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Spectroscopic analysis and persistent photon-gated spectral hole burning
in LiF:F 2

À color center crystal
V. V. Fedorov,a) S. B. Mirov, M. Ashenafi, and L. Xie
Department of Physics, University of Alabama at Birmingham, Birmingham, Alabama 35294
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Luminescence and absorption spectra of LiF crystals with F2
2 color centers~CCs! were studied in

the 14–300 K temperature range. The Huang–Rhys factors measured from absorption and emission
spectra were equal in magnitude and calculated to be 3.2 and 2.72 at 77 and 300 K, respectively. It
was shown that below 40 K inhomogeneous broadening of the zero phonon line of the F2

2 CC
prevails over homogeneous broadening. Inhomogeneous broadening of the zero phonon line was
observed to vary from 5 to 15 cm21 for different crystal preparations. Persistent spectral hole
burning stable at room temperature was realized in LiF:F2

2 crystals. © 2001 American Institute of
Physics. @DOI: 10.1063/1.1406563#
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Spectral hole~SH! burning has attracted significant a
tention as a powerful technique for high resolution spectr
copy and may also have potential use in optical memori1

We report results of spectroscopic characterization and
sistent SH burning in the zero phonon line~ZPL! transition
of F2

2 color centers~CCs! in LiF (LiF:F2
2) crystals. F2

2 CCs
are point defects produced by ionizing irradiation. F2

2 CCs
can be considered as three electrons trapped by two adja
anion vacancies with axial symmetry along the~110!
direction.2 LiF:F2

2 crystals are characterized by wide abso
tion and emission bands in the near-IR spectral region, 0
1.1 and 1.04–1.3mm, respectively, and high quantum effi
ciency of the luminescence at room temperature. LiF2

2

crystals are widely used as passiveQ switchs in resonators o
neodymium lasers and as active elements of near-IR tun
lasers.3–6 Numerous studies2 have been devoted to spectr
scopic characterization of LiF:F2

2 crystals. However, a de
tailed investigation of absorption and emission bands bro
ening has been never performed. The current study
focused on analysis of spectral broadening of F2

2 CC absorp-
tion and emission bands, and elucidation of the merit
LiF:F2

2 crystals as a medium for SH burning experiments
To produce F2

2 CCs, LiF crystals wereg irradiated at
300 K with a dose of 108 rad using a60Co source. The maxi-
mum absorption coefficients of the LiF:F2

2 crystals studied a
room temperature wereK51 – 3 cm21 ~at l5960 nm!. The
absorption and emission spectra were obtained using an
ton Research ARC-750 spectrometer with spectral resolu
of 0.6 cm21. The data for absorption and emissions spec
were acquired with a lock-in amplifier~Model 7265, EG&G
Instruments! and a SR250 boxcar integrator~Standard Re-
search Systems!, respectively. All spectra were corrected f
sensitivity using an Oriel calibration lamp~model 9-2050!.
For the fluorescence and SH burning experiments we us
tunable LiF:F2

1** laser pumped by an alexandrite las
~Light Age, Inc.!.7 The LiF:F2

1** pulses had a duration of 6
ns and spectral width of 0.2 cm21.
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To establish the type of transition broadening the abso
tion and emission spectra of LiF:F2

2 CCs were studied in the
14–300 K temperature range~see Fig. 1!. At temperature
below T5120 K the ZPL transition with a wavelength o
1040 nm can be resolved in the absorption and in the lu
nescence bands. The broadband transitions to the high v
tion levels separated by energy gapDE5267 cm21 are seen
in the absorption and luminescence spectra atT514 K. The
temperature dependencies of the ZPL transition width@full
width at half maximum~FWHM!# are shown in Fig. 2. As
one can see, a fast decrease in the FWHM in the 100–4
temperature range gives way to a temperature indepen
relationship for temperatures belowT540 K. Generally, the
FWHM is a convolution of inhomogeneous (G inh) and ho-
mogeneous broadening (Ghom). In solids, inhomogeneou
broadening results from local lattice distortion and does
depend on the temperature. TheGhom is strongly temperature
dependent in this temperature range.1 In our experiments,
FWHMs of the ZPL atT514 K were observed to vary from
5 to 15 cm21 for different crystal preparations depending o
the overall concentration of the F2

2 CCs and the crysta
preparation technique. From the above it follows that inh
mogeneous broadening (G inh) of the ZPL in LiF:F2

2 is domi-
nant at temperatures belowT540 K and is equal to 5–15
cm21 for the crystals studied.

il:FIG. 1. Absorption~A! and emission~B! spectra of a LiF:F2
2 crystal at 300

~I! and 14 K~II !.
8 © 2001 American Institute of Physics
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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In most cases, the temperature dependence of the
sorption and emission bands of CCs can be calculated by
Huang–Rhys model.8 According to this model, the optica
center interacts only with one ‘‘effective’’ phonon (v0). As a
result, the temperature dependencies of optical transi
bands can be established analytically as a function of
effective phonon frequency and Huang–Rhys factor (S0) as

~ I ZPL /I total!5exp@2S0 cth~hv0/2kT!#, ~1!

~D!258 ln~2!S0~hv0!2 cth~hv0/2kT!, ~2!

Eabs2Eem52S0hv0 , ~3!

where Eabs2Eem is the Stokes shift,D is the FWHM of
multiphonon bands at high temperature,I ZPL is the area un-
der the ZPL band andI total is the total area under the absor
tion or luminescence spectrum. There is a common relat
ship between absorption and the emission band within
limit of the linear approximation of electron–phonon co
pling. Based on Refs. 9 and 10 conjugate absorption
emission bands satisfy a mirror–image relationship with
spect to the energy of the ZPL transition, i.e.,

I ab~v !5I em~2vZPL2v !, ~4!

whereI ab(v)5K(v)/v, I em5const*E(v)/v3, vZPL is the fre-
quency of the ZPL transition,K(v) is the absorption coeffi-
cient, andE(v) is the spectral density of the luminescenc
To verify the validity of the linear mechanism of electron
phonon coupling, we checked whether a mirror–image re
tionship between the emission and absorption bands t
place. The conjugate absorptionI a(v) and emissionI e(v)
bands, measured atT577 K and calculated according to Eq

FIG. 2. Temperature dependence of the ZPL width of F2
2 CCs in LiF for

luminescence~j! and absorption~s! measurements.

FIG. 3. Normalized absorption~A! and emission~B! spectra of F2
2 CCs in

LiF at 77 K.
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~4!, are depicted in Fig. 3. As one can see from Fig. 3,
mirror–image relationship between the emission and abs
tion bands holds over a wide frequency range. Calculation
the Huang–Rhys factor according to Eq.~1! was made atT
577 K, because at this temperature the absorption and e
sion bandwidths of ZPLs are much wider than the appara
function of the spectrometer and inhomogeneous broaden
In addition to this, the value of cth(hv0/2kT) only weakly
depends on the phonon frequency, and the change of e
tive phonon (v0), from 150 to 300 cm21, causes only a 12%
change ofS0 . TheS0 value calculated from this equation fo
absorption and luminescence bands was equal to 3.2.

On the other hand, thev0 andS0 values can be obtaine
from Eqs.~2! and ~3! independently. For these experimen
we measured the temperature dependence of the absor
and emission bandwidths in the 200–350 K temperat
range, since at these temperatures the band profile is
scribed well by Gaussian curves. The parameters calcul
from Eqs. ~3! and ~4! at room temperature wereS052.72
and v05267 cm21. It is rather close to their values calcu
lated earlier11,12 based on the temperature dependencies
the absorption and emission bandwidths. It is worth not
that calculations of the parameters~S0 and v0!, based only
on Eq.~2!, are very sensitive to measurement accuracy.

The F2
2 CCs are photostable when excited in the ma

absorption band, which is centered at 960 nm at room te
perature~RT!. However, F2

2 CC photoionization occurs un
der simultaneous action of radiation of the first and seco
harmonics of the neodymium laser.12 Persistent photon-gate
SH burning at the ZPL transition was realized at 14 K
using first~1040 nm! and second~520 nm! harmonic oscil-
lations of the pulsed LiF:F2

1** CC laser.7,13 Light polariza-
tion of first and second harmonics of the LiF:F2

1** CC laser
were along the~100! and ~010! crystals axes, respectively
Simultaneous irradiation of LiF:F2

2 crystals with 1040 and
520 nm radiation results in their two-step photoionization.
the first step F2

2 CCs are resonantly excited by narrow~0.2
cm21! 1040 nm radiation lying within the inhomogeneous
broadened F2

2 CC ZPL. At the second step, excited F2
2 CCs

are photoionized to the conduction band of LiF by 520 n
radiation, forming neutral F2 CCs and free electrons. Th
peak power densities in our experiments were 14 and
MW/cm2 for the first and second harmonic oscillations of t
LiF:F2

1** CC laser, respectively. For SH burning expe
ments we used LiF:F2

2 crystals with inhomogeneous broad
ening equal toG inh59.2 cm21.

FIG. 4. Hole spectra for light polarizationE'E520 nm~A! andEiE520 nm~B!
at 14 K.
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



in
ro

ic
th
io
-

on
f

le
em

–
K

n

e
e

y

ov
as
by

ho-

r

s.

.

um

tatus

.

2320 Appl. Phys. Lett., Vol. 79, No. 15, 8 October 2001 Fedorov et al.
The absorption spectra of the ZPL transition after 5 m
of light exposure are presented in Fig. 4. As one can see f
Fig. 4 a spectral hole with a FWHM of 1.7 cm21 was created
in the LiF:F2

2 CC crystal. The SH exhibits strong dichro
properties. The maximum amplitude of the SH was in
absorption spectra measured by the light with polarizat
along the~010! direction. For this polarization, the SH con
stitutes 50% of absorption maximum of the ZPL transiti
whereas the spectral hole amplitude was less than 10%
~100! light polarization. The SH amplitude was very stab
and did not change after two weeks of storage at room t
perature.

In conclusion, luminescence and absorption spectra
LiF crystals with F2

2 color centers were studied in the 14
300 K temperature range. It was shown that below 40
inhomogeneous broadening of the ZPL of F2

2 CC prevails
over homogeneous broadening. Inhomogeneous broade
of the ZPL was observed to vary from 5 to 15 cm21 for
different crystal preparations. The Huang–Rhys factors w
calculated from absorption and emission spectra and w
equal to 3.2 and 2.72 atT577 and 300 K, respectively. A
persistent photon-gated SH at the ZPL was realized
LiF:F2

2 crystals. The SH was stable for more than 14 da
when stored at room temperature.
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