBE and exciton transi-
tions for a-A1203. These relaxation energies are reported
in Table I. The relaxation energy for the exciton transi-
tion, 0.4 eV, is less than the relaxation energy for the VBE
transition, 1.6 eV. This is similar to what was found for
MgO and suggests that the Al I exciton is localized pri-
marily within a nearest-neighbor distance. No changes
were observed in either the SXE or SXA spectra of c-
SiOq over the temperature range studied, 300-1000 K.
The large experimental upper limit in Z~h for the VBE
transition, 1.0 eV, is due to the broad shape of the a-SiOq
V BE.

The temperature dependence of the electronic transition
energies for MgO are presented in Fig. 4. Here the transi-
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FIG. 3. Room-temperature SXE/E' and SXA of a-SiOq
(top) und a-Al. Oq (bottom). The relaxation energies and tem-
perature coe%cients for the electronic transitions identified are
listed in Tables I and II, respectively.

tion energies are shown relative to the T=300 K values,
so that all the information can be contained on one graph.
As the temperature increases, the VBM and the A„
feature move to higher energies, while the exciton moves
to lower energies. We detect no shift for the 2P 2S
transition or the A.„b and B„b features. The. se transitions
are omitted from Fig. 4 for brevity. The results presented
in Fig. 4 were fit with a linear least-squares routine. The
temperature coe%cients are presented in Table II. Simi-
lar measurements were made on a-Alq03 and a-Si02.
Linear temperature coeScients for the transitions
identified in Fig. 3 are presented in Table II. For a-A1203
the V BM and other emission features move to higher en-
ergies with an increase in temperature while the exciton
moves to lower energies. We observe no temperature-
dependent shift in the c-Si02 SXE and SXA spectra.
The absence of a temperature-dependent shift can be ex-
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FIG. 4. Temperature dependence of VBM (a), A. (1 ), and

Ex (Q) transition energies of MgO. Transition energies are
shown relative to their values at 300 K.
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FIG. 1. Temporal evolution of the band-edge luminescence of

n-doped GaAs at two different doping levels. The cross-
correlation of laser and scattered light (CC) determines zero de-

lay and demonstrates the time resolution of the experiment.

carrier recombination and diffusion. At both doping lev-

els, the signal has reached already 30% of the maximum
intensity during the optical excitation (ht =0 fs), imply-
ing a large spectral broadening of excited holes down to
the band edge in less than 50 fs. The signal maximum is
reached 700 fs after excitation. Any further significant
relaxation of the holes would lead a change in the band-
edge signal. We therefore conclude that the thermal equi-
librium between excited holes and lattice has to be estab-
lished in about 700 fs in GaAs at 300 K at a hole density
of 5 x 10'" cm '. " The rise times for different doping
densities shown in Fig. 1 imply that the energy relaxation
of holes does not depend on the concentration of electrons.
This indicates that intrinsic relaxation processes in the
valence bands dominate the electron-hole interaction in
the energy relaxation of holes.

Figure 2 shows the time evolution of the BE signal in

n-type InP at two different doping levels. The results are
similar to those for GaAs. Note that the rise is not limited
by the temporal resolution of our up-conversion system.
The BE signal reaches 45% of the rnaximurn intensity
during the optical excitation (At =0 fs) and rises consider-
ably faster than in the case of n-type GaAs. In the first
150 fs, 80% of the maximum signal is already reached.
This reveals a strong coupling of hot holes to the lattice in
InP. Thereafter the slope levels off, reaching the max-
imum after 400 fs. Thermal equilibrium with the lattice
is thus established in this time. Similar to GaAs, the rise
time also does not depend on electron density in the range
from 5 x 10' to 5 x 10'" cm

For a quantitative discussion of our results, we have to
consider electron-hole energy transfer and relaxation via
emission of optical phonons (LO and TO). Relaxation via
acoustic phonons can be neglected, because the average
kinetic energy of optically excited holes is greater than the
optical-phonon energy in our room-temperature experi-
ment. The experimentally measured doping independence
of the BE luminescence rise behavior indicates already a
negligible role of e-h energy transfer in the hole energy re-
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FIG. 2. Temporal evolution of the band-edge luminescence of

n-doped InP at two different doping levels. The solid line indi-
cates the electron-hole plasma density generated in the sample.

laxation. After a simple plasma theory for the nondegen-
erate case, ' the energy transfer from hot holes to a cold
electron plasma with n 5&10'~ cm 3 is estimated to be
on the order of 0.2 eV/ps for both GaAs and Inp. This
computed rate is much too small to explain the fem-
tosecond hole relaxation observed here. Based on the ex-
perimentally observed doping independence and this
theoretical estimate, we assume that electron-hole scatter-
ing is not the dominating scattering mechanism for the
hole relaxation. One caveat about this assumption is that
the observed doping independence of the experimental rise
time might also be partly explained by the degeneracy of
the electron system: For higher doping densities, the de-
generacy leads to a reduction of e-h collision probability.
Similar to the reduced momentum relaxation rate with in-
creasing carrier density, ' the energy-transfer rate be-
tween electrons and holes might not increase any more
with increasing doping.

In a first step, we model the experimental data by calcu-
lating the cooling of an internally thermalized plasma due
to polar-optical emission of LO phonons. We consider as
a first approximation an isotropic parabolic valence-band
structure. The different valence-band symmetry is taken
into account by using a correction factor with a value of
2. '" Based on the measured instantaneous spectral
spreading of hole distributions, we assume an instantane-
ous hole thermalization among the three valence bands in

our calculations. Such an ultrafast internal thermaliza-
tion of holes has previously been observed by Knox et al.
The initial hole temperature is determined by the hole ex-
cess energy during the excitation. In the whole calcula-
tion, intervalence-band relaxation is also neglected. The
calculated curves (Figs. 3 and 4) for polar optical-
scattering have a rise significantly too slow to explain the
experimental results in both materials, although all as-
sumptions should lead to an enhanced rise time of the
band-edge signal. Hence, the ultrafast hole relaxation
found in experiments has to be attributed to a strong opti-
cal deformation-potential coupling. The quantitative role
of this effect estimated in previous works is widely
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FIG. 3. Comparison of the time-resolved band-edge lumines-

cence of n type G-aAs between experimental data (squares) and

calculations including (1) only LO phonon emission, (2)
LO+TO phonon emission with ENoo =10 eV; and (3) LO+TO
phonon emission with ENON' =25 eV.
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FIG. 4. Comparison of the time-resolved band-edge lumines-

cence of n-type I nP between experimental data (squares,
JV& 2.5x10'" cm s) and calculations including (1) only LO

phonon emission, (2) LO+TO phonon emission with ENoo=10
eV, and (3) LO+TO phonon emission with ENoo =30 eV.

different, with deformation-potential constants ENpo
varying from 10 (Ref. 11) to 41 eV. '

In a second step, we fit the cooling of the internally
thermalized holes including deformation-potential cou-
pling' and the LO-phonon emission described above. As
shown in Fi~s. 3 and 4, best fits are obtained with

ENoo 25( —+s ) eV for GaAs and 30(+ 10) eV for InP,
respectively. The corresponding maximal total energy-
loss rate in the initial relaxation with a photon energy of 2
eV is on the order of 1.0 eV/ps for GaAs and 2.0 eV/ps for
InP. A small deviation between our model and the experi-
mental data in InP and particularly GaAs indicate the
limit of our model for a quantitative evaluation. Possible
explanations are the finite lifetime of holes in the split-off
band, which slows down the total hole relaxation rate.
Another explanation is a dependence of the optical defor-
mation potentials on the k vector, which could slow
down the cooling close to the band edge. Detailed theoret-

ical models including these effects are needed for a com-
plete understanding of the ultrafast hole relaxation.

In conclusion, we have studied the ultrafast hole relaxa-
tion in bulk GaAs and InP at room temperature. In n-

doped compounds, the hole thermal equilibrium with the
lattice is completed after 400 to 700 fs for an optical exci-
tation of 2 eV. The dominant energy-loss channel of holes
is attributed to optical deformation-potential coupling.
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