This article was downloaded by:

On: 30 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Spectroscopy Letters
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597299

AR TN Ml ciainary lsumsl
L W NSO
= |3 S (]
SRCGEHOSCO DA
L4” L5 8
ErMor Robyer® L. Mchel

The Reduction of Re* in Srb O, Prepared in Air and the Luminescence of
Stb O, :Re**(Re=Eu, Sm, Tm)

Qinghua Zeng?*, Zhiwu Pei*; Shubing Wang?; Qiang Su®

2 Laboratory of Rare Earth Chemistry and Physics, Changchun Institute of Applied Chemistry, Chinese
Academy of Sciences, Changchun, P. R. China

@ Ty & Frarcis

Sukame 38 Mumtzers 4-% 1005

To cite this Article Zeng, Qinghua , Pei, Zhiwu , Wang, Shubing and Su, Qiang(1999) "The Reduction of Re** in Srb O |
Prepared in Air and the Luminescence of Srb O, :Re**(Re=Eu, Sm, Tm)', Spectroscopy Letters, 32: 6, 895 — 912

To link to this Article: DOI: 10.1080/00387019909350036
URL: http://dx.doi.org/10.1080/00387019909350036

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. conftermns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this nmaterial.



http://www.informaworld.com/smpp/title~content=t713597299
http://dx.doi.org/10.1080/00387019909350036
http://www.informaworld.com/terms-and-conditions-of-access.pdf

03:18 30 January 2011

Downl oaded At:

SPECTROSCOPY LETTERS, 32(6), 895-912 (1999)

THE REDUCTION OF RE*" IN SrB;0,, PREPARED IN AIR AND THE
LUMINESCENCE OF SrB;0;,:RE** (RE=Eu, Sm, Tm)
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Qinghua Zeng, Zhiwu Pei, Shubing Wang and Qiang Su

Laboratory of Rare Earth Chemistry and Physics, Changchun Institute of
Applied Chemistry, Chinese Academy of Sciences, Changchun, 130022, P.
R. China

ABSTRACT

The reduction of RE** to RE* (RE=Eu, Sm and Tm) in SrB,O,
prepared in air by high-temperature solid state reaction was observed. The
luminescent properties of Eu** and Tm?  show f-d transition and Sm*
shows f-f transition at room temperature. Three crystallographic sites for
Sm’' in matrix are available. Vibronic transition of °Dy-'F, of Sm?' was
studied. The coupled phonon energy about 108 cm™, was determined from
the vibronic transition. Due to the thermal population from °D, level, °D,F,
(J=0, 1, 2) transitions of Sm** were observed at room temperature. A charge

compensation mechanism is proposed as a possible explanation.
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INTRODUCTION
Recently it was reported that Eu®* can be reduced to Eu®’ in BaB;O,

by solid state reaction at high temperature in air'. Literature™* also reported
that the Eu*", Sm*" and Yb*' could be reduced to the corresponding divalent
rare-earth ions in SrB,0, by solid state reaction at high temperature in air.
They proposed that the rigid three-dimensional network of BO, tetrahedra is
necessary to stabilize the divalent rare-earth ions at high temperature in
oxidizing atmosphere. Mn?* and Pb> were reported to retain the divalent
state in StB¢O,, by firing in air* . It suggests  that SrB¢O,, should also be
a good host to stabilize the divalent rare-earth ions  in which also contains
the BO, tetrahedral network on the basis of its infrared spectrum®.

The present paper reports on the reduction of RE* (RE=Eu, Sm and
Tm) to RE*" in SrB,O,, and the luminescence of SrB,O,,:RE*".

EXPERIMENTAL

The preparation of the Eu®'-activated SrB,O,, was carried out
according to the literature® but heated in air in stead of in Hy/N,. The dopant
Eu ions concentration is 1 mol% of the Sr*" ions in the host compound. The
structure of the sample was checked on a Rigaku D/MAX-IIB X-ray
powder diffractometer, using Cu Ko, radiation. All samples appear to be
single phase and in agreement with JCPDS Card No: 20-1190,

Low-resolution luminescence spectra were performed on a SPEX
DM3000f spectrofluorometer equipped with 0.22m SPEX 1680 double
monochromators (resolution 0.1 nm) and a 450 W xenon lamp as excitation
source. The spectra were not corrected for the lamp output. All the
luminescence spectra were recorded at room temperature.

The high-resolution spectra were performed with SPEX-1403

spectrophotometer under the excitation of an N, laser beam with flow cryostat
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of gaseous helium. The temperature can be varied from 10 K to room

temperature.

RESULTS AND DI ION

1. Luminescence of SrB,O,,: Eu*

The excitation and emission spectra of SrBsO,,: Eu*' prepared in air
were shown in Fig. 1. There are two broad emission bands peaking at 386
nm and 432 nm, and an excitation spectrum with peak maximum near
305 nm. It is a permitted 4{°5d-4f” (%S;,) transition on the Eu*' ion.
Literature™” reported the luminescence properties of Eu?' in this matrix at
42K and 77K which was prepared in H, stream. They observed three
efficient emission band with maxim at 386, 432 and 470 nm with almost the
same intensity under 305 nm excitation at 4.2 K. When the temperature
increased to 77K, only the emission at 387 and 432 nm were observed and
the emission band at 470 nm was quenched. At room temperature, the
emission band at 432 nm is quenched to less than 5% of its original
intensity. Our results for emission bands with maxima at 386 and 432 nm
under 305 nm excitation of SrB¢O,,:Eu*” prepared in air is in good
agreement with theirs. The spectra suggested that the Eu*' situated more
than one lattice site in matrix. This can be confirmed by the high-resolution
spectra of Sm?' in SrB,O,, at 10 K.

For divalent europium a high emission intensity and a narrow band
width require weak Stokes shift. Due to the high strength of the boron-
oxygen bonds, the borates with high B,O; content can form a rigid three-
dimensional network which reduces the atomic displacements responsible

for the Stokes shift. Among the Eu-doped alkaline earth borates, only the
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FIG. 1. The excitation and emission spectra of Tm™ in SrB,0,, at room temperature.

B,0;-richest phases (SrB,O; SrB¢O,;) show weak thermal quenching at
300K®. The intensity of Eu*" emission depends strongly on the fraction of
the tetrahedral coordination boron atoms in the Sr-borates. In these borates,
the Eu**-doped SrB,O, has the highest quantum efficiency and shows the
strongest emission intensity while the other Sr-borates show weaker

luminescence.

2.1. The Low-resolution Luminescence of Sm** in SrB;O,,

The low-resolution emission spectra at room temperature of Sm*" in
StB¢Oy, prepared in H,/N, and air are shown in Fig.2. It shows that
emission spectrum of Sm*" in SrB¢O,, prepared in air is identical to those
prepared in H,/N, except that a group of weak lines at 562, 600 and 647 nm
corresponding to *Gs,—°H, (J=5/2, 7/2, 9/2 respectively) transitions of Sm*”
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FIG. 2. The low-resolution spectra at room temperature of Sm™ in SrB40,, prepared
in (a) HyN, (upper) and (b) air (lower). (The inset shows the enlargement of the
emission in the range of 620--680 nm).
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ions when sample was prepared in air. It is therefore deduced that the Sm*
can be reduced to the divalent state in SrB,O,, prepared at high temperature
in air. The emission spectrum contains four groups lines at 685, 700, 725
and 760 nm corresponding to the transitions of *Dy--'F, (J=0, 1, 2, 3)
transitions of Sm?", respectively. The dominant line is at 685 nm due to the
*Dy--"F, transition which shows that Sm?* occupied a crystallographic site

without center symmetry.

2.2. The High-resolution Luminescence of Sm*".

The high-resolution spectra at different temperature was recorded
since the temperature dependence of the relative intensities of the lines
belonging to the same group is of great help to classify the lines according
to the emitting Stark level. The intensity of the lines within each group is
roughly evaluated from their heights. Fig. 3 shows the high-resolution
emission spectra at 10 K.

it is observed that the twansitions of Sm” in SrB,O,, arc from “Dy-"F, (J=0.
1. 2, 3). The numbers of the transition lines for "D,-'F, transition are three
(designated as Center . Center I and Center 111}, for °D,-'F, transition are
nine and for °D,-"F, are twelve. Since if the degeneracy of 'F, energy level
for one site is compleiely lifted and the lines are well-separated, the
number of its lines are at most 3. therefore. there are at least three crystal
sites for Sm* in the matrix. The luminescent intensity of Sm?*" in Center 1!
is much weaker than those in the other two centers.

Fig.4 shows the high-resolution spectra at 200 and 300 K of Sm*' in
the matrix. The differences between them are, firstly. the mtensity ratio of
Center II to Center | increased with the increasing of temperature while
Center 11l decreased and vanished at 300 K. secondly, in the *Dy--'F,

transition, three lines at 14456, 14439 and 14422 o™ disappeared at room
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FIG. 3. The high-resolution emission spectra of Sm*' in SrBO,, at 10 K. (The inset
shows the enlargement of *D,-F, transitions).

temperature. Therefore, these three lines can be assigned to Center [11. With
the increasing of temperature, Center [l was quenched by temperature and
Center { and 11 increased. This implies that the energy transter from Center
1T to Center 1 and 11 is possible. Such cnergy transfer process was also
observed in the divalent europium in this matrix™ in which encrgy transfer
of Eu®” occurred from Center 11 to Center II and Center 1. It can also be

confirmed by the lifetime of these centers as discussed in the following text.

2.3. The Multiphonon Transition of Sm”".
From Fig. 2, it can be found that there are two weak lines beside two

sides of the *Dg--"F, transition (14586 cm™). They are al 680.3 nm (14699
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FIG. 4. The high-resolution emission spectra

of Sm™ in SrB,O,, at different

temperature. (The inset shows the enlargement of *D--'F, transitions.)
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cm™’, denoted as v’) and 690.4 nm (14484 cm’!, donated as v). Since these
lines are too weak and broad and there are only three sites for Sm?', these
weak lines can not be the transitions of Sm? but the vibronic transitions of
the coupling of the 4f electrons with lattice, namely, phonon satellite lines.
The *Dy--F, transition at 14586 cm™ is the zero-phonon line (ZPL). The
energy difference between Line v’ and ZPL is AE, =113 cm™ and the energy
difference between Line v and ZPL is about AE~104 cm”. Therefore,
during the transitions, the ZPL has been coupled by phonons with average
energy Am~(113+104)/2=108 cm™. These phonon lines can be explained by
single--configuration--coordinate mechanism in which only those vibration
modes with single frequency can couple with the 4f electrons and results in
sharp lines. They are originated from the transition in which the °D,, and 'F,
states have different lattice vibration levels. 1t can also be found that the
intensity of vibronic line v increases with the increase of temperature. Lines
v and Line v’ can be attributed to the transitions |'Dy.n>->"F,, n+1> and
Dgn+1>—[F, n> respectively, where n is the quantum number of
vibration levels of the crystal lattice. Line v and Line v’ corresponded to P
=] for emitting P phonons and P =-1 for absorbing P phonons, respectively.

The intensity ratio of v and v’ to D, -’F, zero-phonon line can be written

as”'h:
S
[/ =S<l+m>=—-—"—— P=1 (la)
T
S exp( :/*350 )
! /10=S</n>—1 —Tza)) P=-1  (1b)
exp(

where k is the Boltzmann constant; S is the Huang-Rhys factor which shows
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the coupling strength during the transitions; <m> is Plank’s thermal average
quantum index: <me>=[exp(-hw/kT)/[1-exp(-hw/kTY}; 7 is absolute
temperature; A is phonon energy which was coupled during the transition.

From Fig.2, Ao~108 cm™, 7=300 K, it can be obtained that the ratio of
1,-/1, is about 0.013, and Huang-Rhys factor S can be calculated from Eq.(1b)
to be $=0.015; then we obtained the ratio of 1./1, from Eq.(1a)of 1,/1;=0.037.
This value is close to the experimental result of I./i;about 0.033.

The total radiative decay rate can be obtained from the spectra. As the
decay time is determined by the radiative and non-radiative decay rates. For
the "D, level, the non-radiative decay rate can be neglected because the
energy gap to the next lower level ("F¢) is large (about 10000 cm™). The
highest frequency phonons have an energy of 1400 cm™ in SrBsO,,, so
multiphonon relaxation requires 7~8 phonons from *Dy, to "F,. It is known
that the multiphonon relaxation 1s inefficient for more than scven--phonon
processes.

The non-radiative transition rate (Ay,) from ‘D, to D, can be
calculated by the following equation”"":

(S<m+1>)"exp(-S<2m+1>)
AN T

S <m+1>" exp(-S<2m+1>
=N - - 'p‘ : ) 2)

Here N is the rate constant of non-radiative transition with the order of

10"~10'* P)=(AE,(/hm), is the number of the phonons bridging the energy
gap between the level of °D, and °Dy,. In a given matrix, since the position

of °D, and "D, in Sm**-doped matrix does not change greatly. the energy gap

between these two energy levels is about AE=1350 cm™, P, depends on the

variation of hw--the lattice-phonon energy in different lattice, so the non-
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radiative transition probability, which is the function of P, as shown in
Eq.(2) will change in different lattice. The phonons with the highest
frequency in the lattice will play the main role in the non-radiative transition.
Take N=10"~10" P,=1 then we found A.=4x10°~4x10". For the
comparison of the dependence of *D,—>*D, non-radiative transition on the
different lattice, let us take another matrix. BaCl, as an example. In
BaCl,:Sm?**, io=200 cm™, P=AE, /Ao=6~7. In StBO,,, Am=~1200 cm’,
Py=1~2. Then we can obtain the non-radiative transition probability from
D, to Dy in SrB¢Oyy is about 107~10" times bigger than in BaCl,
Therefore, no *D,-'F, transitions of Sin** in SrB,0,, were found even at 10
K while the transition of *D,-'F, can still be observed even at 77 K for Sm®'
in BaCly. However, an interesting phenomenon was found that some weak
sharp lines in the range of 620 to 67¢ nm were observed at room
temperature (see Fig.2). These lines must  correspond  to the *D,-"F, (0,
1, 2) transitions of Sm*" in SrB;Oyy. It is due to the fact that the °D, level
is thermally populated by °D, level and results in the transition of

‘DD, > F,.

2.4. The Lifetime of *Dy--"F, Transition of Sm*' in StB,O,.

The lifetime measurements yield information about the kinetics of the
luminescence process, such as the fluorescence efficiency, energy transfer,
the excitation and de-excitation process.

The lifetime of Sm? “D,--'F, transition were recorded at different
temperatures. The decay curves were presented in Tig. 5 for the lifetime at
300 K. All of the decay curves are in single exponential.

The lifetime for Center 1 and II at 10 K is about 5.0 ms and 4.5 ms,

respectively. At 300 K, the lifetime for these two centers 1s 4.24 and 2.69



03:18 30 January 2011

Downl oaded At:

906 ZENG ET AL.

1.0

300 K
0.8

1= 4.24ms (Centeri)

0.6

0.4 =2 69ms (Center Il)

02f

0.0 2 TR A : 3
0 5 10 15 20

t (ms) -

FIG. 5. The lifetime of Center I and II of Sm™ in StBJO,, at 300 K. (-
experimental; -—---- fitted by single exponential decay function: f{t)=Aexp(-x/T)}+B; A,
B is constant, respectively).

ms. Due to their different lifetime. it 1s deduced that the two emission lines
at 14586 and 14566 cm™ originate from different luminescent centers.

The dependence of the lifetime of Center [ of Sm*' in SrB,O,, as a
function of temperature were also performed in the range of 10 K to 300 K.
The results were shown in Fig. 6. It shows that the lifetime of Sm*" in
Center ! is temperature-dependent. The lifetime generally decreases with
the increasing of temperature. the lifetime presents a small rise at low
temperature, which was possibly due to the energy transfer from Center {11
to Center II and Center 1. With the increasing of temperature, the thermal

depopulation, and temperature quenching of °D, level became more

dominant and resulted in shorter decay time.
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FIG. 6. The dependence of the lifetime of *D-'F, transition of Sm® in Center 1 (14586
cm™) in SrB,0,, as a function of temperature.

3. The Luminescence of Tm*" in StB;O,,

For Tm™, the splitting of the 4f"*("Hy)5d(e,) states is almost entirely
due to the 4f--5d electrostatic interaction'?. The excitation and emission
spectra at room temperature of Tm? in SyBO,, prepared in air were shown
in Fig.7. The shape of the spectra is close to that of Tm*" in SrB,O,>.

The excitation spectrum shows a number of bands in the region of 200
to 500 nm. These bands comrespond to the 4f'*--4f25d transitions. Some
narrow and well-separated bands can be seen due to the splitting of the 4"
configuration in 4f'?5d level by the crystal-field with the splitting energy at

about AE=5480 cm™'. The maximum excitation band is at about 380 nm.
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FIG. 7. The excitation and emission spectra of Tm* in SrB,O,, at room temperature.

The lowest excitation band 1s at 480 nm which was in a higher energy side
than in CaF," In CaF,, the lowest energy is at 600 nm due to the transitions
to the 4f'? (*H,)5d(e,)states. This is due to the high degree of ionicity in the
lattice and a small crystal-field splitting of the 4f'*5d state. The excitation
band of SrB;0,,:Tm*" is similar in form to that of Tm*" in CaF, and
$rB,0, 114

The Tm*" in SrB,O,, shows an emission at around 580 nm under the
excitation of 480 nm. This emission corresponds to the 4f?5d--4f"
transition. The 4f'* configuration can also be split by the crystal field into

+

two levels: ?Fs, and ?F,,. Since Tm?' is isoelectronic with YU'" ion, there
will be two 4f25d--4f" emission bands: one is a broad band for 4f125d--4

(*F,,) transitions in the visible region, and the other is an emission line for
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HB(F,,)--4f5(F,,) wansition in the infrared region. Therefore, the

emission band at 580 nm were assigned to the 4f'25d--4f" (2F,,) transition.

4. Charge Compensation Mechanism

Literature'® reported that the number of triangularly coordinated boron
atoms per tetrahedrally coordinated boron is equal to n-1 for the region
greater than n=1when the borates are written in the form M, OenB,0; For
SrBs0y (SrQe3B,0,), n-1=2, therefore, it contains four triangularly and two
tetrahedrally coordinated boron atoms. Literature® reported that SrB,O,,
consists of a three-dimensional network of B;Os rings containing two
triangular and one tetrahedral boren atoms on the basis of its infrared
spectrum pattern. However, the structure of SrB,0,, s still unelucidated by
far.

When the trivalent RE*" ion occupies the lattice site of divalent Sr*,

4

two RE*" ions should be needed to substitute three Sr** ions in order to keep
the charge balance. Hence a vacancy defect at the Sr”* site formed. This
vacancy defect is represented as V" with two negative charges due to the
absence of Sr** and then it becomes a donor of electrons while the two RE*"
ions become acceptors of electrons. Consequently, the negative charges in
the charged vacancy defects will be transferred into the RE® ion site and
the trivalent Eu®* ion was reduced to the divalent state ~ RE?'. Here, if this
vacancy defect can be regarded as an associate, the association should be
represented by the Kroger and Vink's notation'®:
V" T2REg*=[(RE), Vi, ]+

Literature'” reported that Eu’™ can be reduced to the divalent state ions
in the high-pressure phase of SrB,0,(11T) and SrB,0,(IV) in H, but no Eu?
existed in Eu''--doped Sr,B,0; and S1B,0, (1) (atmosphere pressure phase)

even prepared in hydrogen flow, and only a very small amount of Eu*' in
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S1;B,0, with considerable effort. Such resuits can be explained that since
St3B,0;, S1,8,0: and SrB,0, (1) contain only planar triangular BO; units,
the charge compensation would take place by introducing one interstitial
oxygen ion per two Eu’’ ions rather than by forming a negatively charged
vacancy defect. The interstitial oxygen ion links two planar BO, groups and
form two corner sharing BO, tetrahedra’, hence the Eu’' ion still retains its
trivalent state in these matrices. In the high pressure phase of SrB,0, (11I)
and StB,O4(1V), the hosts contain BO, tetrahedral units which can prevent
the Eu?' from being attacked by the oxygen.

As discussed above, it can be seen that the reduction of Eu’” depends
strongly on the structure of the boron umts. The three-dimensional network
of BO, tetrahedra plays a role of shield, it can isolate the Eu®" ions from
each other and completely or partly surrcund the Eu® ions and resist the
attack of the oxygen. so Eu®' ions can retain the divalent state in air even at
high temperature. This can be verified from the different oxidation
temperature for europium borates: 673K for Eu,B,0,, 683K for Eu,B,0,
753K for EuB,0, and 1033K for EuB,0,. Eu;,B,04 and Eu,B,0, contain
BO,* and B,Os" ion respectively, and EuB,0, consists of (BO,), chains.
The Eu*' ions in SrB,0O, located in the 'cage' of BO, units, completely
surrounded by these units of (B,O,), network, and therefore it becomes
too difficult to be attacked by oxygen'®. However, no information has been
found to discuss the structure of REBO,, '» until now it was thought that
all Eu(lD)-borates are isostructural with the corresponding Sr-borates

because of their closcly similar effective tonic  radii.

The RE* (RE=FEu, Sm and Tm) ions can be reduced to the

corresponding RE*" ions in StB;O,, in air by high-temperature solid-state
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reaction. The investigation on valence change and luminescence of RE*
(RE=Eu, Sm and Tm) ions in SrB,0,, prepared in air shows that the matrix
SrB0,p1s a good host for the divalent rare earth 1ons. The rigid framework
of BO, tetrahedral units in the structure of the matrix plays a significant role
in stabilizing the divalent rare-earth ions in air at high temperature. Three
crystallographic cation sites are available for St** (Sm®") in the host lattice
using Sm”" as the structure probe.  From 10 to 306 K, with the increasing
of temperature, there is energy migration within Sm* ions from Center 11
to Center I and Center 1. At 300 K. the emission of Sm*' in Center 11 is

completely quenched by temperature. “D,--'F, transitions appeared at room
teraperature due to the thermal population inversion. The phonon lines are

P

found at room temperature beside the zero-phonon line of Sm*' with energy
about 108 cm™ due to the coupling of the excited 4f electrons with local
phonons. The luminescence of divalent thulium shows that the 4£'25d band
in the lattice is situated at  arelatively higher energy position. The emission
takes place in 4f"”--4f'?5d configuration in the visible region with a

maximum at about 580 nm.
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