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Photon-gated hole burning, or selective bleaching enabled by a second light source, has been ob-
served in Co?* in tetrahedral sites of LiGasO;s. This leads to long-lived spectral holes with a width
of ~1 GHz at 1.6 K. It is proposed that two-step photoionization of Co?* is responsible for the
hole burning. Much narrower (~40 MHz) transient holes and antiholes were burned using popula-
tion storage in nuclear hyperfine levels. These two mechanisms of hole burning are reported here
for transition-metal ions for what is believed to be the first time.

I. INTRODUCTION

Photon-gated spectral hole burning!? is the selective
bleaching of an inhomogeneously broadened absorption by
a narrow-band laser, which occurs only in the presence of
a second, possibly broad-band gating light source. Gated
hole burning can produce long-lived holes which are very
stable to probing light—a factor of great importance in
applications to high-resolution laser spectroscopy’ and to
frequency-domain information storage.* In addition,
since this is a new hole-burning mechanism, it extends the
applicability of spectral hole burning to new materials as
illustrated here by our observation of reversible, photon-
gated hole burning in LiGasOg:Co**. This is representa-
tive of a new and potentially large class of hole-burning
materials containing transition-metal ions of the 3d, 4d,
or 5d series which exhibit multiple valence states and
which may show two-photon ionization under suitable
conditions.

II. ELECTRONIC STRUCTURE
AND SPECTROSCOPY

The unit cell of the ordered inverse spinel LiGasOg con-
tains four formula units with twelve octahedral and eight
tetrahedral Ga®* sites,® which can be substituted by Co?*.
The Co?* ions show a preference for tetrahedral sites but
can occupy octahedral sites as well.

The flux-grown sample of LiGasO4:Co?* used in these
experiments exhibited two zones of concentration: a deep
blue core and a pale blue outer region. The color is due to
Co’* in tetrahedral sites for which the odd-parity crystal
field is large, resulting in an oscillator strength which is
typically high for a d —d transition (~107°). Electron
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beam microprobe measurements of the cobalt concentra-
tion gave 0.5% in the dark area and 0.12% in the pale
area. The percentage of cobalt ions occupying octahedral
sites is not known but is presumed to be smaller than that
for tetrahedral sites which dominate the optical absorp-
tion and are the only ones that concern us here.

The ground state of tetrahedrally coordinated Co** is
%4, and there are three excited quartet states *T,(F),
*T\(F), and *T(P) (Fig. 1).* In the absence of spin-orbit
coupling, only the *4,—*T, transitions are allowed, and
these dominate the actual absorption spectrum. Our mea-
surements were made at 1.6 K on the 44,—*T,(P) transi-
tion around 6600 A (Fig. 2). This has been studied by
Donegan’ and Donegan et al.® who reported the observa-
tion of emission from *T'(P) with a lifetime of 200 nsec
at low temperatures. This short lifetime and the strong
absorption and emission show that *T; lies below 2E in
contrast to the case’ of ZnAl,0,:Co**. The level diagram
of Fig. 1 is approximate, having been taken from Fer-
guson® using a tetrahedral field parameter Dg = —240
cm~!, and Racah parameters B=720 cm~! and C=4.6
B. This differs from the set used by Donegan et al.® but
it displays the correct qualitative level structure. Our
measurements were made on the zero-phonon line at 6600
A, which has a width of 20 cm~! and contains ~10% of
the total intensity of the transition—the remainder being
in the phonon sideband. The absorption coefficient in-
tegrated over the zero-phonon line and the phonon side-
band was 9.9 10° cm~2 for a section of crystal contain-
ing 0.12 at. % cobalt, i.e., 2.5% 10'°/cm>. From this, we
obtain an oscillator strength f =5X 10~% This should be
considered a lower limit because the electron-beam mi-
croprobe gave total cobalt content rather than the amount
of divalent cobalt on tetrahedral sites. This oscillator
strength contributes ~1.5 usec to the radiative decay
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FIG. 1. Energy-level diagram of Co?* in tetrahedral sites for
a tetrahedral crystal-field strength Dg = —240 cm~' and Racah
parameters B=720cm~! and C=3300cm™".

time. The radiative branching *T,(P)—*T,(F), *T,, and
4, is not known but assuming comparable intensities in
the three bands, the fluorescence quantum efficiency has
the rather large value of 10%. Donegan’ also proposes a
high quantum efficiency for fluorescence based on the ob-
servation that the lifetime is independent of temperature
up to about 350 K.

We found that the zero-phonon line showed unresolved
structure, and also that the emission and absorption spec-
tra do not coincide exactly in frequency (see Fig. 2 inset).
This suggested a splitting of both ground and excited
states by several cm~!. While a splitting of the excited
state is expected due to spin-orbit coupling, the presence
of a ground-state splitting necessarily implies a distortion
from T,; symmetry which is not reported in the crystal
structure determination.’ Other measurements, notably
the EPR of Fe’* in the ordered phase of LiAl;Oz which
is isomorphous with LiGasO; (Ref. 10) and fluorescence
of Fe* in LiGasO; (Ref. 11) show evidence of a strong
axial distortion in the tetrahedral site. In these cases, un-
like that of a Co?* dopant, charge compensation is not re-
quired so it appears that the nominally tetrahedral site of
LiGasOyg has an intrinsic axial symmetry.
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FIG. 2. Transmission and fluorescence spectra of the

*A4,*T,(P) transition of LiGasO; containing 0.12 at. % Co**
at 1.6 K. The crystal thickness was 1.5 mm. Some absorption
features were observed which do not appear in the excitation
spectrum of the fluorescence and hence do not arise from Co?*
in the tetrahedral site. These have been removed from the
transmission spectrum at wavelengths longer than the zero-
phonon line. The two absorption peaks marked with arrows are
also probably not associated with the center of interest. The in-
sert is a magnification of the zero-phonon line for a 0.28-mm
crystal thickness showing the shift between emission and ab-
sorption because of splittings in the ground and excited states.

III. PHOTON-GATED HOLE BURNING

Two cw dye lasers were used for gated hole burning.
One was a single-frequency laser with a jitter width of ~3
MHz (the frequency-selective laser) and the other—the
gating laser—was multimode. The beams were combined
and incident at 45° on to the face of a 300-um-thick, pol-
ished sample. Fluorescence was collected at 90° to the in-
cident light and detected by a photomultiplier through a
filter transmitting beyond 7100 A.

Persistent hole burning was observed with a single,
resonant narrow-band laser for exposures of ~1 sec at
~1 W/cm? Probing was done by scanning the laser at-
tenuated by 10~2 and monitoring the fluorescence. The
width of shallow (~5%) holes was quite large, about 1
GHz, and became larger for deeper holes. In addition,
there was a dependence of the hole width and the hole
shape on position in the inhomogeneous line profile. On
the high-frequency side of the line, where excitation is to
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an upper component of *T; the holes are broader (~ 10
GHz). This may result from fast (~30 psec) relaxation
between *T,(2) and *T(1), for example, but there are no
independent measurements to confirm this.

Measurements of the hole area as a function of power
at constant energy showed a faster than linear dependence,
suggesting a two-step or gated process. This was con-
firmed by measurements with two lasers—one resonant
with the zero-phonon line, and the other tuned to an ener-
gy below that of the *4,—*T(P) transition. In a typical
experiment, the frequency selective laser power density
was reduced to ~20 mW/cm? and the gating laser had 10
W/cm?. A gating ratio, i.e., the ratio of the areas of gated
and ungated holes, of more than 20 was observed (Fig. 3).
An action spectrum of gating was not measured but at
least wavelengths longer than 6600 A were effective.

The hole burning was reversible and hole erasure oc-
curred following irradiation with a single laser source over
a wide range of wavelengths. The erasure action spectrum
in the vicinity of the 6600-A zero-phonon line followed
the Co** absorption (see Fig. 4). An erasing exposure was
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FIG. 3. Illustration of photon-gated hole burning in the
6600-A zero-phonon line of LiGasOg:Co?>*. The ungated hole
was burned at 6604 A with 1 W/cm? of cw laser light for 5 sec.
For the gated hole, 100 W/cm? of nonresonant 6734-A light was
added and a gating ratio of 21 obtained. The two holes were
burned 10 GHz apart for convenience of display. No erasing of
the first hole by the gating light was observed.
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FIG. 4. Erasure efficiency or fractional hole filling under
“standard” conditions (see text) as a function of wavelength.
The dashed line is the absorption spectrum of Co?*. Wave-
lengths absorbed by Co’* are effective in erasing, suggesting
that a process similar to that of hole burning, i.e., ionization of
Co** in other sites, can produce hole filling.

chosen to produce near complete erasure at the peak
of the 6600-A line, which defined the “standard” erasure
conditions. This behavior suggests that at least one mech-
anism for erasing is photo-oxidation of Co?* and transfer
of the electron to the Co®* ions produced by hole burning.
Much work is needed to get a complete picture of the
mechanisms of hole burning and erasure but we offer the
following comments. The photoionized electron released
during burning may be trapped at a variety of sites. Co’*
present substitutionally on Ga’* sites does not require
charge compensation and so would act as a weaker trap
than Co** produced by ionizing a charge-compensated
Co**. Further, the Co** ions lacking a charge compensa-
tor would probably absorb at a different wavelength from
the centers studied here. The erasure excitation spectrum
may then be due simply to releasing electrons from
charge-compensated Co’* incorporated during crystal
growth, not those produced by trapping. Eventually, of
course, Co** near charge compensators will be produced
by burning and these should be effective traps. The possi-
ble role of charge compensators makes this a more com-
plex situation than in BaClIF:Sm?*, for example.l We
thus have a picture where erasing and gated hole burning
can be competitive processes. At wavelengths where
Co?* absorbs, the balance favors erasing. Hence, gating
wavelengths are chosen where the material is transparent
for absorption from the ground state.

The measured hole widths of ~1 GHz are much larger
than the limit of 0.8 MHz implied by the 200-nsec popu-
lation decay time, the 1—2 MHz expected for magnetic
interactions with Li or Ga nuclear spins, or the frequency
jitter contribution of 6 MHz. Measurements with very
different absorbed energies showed that laser heating was



4 R. M. MACFARLANE AND J.-C. VIAL 34

not a factor in hole broadening. Further confirmation of
this follows from the transient hole burning described
below.

IV. TRANSIENT HOLE BURNING

To investigate further the origins of the hole width,
transient hole burning was carried out using two narrow-
band cw dye lasers. The laser power density in these ex-
periments was 1—10 W/cm?. Perhaps surprisingly, much
narrower holes (~40 MHz) were observed under these
conditions. Similar laser power densities were used as for
persistent hole burning. A significant difference between
the two experiments, however, is the time scale of the
burning process. There are a number of cases now
known!? where long-time-scale persistent hole burning
produces hole widths larger than homogeneous linewidths
measured on the same transition using different tech-
niques with much shorter time scales. One implication is
that slowly time varying local fields, perhaps due to
mobile charges, lead to spectral diffusion, but much work
remains to clarify this issue. In any event, the holes can
be used as very convenient sensitive probes for high-
resolution spectroscopy.

Figure 5 shows another interesting property of the tran-
sient holes, i.e., the presence of additional holes and an-
tiholes (regions of increased absorption) with separations
of 50—100 MHz from the central hole. This pattern is
familiar in hole burning due to optical pumping of nu-
clear hyperfine levels of the rare-earth ions Eu’* and
P+, for example,13 but has not previously been seen in
transition metals. Holes correspond to excited-state hy-
perfine splittings and antiholes to combinations of
ground- and excited-state splittings. >’Co has a nuclear
spin I =+, which couples to the electron spin of the Kra-
mers doublet in axial symmetry to give eight equally
spaced hyperfine levels in first order. The hyperfine con-
stant 4 of Co®* in LiGasOg is not known, but in another
tetrahedrally coordinated compound ZnO:Co’* A=48
MHz,'* similar to the splittings observed here. A full
analysis of the transient hole spectrum will require rf opti-
cal double resonance measurements. Finally, we note that
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FIG. 5. Hole burning measured with two resonant narrow-
band (~MHz) lasers. These holes are transient, in contrast to
the persistent gated holes shown in Fig. 5, and are significantly
enhanced by the presence of a small external magnetic field of
~300 G, the value used in obtaining the data shown here.

the depth of the transient holes was very dependent on the
external magnetic field over the range we used, i.e., 0—200
G. This probably results from a modification of the
branching ratios in the optical pumping cycle.

V. CONCLUSION

We have demonstrated clearly that photon-gated spec-
tral hole burning occurs in LiGasOg:Co®*. Under our ex-
perimental conditions, this leads to persistent holes with
an enhancement factor or “gating ratio” of more than 20.
The hole widths are anomalously broad but still < w5 of
the inhomogeneous linewidth. LiGasOg:Co** is an exam-
ple of a potentially large class of transition-metal com-
pounds in which gated hole burning may be observed. If
such generality is realized, a new and very useful tech-
nique of high-resolution laser spectroscopy will develop.

In addition, we have observed transient hole burning
due to optical pumping of the Co?* nuclear hyperfine lev-
els. This result, new for transition metals, suggests that
the techniques which have been so powerful in the study
of rare-earth metals have wider applicability.
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