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Transient changes in the local structure of optically excited Ti3+ ions in a Al2O3 single crystal are studied by
time-resolved x-ray absorption spectroscopy. A model considering coupling of the excited 2E�C3v� electronic
state of the Ti3+ ion to the approximate A1g�Oh� and Eg�Oh� local vibrational modes of the TiO6 octahedron is
constructed to fit the experimental data. We determine the magnitude of the A1g�Oh� mode and give an estimate
of the Eg�Oh� Jahn-Teller distortion although this analysis does not distinguish between compression and
elongation of the oxygen octahedron. Assuming a compressed octahedron, the Eg�Oh� distortion is found to be
0.14�0.02 Å with an A1g�Oh� mode of 0.066�0.006 Å. In the case of an elongated octahedron the Eg�Oh�
distortion is −0.195�0.017 Å with an A1g�Oh� mode of 0.052�0.002 Å.
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Electronic excitation of impurity ions in crystals is often
accompanied by transient changes in the local structure of
the host. These changes are most commonly studied by op-
tical spectroscopy, yielding indirect and sometimes incom-
plete information. Quantitative information about the short-
and medium-range organization of atoms can be provided by
x-ray absorption spectroscopy �XAS�. The element specific-
ity of this method is ideal for the study of substitutional
impurity centers in solids. In the case of very dilute impuri-
ties, collecting extended x-ray absorption fine-structure �EX-
AFS� spectra with a good signal-to-noise ratio can be a chal-
lenging task. In such cases, the larger features of x-ray
absorption near-edge structure �XANES� are often exploited
to yield information about the local structure. Analysis of
XANES spectra is, however, not straightforward because of
the photoelectron multiple-scattering processes that contrib-
ute significantly to the near-edge region. Pump-probe meth-
ods can be used to study the transient XAS created in the
course of chemical reactions or due to electronic excitation
of solids.1 This technique has been successfully applied to
investigate the electronic and geometric modifications of
photoexcited chemicals in solution although progress in this
field is limited due to the limited short x-ray pulse flux
available at current sources.2–6

To evaluate the quality of information that we obtain from
the analysis of transient XAS data of dilute laser-excited im-
purities in crystalline solids, we have chosen Ti3+ :Al2O3 as a
model system. Ti3+ :Al2O3 has been studied extensively from
analysis of optical, magnetic, Raman, and neutron data as an
example of a crystal with a strong Jahn-Teller �JT� electron-
lattice coupling in the excited 2E�C3v� state. The electronic
level structure of the Ti3+ ion in Al2O3 is sketched in Fig. 1.
The cubic crystal-field splits the 3d1 2D term into a doublet
2Eg�Oh� and a triplet 2T2g�Oh�. The ground 2T2g�Oh� term is
split further by the trigonal crystal field into a singlet
2A1�C3v� and doublet 2E��C3v�. Here, the prime indicates that
the doublet 2E� originates from a three-dimensional repre-
sentation 2T2g of the Oh point group. Strong electron-phonon
coupling in the excited 2E�C3v� state causes a tetragonal dis-
tortion of the oxygen octahedron, stabilizing the complex in

one of the three configurations �the static Jahn-Teller
effect�.7,8 As a result, the doublet 2E�C3v� splits into
2E1/2�C3v

� � and 2E3/2�C3v
� � sublevels, where 2E1/2 and 2E3/2

label irreducible representations of the C3v
� double group.

The Jahn-Teller interaction in the ground 2E��C3v� state is
weak and at room temperature the complex easily undergoes
transitions among these three configurations on the time
scale of the experiment �the dynamic Jahn-Teller effect�. As
a result the XAS of unexcited Ti3+ :Al2O3 shows no evidence
of this tetragonal distortion.

To quantify the distortion of the local structure when the
Ti3+ ion is in the excited 2E3/2�C3v

� � state, we performed time-
resolved laser pump/x-ray probe measurements. The setup
and the experimental geometry are shown in Fig. 2. The
sample, a single sapphire crystal with 0.45 wt. % of Ti3+

ions was cut so that the angle between the surface and the
optical C3 axis was 29.5°. To excite the sample, the output of
a regenerative femtosecond laser amplifier �800 nm, 110 fs, 1
kHz� was converted with an optical parametric amplifier to a
wavelength of 500 nm, near the peak of the Ti3+ absorption
band. To avoid damage to the sample we decreased the peak
intensity of the pump pulse by stretching the pulses to ap-
proximately 350 fs by transmission through a 15 cm quartz
rod. We then focused the �-polarized beam incident at Brew-
ster’s angle �29.5° from the surface� to a 80�60 �m spot
on the crystal surface, simultaneously minimizing reflection
losses and maximizing absorption of the Ti3+ by aligning the
electric field polarization of the refracted beam with the crys-
tal C3 axis.9 The pulse energy was 160 �J, corresponding to
a laser fluence of 3.33 J /cm2. The XAS of the excited Ti3+

ions was probed in the vicinity of the Ti K edge by a focused
synchrotron x-ray beam �50�5 �m�. The �-polarized
x-rays entered the crystal at an angle of approximately 20°
from the surface, making the polarization of the x-rays 40°
from the crystal C3 axis. A silicon avalanche photodiode col-
lected x-ray fluorescence from the Ti3+ ions. A boxcar inte-
grator measured the intensity of the fluorescence signal over
a 100 ns time window at a controlled delay with respect to
the pump pulse. Further experimental details are described in
Ref. 10. This setup has been used previously to measure
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transient x-ray absorption spectra from laser-excited chemi-
cals in solutions.5,10

The initial excitation of the Ti3+ ion by the laser to the
2E�C3v� state is followed by fast nonradiative relaxation to
the 2E3/2�C3v

� � sublevel which occurs within 3.5 ps.11 The
population of the 2E3/2�C3v

� � state at room temperature lives
for several microseconds. At 50 ns after the laser pulse, when
all the species are in the lower sublevel of the 2E�C3v� dou-
blet, we have observed transient changes in the titanium
K-edge XANES spectrum associated with the alteration of
the bond lengths of the ligands caused by the strong Jahn-
Teller interaction �inset on Fig. 3�. The magnitude of the
changes in the spectrum is approximately 2% of the titanium
K-edge jump. We performed the measurements at 50 ns and
1 �s after the laser excitation but we found no significant
difference between the spectra.

We also measured the time dependence of the transient
XAS at 4981 and 5000 eV at room temperature. The results,
together with the time dependence of optical fluorescence
from the sample originating from the 2E3/2�C3v

� � level, are
shown in Fig. 3. The exponential relaxation of the photoin-
duced change occurs with a time constant of 1.8�0.1 �s,
distinctly shorter than the room-temperature optical-
fluorescence lifetime of 3.2 �s. This difference is likely ex-
plained by thermal quenching caused by heating of the near-
surface region of the crystal from laser excitation. The

lifetime of 1.8 �s would correspond to a crystal temperature
of 375 K.9 To test this hypothesis, we measured the optical-
fluorescence lifetime when the signal is collected from the
near-surface region only. A 1 mm diameter pin hole was
attached to a polished surface of the crystal. A �-polarized
laser beam incident at a Brewster’s angle �60.5°� was fo-
cused on the surface in the center of the pin hole and the
fluorescence signal was collected with a photodiode at ap-
proximately 45° from the crystal surface, collecting light
emitted at depths up to approximately 370 �m. Under these
experimental conditions we measured the fluorescence signal
with a decay constant of 2.7 �s, whereas the luminescence
signal from the bulk sample decays with a time constant of
3.2 �s. The approximately 30% higher laser fluence in the
x-ray experiment and the much shallower probe depth of the
x-ray beam �approximately 15 �m� may explain the further
shortening of the decay constant to 1.8�0.1 �s.

I. GROUND-STATE STRUCTURE

Corundum has a trigonal Bravais lattice with a space

group of R3̄c. The trigonal unit cell contains two Al2O3
units. The local structure of the aluminum atoms is an octa-
hedron of oxygen atoms distorted along a trigonal axis with
a C3 local symmetry, commonly approximated in the litera-
ture by a C3v point group.12 The octahedron is characterized
by two different Al-O interatomic distances. The rhombohe-
dral lattice constant is aR=5.128 Å and �=55.333°; the alu-
minum atoms are in 4c symmetry sites with x=0.352 and the
oxygen atoms are in 6e symmetry sites with x=0.556.13

Incorporation of a Ti3+ impurity ion causes a distortion of
the local structure since the ionic radius of Ti3+ in the octa-
hedral site �rTi

3+=0.670 Å� is greater than the aluminum ionic
radius �rAl

3+=0.535 Å�.14 This structural relaxation around the
Ti3+ impurity in �-Al2O3 was determined by Gaudry et al.15

by combining XANES experiments and ab initio calcula-

FIG. 1. �Color online� Electronic structure of the Ti3+ ions in the
Al2O3 crystal.

FIG. 2. �Color online� Experimental setup and geometry of the
laser pump—x-ray probe experiment. The �-polarized laser beam is
incident at Brewster’s angle 29.5° from the surface and the
�-polarized monochromatic x-rays enter the crystal at an angle of
approximately 20° from the surface. The x-ray fluorescence signal
is collected with a silicon avalanche photodiode.

FIG. 3. �Color online� Time decay of Ti3+ :Al2O3 fluorescence
originating from the excited 2E3/2�C3v

� � level at 300 K from the bulk
crystal �=3.2 �s ��� and from the near-surface region �=2.7 �s
���; time dependence of the transient XAS effect at 50 ns after the
laser pulse at 4.981 keV ��� and 5 keV ���, �= �1.8+ /−0.1� �s.
The inset shows the transient XANES spectrum and the arrows
indicate where the kinetics data were taken.
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tions. According to their results, the impurity site symmetry
is preserved; the Ti3+ site is still described by the C3 point
group, characterized by two different Ti-O distances. The
distances within the first coordination shell of the impurity
are increased by 0.13 Å for Ti-O�1� and by 0.08 Å for Ti-
O�2�. The Ti3+ ion itself is displaced away from the Al�1�
atom by 0.03 Å �Fig. 4�a��.

II. ELECTRONIC STRUCTURE AND THE
JAHN-TELLER EFFECT

In Ti3+ :Al2O3 the atoms in the first coordination shell of
the titanium impurity form a nearly octahedral environment
with a trigonal distortion along the C3 axis. This trigonal
distortion is, however, less than 5% of the average Ti-O bond
lengths and we will therefore simplify the following discus-
sion by using the eigenvectors of the undistorted octahedral
complex �Oh point group� to describe the local vibrational
modes. For the same reason we also neglect coupling of the
excited 2E�C3v� to the trigonal vibrational modes and do not
include them in the analysis of the excited-state structure.
Any distortion of an octahedral complex is determined by
atomic displacements along the x, y, and z axes for each of
the six atoms. In the first approximation only even displace-
ments can change the potential energy of a complex. In the
cubic representation the A1g-symmetry vibrational mode can
be described as �QA=QA · �r1+r2+r3+r4+r5+r6� /�6. The
Eg�Oh� mode has two normal components assigned as 	 and

: �Q	=Q	 · �2r1+2r4−r2−r5−r3−r6� /�12 and �Q


=Q
 · �r2+r5−r3−r6� /2; where QA, Q	, and Q
 are the mag-
nitudes of the A1g�Oh� and Eg�Oh�-symmetry distortions, re-
spectively, ri is a unitary displacement along the Ti-Oi bond
vector. These normal modes are shown schematically in Fig.
4�b�.

The electronic states of the d1-like ions in octahedral
complexes are known to interact with tetragonal lattice vi-
brations. In Ti3+ :Al2O3 crystal the distortion of the oxygen
octahedron along one of the tetragonal axes when the Ti3+ is
in the 2E�C3v� excited state is responsible for the emission-

absorption Stokes shift16 and for the quenching of the fluo-
rescence at high temperatures.17,18 A detailed analysis of ra-
diative and nonradiative transitions in Ti3+ :Al2O3 is given
by Grinberg et al.,19,20 assuming that the local structure of
the Ti3+ is a perfect octahedron. A two-dimensional
configuration-coordinate space model was constructed to fit
experimental spectroscopic and time-resolved luminescence
data. The authors assumed that the dominant lattice distor-
tion is the Eg�Oh� mode and that the distortion occurs only
along the configuration coordinate Q	.

When the Ti3+ ion is in the ground 2E��C3v� state, the
oxygen octahedron is distorted along one of the three quasi-
fourfold axes,19 although due to the relatively weak electron-
phonon coupling the distortion is small. As the JT energy of
the ground state ��130 cm−1� and the energy of thermal
vibrations at room temperature ��200 cm−1� are compa-
rable, the system is not localized in either of the three
equivalent minima. Coupling of the ground 2E��C3v� elec-
tronic state of the Ti3+ ion to the local trigonal vibrational
modes can be neglected as it is quenched by the spin-orbit
interaction.21

When the Ti3+ ion is excited to the 2E�C3v� state the oc-
tahedron is stressed along one of the fourfold axes and the
2E�C3v� doublet is split into 2E1/2�C3v

� � and 2E3/2�C3v
� � sub-

levels �Fig. 1�. In this case the coupling to the local Eg�Oh�
mode is much stronger �the estimated JT energy is
2900 cm−1� and the system is frozen in one of three possible
configurations. As there is no global preference for a particu-
lar orientation, our experimental data contain a superposition
of all three normal tetragonal spectra. The minimum of the
potential corresponding to the excited 2E3/2�C3v

� � state is
shifted in the configuration-coordinate space over the mini-
mum of the ground 2E��C3v� state potential. The position of
the minimum of the excited-state potential, corresponding to
the best and most reliable reproduction of the optical data, is
found to be at Q	�5.5�� /M� where M is a reduced mass of
the ions involved and �� is a phonon energy.19 Assuming a
simple cluster model consisting of one central titanium ion
and six oxygen ions located in the vertices of a perfect octa-
hedron, M =26.56�10−27 kg �a mass of a single oxygen
atom�. Taking the average phonon frequency in the excited
state of 200 cm−1 �Ref. 19� as an effective frequency of the
local Eg�Oh� mode, we get an estimate for the displacement
in the configuration-coordinate space Q	�0.561 Å, which
is a very large fraction of the bond distance. The local cluster
model used to obtain this estimate does not explicitly con-
sider potentially significant effects arising from the coupling
of these local vibrational modes of the impurity to the pho-
non spectrum of the crystal.

III. FIT TO THE GROUND-STATE XANES SPECTRUM

A quantitative analysis of the experimental data was per-
formed using the MXAN fitting procedure, designed to fit
x-ray absorption data from the edge up to about 200 eV
above the absorption edge and to recover information about
the symmetry and atomic distances of the nearest neighbors
of the absorber.22–26

FIG. 4. �Color online� �a� The unit cell of the Ti3+ :Al2O3 and
�b� the A1g�Oh� and Eg�Oh� normal modes of the octahedral
complex.
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As a starting point for calculations we used the corundum
structure12 with a distorted first shell as given in Ref. 15. To
determine the optimal cluster size, we performed a series of
single-trial calculations increasing the number of scatterers at
each step with fixed structural parameters. It was found that
including more than 80 scattering atoms does not introduce
significant changes in the spectrum. This corresponds to a
cluster size of 5.57 Å, consisting of 45 oxygen, 35 alumi-
num, and one titanium atom as an absorber. A cluster of the
same size was used previously to calculate the structural re-
laxation around Ti3+ impurity.15 For such a large supercell
interaction between impurities belonging to neighboring
clusters can be neglected.

In our calculations we used the Hedin-Lunqvist real po-
tential convolved with a phenomenological energy-
dependent Lorentzian broadening function.24 For optimiza-
tion of the ground-state structure we allowed only atomic
motions which preserve the trigonal local point symmetry of
the Ti3+ ion. The static XANES spectrum and the best fit to
the data are shown in Fig. 5�a�. All the features in the spec-
trum are well reproduced in the fit except for the one around
5007 eV although it is present in the best-fit spectrum before
convolution with the broadening function �dashed curve in
Fig. 5�a��. Within the uncertainties the optimized atomic po-
sitions in the first shell are found to be the same as those
calculated by Gaudry et al.15 with the PARATEC code.

IV. FIT TO THE TRANSIENT XANES SPECTRUM

To account for the transient heating of the probed region
of the sample to 375 K, we first expanded the optimized
crystal structure obtained from the fit to the static XANES
spectrum by 0.1%, using an accepted value of 19
�10−6 K−1 for the linear expansion coefficient of
corundum.27 We then applied a radial distortion of the first
coordination shell corresponding to the Q	 coordinate of the
Eg�Oh� symmetry vibrational mode �Fig. 4�b��. We calcu-
lated with the MXAN code three normal spectra �correspond-
ing to Q	 distortion along the three equivalent directions�,
averaged these together, and then subtracted the original
static spectrum to obtain a model for the transient XAS. We
found that Eg�Oh� mode alone was not sufficient to repro-
duce even the correct sign of the transient spectrum �Figs.
5�b� and 5�c��. As a next step we incorporated a fully sym-
metrical expansion/compression of the local octahedron,
equivalent to an A1g�Oh� mode. This mode was not consid-
ered in the analysis of the optical and electron-spin reso-
nance spectroscopic data because it produces no vibronic
splittings and has almost no impact on the spectra.21 We ran
a least-square minimization procedure based on the
Levenberg-Marquardt algorithm. For the fit we optimized
three parameters: the magnitude of the Eg�Oh� mode Q	, the
magnitude of the A1g�Oh� mode, QA and the excitation yield.
The excitation yield of the sample is relevant to the analysis
of our data, as it serves as a scaling factor for the transient
spectrum. Figure 6 shows the reduced 
2 optimized for the
excitation yield with fixed values of the Q	 and QA. Negative
values of the Q	 correspond to elongation of the octahedron.
One can see that there are two roughly equivalent local

minima around Q	� �0.17 Å and QA�0.07 Å. The pa-
rameters for the best fit obtained with these values of the
initial parameters and the reduced 
2 values of the fit are
listed in Table I; the experimental transient spectrum and the
fit spectra are shown in Figs. 5�b� and 5�c�. Although the
quality of the fit is better for elongated geometry, it is not
possible to distinguish reliably between elongation and com-
pression of the oxygen octahedron from this analysis.

FIG. 5. �Color online� �a� Static XANES spectrum of
Ti3+ :Al2O3 at 300 K ���; the MXAN fit to the data �—� and the
MXAN fit spectrum before convolution with a phenomenological
energy-dependent Lorentzian broadening function �- - -�. �b� The
difference between the excited and unexcited spectra at 50 ns after
the laser pulse ���; fit to the transient data for elongated geometry
of the oxygen octahedron: Q	=−0.195�0.017, QA

=0.052�0.002 Å, excitation yield=11�1% �—�; the transient
spectrum calculated for A1g�Oh� distortion only �- · - · � and the tran-
sient spectrum calculated for Eg�Oh� distortion only �- - -�; �c� the
difference between the excited and unexcited spectra at 50 ns after
the laser pulse ���; fit to the transient data for compressed geom-
etry of the oxygen octahedron: Q	=0.14�0.02 Å, QA

=0.066�0.006 Å, excitation yield=8.1�0.8% �—�; the transient
spectrum calculated for A1g�Oh� distortion only �- · - · � and the tran-
sient spectrum calculated for Eg�Oh� distortion only �- - -�.
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The Jahn-Teller distortion in the excited 2E�C3v� state is
found to be 0.14�0.02 Å �for compression� or
−0.195�0.017 Å �for elongation�, which is approximately
30% of the value of 0.561 Å estimated from the optical data
using a simple cluster model.18 There are at least two pos-
sible reasons for such a discrepancy. First, the model which
was used to describe the optical data did not consider cou-
pling of the excited 2E�C3v� state to the vibrational A1g�Oh�
mode. Although the A1g�Oh� mode produces no extra vi-
bronic splittings, it will contribute to the Stokes shift to-
gether with the Eg�Oh� mode. Introduction of the A1g�Oh�
mode into the model would result in a smaller magnitude of
the Eg�Oh� mode required to fit the configuration-coordinate
diagram to the experimental Frank-Condon transitions. Sec-
ond, the estimate for the energy of the local Eg�Oh� phonon
in the excited 2E�C3v� state of 200 cm−1 is quite small. Val-
ues around 400 cm−1, where the peaks in the density of
states of the E-mode phonons in corundum crystal occur,28,29

may be more appropriate. For these higher values of the
phonon energy, the displacement of the potential minimum
in the E space will be approximately 30% smaller.

V. CONCLUSION

In this work we have demonstrated a measurement and
analysis of the transient changes in the structurally relevant

XANES from an optically excited dilute crystal impurity. An
account of the A1g�Oh� distortion with respect to the ground
state is necessary to achieve a satisfactory fit to the experi-
mental data. From our analysis we estimate the contribution
of the A1g�Oh� mode, which is not possible by analyzing only
optical- and magnetic-resonance spectroscopic data. We also
determine the magnitude of the Jahn-Teller tetragonal distor-
tion in the excited 2E�C3v� state of the Ti3+ impurity although
we are not able to distinguish between elongation and com-
pression of the oxygen octahedron. For compressed geom-
etry the Eg�Oh� mode is found to be 0.14�0.02 Å with the
A1g�Oh� mode of 0.066�0.006 Å and in the case of elonga-
tion the Eg�Oh� mode is −0.195�0.017 Å with the A1g�Oh�
mode of 0.052�0.002 Å.

The results show that it is indeed possible to extract struc-
tural information from transient XANES of these types of
systems, containing information otherwise hidden from opti-
cal spectroscopy. Significant improvements to the quality of
this information must likely require measurements over a
much wider energy range with a signal-to-noise ratio suffi-
cient for transient EXAFS analysis.
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