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ABSTRACT

The spectroscopic  properties of Cr’*-doped
sapphire and Ti**-doped sapphire fibers are
reported. Tensile stress produces blue shifts of
the R lines and changes in their radigtive lifetimes
and integrated intensities which can be correlated
to stress-induced changes of the crystal-field
parameters in a Cr3*-doped sapphire fiber. A net
red shift of the zero phonon fluorescence line of
2Eg state and a decrease of the splittings of *T.g
state with uniaxial stress are observed in a
Ti**-doped sapphire. In excitation spectra the two
peaks from the ZEg state are shifted to the blue
with different rates. The changes are attrituted to
the stress-induced changes of crystal field and
Jahn-Teller effect.

1. Introduction

Several piezospectroscopic studies of
transition-metal ions in crystals have been
published(1,2]. Specially, ruby (Cr®*:A1,0,) is an
extremely-well- studied material, owing to its use
in lasers and as a high-pressure standard in
diamond-anvil cells[3]). As some Cr3+-doped crystals
which have low crystal field have recently been
studied as the active lasing materials, the pressure
dependence of the Cr3+ ion emission spectrum in
various hosts is of interest{4,5]. Atlhough the
effects of hydrostatic pressure or wuniaxial
compressive stress on the R lines have been
investigated, the complementary effect of a
stretching or tensile (negative) stress on the
optical properties of transition-metal-ion activated
solids has not been considered. This is principally
because of experimental difficulties encountered in
the stretching of bulk crystalline samples. The
difficulties have been alleviated by the recent
availability of single-crystal fibers(6].

Ti®** doped sapphire has been of interest in
recent yearts due to its potential as a material for
tunable solid state lasers(7). The lasing
transition involves the excited state 2Eg and the
ground state 2T.g, both of which are Jahn-Teller
distorted(8]. Thus, the Jahn-Teller effect is
expected to influence the lasing performance in a
fundamental way[9).

In this report, the results of spectroscopic
studies of the effects of negative stress on the R

lines of Cr®* and positive stress on the spectra of
Ti’* in sapphire crystal fibers are presented.

2. Experimental
2.1 Cr* -doped sapphire

The fibers wused in the study were grown using
the laser-fieated pedestal growth(LHPG) method at
Stanford Universityl6]. The fiber for stretching is
nominally pure sapphire. It is generally difficult,
however, to exclude Cr contamination entirely from
raw sapphire. The sample used produced sufficient
luminescence from the trace impurities to allow to
conduct the investigation. The fiber has a diametler
of 163 um and a length of 2 cm. It showed the
characteristics of a twinning structure along the
fiber axis in lhe X-ray diffraction, optical
polarization and the Raman scattering measurements.
It can be concluded that the ¢ axes of Lhe twins
make an angle of 20 to 30° with the fiber axis.
The ESR studies indicate that the unintentional Cr3*
doping level of the fiber is less than 10%
spins/cm’,

Tensile stress was applied to the sample along
the fiber axis wusing a specially designed sample
holder, which kept the optical aligument of the
fiber versus the analyzing spectrometer stable when
changing the stress. Tensile stress was applicd
using calibrated weights. The experiments reported
here were all conducted by 514.5-mm cw BAr-laser
light; laser heating, which leads to red shifts of
the R 1lines, was found to be negligible as
determined by the R-line positions when the fiber
was excited with no stress. Figure 1 shows the
shift of the R lines as a function of tensile
stress. Results from uniaxial stress experiments
[11} are also shown for comparison, Instcad of a
red shift, the R lines wow evince a linear hloe
shift as a function of increasing stretching or
tensile stress; the linearity of this dependence
breaks down in the vicinity of 6.0 khars, Lhe
yielding point. The fiber broke at 7.7 khar<: ilis
is, of course the tensile strenglh af the <apphine
fiber. Our value is larger than the value ot 4.2
kbars reported in the literature for bulk malerial,
The latter value depends on the quality of the
sample, thus a higher value implies a better
crystal.
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2.2. Ti**-dnped sapphire

The sample used in these studies is doped with
0.1 wtZ Ti**. The fiber has a diameler of 850 wm.
The Ar 514.5 nm laser line was used Lo excite Lhe
“Tg state, and a double spectrometer (SPEX 1101) of
spectral resolution 0.2 on ™ was employed Lo
analyze the fluorescence sigmal. For excitalion
measurements, a tungsten halogen lamp and a 30-cm
monochromator system with a spectral resolution of
0.5 nm were used as Lhe monochromatic light source.
The analyzer was sct at 141000 cm™. ALl the
experiments were done at 10 K using a rcfrigerator

In order to keep the symmetry of the crystal
unchanged stresses were applied parallel to Lhe axis
of the sapphire fiber. The fiber axis was found to
he coincident with the ¢ axis of the crystal a fact
which was confirmed using Raman scaltering studies.

Figure 2(a) shows the stress device designed
for nptical studies at low temperature: it is
capahle of reaching 20 kbar. The stress is produced
by the stressing screw and the elastic melal plate
and transmitted onto the sapphire fiber and the ruby
cube through the metal cylinder and the metal
spacers. .The laser beam excites the sample
transversely and hence is perpendicular to the fiber
axis (the c axis) and to the applied stress. The R
line shift of a ruby sample was used to calibrate
the stress as 1in the case of hydrostatic pressure
experiments.

The R line shift rate as a function of
hydrostatic pressure is a simple sum of the three
shift rates by uniaxial stresses along the a, b, aml
¢ axes, respectively[107, Thus, Lhe conclusion that
the absolute shift rates of the R line under
hydrostatic pressure do not depend on temperafute in
a range from 4.2 to 300 K also applies tn Lhe case
of the uniaxial stress. An R line shift rate of
0.182 cm~/kbar with stress paralle! to Lhe ¢ axis
of rubv, derived from Feher and Sturge's data at 77
K [11}, was used to caliirate the slress in this
work at all temperalures.

For example, Fig. 2(h) shows the R, Tines nf
ruhy at zero and 4 khar of uniaxial stress. The
line shift is defined as the shifl of the conter of
the zero field spliltings. (R% -R"y)/2.

3. Results and Discussion

3.1. Negative stress effects in a Cr’*  doped
sapphire

For Cr®' in sapphire, the cnergy of the °F
states is determined by the Racah coefficients B and
C. The latter are electroslatic in naturc and are
related to the overlap integral of the covalent bond
connecling the 3d orbital of Cr**  wilh the
orbital of 0°7. Compressive stress or hydrostatic
pressure increases the overlap of these radial wave
functions, which in torn reduces the value of the
Racah  coeffficients.{12) The net resull is a
decrease of the *E energy and a red shift or the R
lines. With tensile strength, the opposite effect
is 1o be expected: 1i.e., any expansion of Lhe
Iattive increases the B and C valves, and a hlue
shift results. The fact that the rate of the stress
and the pressure-induced shifts of the °E level
center of gravity, 0,200, 0.215, and 0.757
cm /kbars  for tensile, compressive,{11]  and
ydrostatic{12] pressure, respectively, are of the
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Fig. 1. Tensile stress dependence of the blue
shift of the R lines of Cr  in a single crystal
sapphire fiber. As can be seen, the shifts are
linear up to the yielding point of 6.0 khars: the
tensile strength of the fiber is 7.7 khars. Shifls
arising from uniaxial compression stress are also
shown for comparison.
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Fig. 2. (a) The stress device; (b) The R Llines
of a ruby sample for stress calihration at 100 K.

same order of magnitude is simply a conscquence of
their common origin.

On the other hand, the R,-R, splitting
originates from an interplay of the small trigonal
field components and the spin-orbit coupling. For
ruhy this separation of 29 em™! is directly related
to the trigonal parameters v and o' [11,13); the
latter consist of one-etectron matrix clements of
the trigonal field within the t2 and bctween the t2
and e configurations, respectively. (16] Generally

v ' is small and is neglected in the lnwest-orider
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approximation, thus the splitting can be expressed’
as A= 4zv/3A {11) where ¢ is the spin-orhit
coupling parameter and A is the E-2T, separation.
In principte, the value of v and its stress
dependence may be calculated. It suffices here to
say that stresses applied parallel and perpendicutar
to the ¢ axis of sapphire yield conlributions of
different signs to the value of &v. In the case of
uniaxial compressive stress applied parallel to the
optic axis, &v is negative, whereas perpendicular
stress gives a positive value. The converse is truc
for tensile stress: however, the canting of the ¢
axis in our sample combines stresses in both
directions with the positive contribution from the
parallel component dominating. From the estimated
canting angle, the rate of splitting of the Z2A-E
levels under parallel tensile stress can be
calculated to be 0.109 + 0.017 cm™!/kbars.

3¢
F
g
- 32F
£
w
A
) so -
By r 3 )
TENSLE STRESS. P (kbars)
Fig., 3. Radiative lifetime of t(he R line (2E to

“A,) transitions of Cr®" in the optical fiber shown
as a function of applied tensile stress. The solid
line is a theoretical fit to the observed decrease
as discussed in text.
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Fig. 4. Changes in the integrated total intensity

of the R lines in a sapphire fiber as a function of
decompressing stress. This change is connected to
the variation of the energy separation of the 2E
from the “T, states of Cr3+*

The radiative lifetime of the Z2F state of the
fiber was alsv investigated. Figure 3 shows {he
stress dependence of the lifetime of the transition
at room temperature. In view of the extreme
dilution of our sample, interionic effects related
to radiative or nonradiative transfer processes are
too weak to be observed. Therefore, we helieve that
decrease in the lifetime with increasing stress
depicted in the Fig. 3 arises from changes in the
transition probability.

The electric-dipole
given by [16)

I(°E - “A,) = | R/WCT,) - WCE) |2, (0

transition strength is

where

R= £ Gy fer T “Tox 1S | %) . (2)

In Fq. (2), the «x's stand for the orhital
components of the “T, states. In our case, the
applied decompression reduces Dy, the crystal-field
strength parameter, resulting in a decrease of the
2E to “T, energy separation, the denominator in
Eq.(1). The net effect is an increase in 1. An
increase in the total intensity of the R lines with

increasing tensile stress was also obscrved in our
experiments and is summarized in Fig. 4.
The lifetime can be written as
To

T = = (3)
1- ng+ny(1+kp) :

where ng and 7o are the flonrescence  guantum
efficiency and the lifetime with zero stress,
respectively, P is the applied stress (negative for
tensile stress, in kilobars), and k is the specific
rate of relative shift of the 2E to “T, energy
separalion and is defined as

A HC'T ) - WOR))
k= . (1)
W (*T,) - WE)IP

the snlid line <hows a  thearetiral
to the lifetime data with

In Fig. 3,
least - squares fit

parameters no = 0.73,{15} ro = 3.4 msec, and k =
5.6 x 107°, From the latter k value, and taking
W(*T,) - WCE) = 2330 cw! (2] the 2B to “T,

separation is estimated to change 100 em-? at 7.7
kabrs, in good agreement with Ref. 2.

3.2. Effects of uniaxial stress on the excited
state 2Eg of Ti®*

The 2D(3d") energy level of free Ti’* ions is
spkit into ?T.g and 2Eg states in the cubic
crystal field of oxygen octahedrons of sappbire.
The ground state 2T,g is further split into three
Kramer's doublets ,E,,, ,E,/, and E;,, by the
trigonal field component and spin-orbit coupling
[8). Although spin-orhit coupling, in combination
with the trigonal field, may split has excited state
+E , the splitting of the band is probably too small
to measure. However, the static Jahn-Teller effect
in this state produces two lattice-distorted states,
Bys2 and Ey/,, with a splitting —3000 cmn™'. The
flunrescence emission observed at low temperatures
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results from a transition from the lower Jahn-Teller
state E3/2(?Eg) to the ground state *T2g [9).

With no stress, the three zero-phonon lines R ,
R2, and- R; of the fluorescent transitions, peaking
at 16.220.5, 16183.5 and 16114.5 cm! with
linewidths 10, 10.5 and 16 em™, respeclively. are
shown in Fig. 5 also shown is the corresponding
spectrum  recorded at 17 kbar. In each case, their
accompanying single-phonon sideband structures are
also shown in the figure. In Fig, 6 the linear red
shift of the zero-phonon R line .{E,/»(%Eg) — Ey,
(?T,g)] is pletted as a function of increasing
stress. The rate of the red shift is calculated to
be 0.43 com'/kabr.  The excitation spectra
(absorption) corresponding to the transition *T.g
— 2Eg at zero and 17 kbar are shown in Fig. 7. The
spectra consist of two broad overlapping hands from
the Jahn-Teller components, peaking at 20480 and
17990 cm ~! with zero stress. These hands are
shifted to 20570 and 18060 em™' af 17 Ildhar,
respectively. The measured blue shift rates are 5.2
and 4.1 cm™/kbar.

In general, the pressure/stress-indoeed  shift
of electronic transition energy in solid aries from
two sources, i.e., changes in crystal field and
relative changes in the strength of electron-phonon
(lattice) interaction. The size of the effects
depends on lhe given crystalline system.  When
dealing with  broadband or  phonon-assisted
transitions, the field and coupling changes play
equal roles. In addition, for (he Jahn-Teller
system, the pressure/stress effects can be more
complicated since the Jahn-Teller interaction
strength may also be dependenl on pressure/stress.
The static Jahn-Teller effert can be intensified by
stress dwe to increases in covalency and in the
strength of the electron-phonon interaction. The
interplay of these two interactinns. 1i.e., crystal
field and Jahn-Teller effect, can be identified as
the source of the red shift for the zero-phonon line
(Figs. 5 and 6). These ronsiderations may be
summarized schematically as depicted in Fig. 8. In
the figure, the dashed and solid lines describe the
configuration coordination diagrams of electronic

o 10K |
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Fig. 5. The zero-phonon h‘nes+ of the elcctrnpic
transition 2Eg - 2T.g for Ti*" ions in sapphire
fibers with their single-phonon sideband under zero
and 17 kbar stress at 10 K.
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states 2Eg and 2T,g with and without slress,
respectively. The valley of the upper Jain-Teller
level Ei/2(°Eg) is shifted vpward under stress due
to the increased cubic fields however, the minimum
of the lower Jahn-Teller level, E,,(Fg), is
depressed in energy due to an overcompensation of
increase by the increased Jahn-Teller
energy. On the other hand, according to DES theory
{14], stress can change the coupling of electronic
states to the 1latlice, and Lhe equilibrium point or
origin of the configuralion coordination will be
shifted horizontally as shown in Fig. 8. The biue
shift of the broad phonon-assisted absorption bands
in Fig. 7 is therefore, a combined effect of these
three processes: the increase of the cubic field
component, the increased Jahn-Teller splitting and
the shift of the  vibronic  configuration
coordination. In addition, to a hlve shift in
absorption, a red shift of the phonon-assisted
fluorescence is then also expected from Fig. 8.
Such a red shift of broad band fluorescence from
Ti’* 1is also observed experimenlally: a net shift
of 65 cm™' at 17 khar was measured for the peak.
If the average encrgy, 19235 and 19315 em™!, of the
two absorption peaks in Fig. 4 are taken as the
energy of ‘Eg (i.e., the energy gap A mentioned in
the following) at zero siress amd at 17 kbar
respectively, a blue shift rate 4.7 co™'/kbar, of
?Eg with stress can be deduced. Taking into accoont
the red shift rate of the zero-phooon  Vine, 0,42
cm™ Ykbar the static Jabn-Teller  slabilization
energy can be estimated to increase with a rate of
10.2 cw ! /kbar,

Minomura and Drickamer [15) have measored the
effects on the absorption of Ti®* < Al,05 wumder
hydrostalic pressure. They reported a hive shift
for Lhe two ahsorplion peaks with shif{ rates of 3.6
and 8.6 cm™/kbar for the upper and lower energy
levels, respectively. Considering the difference in

the experimental conditions, the result is
consistent with theirs.
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Fig. 6. Stress dependence of the energy of the

zero-phonon electronic-transilion Es/2(°Eg) — Esp
(?T2g) for Ti®* ions in sapphire fibers at 10 K.



3.3. Stress effect on the splitlings of *T,q

Figure 9 shows the stress dependence of {he
splittings of the ?T,g  ground state.  With
increasing compressive siress along Lhe ¢ axis, the
spin-orbital spitting o, and the trigonal field
splitting ¢, decreased nonlinearly.

As in other transition metal ions, the trigonal
field component and the spin-orbital coupling
predict much larger splittings than the observed
values. The dynamic Jahn-Teller effect (the Ham
effect), however, is known to quench the orbital
angular momentum and reduce the splittings (8.

In Al,0, Ti** idons are situated within an
actahedron of oxygen atoms, which is elongated along
the ¢ axis, resulting in a trigonal ficld component
A compressive stress along the ¢ axis will reduce
this distortion and reduce the trigonal splitting
&,. The stress-induced increase of the dynamic
Jahn-Teller effect can further reduce the splitting
5, by increasing the quenching effect: a similar
guenching of &, is also expected. The changes of
the observed splittings are again a combined effect
of both interactions. i.e., the changes in trigonal
field and Jahn-Teller quenching.

— O kbar /\\ T3 Sapphire
— =17 kbar //\\ 274 ,759
/
10K

Intensity (a.u.)

L

25000 23000 2i000 12000 1TO0C 15000

Energy, cm

Fig. 7. The excitation spectra from ?T,g to ‘Eg
for Ti?* ions 1in sapphire fiber under zero and 17
kbhar stress at 10 K.

4. Conclusion

The blue shift of R lines in a Cr’*-doped fiber
is explained by the decrease in the overlap of Lhe
covalent bond between the Cr and 02~ ions. The
increase of Ri-R2 splitting originates mainly from
the trigonal field parameter v. The radiative
lifetime and the separation betwecen ?E and “T, can
be expressed as a function of the uniaxial stress.
For the Ti3t-doped sapphire a net red shift of the
zero-phonon fluorescence line is the consequency of
the combinalion of the incrcased cubic field and
static Jahn-Teller energy. The grownd state
splittings decrease as a combined effect of the
decreased spin-orhital coug]ing and the off-diagonal
trigonal field parameter V', as well as the increase
of the dynamic Jahn-Teller energy.

Fig. 8. Schematic diagram of the configuration
coordinations  and the corresponding optical
@ransitinns between the *T.g and 2Fg states of Ti®*
ions in sapphire fibers. Dashed lines represent Lhe
changes incurred under stress. The ground state
splittings are not shown in the figure. The
corresponding numbered transitions are as fnllows:
1:2 and 3,4: phonon-assisted absorptinns without and
w;th stress: 5 and 6: phonon-assisted emissions
without and with stress: 7 and 8: zero- phonon
transitions without and with stress, respectively.

- TR R
) U] C B .
06 ;1[ Wz 37
" - "E.’UZ
109 |- -

- 35 )
€ L 40T
O oV
w 0L T~ {3 3
[29] o
il _
£ 0or {3 oy
cod I3
Q.

D ggl AT

96 - 27
L s N 1 1 1 \"
]
(§) 4 8 12 i6 20
Stress , Kbar
Fig. 9. Stress dependence of the splittings, 8
and 5, of the ground state manifold of Ti3* ions

in sapphire fibers at 10 K.
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