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We report low-temperature absorption, time-integrated photoluminescence, and resonant-Raman-
scattering spectra near the fundamental band gap of TiO, single crystals. The photoluminescence spec-
trum comprises a first peak at #io=3.031 eV, followed by several peaks at lower energies. A polarization
study of the emission spectrum indicates that the highest energy peak corresponds to 2p,, dipole-allowed
second-class excitonic transitions while the lower-energy peaks are phonon replicas of the 1s quadrupo-
lar exciton. This result is corroborated by time-resolved photoluminescence measurements. The near-
band-gap optical response of TiO, is thus controlled by two distinct exciton states. The Raman-
scattering intensity is found to increase slowly for excitation energies in the range 2.7-3 eV. This indi-
cates that the Raman cross-section enhancement is dominated by virtual transitions involving the first

dipole-allowed direct gap at 4.2 eV.

I. INTRODUCTION

Rutile (TiO,) is a polar material of technological im-
portance since it is used as a substrate in catalytical and
electrochemical processes and as a dielectric for integrat-
ed electronics.? It is also of fundamental interest be-
cause its high static dielectric constant, strong electron-
phonon coupling, and unusual band structure result in
near-band-gap optical properties which are still not well
understood.

TiO, has a tetragonal structure (space group D}})
which contain six atoms per unit cell.? This structure can
be seen as a stacking of oxygen octahedra centered on ti-
tanium atoms. Band-structure calculations®® indicate
that the valence band of rutile is mainly composed of the
outermost p electrons from the oxygen atoms, while the
lowest conduction band is mostly composed of the excit-
ed states of the titanium atoms. The symmetry of these
bands is such that a direct band gap with dipole-
forbidden transitions at the I point is predicted.** SnO,
has a band structure similar to that of TiO,. With a band
gap E,=2.31 eV and an exciton binding energy Ry=151
meV, it shows exciton lines up to n=6.5 TiO, has an
even larger band gap (E, >3 eV) but, because of its high
dielectric constant, the ls exciton binding energy is ex-
pected to be less than 10 meV. This makes an exact as-
signment of the structures seen in the optical spectra
difficult. Low-temperature absorption measurements’s®
have identified a weak absorption peak at #iw=3.031 eV.
It was attributed to a 1s electric-quadrupole-allowed exci-
tonic transition. A weaker structure at higher energy
was further attributed to the 2p,, electric-dipole-allowed
excitonic transition. Hyper-Raman-scattering experi-
ments were also performed in the vicinity of the band gap
of rutile.® These measurements showed an enhancement
of the scattering efficiency of the I';(A4,,) and T'§{(E,)
phonon modes for 2hw=3.031 eV. This enhancement
was thus associated with the 1s exciton state. However,
we recently presented preliminary absorption, photo-
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luminescence, and Raman-scattering spectra which cast
some doubts on these assignments.'®!!

In this paper, we present a detailed study of the optical
properties of rutile near its fundamental band gap.
Time-resolved photoluminescence (TRP), time-integrated
photeluminescence (TIP), and resonant-Raman-
scattering (RRS) experiments were performed under
pulsed excitation conditions on high quality TiO, crys-
tals. The observed spectra, which are consistent with the
predicted forbidden band gap, indicate that the optical
response of TiO, is controlled by two distinct exciton
states, namely the ls quadrupolar and 2p dipolar exci-
tons.

The paper is organized as follows. The experimental
setup is described in Sec. II. In the third section, the
theoretical background required to analyze the absorp-
tion, photoluminescence, and Raman-scattering measure-
ments is developed. The experimental results are present-
ed in Sec. IV, and discussed in Sec. V. Finally, we sum-
marize the results and draw conclusions in Sec. VI.

II. SAMPLES AND EXPERIMENTS

The samples studied in this work are high-purity x-
ray-oriented crystals obtained from Commercial Crystal
Laboratories. Sample 1, with dimensions 1X1X0.1 cm?,
has its face oriented along the [001] direction and one of
the sides along the [110] direction. Sample 2, with di-
mensions 1X 1X0.2 cm?, has its large face oriented along
the [100] direction and one of the sides along [001].

The samples were mounted in a helium exchange-gas
closed-cycle cryostat which allowed us to vary the tem-
perature between 12 and 300 K. The samples were excit-
ed by 2-ns-long pulses generated by a tunable dye laser
pumped by a XeCl excimer laser operated at a repetition
rate of 20 Hz. For the TRP and TIP measurements, the
intensity per pulse and the photon energy were 5
mJcm ™2 and 3.26 eV (3800 ,&), respectively [using 4,4""'-
bis-(2-butyloctyloxy)-p-quarterphenyl (BBQ) as dye]. For
the RRS, different dyes were used to cover the range
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from 2.7 to 3.12 eV, and the excitation intensity was
maintained constant at 1 mJ cm ™2 per pulse by adjusting
the amplification length in the amplifier cell of the dye
laser. The emitted and scattered light were focused onto
the slits of an I.S.A. HR-320 spectrometer (spectral reso-
lution of 0.5 meV), and detected by a fast multichannel
plate photomultiplier tube. The signal was acquired by a
Tektronix 7912AD digitizer equipped with a 500-MHz
amplifier. The overall time resolution of the system is 1
ns. The time-resolved spectra were obtained by decon-
volving the raw data from the system time response with
a standard minimization procedure where the photo-
luminescence dynamics was represented by a linear com-
bination of exponential functions. The TIP spectra were
obtained by integrating the digitized signal on a 50-ns-
long interval after excitation. Absorption measurements
were performed using a white light source and 1-m dou-
ble spectrometer (spectral resolution of 0.1 meV). The
signal was detected with a GaAs photomultiplier tube
and acquired with conventional photon-counting tech-
niques.

III. THEORY

A. Luminescence and absorption

The optical transition probability per unit time for a
direct recombination (absorption) from an initial state
|¥7) to a final state |/} ), where n and m are used for the
degeneracy of the states, is given by

Wﬁ=27”2 |9} | Hxg |97 I?8(EF—E]) (1)

where Hyy is the exciton radiation interaction operator.
Hyy can be developed in terms of electric dipole (ED),
electric quadrupole (EQ) and magnetic dipole (MD) com-
ponents: 2

Hy =HR+HR+HYR @
with
HYR=Ao€; D, 3)
E 4o
HX%=iTk~(rp+pr)-e,- , )
MD 4o
HHR =i'2_(k><€l)'(rxp) s (5)

where A, is the constant amplitude of the external vector
potential, €; its unit polarization vector, and k its wave
vector. The operator HER can be put in the form
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Thus, at resonance,
A A
H;‘%%=i—29imwk-(rr)~e,.=i7°(k-r)(e,.-r). %)

To find the selection rules, it is useful to put Eq. (7) in the
form

HiR = te k, (22> —x*—y?)+ (e k, —€,k, ) x?—p?)
+(e,k, +€,k,)yz+(€,k, +€,.k,)xz
+(eck, €,k )xy , (8)

where (2z2—x2—y?) belongs to r, (x2—y?) to I';, xy to
I'y, and xz and yz to I's.

In TiO,, the symmetries of the valence and conduction
bands are I'; and I'; respectively.* In the case of
Wannier-type excitons, the free exciton wave function
can be regarded as a product of an envelope function
F(r,—r;) which describes the relative motion of an elec-
tron and a hole, and the Bloch functions #;(r,) and
¥.(r,) of the valence and conduction states at the critical
point considered. The irreducible representation of the
envelope functions are T, for s states, I'; for p, state and
I for p, , states. The exciton state symmetries, given by
[, XT¥XT,,,, are therefore I'; for s states, I'y for p,
states, and I's for p, , states. Since the electric dipole
moment transforms as I',+ T and the magnetic dipole
moment as I',+T's5, the s excitons can be created only
through quadrupolar interaction, and the probability of
creation or recombination of ls excitons is given by

IISOC(exkx—eyky)2 . 9

We note that I, =0 for k||c or €||c. The probabilities of
creation or recombination of the 2p,, and 2p, excitons
are given by

I, <(&+e), (10)
I, =0. (11)

In absorption, to distinguish between the 1s and 2p,, ex-
citons, one can choose a configuration where k||c, so that
in this case I, 70 and I,,=0.

xy

In the case of phonon-assisted transitions, the transi-
tion probability per unit time from an exciton with wave
vector Ky to the ground state, involving emission of one
photon of wave vector q and one photon of energy #iw
and wave vector k through the leading ED interaction is

(Y;ltp+prly, ) =im(E,—E)/#(¢;|rr|y,) . (6)  given by'
J
j 2
27 (O;nK]H§R|B’Kﬁ;nq><B’Kﬁ;nq'H¥LmlX,KX;nq—l)
i S[E(X,Ky)—#Q,(q)—Fiw] , (12)
# q%x% % E(B’Kﬁ)_ﬁw X JH
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where 7i();,(q) is the energy of the phonon of wave vector

q (u for the degeneracy) and |G, KB) are exciton inter-
medlate states with wave vector K. From the conserva-
tion of momentum, the left-hand-side matrix element in
Eq. (12) is different from zero only if Kz;=k=0, and the
right-hand-side matrix element then requires q=Ky.
The electronic ground state of the system is completely
symmetric, i.e., it belongs to I';. The matrix element
(O|HER|B,0) is therefore different from zero only for
|B,0)= |F5) and |T'}). The allowed phonon symmetries
at the center of the Brillouin zone are those contained in
the decomposition of I'y XT'j and 'y XI5 into the irre-
ducible representations of the point group D, where I' x
is the symmetry of the exciton state |X,0). Thus the
phonon replicas of 1s excitons are

1“3><1“5 1“5,

The allowed optical-phonon modes of rutile are!*
r T(Ag)+T(A,,)+T5(By,)
+T4(By,)+T5(E;)+T5(4,,)+2I%(By,)

+3TY(E,) . (14)

opt—

Since there is no phonon of I'j symmetry in rutile, the
phonon replicas of the 1s exciton are of I'; symmetry.
The phonon replicas of 2p,, excitons are

[ XTs=Ts,

LsXTs=r,+T,+T3+0,, (15)
and those of the p, excitons are

LyXT,=r5,

LsXCy=T5s. (16)

Of all the allowed phonon replicas, only the phonons of
I’ symmetry are polar. Thus the coupling constants be-
tween the excitons and the three longitudinal-optical
(LO) phonons of I'; symmetry are much larger than the
allowed nonpolar phonon vibrations. At low tempera-
ture, and in thermal equilibrium, the exciton population
is concentrated around K=Kjy= In the Ilimit
K=Ky =0, the polarization properties of the phonon re-
plicas of I'; symmetry are given by

o« (€2 +e ). (17)

Ils Lo(r

2) 0
Ho,o,Q0)< |3 (fIHRx|a){a|Hx |b)(B|HY i )

a,b (CL)S_ a (O)l_a)b)

where w; and w; are the frequencies of the incident and
scattered radiation, respectively; ) is the phonon fre-
quency; |i), |f), and |a) and |b) are initial, final, and
intermediate states; #iw, and #iw, are complex intermedi-
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TABLE 1. Irreducible representations (I.LR.) of Hy_ and
polarization dependence of 1s, 1s-LO, 2p, and 2p-LO emission
intensities for ED, MD, and EQ interactions.

ED MD EQ
LR. | S I,+Ts I+ + 0+
I 0 0 (e k. —€,k,)?
Is10 € +e ~0 ~0
Isz’y € +e 0 0
I, 0 0 0
1,10 ~0 ~0 ~0

We note that the polarization properties of the 2p,, exci-
tons and the phonon replicas of the 1s quadrupolar exci-
tons are the same. All these results are summarized in
Table 1.

When one includes the spin-orbit interaction, the sym-
metries of the valence and conduction bands are Iy and

T'; respectively.” The symmetry of the 1s exciton is
[ XTgXT;=I3;+T4+T5, (18)

that of the 2p,, exciton

PsXTeXT;=T{+T3+ 3+, +2I%, (19)
and that of the p, exciton
[yXTgXT;=T3+T3+Ty . (20)

From the symmetries of the ED, EQ, and MD (summa-
rized in Table I), we find that the 1s and 2p excitons are
allowed in both polarization configurations (E|c and
Elc) through the EQ and ED (second class) interaction,
respectively. By including the spin-orbit interaction in
the band-structure calculation, the symmetry of the 1s ex-
citon passes from I'; to I'3;+T,+Ts. However, if the
spin-orbit interaction is small, then the wave functions of
I'y and T's symmetries will correspond to small correc-
tions of the wave function of I'; symmetry. The optical
matrix elements corresponding to the transition T to T,
and I's to I'; (I'; is the symmetry of the fundamental
state) will thus be small compared to that of the transi-
tion I'; to I';. Similar conclusions can be reached in the
case of the 2p,, exciton.

B. Resonant Raman scattering

The intensity of the first-order Raman scattering near
resonance with an exciton is given by!'>1®

2

8o, —w,—Q),

ate state energies; and Hyy and Hyy are the exciton-
radiation and exciton-lattice interactions.

Away from any excitonic resonances, the Raman-
active phonon modes are those contained in the decom-
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position of the tensor rr into the irreducible representa-
tion of the point group D, which are

Iy?)=I(x?)=I,+T;,
r(z?)=r,,
(22)
Iixy)=T,,
I(xz)=T(yz)=T5,

and, as shown by Loudon," when Q is small compared to
0,—w; and w,—o; (a=a and b), the Raman tensor is
symmetrical in the photon polarization. The situation is
different near resonance. Symmetry breaking for intrin-
sic Raman scattering can occur when the matrix element
of HER between the initial state |i) and the resonant
state Ib) |X ) is zero. In this case HY} should be re-
placed by HEQ and (or) HY¥P and H{% can be taken as
HER. The operator HEQ transforms as a second rank
tensor rr and HER transforms as r. In TiO,, the Raman-
active modes are therefore those contained in the decom-
position of the components of the third rank tensor rrr
into the irreducible representations of D,,, which are

Tpppe=T3+T5+T5 . (23)

When H{} is taken as H¥P, which transforms as an axi-
al vector, the Raman-active modes of the ED-MD
diffusion process are

Fepmp=T2+I53+T5 . (24)

In TiO,, we are concerned with excitons of I'; symmetry
for the 1s exciton and I'y symmetry for the 2p,,- Thus, at
resonance with the 1s exciton, the symmetry of the active
Raman phonon modes are

F3XF'5= ,5 ’
[, XTy=TY .

(25)

As mentioned in Sec. III A, there is no phonon mode of
I';, symmetry in TiO,. Therefore, at resonance with the
1s exciton, only I';(E, ) Raman modes are allowed by the
selection rules. Since these modes are polar, their longi-
tudinal components carry a macroscopic electric field E
which causes a shift of the LO-phonon energies, resulting
in LO-TO splitting.

At resonance with the 2pxy exciton, the operators H{}}
and H are taken as H Since H can be taken to
transform as x or y but not as z, and Hy (o) & transforms as r,
the Raman-active phonon modes are those contained in
the decomposition of the components (x2,y2%,xy,xz,yz)

TABLE
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II. Multipole-dipole Raman-scattering selection
rules at resonance and away from resonance.

H{} H% Resonance Transforms as Raman-active modes
EQ ED No (r)(rr) 3 +5+T

MD ED No (r)(rXp) [+T5+T%

EQ ED Is exciton (r)(x?—y?) rs

ED ED 2p,, exciton (r)(x,y,0) r+r;+IT+TIs

into the irreducible representations of the point group
D, which are T'y(A,,), T3(Byg), ['y(By,), and T's(E,).
The above results are summarized in Table II.

At resonance with the 2p,, excitons, the Raman-
scattering intensity is composed of two contributions:
those of second-class excitons (labeled ) and those which
come essentially from the valence bands of symmetries I}
and I'; located at approximately —4 eV from the conduc-
tion band of symmetry I'; (labeled nr).!” At resonance,

the I'; and I'y Raman tensors are given by

7., 0 O I,, 0 O
rry=(0 71T, 0 +|]0 T, O , (26)
0 0 0y, 0 0 T, |,
T,, 0 0 T,
TI(rs,;)=10 0 0 |+|0 0 O , (27
00 0 ) T, 0 O
nr
00 O 0 0 O
T('s,2)=10 0 T,, | +10 O T, , (28)
0600 0J (0T, O .
and the scattering intensity is proportional to
I(Dy) e T(T) gl
2
I(T5)< 3 |e-T(Ts,j) €l . (29)

ji=1
Let |s,A) denote the exciton states of "} and I'§ sym-
metries having s-type envelope-function symmetries and
formed by pairs of valence and conduction bands (I'3,T;)
and (T'5,T)), respectively, and |p, ,,7;T'5) the states of
excitons having p-type envelope functions formed by the
valence and conduction bands (I';,I";). The components
of the tensors can be deduced from the following equa-
tions:

— <F |H ED)]nyyn><Px,y,77'H ]’V) lpxy’n ><px,y’7] IH |r )
r= ot (E,+il,—fo (E, +il, —fio;)
‘s (T HED |s,1) (s, MHU’ Pr,ys 1) Py’ [HSRIT) (30)
A (E;L+1F)\ S)(Enl+lrnr ﬁa),)

and
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(D HED |s,A) (s, Al HYY s, A" ) (s, |HER 1))

nr_}\kr (E}"+II‘)~_ﬁws )(EN +l‘r‘;\r_ﬁwi)

where 4 (w) is the contribution from five other terms.

IV. RESULTS

Figure 1 shows an absorption spectrum obtained in the
configuration where k|jc at T=6 K. The peak at 3.031
eV is only present for Elc. The selection rules given in
Table I allow us to associate this peak with the 2p,, exci-
ton.

Figure 2 shows TIP spectra at T=12 K. The energy
position of peaks A -F are, respectively, 3.031, 2.989,
2.977, 2.934, 2.839, and 2.737 eV. Peaks B —F are shifted
with respect to peak A by 42, 54, 97, 192 (2X96), and
294 meV (3X98), respectively. These energy shifts are
close to the energy of the longitudinal-optical phonons of
I'; symmetry measured by infrared absorption and neu-
tron scattering,S'18 which are 46, 57, and 100 meV. It
thus appears that peaks B —F are phonon replicas of I'j
symmetry of the ls exciton, since 2p,, excitons do not
couple to polar phonons of I'; symmetry (see Sec. ITI).

Polarization and lifetime measurements were per-
formed to further identify the origin of peak A. The po-
larization dependence of the luminescence is related to
the theoretical expressions developed in Sec. IIT A by

2
Ie,(IIOf0 7TIth cos’ydy , (32)

where y is the angle between the polarizer axis and the
electric field of the electromagnetic wave [y =B—a; see
Fig. 3(a)]. The components of the wave vector and the
electric field of the electromagnetic waves are

k=k(sinf cosd,sind sing,cosh) ,
(33)
€=¢(cosae +sinae,) ,

40F ' —

35

30 |-

25

20

15

Absorption (cm™ ')

10
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o 1l 1
3.025 3.030 3.035

Photon energy (eV)

FIG. 1. Absorption spectrum of sample 1 obtained in the
configuration where k|c.

+A4(w), (31)

with
€, =(—cos0 cos¢, —cosOsing,sinb) ,
€, =(sing, —c0s¢,0) , (34)

and €, 1€, k. The measured intensities for 1s excitons are
therefore

I,,=I,[ A(1+2cos’B)+B(1+2sin’8)—2C sin28] ,
(35)

where [ is the angle between the polarizer axis and €,
[see Fig. 3(b)], and

A =sin’0sin®2¢ ,
B =sin%@ cos®2¢ cos?d ,
C=1sind¢ cosfsin’0 . (36)

For 2p,, excitons and phonon replicas of 1s excitons, the
luminescence is given by

Ipry =1I,,10=1I,[(3+cos’d)cos’B

+ (143 cos?0)sin?B] . (37)

We have investigated the polarization dependence of
the emission intensities of peaks 4 and D for two
different configurations: (a) for the wave vector of the
light k||[001], and (b) k||[110]. From Egs. (35) and (37),
one finds

I (2‘1‘,; <9, o =const , (38)
1\“=o0, 39)
T L T T
D
T=12K
X5
2
(7}
c
2 [ A
E
F B
- 1 c -
(l - . Il 1

2.7 2.8 2.9 3.0 3.1
Photon energy (eV)

FIG. 2. Time-integrated PL spectra of TiO, at T=12 K ob-
tained with the excitation energy tuned at 3.26 eV.
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FIG. 3. (a) Orientation of the polarizer axis with respect to
the electric vector € of the electromagnetic (EM) radiation and
the unit vector €; (or €,). (b) Orientation of the unit vectors €
and €,, and the wave vector k of the EM radiation with respect
to the crystallographic axes (XYZ).

I« I(lf’ly < I8 o < (1+2cos?B) , (40)

where I'? and I'®) are the emission intensities for the (a)
and (b) configurations, and S is the angle between the po-
larizer axis and the [110] direction (€]|[110]).

Figure 4 shows the polarization dependence of the
emission intensity of peaks A and D in configuration (a).
As can be seen, the intensity is approximately constant.
The fluctuations of about 15% from the mean value can
be attributed to a depolarization effect caused by surface
rugosities, and to the 7° angle over which the signal is col-

2.0 T T T T T T T
o E,=2.936 eV

Z st e E_=3.033 eV 4

c

3

g

&

2 10} ocgge®, .

2

g s o00o0
0.5} .
0‘0 1 1 1 1 1 I 1

0O 30 60 90 120 150 180
8 (Degrees)

FIG. 4. Polarization dependence of the emission intensity of
peaks A and D in configuration (a).
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z [ Ex=3.033 eV
3
s 3t J
&
2
€27 ]

1 L 1 1 1 1 1

0O 30 60 90 120 150 180
6 (Degrees)

FIG. 5. Polarization dependence of the emission intensity of
peaks A4 and D in configuration (b).

lected. Figure 5 shows the signal obtained in
configuration (b). The solid line corresponds to the ex-
pression given by Eq. (40). These curves indicate clearly
that peak A corresponds to the recombination of 2p,, ex-
citons, and that peak D is a one-phonon replica of 1s qua-
drupolar excitons.

Figure 6 shows the TRP for peaks A and D. The ex-
perimental data are well reproduced by convoluting the
system time response with a single-exponential function.
We find lifetimes of 1.8 and 3.1 ns for peaks 4 and D, re-
spectively. The lifetime of 2p,, excitons is expected to be
shorter than that of 1-s excitons. Furthermore, the life-

2.935 eV

-rLo=3.1 ns

3.033 eV
'rx=1 .8ns

Intensity

reference

1

5 10 15 20 25
Time (ns)

FIG. 6. Emission intensity as a function of time for peaks A4
and D. Open circles: experimental data. Solid line: best fit us-
ing a single-exponential model.
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FIG. 7. Time-integrated PL spectra as a function of tempera-
ture with an excitation energy #iw=3.26 eV.

time of phonon replicas should be the same as that of the
exciton population involved. The measurements shown
in Fig. 6 therefore corroborate our attribution of peak 4
to a direct 2p,, exciton recombination and peak D to a
phonon replica of 1s dipole-forbidden excitons. Figure 7
shows the temperature evolution of the time-integrated
PL. Peak A4 disappears above 70 K and does not show
any energy shift as a function of temperature. For the
phonon replicas, we observe a shift approximately equal
to the expected shift kz AT.!*?° Here again, the tempera-
ture dependence of the PL intensity supports our attribu-

T T T T T T

T=12K r
E,, =3.031eV

z(x',0)y’

Intensity

40 50 60 70 80 90
Raman shift (meV)

FIG. 8. Raman spectrum from sample 1 with the excitation
energy tuned at 3.031 eV.
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E,=4.2 eV ®

Raman intensity

2.7 2.8 2.9 3.0 3.1
Photon Energy (eV)

FIG. 9. Resonance curve of the I'j Raman mode in sample 1.
The points are the experimental data, and the solid line
represents the fit using Eq. (41).

tion of peaks 4 and B —F to distinct exciton populations.

Figure 8 shows the Raman spectrum obtained with the
energy of the incident photon tuned at 3.031 eV in the
z(x',0)y’ configuration (x'=[110], y’=[110], and o is
unpolarized). The energy shift with respect to the laser
line of the two peaks are 56 and 76 meV. These energies
correspond to the I's(E,) and I'y( 4, ) phonon modes, re-
spectively.?! Figure 9 shows the Raman-scattering inten-
sity of the I'; peak as a function of excitation energy at
T=12 K. The solid curve represents a parametrized ex-
pression deduced from Egs. (30) and (31):

b
(E, —#iw; —0.076)(E, —#iw;) | ’

I=I,|c+ 41)

B (0) Ty y(z,2)x 7
!
%‘ (®) s y(x,2)x
g y(z.y)x
=

0} 30 60 90 120 150 180
Raman shift (meV)

FIG. 10. Raman and PL spectra from sample 1 obtained with
the excitation energy tuned at (a) 3065 and (b) 3044 meV.
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with E,=4.2 ¢V, ¢c=0.4, and b=3.2. These results are
at variance with a previously published resonant Raman
curve.!! The discrepancy comes from the fact that our
earlier results were not corrected to take into account the
onset of absorption in our samples for #iw>3.033 eV.
Given the geometry of our measurements, the data
shown in Fig. 9 were corrected using the following ex-

pression:

alfiw)d
{l—exp[—alfiw)d]} ’

where I,,(#iw) corresponds to the measured signal, a(#w)
is the absorption coefficient, and d is the sample thick-
ness. Figure 10 shows the Raman spectra obtained when
the energy of the incident photon is tuned at 3.031 eV in
the y(z,z)x configuration for the upper spectrum, and in
y(x,z)x and y(z,y)x for the lower spectrum. The inten-
sity of the I's mode in both configurations is the same, in-
dicating that the I's tensor is symmetrical to the inter-
change of the unit polarization vector of the incident and
scattered light €; and €,, and thus that the contribution
from resonantly excited 2p,, excitons is much smaller
than the nonresonant contributions.

Figure 11 shows spectra composed of Raman and
luminescence peaks obtained with the laser line tuned just
above the 2p,, exciton peak (#iw=3.044 and 3.065 eV).
Peaks labeled I's and I', are Raman modes, identified by
their shift with respect to the energy of the laser line,
while peak 4 has been assigned to the 2p,, exciton emis-
sion and peaks B —D to the phonon replicas of the 1s qua-
drupolar exciton. A similar coexistence of Raman and
luminescence lines is also found in Cu,O obtained when
the laser energy is tuned just above the 1-s quadrupolar
exciton.”? Figure 12 shows the photoluminescence exci-
tation (PLE) spectra of the phonon replica of energy 100
meV (peak D) at T=12 K. There is a clear onset of the
emission intensity at #iw=3.045 eV, but no resonance
with exciton states can be observed.

I{tiw)=1,,(#w) (42)

> i
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FIG. 11. Raman spectra from sample 2; (a) y(z,z)x

configuration; (b) y(x,z)x and y(z,y )x configurations.
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FIG 12. Photoluminescence excitation (PLE) spectra of the
phonon replica of energy 100 meV (peak D) obtained at =12
K.

V. DISCUSSION

The absorption, polarized TIP, and TRP spectra are all
consistent with the attribution of the 3.031-eV absorption
and luminescence peaks to the 2p,, exciton state. How-
ever, the excitation wavelength dependence of the Raman
signal is well represented by Eq. (41). This indicates that
the Raman signal enhancement corresponds to a non-
resonant process which involves s-symmetry exciton
states formed by the I"; conduction band and I'§ and (or)
I} valence bands located at around 4 eV below in energy.
In order to understand this result, we note that, accord-
ing to the reflectivity measurements of Cardona and Har-
beke!” at T=300 K, the refractive and absorption indices
for Elc are n =4 and k=2 for photon energies fio =4
eV. The corresponding absorption coefficient is

ot=—2k—wz8><105 em™!. (43)
c

The transition matrix element is given by
IM|?=~Cnm’wa . (44)
Equations (30) and (31) can be written as

Isz|21<ny,7I’HXLIny’77>I

A.(1)= , 45)
A1 (E,, —#fiw (E,, —fiw; +iT)| (
M M, ||{1s,A|Hx; |p,,»1)
4.(2)= |M 2p|| s,AlHxy |p y.77 l 46)
|(E\; —#iw, N E,, —#iw; +iT)|
and .
M 2 (1s,A|Hyp | 1s,A
m=| 1s| |< s | XL! s >| ’ @7
(E,, —#iw, )

with |M[>=Cnm*%io,a; and |M,,|*=Cn,m’w,a,,
where #io,=4 eV, a;=8X10° cm™ !, n, =4, #iw,=3 eV,
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a,=4cm™ !, n,=3,and I ~4 meV. Thus

A,(1) ~_1__ <ny’77|HXL’ny’7]> (48)
A, | 75| (1s,A|Hyg|1s,1)
Assuming  [{p,,,m|Hxy [Py, ) =|(1s,A[Hyy [15,1)],

one obtains | 4,(1)| <<| 4,;|. On the other hand,

A,(Z) (13,)\'|HXL|ny’TI>
A (1s,A|Hxy [1s,1)

=~

(49)

nr

Since ¢ ls,MHXLIZPXy,”Iﬂ <<(1s,AlHyxp l1sA), [4,(2)/
A, |<<1, and we conclude that |4,|<<|A4,|. This
analysis probably explains the absence of any enhance-
ment of the Raman-scattering cross section near the 2p,,
exciton.

Watanabe and co-workers® performed resonant hyper-
Raman scattering near the fundamental band gap of
TiO,. They found a peak at 3.031 eV in the
configurations x'(y’y’,0)z and y(xx,x +2z)y, where x’,
y', and o are the [110] and [110] directions and unpolar-
ized radiation, respectively, which they associated with

<F1|HXR|i)(i|H§L|2ny><2ny|HXR|j><j|er|F1) +
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the 1s quadrupolar exciton. However, neglecting the
spin-orbit coupling, it can be shown?® that the two-
photon polarization dependence of the 1s quadrupolar ex-
citon is given by
Y= (15, T3 HYR 1)) GIHKR IT)
ls—§ Ej_ﬁa),

=c(e2—€), (50)

where c is a constant and #iw; is the energy of the incident
photon. From this equation, we conclude that the proba-
bility of creation of a ls exciton by two-photon absorp-
tion in the x'(y'y’,0)z configuration is zero. In the
configuration y(xx,x+z)y, the intraband Frohlich
exciton-phonon interaction matrix element between the
2p, exciton of 'y symmetry (not 2p,) and 1s exciton of
T is zero, ie., {p,; Ts|H% |1s;T3)=0. We propose
that the hyper-Raman peak at 3.031 eV corresponds to
the 2p,, exciton as in absorption and photoluminescence
experiments. In this case the amplitude of the resonant
hyper-Raman-scattering is given by

4,=3
i

where the summation i is over all the states |i ) =|is, ')
and |ip,,,T5), i=1,2... for the s states and i=2,3,...
for the p states.

VI. CONCLUSION

We have presented a detailed study of the optical prop-
erties of rutile near its fundamental band gap. Absorp-
tion spectra reveal a peak at 3.031 eV in a configuration
where Elc and k|lc. The selection rules inferred from
band-structure calculations indicate that this peak cannot
correspond to an optical transition involving the 1s qua-
drupolar exciton state. TIP spectra reveal a lumines-
cence peak at 7iw=3.031 eV, followed by several peaks at
lower energies which are separated from the first one by
energies close to those of I's symmetry optical phonons.
A study of the polarization dependence of the emission
peaks allow us to attribute the peak at 3.031 eV to 2p,,
excitons, and the peaks at lower photon energies to pho-
non replica of 1s quadrupolar excitons. From TRP mea-
surements, we find lifetimes of 1.8 and 3.1 ns for the 2p,,
exciton recombination and the phonon replicas, respec-
tively. These results indicate that the near-band-gap op-
tical response of TiO, is controlled by two distinct exci-

(fiw—E; —ﬁﬂ)(Z‘ﬁm—-Eszy N#io—E;)

c, (51)

—

ton states: shorter-lived 2p,, excitons give rise to the ab-
sorption and emission peaks through dipole-allowed
second-class optical transitions, while longer-lived 1s qua-
drupolar excitons are seen in luminescence through
phonon-assisted emission.

We also find that the Raman-scattering intensity varies
slowly in the range 2.7-3 eV. The experimental data are
well reproduced by a model which involves 1s excitons
formed by the conduction band and lower-energy valence
bands. We deduce that there is a direct allowed gap at
4.2 eV, a value close to that found previously by
reflectivity measurements. We explain the absence of any
enhancement of the Raman intensity near the fundamen-
tal gap of TiO, by the fact that the resonant contribu-
tions to the Raman cross section remain much smaller
that the nonresonant ones.

ACKNOWLEDGMENTS

This research was supported by the Natural Sciences
and Engineering Research Council of Canada (NSERC),
and by the Fonds pour la Formation de Chercheurs et
I’Aide a la Recherche (FCAR Québec).

IK. M. Glassford, N. Troullier, J. L. Martins, and J. R. Cheli-
kowsky, Solid State Commun. 76, 635 (1990).

2K. M. Glassford and J. R. Chelikowsky, Phys. Rev. B 45, 3874
(1992).

3J. G. Traylor, H. G. Smith, R. M. Nicklow, and M. K. Wilkin-
son, Phys. Rev. B 3, 3457 (1971).

4N. Daude, C. Gout, and C. Jonanin, Phys. Rev. B 15, 5292
(1977).



51 OPTICAL PROPERTIES OF RUTILE NEAR ITS ... 6851

5J. L. Jourdan, C. Gout, and J. P. Albert, Solid State Commun.
31, 1023 (1979).

SFor a review of the optical properties of direct forbidden
band-gap materials, see V. T. Agekyan, Phys. Status Solidi A
43, 11 (1977).

7J. Pascual, J. Camassel, and H. Mathiew, Phys. Rev. B 18, 5606
(1978).

8J. Pascual, J. Camassel, and H. Mathiew, Phys. Rev. Lett. 39,
1490 (1977).

9K. Watanabe and K. Inoue, Phys. Rev. B 41, 957 (1990); K.
Watanabe, K. Inoue, and F. Minami, ibid. 46, 2024 (1992).

10A. Amtout and R. Leonelli, Solid State Commun. 84, 349
(1992).

1A, Amtout and R. Leonelli, Phys. Rev. B 46, 15 550 (1992).

123, L. Birman, Solid State Commun. 13, 1189 (1973).

13R. J. Elliot, Phys. Rev. 124, 340 (1961).

14, Dayal, Proc. Indian Acad. Sci. 32A, 304 (1950).

I5R. Loudon, Proc. R. Soc. London Ser. A 275, 218 (1963).

165, L. Birman, Phys. Rev. B9, 4518 (1974); J. L. Birman and A.
K. Ganguly, Phys. Rev. Lett. 17, 647 (1966); Phys. Rev. 162,
B806 (1967).

7M. Cardona and G. Harbeke, Phys. Rev. 137, 1467 (1965).

18D, M. Eagles, J. Phys. Chem. Solids 25, 1243 (1964).

19E. F. Gross, S. A. Bermogorov, and B. S. Razbirin, Fiz.
Tverd. Tela (Leningrad) 8, 1483 (1966) [Sov. Phys. Solid State
8, 1180 (1966)]; J. Phys. Chem. Solids 27, 1647 (1966).

20B. Segall and G. D. Mahan, Phys. Rev. 171, 935 (1968).

213, P. S. Porto, P. A. Fleury, and T. C. Damen, Phys. Rev.
154, 522 (1967).

22A. Compaan and H. Z. Cummins, Phys. Rev. Lett. 31, 41
(1973).

23M. Inoue and Y. Toyozawa, J. Phys. Soc. Jpn. 20, 363 (1965).



