
PHYSICAL HE VIEW B VO LUME 12, NUMBE 9, 12 15 DECEMP, Eg, 1975
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The fluorescence spectrum of chromium-doped strontium titanate was measured as a function of temperature.
The low-energy vibronic sideband of the R lines at low temperatures was analyzed to determine the one-

phonon and multiphonon contributions to the observed spectral profile. The one-phonon spectrum appears to
be predominantly forced electric dipole in nature. Vibronic selection rules appropriate for such transitions
were determined, and by comparison with neutron scattering and infrared absorption data more than 30 peaks
in the vibronic spectrum can be tentatively identified with transitions involving specific phonon modes.
Numerous low-frequency peaks are observed in the high-energy vibronic sideband, many of which cannot be
associated with known vibrational modes. Using a simple long-wavelength phonon approximation, a phonon
density of states is obtained and found to compare quite well to that determined from analyzing neutron
scattering data. The temperature dependences of the widths of the zero-phonon lines and local mode were

investigated using several phonon distributions including the effective density of phonon states obtained from
the vibronic sideband. Low-frequency modes appear to make the dominant contribution to the broadening of
the zero-phonon lines, whereas both low- and high-frequency phonons are active in broadening the local
mode.

I. INTRODUCTION

Strontium titanate is a popular host for investi-
gations of vibronic spectra because of the impor-
tance of lattice vibrations in determining the inter-
esting structural, electrical, and acoustical prop-
erties of the material. It has the cubic perovskite
structure at room temperature with one molecule
per unit cell and O~ space-group symmetry.
Around 110 K a second- or higher-order phase
transition takes place and the symmetry becomes
tetragonal. X-ray analysis implies that there are
perhaps two other phase transitions at 65 and 35 K
which further lower the symmetry. ' The lattice
dynamics of strontium titanate have been studied
experimentally and theoretically. ~ The phase
transition at 110 K has also been the subject of
numerous and varied investigations and is current-
ly attributed to the precipitation of the lowest
transverse-optic "soft" phonon mode at the corner
of the Brillouin zone. ' The 35-K phase transi-
tion is associated with the soft mode at the corner
of the zone. '

Previous studies of the optical properties of
ions in SrTiO, have centered a.round Eus' and Cr3',
and some work has been done on a few other rare-
earth and transition-metal ions. From ionic-size
considerations and electron-spin-resonance data
it is generally presumed that the rare-earth ions
substitute for Sr~' ions and the transition-meta, l
ions go into Ti4' sites. Charge compensation has
been found to take place nonlocally. 7 Both the
strontium and titanium ions have O„site symmetry

in the high-temperature phase of the lattice. The
vibronic spectrum of europium-doped strontium
titanate has been reported by Weber and Schaufele
and that of chromium-doped strontium titanate has
been reported by Stokowski and Schawlow and by
Grabner. ~ Although the Eu ' vibronics appear
only as weak, unresolved structure on the side of
the zero-phonon line, several peaks can be asso-
ciated with specific phonon modes through the cal-
culation of vibronic selection rules and compari-
son with other data. . The Cr3' vibronic sideband
exhibits much more pronounced structure. Al-
though no detailed analysis has been made in this
case, comparison with other data has led to the
association of several vibronic peaks with specific
phonon modes.

In this paper we report the results of a detailed,
investigation of the vibronic spectra of chromium-
doped strontium titanate. An analysis of the low-
energy (phonon emission) fluorescence vibronic
sideband at low temperatures implies that the na-
ture of the electronic part of the vibronic transi-
tion is predominantly forced electric dipole.
Based on this result, vibronic selection ules
were determined for phonons at various points in
the Brillouin zone. Then by comparison with neu-
tron scattering and infrared-absorption data, and
by taking into account the vibronic selection rules,
the peaks in the one-phonon contribution to the vi-
bronic spectra were associated with transitions
involving specific phonon modes. The high-ener-
gy (phonon-absorption) fluorescence vibronic side-
band was investigated to better observe the low-
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FIG. 1. Fluorescence spectrum of SrTi03. Cr3' at about 8 and 150 K.

frequency phonons, especially the soft transverse-
optic modes. An effective density of phonon states
was determined from the projected one-phonon vi-
bronic sideband. This was used to obtain an esti-
mate of the real phonon density of states and corn-
pared to that determined from fitting lattice-dy-
namics calculations to neutron scattering data.
The effective density of. states obtained from the
vibronic spectra was also used in fitting the tem-
perature dependence of the widths and positions
of the zero-phonon lines and the widths, positions,
and intensities of an impurity-induced local mode.

The experimental procedure is described briefly
in Sec. II, and the analysis of the vibronic side-
bands is presented in Sec. III. The temperature
dependence of the widths of the zero-phonon lines
and the local mode is discussed in Sec. IV.

II. EXPERIMENTAL

The SrTi03:Cr3' crystal used in these experi-
ments was obtained from the National Lead Co.
and contained 0.02/oCr, O, by weight. It was
mounted on the coM finger of an Air Products
Dlsplex Helium refx'lgex'atox' capable of vax'ylng
the temperature from about 8 K to room tempera-
ture.

For measuring the fluorescence spectrum, the

sample was illuminated with light from an AH-6
1000-% high-pressure mercury lamp filtered
through 4 crn of saturated Cu804. The fluores-
cence emission was chopped and focused onto the
entrance slit of a Spex 1-rn scanning monochro-
mator. The signal was detected by a cooled RCA
C31034 photomultiplier tube, amplified by a PAR
model 128 lock-in amplifier, and recorded on a
strip-charter recorder.

Fluorescence decay times were made using a
Xenon Corporation Model 457 Nanopulser with a
pulse width of 10 nsec as an excitation source.
The signal was built up using single photon count-
ing and multichannel scaling techniques with a
256 channel multichannel analyzer.

Figure 1 shows the fluorescence spectrum of
SrTi03:Cr3' at about 8 and 150 K. At low tem-
peratures the sharp zero-phonon lines (R, and R~i
are split by about 4.4&10 4 eV whereas in the
high-temperature cubic phase only one B line ap-
pears. The low-energy vibronic sideband appears
as a series of peaks spread over a range of about
0. 15 eV from the B lines. The intense, sharp
peak at 1.491 eV in the low-temperature spectrum
has been attributed by Stokowski and Schawlow to
an impurity-induced local mode because it does
not correspond to any known phonon frequency of
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FIG. 2. High-energy fluorescence vibronic sideband
of SrTi03..Cr ' at three temperatures.

strontium titanate and it does not appear in the
vibronic sideband of Mn ' in SrTiQ3. Since the
normal-mode phonon frequencies in SrTiQ3 extend
to about 0. 1 eV from the 8 lines, the observed
sharp peak in the spectrum is not a local mode in
the strict definition. It lies on the high-energy
side of a host phonon peak containing contributions
from TO4{I") and LO3{A) modes among others. a 4

As shown in Fig. 1, it is more like a gap mode at
low temperatures and a band resonant mode at
high temperatures. However, for simplicity's
sake we will continue to refer to it as a local mode.
The first harmonic of the local mode appears at
about twice the separation from the I lines as the
fundamental. As the temperature increases, the
8 lines broaden, shift to higher energy, and de-
crease in intensity, and their splitting decreases.
Similarly, the local mode broadens, decreases. in
intensity, and shifts to lower energy relative to
the B lines. The rest of the vibronic sideband in-
creases in intensity as the temperature increases,
and the structure becomes less distinct.

Among the more interesting phonon modes in
strontium titanate are the low-frequency trans-
verse-optic modes, which lie within about 0.015
eV of the zero-phonon lines in the vibronic spec-
trum. Although some faint structure is observed
in this region in the low-energy, phonon emission
sideband of Crs' shown in Fig. 1, it appears on the
side of the broad, intense peak 0.015 eV below the
8 lines whose tail extends throughout this region.
In an attempt to observe these low-frequency

modes more distinctly, we also measured the
vibronic sideband on the high-energy, or phonon
absorption side of the R lines. At low tempera-
tures, the high-energy vibronic transitions are
less intense than the corresponding low-energy
transitions due to the lack of phonons available for
absorption, but the low-frequency phonon modes
of interest here are populated at rather modest
temperatures. Figure 2 shows the high-energy
vibronic spectrum at three different temperatures.
More than 20 peaks can be observed in these spec-
tra within 0.015 eV of the zero-phonon lines,
which represents more low-frequency structure
in the phonon spectrum than has been seen by any
other technique.

It is interesting to observe that the intensities
of most of the prominent peaks in the phonon ab-
sorption sideband do not increase with tempera-
ture proportionally to the phonon occupation num-
bers as expected. Instead, the intensities in-
crease to a maximum at about 40 K and then de-
crease. A similar temperature dependence has
been observed for the intensities of some of the
low-frequency neutron scattering peaks. 4 For
soft modes this can be explained by the tempera-
ture dependence of the phonon frequency, which
appears in the denominator of the expression for
the transltlon rate. It would be intel estlng to ob-
serve the frequency shifts of the soft modes near
the 110-Kphase transition. Unfortunately, by
this temperature the R lines have broadened and
the vibronics have decreased in intensity to such
an extent that it is difficult to observe this effect.

Table I lists the vibronic peaks observed in
both the high-energy and low-energy, or phonon
absorption and emission, sidebands at low tern-
peratures.

Figure 3 shows the fluorescence decay time as
a function of temperature. It is about 17.8 msec
at 10 K and decreases above about 100 K. The
solid line represents the ratio of the integrated
intensity of the 8 lines to that of the total spec-
trum, adjusted to fit the decay time data. If ra-
diationless processes are not important, this in-
tensity ratio is related to the fluorescence lifetime
7'g by

I„/Ir = W„V'J, {&)

and the radiative transition rate W~ is generally
independent of temperature. Figure 8 shows that
the intensity ratio is proportional to the decay
time at low temperatures, but the fact that the
solid line falls below the lifetime data above 100 K
indicates the increasing importance of radiation-
less decay processes in this temperature range.

III. VIBRONK: SIDEBANDS

The fluorescence spectrum of SrTi03: Cr ' ap-
pears to be an interesting mixture of magnetic
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TABLE I. Vibrational modes of SrTi03 appearing in vibronic, infrared absorption, Raman
scattering, and neutron scattering spectra (in units of 10 eV).

g r3t

Vibronics ('K)

Mn'or Eu' Infrared

Pure SrTi03 {'K)

Raman Neutron
Assignment
mode (point)

H' O. 15(4O)

H O. 21(4O)

H 0.22 (40)
H o.27{40)
H o. 31{40)
H 0.34(40)

H p. 38{40)
H 0.46 (40)
H p. 51(40)

H O. 55(4O)

H 0.60 (40)
H O. 65(40)
H O. 71 (40)

H 0.81 (40)

H o. 84{40)
H o. ss(4o)

H p. 93(40)

H 1.07{40)
H 1.13(40)
H 1.25(4O)

H 1.29{40)

1.3O(4)"
1.368(8.4)
1.346(2o. 4)'

H 1.4O(4O)

H». 5» {40)

1.50(4)~
». 315{2O.4)'

1.483(S.4)
1.485(20. 4)

1.e3v(s. 4)
1.533(2O. 4)'

1.65(4)'

H o. 5v O.oo)

H 0.68(100)~

1.32V(2O. 4)'

1.48e(2o. 4)'

1.564(2O. 4)'

». 639(20.4)'

o. »9(4o)"

o. 2v(4o)'
o.35(4o)'

o. 35(s)b

0.37(79)

o.41 (vs)'
0. 55(77)
o. 55(4o)'
o. 56 (2o)'
O. 61(4)"
o. 62 (125)'

O. S2 (125)'

0. 91(78)c
o. 93(vs)"
o. 9v(vv)'
». 01 (79)

». 450.25)'

o.»9(eo)'
o. »9(4o)'

o.2v(40)'
o. 5(9o)'

0.40(60)'
o. 53(4o)'

P. 81(12P)~

O. 87(78)

1.3o0.2o)'
1.34{297)'

1.33(90)'

1.38(29V)'
1.43(29V)'

45(297)c

(»2O)"

1.49(297)
{»2o)'

1.4vo(29v)'

1.651 (29e)'

To, (R)

To, (r)

Local mode

To, (R)

TAg {I)

TA, (Z)

To, (~), TA, (u)
LA, (x)

To, (M)

LA( {M)
TA, (a), LA, Q.)

TA, (X)

To, (z)

1.5O(4)"
1.869(8.4)
1.688(2o. 4)'

1.vsv(20. 4)' 1.s62 (296)' LA, (x)

1 805(297)c LO)(R) TO) (R)
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TABLE I. (Continued)

2. 11{4)"
2. 310(8.4)
2.1ev(2o. 4) '

2. 20 (4)"

2. 2S4(2O. 4)'
2. 11o(vv)"

Uibronics ('K)

Mn4' or Eus' Infrared

2. 115(soo)
2. 210(300)'
2, 296 (300)~

2. 185(300)~

Pure SrTio3 ( K)

Haman Neutron

2. ovs(2ee)'
2.110(297)c

Assignment
mode {point)

Loi {I')

To, (r)

2.48(4)"
2. 4O5(S. 4)
2.321(20.4) i

2. 558(S.4)
2. ss(4)"

2. vso(s. 4)

2. 334(20. 4)

2 s21(2ee)'
2.4S4(29V)' To, (x)

2. ss1(s. 4)
2. sev(2o. 4)'

s.1o(4)"
3.ov1(s. 4)
S.078(20. 4)

S.222(8. 4)
S.252 (20.4)'

3.10{4)"

2 855(20 4)l

3.041(20.4)'

s. 2e5(2o. 4)'

3.103(300)h

s. 11e(soo)'

2. 855{296)' 2TA, (X), 2TO, (X)

To, (r)

s. 2se(2ev)' z.o2(I), To, (r)
s. so(4)"
3.ses(s. 4)
S.426{20.4)'

s. 5o{4)"

s. e5(4)"
s.see(s. 4)
s. 92s(2o. 4)'

S.426(20. 4)

s. 82s(soo)'
3. 848 (300)"

S.395(297)

s.4vs(2ev)'
s. eo2(2ev)'

Lo, (x)

Lo, (M)
Lo, (x}

To, (x)

5.vo(4)" 4. 791(20.4)
4. 71o(vv)' 5.8v1 (soo)'

4. 5so(soo)'
4.4ee(soo)"
4. 717 {300)"

5. 524{4)"

4. jL20{297)'
5. 54e(2ev)'

To, (M)
To, (a)

4. evs(2ev)'

5. 5eo(2ev)' To, N. Lo, N)

e.4o(4)"
e.260{8.4)
e. 219(2o.4)'

e.45e(s. 4)
6.4so {2o.4)"

e. vs(4)"
e.e22(8. 4)
6.616(20, 4)

V. O54(8. 4)
7.044(20. 4) ~

v. 2o(4)"

s. 391(2o,4)'

9.319{8.4)
e. 260(20, 4)

e. 356(2o. 4)'

e. 82v(vv)"

8.342(20. 4)'

6. 778 (300)'
6. sse(soo)'

v. 696(soo)"
v. sos(soo)'

s. sve{soo)"
S.491 (300)'

8. 937 (300)
9.024(300)~

5 809(297)C

5. sso(2ev)

e. veo(2ev)'

8.143(2ee)'

Lo, (M)

Loa (a)

Lo, (x)

TO4(I')

Loca1, mode
To, (x)

2To, (x)
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TABLE I. (Conting ed}

11.6O(4)"

1o.o(4)"
9. 926(8.4)
9.ss1(2o. 4)'

1o.ee4(s. 4)

10.377(20.4)
9.806(vv)"

Pibronics ('K)

9. 980(300)

Pure SrT&Q3 ('K)

Raman

9.186(300)"

1O. 22V(29V)'

A ssignmen. t
mode (point)

LO, (X)

LQ, (r)

11.430(8.4)
11.445(2O. 4)'

13.252 (8.4)
13.195(20.4)

1O. V99(2O. 4)'

12.43S(2O. 4)' 12, 786 (300)"
12.885 (300)

16.447(300)' 2 (Local mode)15.41V(2O. 4)'

H: high-energy sideband.
"Reference 5.
~References 2 and 3.
Reference 4.

'D. C. O' Shea, R. V. Kolluri. , and H. Z. Cummins,
Solid State Commun. 5, 241 (1967).

W. F. Nilsen and J. G. Skin. ner, J. Chem. Phys.
48, 2240 (1968).

R. F. Schaufele and M. J. Weber, J. Chem. Phys.
46, 1859 (19ev).

C. H. Perry, J. H. Fertel, and T. F. McNelly, J.
Chem. Phys. 47, 1619 (1967).

'L. Rimai and J. L. Parsons, Solid State
Commun. 5, 38V (19eV).

jH. Yamamoto, S. Makishima, and

S. bh~onoya, J. Phys. Soc. Jpn. , 23, 1321
(1967).

"Reference 10.
'Reference 9,
Reference 20

"Reference 8„
'Reference 19.
~Reference 21.
~Reference 22.

dipole and phonon-forced electric dipole transi-
tions. Burke and Pressley ' have investigated the
Zeeman spectra of SrTi03 .'Cr3' and concluded that
the B~ and Ba zero-phonon lines arise from mag-
netic dipole transitions between the 3E excited
state and the Az ground state, which are split by
small amounts at low temperatures by the noncu-
bic distortions of the lattice. The same conclu-
sion was reached by Stokowski and Schawlow on
the basis of studies of the polarization dependence
of the intensity ratio of. the R, and Ba lines.

The vibronic sidebands, at least in the one-pho-
non energy range, appea, r to be largely electric
dipole in origin. While electric dipole transitions
between electronic states of the same parity are
normally forbidden, they can become allowed if
the electron-phonon interaction mixes in electron-
ic states of opposite parity. For the 8-K fluores-
cence spectrum shown in Fig. 1, the ratio of the
integrated intensity of the zero-phonon lines to that
of the vibronic sideband is roughly 0.39. If the
sideband were all magnetic dipole in nature, this
would correspond to a, total Huang-Rhys factor of
about 0.95. With a Huang-Rhys factor of this mag-
nitude, two phonon emission processes would make
substantial contributions to the total spectrum,
and as we will see in more deta, il later, the near
gap just above the local mode would not occur. As
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FIG. 3. Temperature dependence of the fluorescence
lifetime of Cr ' in SrTi03. Circles represent experi-
mental data. The solid line is the integrated intensity
ratio given in Eq. (1) with WR=18. 3 sec



ANALYSIS OF THE VIBRONIC SPECTRUM OF CHROMIUM. . . 5633

previously mentioned, the phonon density of states
in pure SrTiO3 extends up to an energy of approx-
imately 0. 1 eV. The fluorescence spectrum of
SrTiO3: Cr3' appears to be dominated by one-pho-
non processes, and extends only into the two-pho-
non range. This is consistent with vibronic side-
bands produced by phonon-forced electric dipole
transitions. However, magnetic dipole transitions
may also contribute to the sidebands, particularly
if their intensity is concentrated in narrow fre-
uency regions ~

The frequency dependence of the spectral in-
tensity near the zero-phonon lines provides further
evidence that the sidebands are primarily forced
electric dipole in nature. Vredevoe'~ has studied
the shape of the one-phonon spectrum in the limit
of long phonon wavelengths for substitutional im-
purity ions in the rock-salt and zinc-blende struc-
tures. In the zinc-blende lattice, he found that
the sideband intensity should be proportional to
I co —vol for forced electric dipole transitions,
and to I co (do I for magnetic dipole transitions,
where u —coo is the photon frequency relative to
the zero-phonon line. In the rock-salt lattice, the
intensity near the zero-phonon line varies as
I (d —cool

' and I co —~ol for forced electric dipole
and magnetic dipole transitions, respectively.

The low-temperature phases of SrTiOS, like the
zinc-blende lattice, do not have inversion sym-
metry. As indicated by the small splitting of the
A lines at 8 K and the insensitivity of the sideband
structure to the phase transition at 110 K, the
low-temperature distortions away from O„sym-
metry have an essentially negligible effect on the
vibronic spectrum over most of its frequency
range. However, the very low (relative) frequen-
cy behavior of the sideband will be determined by
the noncubic distortions if magnetic dipole transi-
tions are dominant at these frequencies, since
this would give an I e —cool dependence rather than
some higher power law.

Figure 4 shows the intensity of the phonon emis-
sion sideband as a function of relative photon
energy Bt 8 K in the region very close to the R
lines. Our data are found to vary as

I = a+ b((~~p —&)'+ &p(&pp —&)'

where ~~o»d ~3o are t"e ~i and Aa line peak fre-
quencies and the constants a, b„and b2 have the
values 2. 73, 0.086, and 0. 081, respectively. The
additive constant in Eq. (2) may be due to the ef-
fects of microscopic strain. The good fit to the
long-wavelength tail of the low-temperature spec-
trum which is obtained with a third-power-law de-
pendence on the relative photon frequency is con-
sistent with forced electric dipole transitions.

Vibronic sidebands arise, of course, from pho-
non-impurity electron interactions. The kinds of

100
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FIG. 4. Intensity of the low-energy fluorescence vi-
bronic sideband close to the zero-phonon lines at 8 K.
The curve is the measured intensity and the straight line
is obtained after subtracting a constant to fit Eq. (2).
The best fit is obtained with a=2. 73, b&=0. 086, and b~
= 0.081.

+-,'[u(l) —u(0)] D(R(l)) [u(l) —u(0) ])
, e'z(l)

, r D(R(l)) [u(l) —u(0) ]+ ~ ~ ~ .
I R(l) I

P

Here QI denotes the sum over sites le 0, and D(x)
is the dipole-dipole tensor,

D., (x) =~., -3x.x, r~x~'.

interaction terms of interest for the SrTiO3: Cr '
spectrum are well illustrated by the point-charge
model„which is the model used by Vredevoe. The
impurity lattice site is taken as the origin, and r
is the electronic coordinate relative to the impu-
rity ioncore. R(l), u(l), and z(l) denote the equi-
librium position, displacement from equilibrium,
and effective charge, respectively, of the ion at
the site l. With the assumptions that I r I «I R(l) I

and l u(l) -u(0) l «l R(l) I, the crystal potential ener-
gy of the impurity electron can be expanded in a
Taylor series,

e&z(l) i e&z(l)
~(r) = P' - +P -,PR(l) ~ [u(l) -u(0)1

I R(l) —rI, I R(l) I
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The first term in Eq. (3) does not involve the
ionic displacements; it affects only the static elec-
tronic energy levels, and cannot give rise to any
vibronic structure in any optical transition. The
second two terms are linear and quadratic in the
ionic displacements, but do not involve the elec-
tronic coordinate. The matrix elements of these
terms are therefore diagonal in the electronic
states, and can by themselves produce vibronic
sidebands only for allowed transitions, that is, for
electric dipole transitions between electronic
states of opposite parity or magnetic dipole tran-
sitions between electronic states of the same par-
ity. The final term is bilinear in the electronic
and phonon coordinates. For any electronic state,
this term gives a dynamic admixture of states of
opposite parity. Such an interaction allows elec-
tric dipole transitions between electronic states
of the same parity, or magnetic dipole transitions
between states of opposite parity. In the two-
phonon and higher-order contributions to the total
spectrum, interaction terms like the second and
last in Eq. (3) can act in combination to yield
structure which neither term could produce inde-
pendently.

The full Hamiltonian for the impurity electron-
phonon system can be written in the form

H =H~+Hp+Hep,

Hp = k)t a)t ay+ 2
1

mm'

Here lg„) is an unperturbed electronic state, and
a, (a~) is the destruction (creation) operator for
the phonon mode A, of frequency e~. In general,
it is most convenient to diagonalize the phonon
Hamiltonian in the initial electronic state of the
optical transition of interest, in which case X de-
notes the phonon modes for the impurity in its
initial state. 3 ' In the electron-phonon interac-
tion Hamiltonian H,~, I„„.(/a„, a„)) is a phonon
operator which may include not only linear but
higher-order terms in a), and a„. The second and
third terms in Eq. (3), for example, make con-
tributions to I ~ which are diagonal in the elec-
tronic states (m = m') and first and second order,
respectively, in the phonon creation and destruc-
tion operators. The last term in Eq. (3) mixes
electronic states of opposite parity and is linear
in a~ and a)„.

The symmetry of the phonon operators g ~ can
be determined from the transformation properties
of the electronic states I g„), I (I(„.) and the point

group of the defect. As previously noted, the non-
cubic distortions of the SrTi03 lattice in its low-
temperature phases appear to have very minor ef-
fects on the sidebands, so we will assume O„site
symmetry for our discussion of phonon selection
rules. The Hamiltonian must be invariant under
the operations of the point group, that is, it must
transform as the totally symmetric (A, ) repre-
sentation of 0„. If the electronic states I g„) and
I g .) transform according to the representations
I (m) and I'(m'), then the allowed symmetries of
the phonon operator I„„.((a~, aQ) are those repre-
sentations contained in the direct product I'(m)
x I'(m'). Through quadratic coupling terms, we
have

whel e p runs over the il 1educible representation
(IR's) contained in I'(m) &&I'(m') and p labels the
members of the various IR basis sets. For sim-
plicity, we have assumed that no IR y occurs more
than once in I (m) && I"(m'), and that the phonon
creation and destruction operators appear in the
combination a~+ a~~, but these simplifying as-
sumptions can readily be lifted.

For allowed electric or magnetic dipole transi-
tions, diagonal interactions I g„)I„(g„l in the
final and initial states are generally responsible
for the sidebands. For the SrTi03: Cr ' fluo-
rescence spectrum, the initial- and final-state
direct products are E &&E~=-A&~+A3 +E~ and Az~
xA3 =A, Thus only'~, A~, and E phonons or
combinations of phonons may appear in any mag-
netic dipole contributions to the sidebands. The
linear coupling terms in Eq. (8) for m = m' =A&„
E can involve only'&, A.3~, or E phonons. In
the quadratic coupling terms, however, while the
product operators must transform as one of these
even modes, the factors in the products may be
both even or both odd. For example, T,„&&T,„
=A,~+E~+ Tsg+ T,~, so pairs of T,„phonons give
a quadratic coupling term of acceptable (A,~ or
E~) symmetry.

The matrix elements for the phonon-forced elec-
tric dipole sidebands of the SrTiO, :Cr3' R lines
involve products of the form (g~l rl $„)I„,and
I& (g„l rl II(;), where f=A2, andi =E,G, e, and I II( )
is an odd intermediate state. The electric dipole
operator r transforms as T,„, so the allowed inter-
mediate states must transform as T,„or Ti„since
A2 + Tgg = Tpg and Eg+ Tyg = TyN+ Tsg. The phonon
coupling operators I,. andI& must then transform
according to T,„or T3„. An equivalent but more
direct demonstration of the same conclusion is
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FIG. 5. First Brillouin zone of SrTi03 with points of
high symmetry labeled.

the latter occurs where the dispersion curves have
a slope of zero. These regions are designated by
dashed lines in the center of the figure and can be
seen to correspond with many of the vibronic
peaks. Stirling3 has fitted the observed phonon
dispersion curves with a shell model subjected to
several sets of constraints. Table III summarizes
the results he obtained at I', X, M, and R with the
model (his model 5) which gave the best over-all
agreement with experiment; the modes which are
forbidden by the vibronic selection rules given in
Table II are marked by a superscript b in Table III.
Note that the predicted X-,M-, and R-point peaks
between 0.04 and 0.06 eV are not allowed by the
selection rules for forced electric dipole transi-
tions, and that the observed vibronic structure in
this region is weak.

provided by the triple direct product E &&T,„XA2
= Tsu+ Tau.

The Brillouin zone (BZ) for SrTiOS is shown in
Fig. 5 with points of high symmetry indicated.
There are fifteen phonon modes at each point in the
BrQlouin zone. The transformation properties
of the phonons along the principal symmetry di-
rections have been determined by Cowley. %e
wish, however, to know the projections of the pho-
non modes at the various points in the BZ onto the
IR's of the point group of the defect, 0„. If the
Q„projection of a phonon mode contains T,u or
T~„, then the phonon can contribute to the forced
electric dipole sideband. If it does not contain
one of these two modes, then electric dipole tran-
sitions involving such phonons are forbidden.
Table II summarizes the vibronic selection rules
obtained for transitions from an E state to other
even electronic states. The majority of the pho-
non modes are allowed for E -Aa transitions,
but at the 8,X, and M points, where the group of
the wave vector has inversion symmetry, all of the
even modes and some of the odd modes are for-
bidden.

Some of the peaks in the vibronic spectrum can
now be tentatively identified with transitions in-
volving specific phonon modes by comparing with
other data and accounting for vibronic selection
rules. Figure 6 shows the low-energy vibronic
sideband at 8 K in comparison with neutron scat-
tering curves for five different directions in the
Brillouin zone. The circles at the I" point repre-
sent frequency'. es observed in infrared absorption.
tion. The circle with the cross in it at 0. 1023
eV indicates a mode observed in both infrared ab-
sorption and neutron scattering.

Vibronic peaks should occur wherever there is
an allowed transition coupled with a high effective
phonon density of states. In the perfect crystal,

Point
Point group IH

Final electronic states

A(g A2g Eg Tgg T2g

Oa

OIt

Tf u

28

2g

A2„

T f u

2u

D4a
A2g

Bgg

B2g

A2„
B)u

D4n
Bfg

A2u
g

C4 A 1

Bf

C)„A)
A2
E

TABLE II. Vibrational modes allowed in electric di-
pole transitions from an Eg state to other even electronic
states. (x indicates allowed modes).
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Table I shows the correlation between neutron
scattering, infrared absorption, Raman scattering,
and vibronic spectra data. First-order Raman
scattering is a,llowed only in the low-temperature
phase where the 8 point becomes the center of the
Brillouin zone. Much of the detailed structure ob-
served in the high-energy (phonon absorption)
sideband can not be identified with specific phonon
modes. Some of this may be associated with the
vibronics of the gi', z line. Other peaks may be
attributed to the splitting of some of the phonon
modes due to the tetragonal distortio~ which is
difficult to resolve in the less structured low'-

energy sideband. The phonon splittings in going
from cubic to tetragonal (D48~) symmetry have been
worked out only at the A point. '6 Some of these
split components are identified in Table I. A total
of about 36 vibronic peaks can be associated with
speclfle phonon modeso

%bile i.t is relatively easy to account for the
sidebands in the one-phonon region, it is more dif-
ficult to determine the origin of the observed spec-
trum from the local mode out through its first
harxnonie. For the sake of brevity, we will refer
to this portion of the spectrum as the local-mode
sideband. In the perfect-crystal density of states,
there is one isolated peak above the loca1. mode at
k(d-9. 1 eV, which may give a one-phonon peak in
the energy range of the local-mode sideband.

There may also be true local-mode peaks in this
energy range, but their number must be limited to
a few, if any, and their widths would necessarily
be narrow since the concentration of Cr3' impu-
rities is very low. The bulk of the local-mode side-
band must therefore arise from one or both of two
sources: multiphonon processes within the linear
coupling approximation, or quadratic or higher
coupling. In addition, the local mode, its harmon-
ic, and the local-mode sideband may have their
origins, separately or together, in forced electric
dipole or allowed magnetic dipole transitions.
Symmetry arguments provide a check on the inter-
nal consistency of any proposed explanation of the
total spectrum.

A reasonably good fit to the total spectrum could
be obtained with a simple combination of linear
and quadratic coupling if the sidebands, like the
zero-phonon lines, were all allowed magnetic di-
pole in nature. Although this seems clearly not to
be the case, the analysis is still instructive.
Diagonal electron-phonon interactions I„ in the
final and initial sta.tes are assumed to be most
important. In the quadratic coupling terms, on1.y
those products which include the local mode a,s
one or both of their factors are retained. The
simplest additional simplifying assumption that can
then be made is tha, t the quadra, tic coupling coeffi-
cients involving the local. mode are proportional to
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Modes (10 2 eV)

TABLE III. Vibrational mode energies at 297 K from neutron scattering data and predicted by the shell-model fit of
Stirling. ~ T and I- label transverse and longitudinal modes, respectively, and energies are in units of 10 2 eV.

Point

Expt.
Theory

1.14+0. 04
1.06

2. 10 + 0.04
2, 14

3.29+0. 06
3.42

6.78~0. 04
6.93

Expt.
Theory

2. 10~0.04
2. 11

2Q

3, 29+0. 06
3, 42

5.67+0. 21
6. 10

10.21 +0, 12
0. 06

Kxpt.
Theory

Kxpt.
Theory

A2g

l.43 + 0. 06
l. 68

1.47+0. 02
1.42

1.47+0. 02
1.51

2, 43+0. 03
2. 49

3.39 ~ 0. 03
3.72

3, 60 + 0, 06
3.81

4, 09~0.08
3.85

Expt.
Theory

B)g

1.O9+O. 02
O. 83

1.38~0. 05
1.34

A)„b

1.38+0, 05
1.50

4.11+0.08
3.78

Expt.
Theory

1,49+0. 06
1.35

3.47+0. 08
3.70

5.81 + 0.10

Kxpt.
Theory

Expt.
Theory

0.64 +.0. 02
O. 73

2g

0.64+0. 02
0.73

1.80+0. 05
1.54

1.80 ~ 0. 05
1.54

5„58+0.08
5. 14

5. 58 + 0. 08
5.23

5. 54 a 0. 17
5..23

b
2g

5.87+0. 21
5. 99

'Reference 3. Forbidden by vibronic selection rules.

products of linear coupling coefficients,

W „(~,~') = o.V.„(~)V„„(X')(S„+V,., —V„V,,,),
(9)

where L, denotes the local mode, and the sum of
Kronecker deltas in Eq. (9) is such that double
counting is avoided for X = X' = I.. From Eq. (9),
the electron-phonon coupling operators I then
11ave the form

I„„=g v„„(~)(a,+ a', )+-'.ng v„„(~)

~ l'.,(&')(~~+ ~B(sr+ ~.' )(&.~+ &'~ —~.i~~ ~) ~

(10)
Equations (9) and (10) are written as if the local-
mode peak had no width, but they are easily gener-
alized to include the observed shape of the local-
mode peak; this was done for the calculations dis-
cussed below.

With the interactions described by Eq. (10), the
low-temperature fluorescence spectrum of
SrTiG3: Cr3' can be fitted by the iterative decon-
volution techniques applied by one of the authors

and co-workers to the optical spectra of the N,
center in NaCl and the M(C2„) center in MgF3. '9 34

The results are shown in Fig. 7. The fit to the
experimental data is essentially exact out through
the local-mode peak because one-phonon processes
are almost totally dominant in this frequency
range; the Huang-Rhys factor for the one-phonon
processes has the value S=O. 3 for the fit shown.
Beyond this trivial agreement with experiment in
the one-phonon energy range, the fit to the local-
mode sideband and the first harmonic of the local
mode is reasonably good in view of the extremely
simple form assumed for the quadratic coupling
coefficients.

The fit to experiment shown in Fig. 7 demon-
strates several points. First„a one-phonon peak
at Io&-0. 1 eV is probably responsible for the cor-
responding peak in the fluorescence spectrum
above the local mode. Second, the convolution of
the one-phonon spectrum with itself generates a
rather featureless two-phonon band, as shown in
Fig. 7(b). The magnitude ot the two-phonon spec-
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FIG. 7. (a) Fit between the observed (solid line) and
calculated (dotted line) vibronic sidebands which was ob-
tained from the simple model described by Eq. (10),
with &=350 eV and 8=0.3. (b) One (dash-dot line), two
(dash-double-dot line), and three (dash-tripl. e-dot line),
phonon contributions to the calculated total sideband
(dotted line). (c) Calculated one-phonon sideband (solid
line) and the contribution due to quadratic coupling be-
tween the local mode and the lattice modes (dash-dot
line).

trum in Fig. V(b) is small because of the low

Huang-Rhys factor for the fit, but a larger Huang-
Rhys factor mould simply scale up the tmo-phonon
spectrum by a factor of ~S without introducing
a'ty further structure in it. In particular, if the
.':.iuang-Rhys factor had the value 8 = 0.95 needed
to reproduce the observed zero-phonon: total in-
tegrated intensity ratio e =-O. 39, the two-phonon
spectrum would rise to a maximum value of about
O. 25 just above the local mode, which is several
times larger than the observed spectral intensity

in this region. Third, the local-mode sideband
and the local-mode harmonic appear to at least
qualitatively replicate many of the features of the
one-phonon spectrum out through the local mode.

W'hile the fit to the observed fluorescence spec-
trum shown in Fig. 7 is reasonably good, it ap-
pears to be unrealistic because of the evidence for
the importance of forced electric dipole transi-
tions. However, it should be emphasized again
that magnetic dipole transitions may make non-
negligible contributions to the one-phonon spec-
trum, and furthermore, that they may dominate in
all or part of the two-phonon range. For example,
the quadratic coupling explanation just described
for the local-mode sideband and the local-mode
harmonic may apply even if the entire one-phonon
spectrum is produced by forced electric dipole
tra. nsitions involving odd (T,„a.nd Ta„) phonons.
The quadratic coupling of the odd local mode with
other odd phonons would then yield an even phonon
operator which could be involved in allowed mag-
netic dipole transitions ~

The one-phonon vibronic sideband can be used
to obtain information on the phonon density of
states of the host crystal. However, what is ob-
served directly is an effective density of states,
which is the real density of states modified by vi-
bronic selection rules, by the frequency depen-
dence of the electron-phonon coupling parameters,
and by the distortions caused by the impurity ions
in the lattice. In order to determine the frequen-
cy dependence of the electron-phonon coupling
parameters, a detailed model must be developed
for the lattice dynamics in the presence of the
impurity. Such approaches have been carried out
for several simple systems, 3 but a detailed
theoretical treatment of the electron-phonon cou-
pling for the SrTi03: Cr3' system is beyond the
scope of this paper. Instead, we will show only
that there is substantial correlation between the
observed structure in the one-phonon vibronic
sideband and the results of the shell-model cal-
culations of the perfect-crystal density of states.

In the long-wavelength limit, the relation be-
tween the effective density of states g(ar) for vi-
bronic transitions and the phonon density of states
p(u) in the host lattice is p(e) = &og(a&).

' ' Figure
8 shows a comparison between eg(m) obtained
from the one-phonon spectrum in Fig. 7, omitting
the local-mode peak, and the perfect-crystal den-
sity of states calculated by Stirling. The peak po-
sitions in the two curves are in generally good
agreement. The peak at O. 09 eV in the shell-
rnodel results arises from the highest-frequency
optic modes. As Stirling notes, the calculated
frequencies for these modes are very model de-
pendent, and the particular shell model used for
the curve in Fig. 8 (Stirling's model 5) yields a
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value for the highest q =0 optic-mode frequency
which is roughly 10/p low (see Fig. 6); the peak
should fall at about 0. 1 eV as it does in the vibron-
ic density of states. The perfect-crystal peak at
0.0154 eV arises from contributions from phonons
around several points in the Brillouin zone. Some
of these are forbidden by the selection rules for
electric dipole transitions, which may account for
the relatively low intensity of this peak in the vi-
bronic density of states.

IV. TEMPERATURE DEPENDENCE OF WIDTHS OF ZERO-

PHONON LINES AND LOCAL MODE

The linewidths I'(R, ), I"(Rm) of the zero-phonon
lines can be attributed to contributions from sev-
eral different processes,

The first term, &Eo, is temperature independent
and ls due to varying mlcroscoplc strains ln
the crystal. The second term arises from qua-
dratic coupling, ' ' ' '36 and represents the contin-
ual emission and absorption of virtual phonons
(i.e. , the Raman scattering of phonons) by the im-
purity ion. In the integrand of this term, p'((()) is
an effective density of states for these processes,

and n((d) =1/(e""~" —1) is the thermal occupation
number for a phonon of frequency (d. The last two
terms are lifetime broadening contributions due
to direct electronic transitions between the slight-
ly split components of the initial electronic multi-
plet in which a real phonon is absorbed or emitted;
u&~3 is the (temperature-dependent) R, —R~ differ-
ence frequency. The coupling parameters n(R;)
and p(R, ) are treated as disposable parameters.

We have attempted to fit our data using three
different models for the effective density of states
p ((d) in Eq. (11):a Debye distribution, the vibron-
ic density of states (dg(&u) shown as the solid curve
in Fig. 8, and an Einstein distribution. The lat-
ter represents coupling to only one phonon mode,
for this case one of the soft-phonon modes. This
model was included because Luders and Rank
found that the temperature dependence of the zero-
phonon linewidth for europium doped strontium
titanate could be explained by coupling only to the
soft mode.

Figure 9 shows the measured and various cal-
culated results for the widths of the R, and R~
lines; the plots for the Ra line are shifted up by
one decade in the figure. The experimental val-
ues from 80 to 200 K, which is well above the
phase transition at 110 K, were obtained by as-
suming that the R& and &3 lines have the same
widths and intensities at these temperatures. The
dotted line represents the best fit to the data
which could be obtained by using an Einstein mod-
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I I I I 11111 ]p2 through the use of infrared absorption, but similar
studies can be made through the use of vibronic
spectra. The width of a local-mode line is affect-
ed by microscopic strain and the Raman scattering
of phonons as described by the first two terms in
Eq. (11). However, some lifetime broadening
terms are different for the local mode than for
zero-phonon lines. Through anharmonic interac-
tions, the local mode can decompose into two (or
more} lattice phonons. This process can be de-
scribed by" "

PJ J~+l~+1[+1P (+1)1[+2P (+2)]

&& [I+n((o, ) + n((u, )]5((o, + (o, —(oz), (12)
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FIG. 9. Temperature dependence of the widths of the
zero-phonon lines. Circles represent experimental
points. The lines represent the best fits predicted using
phonon frequency distributions obtained from the Debye
approximation {solid line), the Einstein approximation
using the zone-center soft phonon-mode frequency (dotted
line), the total one-phonon vibronic sideband (dashed
line), and only the first peak in. the one-phonon. vibronic
sideband (dash-dot line).

el for coupling only to the P-point phonon soft
mode. Neither this nor coupling to the I'-point
soft mode could be made to fit the data. The
dashed line shows the best fit obtained with the
vibronic effective density of states &ug(&u); this is
in reasonably good agreement with the data at low
temperatures, but rises too rapidly above the
phase transition temperature. The predictions
using a Debye distribution are shown by solid lines
in Fig. 9. The Debye temperature for the fit is
8~=115 K, which is much lower than the value of
400 K determined from specific-heat measure-
ments. The Debye-model fit is good at all tern-
peratures at which measurements were made. Fi-
nally, the dashed and dotted lines were obtained
by using the vibronic effective density of states
vg(co), but with an arbitrary upper cutoff imposed
at 0.025 eV. This also gives a good fit to the data.
These results seem to indicate that low-frequency
phonon modes make more important contributions
to the zero-phonon line broadening than do high-
frequency phonons.

The temperature dependences of impurity-in-
duced local modes are generally investigated

where p" (&a) is an effective density of states,
is the local-mode frequency, and P~ is a coupling
parameter. For fitting purposes, we have further
simplified Eg. (12) by assuming that only two
modes, with frequencies of 2. 6 and 14.8 THz, can
contribute; these are the frequencies of the
TO~(1„) and I O~(I"~,) modes in pure SrTiOS, which
satisfy the energy-conservation condition in Eq.
(12), and which have zero net momentum.

Figure 10 shows the width of the local mode as
a function of temperature after the width of the R,
line has been subtracted out. The dashed line is
the contribution due to the decomposition mecha-
nism of Eq. (12), with the additional simplifying
assumption noted. Over the temperature range of
interest, this contribution is essentially constant.
The solid line is the best fit obtained by adding the
contributions of the decomposition mechanism and
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FIG. 10. Temperature dependence of the width of the
local mode. The circles are experimental values. The
dashed line shows the contribution due to decomposition
processes described by Eq. (12), and the solid and
dotted lines are the results for the totsl linewidth ob-
tained using a Debye phonon distribution and the frequen-
cy distribution obtained from the one-phonon vibronic
sideband, respectively.
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Raman scattering (quadratic coupling) in the Debye
approximation, with a Debye temperature of 800
K. The dotted line is the similar best fit found by
using the total effective vibronic density of states
&og(&o) from Fig. 8 in the Raman scattering term.
While the good fits shown in Fig. 10 of both mod-
els to the data rest on a number of assumptions
made more for reasons of convenience than on
physical grounds, they do seem to indicate that
both low- and high-frequency phonons contribute
to the broadening of the local mode for this sys-
tem.

V. DISCUSSION AND SUMMARY OF RESULTS

The work described here represents a more de-
tailed investigation of the vibronic spectrum of
SrTiQ3: Cr ' than has been done previously. More
neutron scattering and Raman scattering data have
been obtained recently which were not available to
earlier workers for comparison with vibronic spec-
spectra. Through the use of vibronic selection
rules, a number of vibronic peaks were tentative-
ly associated with transitions involving specific
phonon modes. Some of the unidentified peaks (es-
pecially the low-frequency peaks in the high-ener-
gy vibronic sideband) might be associated with
phonon modes split by the tetragonal distortion. It
would be useful if the symmetry properties of the
phonons in the low-temperature phase would be
determined.

An area where more work is needed is in devel-
oping better theoretical models for predicting the
vibronic spectra. From such models, more ac-
curate expressions for the phonon density of states
could be obtained. However, the good correlation
between the peaks in the density of states obtained
from the shell-model fit to the neutron scattering
data and that obtained from the vibronic spectrum
using the long-wavelength phonon approximation
implies that the presence of the impurity ions does

not greatly alter the pure lattice-vibration frequen-
cies.

The most interesting result obtained from ana-
lyzing the temperature dependence of the widths of
the zero-phonon lines and the local mode was that
the former was affected mainly by low-frequency
phonons whereas the latter involved phonons of all
frequencies. Similar analyses were made of the
temperature dependence of the positions of the R
lines and the local mode. Although phonon process-
es can be made to fit the data, there is some ques-
tion as to the meaningfulness of the interpretation
since it has been shown previously that the tem-
perature dependence of the tetragonal distortion
makes an important contribution to the shifts of
the R lines at low temperatures.

The quadratic coupling should also affect the
temperature dependence of the intensity of the lo-
cal mode. The local mode can be considered as a
zero-phonon line and the quadratic coupling re-
gion as a one-phonon sideband to this line. As the
temperature is raised, more of the emission oc-
curs in the sideband and less in the zero-phonon
line. The experimentally measured temperature
dependence of the intensity of the local mode has
been reported elsewhere and fit theoretically
using an expression involving a Debye distribution
of phonons and a Huang-Rhys factor of 2.9. If the
quadratic coupling region of the spectrum can ac-
tually be considered as a "sideband" of the local
mode, then the Huang-Rhys factor should be given
by the ratio of the integrated intensity of the qua-
dratic coupling region to that of the local mode.
This is found to give 8=2. 11, which is consistent
with the value found from fitting the temperature
dependence of the local-mode intensity.
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