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Persistent spectral hole burning (HB) and fluorescence-line-narrowing {FLN) were ohserved in BaFCly (Bry i Sm? ' at 77
¥. By adding Br™ to BaFCl, the linewidths of *D), - 7F, transitions of Sm** were broadened by at least one order of
magnitude due to the effect of disorder. As a result, tens of holes can potentially be burned in this material at 77 K. The
results of FLN indicate that the random arrangement of C1~ and Br™ around Sm® ™" ions does not cause a detectable energy
level splitting, but shifts the center of gravity of their energy levels. The unexpected two-line structure in FLN is interpreted as

accidental ceincidence of excitation energies,

1. Introduction

The optically active centers in solids at low
temperature exhibit inhomogeneously broadened
ahsorption lines due to their different local en-
vironment. When a subset of the centers is selec-
tively pumped with a narrow bandwidth laser, the
population depletion of the selected absorbers
produces a spectral dip or a spectral peak accord-
ing to the probing method,; these are, respectively,
spectral hole burning (HB) and fluorescence-line~
narrowing (FLN). HB and FLN are, to some
extent, complementary techniques, both of them
have been used as tools for high-resolution spec-
troscopy {1,21. This research has been stimulated
by novel photo-induced phenomena as well as by
the possible application of HB to frequency-do-
main optical storage [3,4].

In frequency-domain optical storage, a bit of
stored data is associated with the presence or
absence of a spectral hole at a given frequency
location. Therefore, the storage capacity of this
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method at a laser beam spot is approximately
determined by the ratio of inhomaogeneous hn-
ewidth (I} to the homogeneous linewidth (I',),
I,/T,. which can be as high as 10°-10% at low
temperature. For a given material, the inhomoge-
neous linewidth changes only moderately with the
temperature; on the other hand, the homogeneous
linewidth, which 1s a consequence of dynamical
perturbations such as various phonon-induced
relaxation processes, will increase rapidly as the
temperature rises. To maintain a high storage
capacity, the temperature must be very low, usu-
ally at 4.2 K {5]; this limitation is one of the main
obstacles to the practical application of HB.

The first observation of two-colour or photon-
gated hole burning in BaFCl:Sm®" at 2 K was
reported in 1985 by A. Winnacker et al. [6]. They
found that the inhomogeneous linewidth of the
D, -+ "F, transition was 16 GHz and the hole
width was 25 MHz at 2 K. In this paper, we report
the results of two-photon hole buming and FLN
in BaFCl, Brys:Sm*" at 77 K. The inhomoge-
neous linewidths of the *D, —»"F, transitions of
Sm*" ion were broadened significantly by adding
Br ions to the BaFCl matrix. As a result, it was
possible to study HB and FLN at quite a high
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temperature (77 K). This mught be important for
the application of HB to frequency-domain opii-
cal storage.

2. Experimental

The measurements were performed on a
BaFCl, Bry,: Sm* " powder sample. The nominal
molar concentration of Sn®™ was 1%. The sample
was prepared by the method described below,
Analytical grade barium fluoride (Bak,), barium
chloride {BaCl,), barium bromude (BaBr,) and
samarium oxide (Sm,0,) were weighed according
to desired stoichiometric ratios, ground together in
an agate mortar and then placed in a Al,O,
crucible. The samples were heated in a furnace to
1100°C for 1-2 h in a sealed quartz tube which
contained an atmosphere of hydrogen and nitro-
gen (5% /95%). Then, the quartz tube was taken
out of the furmnace and coocled to room tempera-
ture. The reaction that occuzred in the molten
state was

BaF, + xBaCl, + (1 — x}BaBr,
— 2BaFCl Br,,_,,.
BaFCl,Br, _,:Sm’" samples have been pre-

pared with different values of x (x=1, 0.8, (1.5,
0.2, 0). In this paper, we report the results on

BaFClgsBry s : Sm** powder. Numerous resuits on -

the structure of mixed cation and anion flucride
halides have been reported [7,3}. MFX (M = Ca,
Sr, Ba; X = Cl, Br, I) crystallizes in the tetragonal
{P4 /nmm), PbFCl-type structure with a layer se-
guence of (F-M-X-X-M--}, along the z axss, as
shown in fig. 1. The cations and nonfluonde an-
ions are located in position 2¢, +(1/4, 1/4, z},
and the fluoride anions in position 2a, +{3/4,
1/4, 0), corresponding to the setting of the space
group P4/nmm with the origin at 2/m. For the
structure of mixed cation and anion fluoride
halides, it was found that when the ionic sizes
were simular, the different cations randomiy oc-
cupied the cation sites and the chloride, bromide
and 1odide ions randomily occupied the nonfluo-
ride anion sites; the result was a PbFCl-tvpe solid
solution. PoFCl-type solid solutions were ob-
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i8]. Our x-ray diffraction resulis alsc show th
BaFCl,yBr,s; has a PbFCi-type structure ag
crystallizes in the tetragonal space group (P4y
ninm). The same is true for BaFCl and RaF
with only small differences in lattice constants,

A Quania-Ray PDL-2 tunable dye las
pumped by a pulsed Quanta-Ray DCR-
NI YAG laser was used for HB and FLN stu
ies. The laser linewidth was about 0.2 em™ !, the = )
pulse duration was 6-7 ns and the repetition rate
was 20 Hz. For the FLN study, a Spex 1403
double grating spectrometer and an RCA C31034
photomultiplier were used to analyze the fluor
cence. The data were processed by a microco
puter. The entrance and exit slit widths were both
(.1 mm. For the HB study, a D330 monochrom
tor was used with the entrance and exit shis
opened to 3 mm; the apparatus for HB is sho
in fig. 2. To burn the hole, the °D, « " F, tran
tion of Sm** was irradiated by the laser for 5

H
BV W
ILJ

s+

SAMPLE
D330
¥a)
O YV poncchromater P
C:}Lnes
) Signal
(’::) Lens Averager
i
Dye Lascuyd-y Nd:YAG! focordet
Laser

Fig. 2. Experimental setup for HB.

Then, to detec
“was set at 63
fluorescence @
scanned with .
ments were Car
in tiquid nitrog

3, Results and
1l Fluorescen.

The S 7 io
Br) lattice at t
site was presut
due to transitic
9,1, 2) excited
ground states ¢
Sm* ™ site lacks
~’F, transition .
t consequently ¢
pected. At high
tion bands arisi

We have stu
BaFCl using

nique [10], It w»
- ally oceupy b
BaFCl or BaFl
and C,, respect
have C,, symr
the *D, — " E, i
from nonselect
nitrogen laser -
about 1.3 cm’
about 3 cm™' |
The same {
emission spectt
S in BaF(
about 26 cm™
found, as was
BaFCl,  Bry.:
in BaF{(1: Sm?
the linewidths
and 300 K are
tively; thus, it
That means, :
tontribution to



F7; hatched circles:
3a?t, SriT, gt 3.

mfor O<xgl
also show that -
> structure and -
we group (P4/
“Cl and BaFBr, -

ice constants,
thle dye laser,
-Ray DCR-2A

and FLN stud-

it 0.2 cm”, the
e repetition rate
y, a Spex 1403
in RCA C31034
tyze the fluores-
by a microcom-
7idths were both
{0 monochroma-
»oand exit slits
‘or HB is shown
D, « " F, transi-
»laser for 5 min.

PHT

rager

zordef

r B

Then, to detect the hole, the D330 spectrometer

was set at 630 mm to monitor the *Dy —»"F,

fluorescence  as the excitation spectnum  was
scanned with an aitenuated laser. All measure-
ments were carried out with the sample immersed
in liquid nirogen.

3. Results and discussions
3.1, Fluorescence-line-narrowing

The Sm” " ion substitutes in the BaFX (X = CJ,
Br) lattice at the Ba®” sites. The symmetry of this
dte was presumed to be C,,. The fluorescence is
due to transitions from three metastable °D, (J =
0,1, 2) excited states to the 'F, (J=0,1,2,...6)
ground states of the 4f° Sm® ™ configuration. The
$m’* site lacks an inversion center, so the *D, —
F, transition is now electric-dipole allowed and
consequently quite intense transitions were ex-
pected. At higher energies there are broad absorp-
tion bands arising from transitions to 4f°54d! states
(91

We have studied the different Sm* " centers in
BaFCl using the laser-selective-excitation tech-
nique {10]. It was found that the Sm’* ions actu-
ally occupy two mequivalent lattice sites in either
BaFCl or BaFBr, whose local symmetries are C,,
and C,, respectively. The predominant Sm** sites
have C,, symmetries. The emission spectrum of
the *Dy — 7 F, transition of BaFCl: Sn’* resulting
from nonselective excitation at 337.1 nam with a
nitrogen laser is shown in fig. 3. The FWHM is
about 1.3 em™!; the value for BaFBr:Sm’* is
bout 3 em ' {11].

The same technique was used to obtain the
emission spectrum of the >, - " F, transition of
Sm™* in BaFCl,sBrys (fig. 4). The FWHM is
about 26 cm™! at both 77 K and 300 K. We
found, as was expected, that the linewidth in

! BaFCl, . Brys: Sm®* was much broader than that

n BaFCl: Sm** or BaFBr: Sm**. In BaFCl: Sm?™
the linewidths of the Dy - F, transition at 77 K
and 300 K are 1.3 em ™ ! and 3.2 cm ™! [11] respec-
tively; thus, it increases as the temperature rises.
That means, at least at 77 XK, that the main
tontribution to the measured linewidth comes from
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Fig. 3. Emission spectrum of BaFCl: Sm®" (°D, - "F, transi-
tion) at 77 K. Excitation: 337.1 nm.

homogeneous broadening. In BaFCl,;Bry s : Sm* ™,
the linewidths of °Iy — " F, transition at 77 K and
300 K are almost the same (fig. 4). This implies
that the main contribution to it comes from the
inhomogeneous broadening.

In BaFCl, the Sm’* ions fit into the lattice
substitutionally at Ba?" sites. The coordination
polyhedron consists of four fluoride ions located
in a plane perpendicular to the ¢ axis, four chlo-
ride ions in a plane parallel to the fluoride plane,
and one extra chloride ion on the ¢ axis above the
chloride plane. When one half of the chlorides
were replaced by bromides, the chlorides and
bromides surrounded the Sm®” iomns randomly;
this affected both the local symmetry and the
crystal field strength at the Sm*” site. Later we
will see that the effect on the local symmetry is
not large enough to cause a detectable energy level
splitting, but it does disturb the center of gravity
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Fig. 4. Emission spectra of BaFCly Brgs:Sm** (D, —F,
transition} at (a) RT,; (b) 77 K. Excitation 337.1 nm.
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Fig. 5. Excitation spectra of BaFClg Brgs: Sm?* at 77 K
monitored at different frequencies of the *Dy - 'F, transition,

of Snr* " ion energy levels and leads to broad band
emission.

Fig. 5 shows the excitation spectra of
BaFCl,Br,s: Sm°*. They were obtained by
monitoring different frequencies of *Dy - 7 F, flu-
orescence while the °D,« 'F, transition was
scanned. All of the excitation spectra monitored at
different frequencies are quite similar to each other
and to the one obtained from BaFCl: Sm’** moni-
toring the C,, center [10]; they consist of two
peaks. This is in agreement with the fact that there
are two electric-dipole allowed transitions for *D,
—7F,, which are E—> A, and A; > A, in a Gy,
crystal field. We conclude, therefore, that the pre-
dominant Sm’* center in BaFCl,Br, s probably
stil has C,, symmetry. By tuning the laser
frequency within lines in fig. 5 and measuring the
fluorescence of D, — ' F, we obtained the nonres-
onant FLN result shown in fig. 6. The resulting
lines are much narrower and shift with the excita-
tion wavelength. This contrasts with the laser-
selective-excitation spectra of BaFCl:Sm** in
which there is only one peak in the *Dy—F,
spectrum if the C,, center is selectively excited

32, Two-phoi
1 s,

Ex.17829.1lcm x5 'Ihe samp
“and rradiate
to the "Dy «
- was about 10
“fation, the st
" the laser frec
excited siate
sequently, th
were photol
absorbing &
beam. The
pand were G
persistent ho
" tral position
The schemal
hole burning
fig. 8. Here
emphasize 1

17824.,9

17820.9
17817.3

17813.1

17808.9

17805.4
1780%1.6

Intensity {a.u)

17798.2
17793.3

1. 17790.1
17785.7

14555 14535 143515
Frequency (Cm—l)

Fig. 6. FLN spectra of BaFClg Brys:Sm*™ at 77 K excited

different frequencies of *D, « 'F, transition. «wo-colour

cases where

) was probed

[12]. We think that the fact that thers are twg by monitori

peaks in each FLN spectrum of BaFCl,:Brys: 630 nm), Wi
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excitation energies of ioms in different sites. A K w?ﬂie s

shown in fig. 7, ions at sites A, B C and D are all re;ult is illu:
excited by the same laser frequency, but fluoresce 30% depth

to various terminal states at different frequencies width was a

As a consequence, processes A, B and C cause
residual broadening of the stronger peak and pro
cess I led to the weaker fluorescence peak.
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1.2 Two-photon persistent hole burning

The sample was immersed in liquid nitrogen
and irradiated for 5 min with the dye laser tuned
(o the ’1, « ' F, frequency. The burning intensity
was about 10 kW /em®. Under such selective exci-
tation, the subset of the St ions resonant with
the laser frequency was excited to the metastable
excited state °D, from the ground state 'Fy; sub-
sequently, the Sm*" ions excited to the 51)2 state
were photoionized to the conduction band by
absorbing a second photon from the same laser
beam. The electrons excited to the conduction
band were captured by traps [6]. Consequently, s
persistent hole in the absorption band at the spec-
tral position of the laser frequency was produced.
The schematic diagram of two-photon persistent
hole burning in BaFCl,Brys:Sm*" is shown in
fig. 8. Here, we use the term “two-photon™ to
emphasize that A;=2A,; the alternate phrase,
“two-colour” or “photon-gated”, often refers to
cases where A, % A,. In our experiment the hole
was probed in a fluorescence excitation spectrum
by monitoring the D, — 7 F, emission (at about
630 nm), which is the strongest of the three D,
-7F, (J =2, 1, 0) fluorescence components at 77
K, while scanning °D, « 'F,. The hole burning
result is illustrated in fig. 9; it shows a hole with a
30% depth that was burned in 5 min. The hole
width was about 1.4 cm ™. At the lowest burning
intensity, the hole width (I} was about 1.14
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bands
20000 5
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41
T T
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Fig. 8. Schematic diagram of two-photon hole burning in
BaFCly s Brys: Sm?t.

C. Wei et al. / Two-phoron hole burning and fluorescence-line-narrowing studies 165

Tntersity(a.u.)

17806 .1 1778&

Frequency (cm )

Fig. 9. Spectral hole chserved in excitation spectrum at 77 K in
BaFCly ;Bry s Sm™,

em”'; thus, the homogeneous linewidth (I7) is
about 0.47 cm™!, according to Ty = (Iyg. —
e )/2 [13], in which I, =0.2 cm ™!, The in-
homogeneous linewidth (I') of this band is about
40 cm ™' [12}, so the ratio of I'/T), is on the order
of 107, After 4 h we found that the hole became
wider and a little shallower. This means the hole
can be kept for at least several hours.

4. Conclusion

FILN and persistent hole-burning were studied
in BaFCl, Brys:Sm?" at 77 K. The results show
that it is possible to burn tens of holes at 77 K in
this material. This has potential importance for
the study on frequency domain optical storage.
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