Laser action in chromium-activated forsterite for near-infrared excitation: Is

Cr4* the lasing ion?
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Room-temperature pulsed laser action has been obinined in chromium-activated forsterite
{Cr:Mg,Si0,) for excitation of the near-infrared absorption band of the system hy the 1064
nm radiation from a Nd:YAG laser. The characteristics of laser emission are similar o those
observed for 532 nm pumping. It is suggested that the laser action is due to a “center” other
than the trivalent chromium (Cr**), presumably the tetravalent chromium (Cr'** ).

- -Recently, we reported' room-temperature pulsed la- -
‘nitrogen temperature.’

* ser action in chromium-activated forsterite {Cr:Mg,SiO,).
 The free-running laser output was centered at 1235 nm with

" a spectral bandwidth of 22 nm. The laser emission wns

- stimulated by the 332 nm excitation of the green-red absorp-

tion band of the system, This absorption band, together with |

=" the one in the biue spectral region, originates from transi-

.- origin of the shallow- absorption:band spanning the 850~ .
laser (Quanta Ray DCR-1} aperating at a 10 Hz repetition

tions between crystal-field-split states of the Cr'* ion. The

~ 1200 nm wavelength range has not been determined with

-any certainly, and was tentatively atiributed to other impu-

rity ions.” This absorption band overlaps a significant por-

tion of the emission band of the system and inhibits laser - -

- action in that region. Identical absorption band has been

. observed in gadolinium scandium. gallium garnet. crystals
- codoped with trivalent chromium- and-tieodymium- fons-
~ {GSGG:Nd**, Cr**),*7 The chromium ion in this crystal

f_:;; acts as an efficient sensitizer of Nd?-“ emission, resulting in
- about a factor of two improvement in lasing efficiency rela-
- tive to the Nd**:YAG crystal.*® The near-infrared absorp-

tion acts as a significant loss mechanism for Nd** emission
in codoped GSGG crystal and impedes the full potential of

- the sensitization process. The “center” responsible for this
~.... infrared absorption has been considered.to be a:nuisance,.
. and efforts have been made to get rid of this center by im-

- proving the crystal growth technique, or annealing the crys-
 tal in reducing atmosphere.'' In this letter we report for the

first time on laser action in chromium-doped forsterite
pumped by 1064 nm radiation and present evidence that in
chromium-doped forsterite the near-infrared active “cen-
ter” is responsible for laser action. Absorption, emission,
and lasing properties of this “*center” are presented. We sug-

_ gest that the center may be a.Cr'** ion in a tetrahedral site.

The absorption and fluorescence spectra of the center in
the near-infrared spectral region are shown in Figs. 1 and 2,
respectively. The room-temperature absorption spectrum is
a double-humped band covering the 850-1200 nm wave-
length range. The room-temperature fluorescence spectrum
extends from 1000 to 1400 nm and peaks at 1140 nm, At
liquid-nitrogen temperature both the spectra show a sharp
zero-phonon line at 1093 nm followed by elaborately strue-
tured vibrational sidebands. A detailed analysis of the vibra-
tional sidebands is out of the scope of the present letter and
will be presented in a future publication. The fAuorescence
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lifetime is 15 us at room temperature and 20 ps at liquid-

The cavity arrangement used for obtaining laser action

~ in Cr:Mg,Si0, has been described elsewhere.! An identical

arrangement was used in this measurement, except that the

“separation between the front and the back mirrors was 40

cm, and the pump beam was focused 5 cm in front of the
sample by a 50 cm focal length lens. The fundamental and
the second-harmonic emissions from a (-switched Nd:YAG

rate were used for excitation of the near infrared and the
visible bands, respectively. Pulsed laser action was readily

.observed for both the 1064 nn and the 532 nm pumping at or
- -above the respective thresholds. To switch from one pump. -

"_wavelength to the other, one merely had to change a filterin. .
* the beam path to transmit the desired wavelength and block

the other. The amplitude and duration of the Cr:Mg,Si0,

-~ laser pulse, as well as its delay: with respect to the pump

pulse, varied, as expected, with the pulse-to-pulse energy
Auctuation of the pump pulses. However, for a similar level
of excitation and within the time resolution of the experi-
ment, there was no appreciable difference in the delay
between the pump pulse and the output laser pulse for the
two pump wavelengths, The laser thresholds and slope efli-

ciencies for the two excitation wavelengths, 1064 and 532

- nm, areshown in Fig. 3. The spectra of the free-running laser
. for pumping at 1064 and 522 nm are displayed in Figs. 4(a)

and 4(b}, respectively. Talle I summarizes and compares
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FIG. 1. Near-infrarcd absorption spectra of Cr:Mg, Si0), 2t raom tempera-
ture (solid Hae} and liuid-nitroeen tempernture (broken fine} for Ellb
axis. The crystal contains (LW nt. 74 of Cr jons and lias a thickness of 4.5
num alang the excitation direction. :
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... the characteristics of aser.emission. for. the two excitation
e waveleng(hs_, - i - S -
-~ - The data-presented so far clearly indicate that the same
= center is active in laser action for both the 532 nnf and 1064
. nmexcitations, For the 532 nm pumping there is a fast {rans-
-~ fer of excitation from the levels directly pumped to the lasing
“~*level. The absorption- at 532 nm and for that matter, the
*“““entire red-green band hias been attributed to * 4 += T, transi-
- tions in Cr' * fon,"'" If that is the case, then the CR* ions
~“act s a sensitizer, rapidly and efficiently transferring energy
—to the Iasing center, However, the lasing center itself may
* -have a higher lying absorption band that overlaps the C*+
~ absorption in the red-green spectral region. Similar contri-
_butions to absorption in this spectral region have indeed
-~ been suggested-for Cr** in GSGG,"" and for iscelectronic
- ¥ incorundum." The growth of population in the lasing
- -level Tor 532 nm pumping will then be due to vibrational
i._nonradiative transitions which are very fast." Probably, -
“both the interband nonradiative fransitions, and the
CR** —lasing center energy transfer are effective in popu-
 lating the lasing level for excitation in the visible, However,
- for the 1064 nm pumping, the lasing band is directly popu-
fated, ‘

F1G. 4. Spectta of free-running Cr:! Yg, 810, taser for (a} 1064 nm pumping
and (b) 532 nm pumping.

polarized absorption spectrn of chromium-activated forster-
ite have heen analyzed " in terms of Tanabe- Sugana formal-
ism; ' and no infrared absorption band is predicted for Cr*
ions in mirror sites. For Ct'' fons in inversion sites, even
ligand fleld-induced eleciric-ipole transitions are not possi-
ble. Dynamic interaction with lattice vibrations may result
in transitory reduction of inversion symmetry, making tran-
sitions possible, However, such transitions are very wenk
and slow, as seen for Cr** jons in inversion sites in alexan-
drite, wlhiere the fluorescence lifetime is ~ 60 ms." The mea-
‘sured lifetime of 15 us is too short for transitions within the
statesofa Cr**+ jon in inversion site. It is highly unlikely that
the infrared absorption is due to the Cr** jons in inversion
site, o ' '

Impurities other than chromium could be another possi- .
bility. Trivalent iron (Fe'* ) is'a commonly occurring intpu-
rity in olivines, and exhibits a similar absorption band in the
near infrared. However, the low-temperature spectrum of
iron in olivine does not show the sharp-line structure as ob-

The key question that remains to be answered is, what is

the origin. of this lasing center. Trivalent chromium enters

‘the forsterite crystal in two distinct sites, one with mirror
(M 2) and the other with inversion (M | } symmetry. Gener-
ally, the ions in the mirror sites are optically active. The
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F1Q. 3. Output energy of Cr:Mg, 510, lnser asa function of input energy for
(8] 1064 nm pumping and (b) 532 sm pumping,
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served in chromium-activated forsterite.! Chemical analysis
of the sample did not indicate sufficient iron content to ac-
count for. the observed absorption either. '

A similar 850-1200 nm absorption band observed™? in
Nd,Cr:GSGG was first assumed® to be due to Cr**, and
finaily has been attributed to Cr'* centers.® This band ap-
pears only in Cr-activated GSGG crystals and never in un-
doped or only Nd-doped crystals. The absorption coefficient
of the band depends on the crystal growth condition and has
been observed® to vary over three orders of magnitude from a
high of 2 em =" down to 1310~ em™" at 1061 nm, the

TABLE 1. Properties of laser emission for the two excitation wavelengths,

Value at the excitation wavelength of

Property 1064 nm 532 nm
Lasing threshold {absorbed energy)  1.25mJ 1.37 m}
Stope efMciency 1.8% 1.49%
Spectral bandwidth (FWHM) 0 nm 27 nm

1235 nm 1235 nm

Center wavelength




wavelength for Nd Inser emission. Afier a series of careful
tests for impurities” and analviical chemistry studies,” these
authors established a correlation between the strength of this
absorption and the level of divalent calcium impurity in the
sample. Divalent calcium appears as an purity in scandi-
um oxide, the starting material for growing GSGG. Also, to
promote the growth of garnet crystals a small amount of
calciunt oxide is sometimes added (o the melt. The working
hypothesis here is that the Ca?* causes Cr** to change to
Cr**, and the Cr'™* ion on a tetrahedral site is responsible for
the near-infrared absorption in question, In view of the simi-
larities between the near-infrared absorption band in GSGG
and forsterite, we tentatively assign the center in forsterite to
Cr'* ion as well. The role of Ca2* is presumably played by
Mg®* in forsterite.' Substitution for Si'* in tetrahedrally
coordinated sites is less frequent but possible,'” and may lead
to tetrahedrally coordinated chromium ions in {orsterite,
Another possible identity of the lasing center may be the
divalent chromium ion (Cr**) substituting for Mg?* in the
inversion (M 1) site. It has been indicated that in distorted
coordination sites, like the forsterite M | site, Cr?+ may oc-
cur and be stable."™' According to the prediction of the
crysial field theory such a center may account for the ob-
served infrared absorption. The exact identification of the
lasing center in chromium-activated forsterite still remains
an interesting problem for further investigation,
Note added in proof. We have obtained cw laser action in
chromintm-activated forsterite by pumping the crystal with
1064 nm radiation from a cw Nd:YAG laser, By using a
single-plate birefringent filter in pulsed mode, tuning over
1167-1345 am has aiso been demonstrated.
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