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Residual infrared absorption is a key problem affecting the laser emission efficiency of Ti:sapphire crystal. In this
paper, the origin of residual infrared absorption of Ti:sapphire crystal is systematically studied by using the first
principles method. According to the contact conditions of O octahedron in the crystal structure of Al2O3, four
Ti3� − Ti3� ion pair models and three Ti4� − Ti3� ion pair models were defined and constructed. For what we
believe is the first time, the near-infrared absorption spectra consistent with the experimental results were
obtained in specific theoretical models. The electronic structures, absorption spectra, and charge distributions
calculated show that the line-contact Ti3� − Ti3� ion pair with antiferromagnetic coupling and the face-
contact Ti4� − Ti3� ion pair are two main contributors to the residual infrared absorption of
Ti:sapphire, while some other ion pair models provide a basis to explain more complex residual infrared
absorption. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.418395

1. INTRODUCTION

Ti:sapphire is an important laser crystal and occupies a signifi-
cant position in the super-intense ultrafast laser field due to its
excellent laser characteristics (wide emission bandwidth, large
peak power gain, and high damage threshold) and mature
growth technology [1–4]. However, since people began to
pay attention to the laser performance of Ti:sapphire crystal,
the residual infrared absorption coinciding with the laser emis-
sion band has been a key problem affecting its laser efficiency
[5–10]. Although it has been found that this absorption can be
reduced to a certain extent by reduction annealing, it cannot be
completely eliminated [5]. To solve this problem, the early ex-
perimental and theoretical works have considered and tried
many approaches, such as sample preparation [5,9,11], an
annealing process [5], a doping concentration [9], a defect
mechanism and defect formation energy [12–19], and the crys-
tal field environment [20]. These works did give some possible
hypotheses and reasonable suggestions, among which the
Ti ion pairs are the most controversial. The experimental re-
search, however, is mostly based on the reverse deduction of
phenomenon, while the theoretical research focuses on the ex-
ploration of defect type and defect energy. As a result, there was
always a lack of direct evidence about the origin of the residual

infrared absorption, especially in theory, that would correspond
to the experimental phenomena. Therefore, it is necessary to
systematically study the origin of this absorption.

Considering that traditional research methods are relatively
macroscopic and strongly dependent on experimental condi-
tions, it is not conducive to exploring the origin of material
properties. The first principles method based on the density
functional theory (DFT) has been proven to be an effective
means to explore the physical and chemical properties of crystal
materials and their micromechanisms. In this paper, by
focusing on the energy-favorable defect models and models
close to the real crystal environment, we defined four feasible
Ti ion pair configurations according to the contact conditions
of O octahedron in the crystal structure of Al2O3. As a result,
we have constructed four kinds of Ti3� − Ti3� ion pair models
and three kinds of Ti3� − Ti4� ion pair models. The energy
band structure, density of states (DOS), partial/local density
of states (PDOS/LDOS), and the absorption spectra of
Ti:sapphire crystals containing various defect models are calcu-
lated by the first principles method. We successfully obtained
the absorption spectra consistent well with experiments in the
line-contact Ti3� − Ti3� ion pair and face-contact Ti3� − Ti4�

ion pair models and explained the mechanism from the energy
level structure and electronic transition points of view. Through
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a comparison with the experimental phenomena and semi-
quantitative analysis of their polarization characteristics, we
are convinced that the residual infrared absorption peak at
about 800 nm is jointly dominated by these two mechanisms.
In addition, the charge distributions of the highest occupied
molecule orbital (HOMO) and lowest unoccupied molecule
orbital (LUMO) of the two models are calculated and analyzed,
which provides a new perspective to reveal the nature of the
residual infrared absorption. We believe that our theory of dou-
ble mechanism dominant residual infrared absorption perfectly
explains the annealing characteristics, polarization characteris-
tics, and doping concentration dependence of the residual in-
frared absorption. Moreover, some other ion pair models
provide a basis for understanding the more complex infrared
absorption recently reported [9]. Our work, to the best of
our knowledge, achieves the first breakthrough in theory
for this key problem, which is of great significance for the de-
velopment of Ti:sapphire laser crystals. We consider that this
research can also provide a scheme to screen a new titanium-
doped laser matrix with no residual infrared absorption.

2. THEORY AND CALCULATION

The basic starting point of the first principles method is to solve
the Schrödinger equation of the system and obtain the wave
function and energy eigenvalue of each state. However, this
is almost impossible for a multi-electron system. The density
functional theory (DFT) based on the Hohenberg–Kohn theo-
rem [21] gives an available method, which uses the electron
density distribution function of the system to replace the
all-electron wave function. In this way, the solution of a system
containing N electrons is reduced from 3N dimensions to three
dimensions, which greatly reduces the difficulty of the calcu-
lation. The ground state energy and density of the multi-
electron system can be obtained by solving the variational
Kohn–Sham (K–S) [22] equation. After the ground state en-
ergy is determined, the ground state properties of the system
can be predicted by taking various partial derivatives of the sys-
tem energy. The Kohn–Sham equation is�

h2

2m
∇2 � V �r� � V H �r� � V XC�r�

�
Ψi � εiΨi�r�: (1)

There are three potential energy terms in Eq. (1): the atomic
potential field V , Hartree potential energy V H, and exchange
associated potential V XC. When the self-consistent field (SCF)
method is used to solve the K–S equation to obtain a self-
consistent convergent charge density, the total energy of
the system can be obtained. In the range of linear response,
the macro optical response function of solid can be described
by the complex dielectric constant ε�ω�. According to the
Kramers–Kronig relation and the definition of the electronic
transition matrix, the real and imaginary parts of the complex
dielectric function can be solved by
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where C and V represent the conduction band and valence
band, respectively; EC �k�, EV �k� are the eigenenergy levels
of the conduction band and valence band, respectively; BZ
is the first Brillouin Zone; and je ·MCV �k�j2 is the
electronic transition probability. The absorption coefficient is
calculated by
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The CASTEP code [23] based on the DFT and plane wave
pseudopotential method is used for all calculations. The
Perdew–Burke–Ernzerhof exchange-correlation potential
adopts the generalized gradient approximation (GGA) [24].
Ultrasoft pseudopotentials [25] are applied for all atoms in
the calculation. The plane-wave cutoff energy was set at 340 eV
for all calculations. The Brillouin zone integration used the
Monkhorst–Pack scheme [26] with a 3 × 3 × 2 sampling mesh
parameters for the k-point. The approximate separation be-
tween k-points used in energy band calculation is 0.005 Å−1

(1 Å = 0.1 nm). The k-point grid generated by the
Monkhorst–Pack scheme is 5 × 5 × 3 for the DOS and optical
properties calculations. The energetic convergence threshold
for the self-consistent field (SCF) is 1.0 × 10−6 eV∕atom.
During the geometry optimization process, the maximum en-
ergy change is 1.0 × 10−5 eV∕atom, the maximum ionic dis-
placement is 0.001 Å, the max force is 0.03 eV/atom, and
the max stress of the crystal is 0.05 GPa. The valence electronic
configurations for pseudo atoms O, Al, and Ti are 2s22p4,
3s23p1, and 3s23p64s23d2, respectively.

3. RESULTS AND DISCUSSION

All the models we constructed are based on Al2O3 supercells
(2 × 2 × 1) containing 120 atoms (72 O, 48 Al), and the co-
ordination octahedrons geometry of the supercell and defect
models are shown in Fig. 1. The optimized lattice parameters
(a � 9.6285 Å, c � 13.1394 Å) of the Al2O3 supercell are in
good agreement with the experimental and theoretical data
listed in Ref. [27]. Before discussing the results, there are some

Fig. 1. (a) Supercell structure of Al2O3. (b) Four kinds of
Ti3� − Ti3� ion pair models. (c) 3Ti4� − VAl

3− model. (d)–(f ) Three
kinds of Ti3� − 3Ti4� − VAl

3− models.
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points to be demonstrated. First, limited by computing resour-
ces, although the supercells are used in our calculation, the
atomic doping concentration of each model was still higher
than that of the experiments. It does not, however, affect
the qualitative analysis of the location and origin of each peak
[27–33]. Ignoring the difference between the intensity of each
peak and the experiments, we focus on the location of each
absorption peak. Moreover, it is still meaningful to compare
the absorption intensity among theoretical models to the same
doping level. Second, the possible defects in real crystals are
varied and interact with each other in a complex way. The ab-
sorption spectra in experiments often show the superposition of
multiple mechanisms, which is difficult to be fully considered
in a calculation. However, a specific model can be used to cal-
culate and explain the possible effects of one defect or a class of
defects in crystal with considerable accuracy. Third, the polari-
zation absorption spectra of Ti:sapphire given in experiments
tend to consider the π-polarization (E∕∕c) and σ-polarization
(E⊥c), but maybe only one direction of σ-polarization (E⊥c) is
measured. This is feasible for real crystals with complex defect
environments; however, in the theoretical model with only one
defect, the influence of symmetry on each polarization direc-
tion satisfying E⊥c may not be isotropic, which may cause
the difference between the polarization strength of E∕∕a
and E∕∕b given by theoretical calculations.

Before discussing the calculation results of the ion pair mod-
els, we first investigate the absorption characteristics of a single
substitutional titanium doping model. Since the contribution
of substitutional Ti3� to the main absorption (peak at 490 nm)
has been confirmed by many experiments [5,7–9] and the crys-
tal field theory of transition ions [20], the study of a single

titanium doping model is helpful to test the feasibility and reli-
ability of DFT in the study of a Ti:sapphire system. Figure 2
shows the simulated absorption spectra of a substitutional tita-
nium model and the experimental absorption spectra of a cer-
tain Ti:sapphire sample grown by the heat exchange method.
The calculation shows that there is a strong absorption peak
near 485 nm, which is caused by the transition of a Ti_3d elec-
tron from 2T2 to 2E energy level with an energy of 2.54 eV. It is
in good agreement with the absorption spectrum measured by
the experiment, and matches well with the explanation given by
the crystal field theory. This indicates that DFT is relatively
reliable for the study of a Ti:sapphire system. In the simulated
absorption spectrum of a substitutional titanium model, there
is no residual infrared absorption band with a peak at 750–
850 nm; however, in the measured absorption spectrum, there
is a weak residual infrared absorption band near 790 nm.

Table 1 lists the calculation results of four Ti3� − Ti3� ion
pair models. As can be seen, the total energy of the line-contact
model is the lowest. The total energy of each model does not
simply increase with the increase of Ti3� − Ti3� distance. It
looks like the line-contact model is an anomaly. However,
we think the reason for this anomaly is the face-contact model’s
anomaly. Two Ti3� ions in face-contact are too close to each
other, which may cause core repulsion and large local distor-
tion, making it more difficult for ion pairs in face-contact to
form a binding model than it is for the line-contact with larger
ion spacing. The analysis of the spin magnetic moment and
spin polarization energy band structure indicates that, at a rel-
atively close distance (face-contact, line-contact), the 3d1 elec-
trons of two Ti3� ions tend to form antiferromagnetic coupling
and share one d electron orbital; at a slightly larger distance
(point-contact 2), the two 3d1 electrons tend to be arranged
in antiparallel spin and occupy two overlapped spin-polarized
d orbitals, respectively, forming a ferrimagnetic coupling; at a
larger distance (point-contact 1), the ferromagnetic coupling
tends to form. The above analysis is consistent with the
Heisenberg exchange interaction model for the origin of mag-
netism. According to the band gap value of the four
Ti3� − Ti3� ion pair models, the linear-contact model with
antiferromagnetic coupling not only has the advantage in en-
ergy, but also a wider defect energy gap. It is in this model that
the absorption spectrum with a high degree of consistency with
the experimental results [5,7–10] is obtained.

Figure 3 shows the band structure and absorption spectrum
of the line-contact model. As shown in the band structure, the
line-contact Ti3� − Ti3� ion pair has a unique Ti3� − Ti3�_3d
orbital energy level distribution near the Fermi level (0 eV),
which leads to its unique absorption characteristics. There
are three peaks in the absorption spectrum: 332 nm,
490 nm, and 799 nm. Combined with the analysis of the

Fig. 2. Experimental absorption spectrum of Ti:sapphire sample
with a doping concentration less than 0.16% (mass fraction) (on
the left) and the simulated absorption spectrum of substitutional
Ti-doped model with a theoretical doping concentration more than
3.6% (mass fraction) (on the right). There is a step at 860 nm on
the experimental absorption spectrum, which is caused by the test sys-
tem. The calculated PDOS distribution of Ti_3d is inserted into the
simulated absorption spectrum.

Table 1. Main Parameters and Calculation Results for Four Kinds of Ti3� − Ti3� Ion Pair Models

Ti3� − Ti3� Distance (Optimized) Magnetic Coupling Band Gap Total Energy

Face-contact 2.448 Å Antiferromagnetic 0.659 eV −37453.6827 eV
Line-contact 2.563 Å Antiferromagnetic 0.770 eV −37453.8375 eV
Point-contact 2 3.034 Å Ferrimagnetic 0.543 eV −37453.1967 eV
Point-contact 1 3.471 Å Ferromagnetic 0.299 eV −37453.0835 eV
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Ti_3d_PDOS and O_PDOS (the PDOS of O) shown in
Fig. 4, the 490 nm main absorption and 799 nm near-infrared
absorption are caused by the d-d transitions with energies of
2.53 eV and 1.54 eV, respectively. The near UV absorption
at 332 nm is caused by the charge transfer transition from
Ti−3d to O_2s2p, with an energy of 3.73 eV. It is worth noting
that the polarization characteristics of the infrared absorption of
this model are also consistent with that given in the experi-
ments (Iσ > I π) [4,6], and the model also has a certain con-
tribution to the main absorption in the visible region.

To further reveal the nature of the residual absorption in-
duced by the line-contact Ti3� − Ti3� ion pair model, we stud-
ied the charge distributions of HOMO and LUMO of this
model. Figure 5 shows the calculated charge distributions of
HOMO, LUMO, and LUMO� i (i � 1, 2, 3, 4), as well
as the corresponding energy intervals of the corresponding
orbital distributions. It can be analogous to the width of an
energy band near the Fermi surface in the energy band struc-
ture. HOMO corresponds to the first energy band under the
Fermi level, while LUMO corresponds to the first energy band
above the Fermi level. From the shape of charge distribution,
the composition of these orbitals is mainly d orbitals, and the

transitions from HOMO to LUMO (LUMO� i,
i � 1, 2, 3, 4) are all d−d transitions. As can be seen, the charge
distribution is basically concentrated around the two titanium
ions in the various occupation cases. The light absorption we
studied can be understood as that under the action of the in-
cident photon electromagnetic field, the space charge gathered
near the defect atom is redistributed, and this redistribution
makes the energy of the system increase; that is, the system
is excited. The transitions of electrons are mainly electric dipole
transitions, and the d−d transitions of transition ions belong to
forbidden transitions, while some forbidden transitions can oc-
cur due to the action of the distorted crystal field. The HOMO
charge distribution shown in Fig. 5(a) indicates that there is a
large overlap region between the d orbitals of the two titanium
ions, showing a bonding state with a lower energy. The larger
blue-shaded area reflects the stronger electron delocalization
ability and reactivity (the d electron is very localized, the delo-
calization here is only a relative expression). The energy differ-
ence between LUMO + 3, LUMO + 4, and HOMO is 1.54 eV
and 2.53 eV, respectively, and the corresponding absorption
wavelength is 805 nm and 488 nm, respectively, which matches
well with the previous analysis based on the energy band and
PDOS. In other words, under the action of incident photons
with appropriate energy, the orbital charge distribution of the
two Ti ions changes from the HOMO with lower energy to the
LUMO + 3 or LUMO + 4 with higher energy, thus generating
a certain intensity absorption of incident photons.

Moulton et al. [9] measured the absorption characteristics of
many Ti:sapphire samples, and pointed out that the relation-
ship between the intensity of infrared absorption and the con-
centration of Ti3� ions satisfies the square law, and further
considered that the Ti3� ion pair may be the cause of the infra-
red absorption of Ti: sapphire. It is in accordance with our cal-
culation results of the line contact Ti3� − Ti3� ion pair.
Considering that the formation of Ti3� − Ti3� ion pair is en-
ergy favorable, when the doping concentration of Ti3� ions
increases, the number of Ti3� − Ti3� ion pairs will also in-
crease, and the infrared absorption will be enhanced.
However, only the Ti3� − Ti3� ion pair model cannot give

Fig. 3. Band structure (on the left) and polarized absorption spec-
trum of line-contact Ti3� − Ti3� ion pair model (on the right).

Fig. 4. The DOS of the supercell Ti2Al46O72, the LDOS of Al, O
and Ti, and the PDOS of s, p, d electrons of line-contact Ti3� − Ti3�

ion pair model.

Fig. 5. Optimized charge distributions of HOMO, LUMO, and
LUMO� i �i � 1, 2, 3, 4� of line-contact Ti3� − Ti3� ion pair
model. HOMO is the highest occupied molecule orbital. LUMO
is the lowest unoccupied molecule orbital, while LUMO� 1 means
the first adjacent orbital above it, and so on for LUMO� i in a similar
fashion. The blue-shaded area is the probability distribution of elec-
trons in space, and the green spheres covered by it represent Ti ions.
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a reasonable explanation for the experimental phenomenon of
reduced/enhanced infrared absorption after reduction/
oxidation annealing. The explanation given by Moulton et al.
[9] is that the aluminum vacancy, as the charge compensation
mechanism of Ti4� ions, will enhance the cross section of the
residual absorption. After annealing in the reducing atmos-
phere, the reduction of Ti4� ions will reduce the corresponding
Al vacancy, and this enhancement will be weakened, while the
Ti3� − Ti3� ion pair determines the lower limit of the infrared
absorption. As a result, we tried to add an Al vacancy near the
line-contact Ti3� − Ti3� ion pair model and set the charge of a
single cell as -3 to maintain the charge conservation. Several
possible VAl

3− situations were considered. The results show that
the corresponding infrared absorption strength did not change
significantly, and the location of absorption peak would be af-
fected when the distance between the Al vacancy and Ti3� ion
pair was relatively close. Although this work still cannot take all
the situations into account, we tend to consider that there
are defects related to Ti4� ions that also will cause the residual
absorption.

The early works indicated that 3Ti4� − VAl
3− was a possible

factor associated with the infrared absorption, and it was con-
firmed that the formation energy of this defect was almost the
same as that of substitutional Ti3� [13]. Inspired by the line-
contact Ti3� − Ti3� ion pair, we constructed one line-contact
3Ti4� − VAl

3− model [Fig. 1(c)], and the Al vacancy is consid-
ered as a charge compensation mechanism for Ti4� ions. The
calculation results shown in Fig. 6 indicate that the 3d orbital
energy levels of Ti4� are higher than the Fermi level (0 eV),
which conforms to the valence electron configuration of the
Ti4� ion 3s23p64s2; in other words, there is no electron occu-
pying in the d orbits. That means the d−d transition in this
model is an excited transition. On the one hand, this transition
is less likely to occur; on the other hand, the absorption spec-
trum calculation does not include this part. Therefore, there is
no main absorption or infrared absorption in the calculated ab-
sorption spectrum, but only absorption with a wavelength less
than 300 nm. However, this part of the absorption involves
the transition of the intrinsic energy level of the matrix, and
its accuracy is still to be discussed. Because this paper does
not focus on this part, it will not be elaborated. It can be

determined that the 3Ti4� − VAl
3− model is not a direct con-

tributor to the residual infrared absorption.
The Ti3� − Ti4� ion pair model has been mentioned in

some previous works [5,8,13] as a possible mechanism causing
residual infrared absorption. However, there are so many pos-
sible configurations of this kind of defect models that no com-
prehensive report has been given in theory. Thus, based on the
line-contact 3Ti4� − VAl

3− model, we constructed three kinds
of Ti3� − Ti4� ion pair models that are likely to cause residual
infrared absorption. The results shown in Table 2 indicate that
the line contact model has lower total energy, but the face-
contact model has a larger defect energy gap. The absorption
spectrum of the face-contact model is shown in Fig. 7, and
there are two absorption peaks at 286 and 824 nm in this
model. The analysis shows that the peak 286 nm is caused
by the charge transfer transition from Ti−3d to Al−3s3p,
and the corresponding transition energy is 4.31 eV. Since this
absorption is not the focus of this work, it will not be discussed
further. It is noteworthy that the infrared absorption peak at
824 nm is consistent with the experimental absorption peak
at about 750–850 nm [5,7–10]. The Ti_3d_PDOS in
Fig. 7 shows that it is caused by the d–d transition with an
energy of 1.50 eV. Figure 8 shows the charge distributions
of HUMO, LUMO, and LUMO� j �j � 1, 2, 3, 10� of the
face-contact Ti3� − Ti4� ion pair model. The detailed analysis
can refer to the previous discussion on the line-contact
Ti3� − Ti3� model. Here, we mainly analyze the charge distri-
butions of orbitals that relate to the residual absorption. The
energy difference between LUMO� 10 and HOMO is about
1.49 eV, and the corresponding absorption wavelength is about
832 nm. According to the spatial charge distributions of the
two situations shown in Figs. 8(a) and 8(f ), their charge dis-
tributions are both concentrated on the face-contact Ti ion pair

Fig. 6. Band structure, Ti_3d_PDOS, and polarized absorption
spectrum of 3Ti4� − VAl

3− model.

Table 2. Band Gap and Total Energy for Three Kinds of
Ti3� − Ti4� Ion Pair Models

Ti3� − 3Ti4� − VAl
3− Band Gap Total Energy

Face-contact 0.610 eV −40487.4271 eV
Line-contact 0.436 eV −40487.5264 eV
Point-contact 0.218 eV −40487.3425 eV

Fig. 7. Band structure, Ti_3d_PDOS, and polarized absorption
spectrum of face-contact Ti3� − Ti4� ion pair model.
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in the front of the figure, as shown in the geometry model in
Fig. 1(e). The charge distribution of the two Ti ions of HOMO
exists in a large overlapping region, while that of LUMO� 10
is concentrated around the two Ti ions separately, as if the bond
is broken. Under the action of incident photons with suitable
energy, such a transition of charge distribution fromHOMO to
LUMO� 10 is relatively likely to occur, thus generating a cer-
tain intensity of absorption to the incident light. Compared to
the line-contact Ti3� − Ti3� ion pair model mentioned above,
we found that the face-contact Ti3� − Ti4� ion pair model has
a stronger near-infrared absorption at the same number of de-
fects. This provides a reasonable explanation to understand the
annealing absorption characteristics of Ti:sapphire. When an-
nealed in a reducing atmosphere, the absorption caused by the
face-contact Ti3� − Ti4� ion pair will be largely eliminated. At
this time, the residual infrared absorption is mainly contributed
by the line-contact Ti3� − Ti3� ion pair; the absorption will be
reduced, but cannot be eliminated. When annealed in an ox-
idizing atmosphere, the residual infrared absorption is mainly
contributed by the face-contact Ti3� − Ti4� ion pair and the
infrared absorption will be further enhanced.

We consider that the line-contact Ti3� − Ti3� ion pair and
face-contact Ti3� − Ti4� ion pair are the two main mecha-
nisms leading to the residual infrared absorption. As mentioned
above, the absorption spectra (including the polarization char-
acteristics) measured experimentally should be the result of the
superposition of all mechanisms. To be self-consistent with the
experimental phenomena, the superposition of polarization
characteristics of the two mechanisms we obtained should sat-
isfy Iσ > I π. Thus, we make a semiquantitative analysis of the
superposition of the two mechanisms. Suppose that there areN
line-contact Ti3� − Ti3� ion pairs and M face-contact
Ti3� − Ti4� ion pairs in one Ti:sapphire crystal. To satisfy
I σ > I π , we need to satisfy N · I σ�Ti3� − Ti3�� >
N · I π�Ti3� − Ti3�� �M · I π�Ti4� − Ti3��. The calculation
results indicate that 6403 cm−1 � I σ�Ti3� −Ti3��≫
I π�Ti3� −Ti3��� 343 cm−1; 8593 cm−1 � I π�Ti4� −Ti3��>
I σ�Ti3� −Ti3��. Thus, if N∕M > I π�Ti4� − Ti3��∕
�Iσ�Ti3� − Ti3�� − Iπ�Ti3� − Ti3��� ≈ 1.42, the polarization
characteristics will be consistent with the experiments. In terms
of the forming energy, the line-contact Ti3� − Ti3� ion pair has
the lowest forming energy (the largest energy advantage).

Structurally, the Ti4� − Ti3� ion pair involves four titanium
ions and one aluminum vacancy, which will cause a large struc-
tural distortion and make it more difficult to form. Logically,
the number of defects can satisfy N∕M > 1.42. In addition,
from the statistics of the experimental results, we found that
the polarization strength of the residual infrared absorption
at around 800 nm satisfies I σ∕I π ≈ 1−2, and the value is
not large. However, the line-contact ion pair satisfies
I σ > I π and its I σ∕I π � 18.67, which is much larger than
the experimental results. It means there should be another
mechanism with strong π polarization absorption at about
800 nm that satisfies I π ≫ I σ , which just coincides with the
polarization characteristic of the face-contact Ti3� − Ti4�

ion pair model. Because the face-contact Ti3� − Ti4� ion pair
only exists along the [001] direction, its absorption is mainly
contributed by π-polarization (see Fig. 7). In this way, the view-
point that the residual infrared absorption is dominated by the
double-mechanism forms a perfect self-consistency.

The discussions above only analyze the representative mod-
els, but other ion pair models provide a basis to explain more
complex infrared absorption. For example, the infrared absorp-
tion at about 1130 nm is obtained in the face-contact
Ti3� − Ti3� ion pair model, the infrared absorption at
1000 nm is obtained in the line-contact Ti3� − Ti4� ion pair
model, and the polarized infrared absorption at 1390 nm is
obtained in the point-contact Ti3� − Ti4� ion pair model.
In terms of energy, these models are not much larger than sim-
ilar models, and thus it is possible they exist. In the research
done by Moulton et al. [9], they pointed out that the variation
of infrared absorption with a doping concentration was com-
plex, and divided the residual infrared absorption into three
parts: 806 nm, 1045nm, and 1350 nm, which also matches
well with our results.

4. CONCLUSIONS

In conclusion, this work provides a systematically theoretical
study and direct theoretical evidence to explain the origin of
the residual infrared absorption of Ti:sapphire laser crystals.
For the first time, to the best of our knowledge, the near infra-
red absorption spectra consistent with experiments are obtained
by theoretical calculation. The defect mechanism causing the
residual infrared absorption is successfully determined. The
theory that the residual infrared absorption was jointly domi-
nated by the line contact Ti3� − Ti3� ion pair and face contact
Ti4� − Ti3� ion pair was proposed, which successfully explains
the annealing characteristics, doping concentration depend-
ence, and polarization characteristics observed by experiments.
In addition, the defect models that may lead to more complex
residual infrared absorption are given. We believe, to the best of
our knowledge, that we achieved a theoretical traceability and
breakthrough for this key problem that affects the laser emis-
sion efficiency of Ti:sapphire crystals.
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