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a  b  s  t  r  a  c  t

KPb2Cl5:Mn2+ crystal  with  sizes  of  centimeters  has  been  successfully  grown  by  a modified  Bridgman
method.  The  electronic  spectra  of  Mn2+ in  the  title  compound  have  been  measured  at  different  tempera-
tures  and compared,  revealing  that  the  red  emission  observed  at 10 and  77  K  in  the  spectral  range  from
500  to 800  nm,  which  vanishes  at room  temperature,  is  associated  with  the  radiation  from  Pb2+ ions
vailable online 2 June 2011
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with  adjacent  defects  whereas  the  orange-red  emission  in  the  spectral  range  from  530  to  680  nm  can
be undoubtedly  attributed  to  the  spin  forbidden  transition 4T1g (4G) → 6A1g(6S)  of  Mn2+.  The electronic
excitation  spectra  are  interpreted  in  a strong  crystal  field  scheme  with  the  use  of  the  Tanabe–Sugano
diagram.  Good  agreement  with  the  experimental  spectroscopic  data  is  obtained  with  the  use  of  crystal
field  splitting  parameter  10Dq  =  7902  cm−1, Racah  parameters  B  =  618  cm−1, and  C  = 3549  cm−1.

© 2011 Elsevier B.V. All rights reserved.
anabe–Sugano diagram

. Introduction

Potassium lead chloride (KPb2Cl5) is one of the few non-
ygroscopic chloride hosts which can be easily handed within air
nd have good chemical and mechanical stabilities. According to
he Raman scattering spectra, the maximum phonon energy of the
Pb2Cl5 lattice is only ∼202 cm−1 so that the multiphonon relax-
tion rates are low [1].  This crystal has a broad transparency in the
pectral range from 0.3 to 22 �m [2].  The above favorable prop-
rties of KPb2Cl5 enable it to serve as an attractive material for
pconversion, infrared lasing, and anti-Stokes cooling [3–10].

KPb2Cl5 crystallizes into the monoclinic system with P21/c
14) space group, with a = 8.854(2), b = 7.927(2), c = 12.485(3),

 = 90.05(3)◦, V = 876.3(4) Å3, Z = 4, and d = 4.78(1) g cm−3 [11]. The
-ray single crystal diffraction analysis of KPb2Cl5 shows that there
re two distinct Pb2+ sites, Pb(1) and Pb(2), each having a C1 site
ymmetry. Pb(1) and Pb(2) coordinate with six and seven chloride
toms, respectively (Fig. 1b). The ionic radii of high spin Mn2+ in VI
nd VII coordinations differ from those of six-fold coordinated Pb(1)
nd seven-fold coordinated Pb(2) by 30.3% and 26.8%, respectively
12], so that Mn2+ is expected to occupy predominantly both of
he Pb(1) and Pb(2) sites without charge compensation. Although
here is the possibility that Mn2+ accommodates on both of the

bove two non-equivalent sites, the electron paramagnetic reso-
ance (EPR) spectroscopy reveals [13] that Mn2+ occupies one of
he two distinct sites. In other cases of Er3+ doped KPb2Cl5, parallel

∗ Corresponding author.
E-mail addresses: ghjia@hotmail.com (G. Jia), sxucjlu@hotmail.com (S. Xu).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.05.010
works performed by Jenkins et al. [8],  Gruber et al. [14], and Ferrier
et al. [2] confirm that Er3+ ions accommodate on the Pb(2) site with
a vacancy in the nearby K+ site since the number of Stark levels is
in good agreement with that of one distinct site rather than two.
Therefore, in the following optical spectroscopic interpretation we
will assume that Mn2+ entered one of the two distinct sites and the
crystal field analysis will be performed based on this assumption.
With some approximation, one can roughly assume that Mn–Cl
polyhedra in Mn2+ doped KPb2Cl5 form a distorted MnCl64− octa-
hedron since tetrahedra only present when Mn2+ coordinates with
less chloride atoms, e.g. MnCl42−. The unit cell of KPb2Cl5 and the
nearest-neighbor coordination environments of Pb(1) and Pb(2) are
shown in Fig. 1a and b, respectively.

The optical spectroscopy and the demonstration of lasing of
KPb2Cl5 doped with rare earth ions have been extensively stud-
ied [3–18]. However, to the best of our knowledge, there are rare
reports on the growth and optical spectroscopy of transition metal
doped KPb2Cl5. Neamtu and Darabont [13] have reported the melt
growth of KPb2Cl5 crystal containing Mn2+ and concluded that
Mn2+ ions only accommodate on one (with low site symmetry)
of the two  distinct Pb2+ site based on the electron paramagnetic
resonance (EPR) measurement. However, they did not provide any
EPR spectrum and the above conclusion is not consist with any
structural analysis since both Pb(1) and Pb(2) have the same C1 site
symmetry from previous structural analysis [11]. The optical spec-
troscopy of Mn2+ has not ever been investigated and interpreted

yet. There are several reports on the crystal growth of KPb2Cl5
by the Bridgman method [13,19–23].  However, it still remains a
challenge to grow KPb2Cl5 crystal into centimeter sizes with good
optical quality since there are many difficulties associated with

dx.doi.org/10.1016/j.jallcom.2011.05.010
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ghjia@hotmail.com
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rdination geometry environment of Pb(1) and Pb(2).
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Fig. 2. The as-grown crystal and the polished species cut from the bulk crystal.
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Fig. 1. (a) Unit cell of KPb2Cl5 and (b) local coo

ifferent steps of the growth process [20,21]. The incorporation of
xide impurities, the reproducible seeding, and cracking induced by
he phase transition prevent KPb2Cl5 from growing into bulk crys-
als with high quality and those problems should be solved before
t find application in lasing.

Herein, bulk KPb2Cl5 containing Mn2+ with sizes of centimeters
nd good optical quality has been grown by a modified Bridgman
ethod. The optical spectroscopy of Mn2+ in KPb2Cl5 at different

emperatures has been measured, compared and interpreted with
he use of the Tanabe–Sugano diagram [24]. The crystal field split-
ing parameter �E  = 10Dq and the Racah parameters B and C of

n2+ in the title compound have been obtained and compared with
hose in other types of hosts. The room temperature lifetime of
T1g(4G) of Mn2+ obtained by different excitation wavelengths has
een measured and compared.

. Experimental

.1. Preparation

Bulk KPb2Cl5 crystal was grown by a modified Bridgman method as previous
escribed in Ref. [23]. Chemicals were used as received without further purification.
toichiometric amounts of KCl (99.9%, Aldrich) and PbCl2 (99.9%, Aldrich) contain-
ng 0.5 at.% MnCl2 (99.999%, Aldrich) powders were heated in a furnace filled with
rgon at 300 ◦C for 6 h to remove the residual water in the starting materials. The
tarting materials were thoroughly mixed and pressed into a quartz tube. The quartz
ube  was sealed under the vacuum of 10−3 Pa and then transferred into a vertical
ridgman furnace. The furnace was  heated to 480 ◦C for a week. The bulk crystal
as  cut into pieces and then were polished afterwards. The as-grown crystal and
olished species were shown in Fig. 2a and b, respectively. The polished species are
ransparent without cracking.

.2. Characterization

X-ray powder diffraction (XRD) pattern was  obtained by a CAD4 diffractome-
er  using Cu K� radiation (� = 1.54056 Å) with a scanning rate of 1.5◦ min−1 in the
ngle range from 5◦ to 70◦ . The emission and excitation spectra were measured
y a Horiba Jobin Yvon Fluorolog spectrofluorometer using a xenon-lamp as the

ight source and a TBX-04-A single-photon detection module. For lifetime measure-
ents, the emission was  analyzed with a 0.25 m Jobin-Yvon monochromator and the

ignal detected by a Hamamatsu R636 photomultiplier. For low temperature mea-
urements, all samples were mounted on a closed cycle cryostat (10–350 K, DE202,
dvanced Research Systems).

. Results and discussion

.1. XRD
The XRD pattern of KPb2Cl5:0.05%Mn2+ sample together with
he standard pattern as the reference is shown in Fig. 3. Although
he XRD pattern of KPb2Cl5 powder in our work looks a little bit
oisy, no extra peaks are observed. The peaks in the powder sample

2θ (o)

Fig. 3. XRD pattern of KPb2Cl5:0.5% Mn2+ powder sample. The standard data of
KPb2Cl5 (JCPDS: 27-1364) is given for reference.



G. Jia et al. / Journal of Alloys and Compounds 509 (2011) 8365– 8369 8367

20000150001000050000
0

20

40

4T2g

4T1g

4T1g

4Eg

4T2g
4A1g

4Eg

4T2g

4F

4P
4D

E
ne

rg
y 

(1
03  c

m
-1

)

10Dq (cm-1 )

4G

4T1g

F
C

a
2

3

M
[
c
t
s
s
e
I
t
i

800750700650600550500

In
te

ns
ity

Wavelength (nm)

RT

77 K

10 K

F
D

ig. 4. Splitting of Mn2+ in an octahedral crystal field computed for B = 618 cm−1 and
 = 3549 cm−1.

re in good agreement with those in the standard pattern (JCPDS:
7-1364).

.2. Optical spectroscopy of Mn2+ in KPb2Cl5

The electronic absorption, excitation and emission spectra of
n2+ have been extensively investigated in a wide variety of hosts

25–34]. As far as the emission color of Mn2+ activated phosphors is
oncerned, it falls into two classes: those with green emission and
hose with green-to-red emission [35,36]. The energy of the emis-
ion associated with the transition from 4T1g(4G) to the ground
tate 6A1g(6S) is strongly depended on the crystal splitting param-

ter �E  = 10Dq,  as shown in the Tanabe–Sugano diagram in Fig. 4.
n the case of Mn2+ incorporated into KPb2Cl5 crystal, the coordina-
ion environment of Mn2+ has been discussed in Section 1 and Mn2+

ons have been assumed to accommodate on the Pb site, which form
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ig. 5. The 77 K excitation and emission spectra of Mn2+ in KPb2Cl5 associated with the 

q/B  (1.2787) and the horizontal ones are used to correlate the peaks of the absorption o
Fig. 6. Survey 10 K, 77 K and room temperature emission spectra of Mn2+ in KPb2Cl5
excited by 355 nm.

a distort octahedron. The ground state of Mn2+ with the octahedral
coordination is 6A1g and all optical electronic transitions are associ-
ated with the transition from the quartet 4L (L = G, D, P, and F) to the
sextet 6A1g, which are both parity and spin forbidden. The micro-
scopic origin of the sharp bands associated with the spin forbidden
transition was recently discussed by Trueba et al. [37]. Therefore the
spectra are very sharp and the molar absorption coefficient is two
orders of magnitudes lower than for those parity and spin allowed
transitions of other transition metal, e.g. Cr3+.

The 77 K emission and excitation spectra of single KPb2Cl5:0.5%
Mn2+ crystal by monitoring the emission at 615 nm are shown
in Fig. 5. It consists of two  broad featureless bands centered at
615 and 716 nm and the former can be undoubtedly assigned to
the 4T1g(4G) → 6A1g(6S) transition. Since there is no intermediate
energy state between the ground state 6A1g(6S) and excited state
4T1g(4G), the broad emission band at longer wavelength should not

2+
be associated with the electronic transition of Mn . To elucidate
the origin of the later superposed on the former band, the emission
spectra at different temperatures under the 355 nm excitation have
been measured and compared, as shown in Fig. 6. The 10 K, 77 K,
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f Mn2+ to the energy states in the Tanabe–Sugano diagram.
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Table 1
Comparison of Racah and crystal field splitting 10Dq parameters of eight-
coordinated Mn2+ in a variety of hosts.

Host B (cm−1) C (cm−1) 10Dq (cm−1) References

Free ion 786 3790 – [42]
Fluoride
RbMnF3 840 3080 7800 [44]
Oxide
MnO  786 3210 9790 [46]
Mn(H2O)6

2+ 671 3710 8480 [47]
Chloride
KPb2Cl5 618 3549 7902 This work
MnCl2·2H2O 630 3600 8000 [48]
Bromide
CdBr2 606 3499 – [49]

lifetime decay curves measured at room temperature are mono-
exponential and the lifetime is estimated to be 0.40 ± 0.02 ms
(Fig. 7).
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nd room temperature emission spectra contain broad featureless
ands centered at 601, 616, and 624 nm (marked by dash lines),
espectively, which are associated with the 4T1g(4G) → 6A1g(6S)
ransition. Compared with the emission spectrum measured at
0 K, the maximum of this transition in the spectra measured at 77 K
nd room temperature shifts to high energy due to thermal popu-
ation of upper state 4T1g(4G). The emission spectra recorded at 77
nd 10 K can be decomposed into two Gaussian peaks centered at
16 nm,  709 nm and 623 nm,  714 nm,  respectively. The broad band

n longer wavelength range vanishes when the temperature warms
p to room temperature. Nikl et al. have observed a broad emission
and in the spectral range from 500 to 800 nm excited by 300 nm
t 4 K and tentatively attributed it to the radiation from Pb2+ ions
ith adjacent defects [38]. The increase of the temperature may

ead to the luminescent quenching of these defects.
Turing to the 77 K excitation spectrum in Fig. 5 obtained by

onitoring the 615 nm emission, it displays the characteristic
bsorption of divalent manganese compared with that of MnF2 [39].
he orbital energy levels of five d orbital in an octahedral field can be
haracterized by the irreducible representations of the point group
h. These five orbitals, which degenerate in the free ion, split into

 triply degenerate set of dε orbital and a double degenerate set of
� orbital corresponding to the representations t2g and eg, respec-
ively. Divalent manganese has a d5 configuration and its ground
tate level is 6A1g(6S). Note that 4Eg(4G), 4A1g(4G), 4Eg(4D), 4A2g(4F)
ave the same orbital configuration as the ground state whereas
T1g(4G), 4T2g(4G), 4T2g(4D), 4T1g(4P), 4T1g(4F), and 4T2g(4F) contain
dmixtures of the dε4d�1 and dε2d�3 configurations. Transitions
etween states of different orbital electronic configurations should
e broad compared to those between states of the same electronic
onfiguration [38–40],  which is very useful in the assignment of the
rigin of each band. However, those considerations are only qual-
tative analysis and are not determinative on spectral assignment
f Mn2+. Tanabe and Sugano have tabulated the reduced matrix
lements for d5 in term of the Racah parameters B and C and the
rystal field splitting parameters and the Tanabe–Sugano diagram
s very useful in the spectral assignment of the transition metal ions
24,41]. The 77 K excitation spectrum of KPb2Cl5:0.5% Mn2+ can be
nterpreted with the aid of the Tanabe–Sugano diagram for octahe-
rally coordinated manganese. Francis and co-workers [42] pointed
ut that the A1g, A2g, and Eg states are not mixed by the octahedral
rystal field and are therefore 10Dq independent. The sharp bands
n the excitation spectrum in Fig. 4 centered at 354 and 418 nm are
onfidently attributed to the spin and parity forbidden transitions
Eg(4D) → 6A1g(6S) and 4Eg(4G) → 6A1g(6S), respectively, which are
q independent. By the above assignment, the Racah parameters

 and C for the octahedrally coordinated Mn2+ can be calculate:
7B + 5C = E(4Eg(4D)) and 10B + 5C = E(4Eg(4G)). Thus B = 618 cm−1,

 = 3549 cm−1, and � = C/B = 5.74 are obtained.
Provided � = C/B = 5.74 is known, it is possible to plot the

anabe–Sugano diagram for Mn2+ in KPb2Cl5 by the use of the
educed matrix element tabulated in Ref. [24] and the derived dia-
ram is shown in Fig. 5. Only quartet excited states, e.g. 4G, 4D, 4P,
nd 4F, are included except for 2T2g(2I) since 2T2g(2I) becomes the
round state when the value of Dq/B is larger than 3.447 whereas
A1g(6S) is the ground state when the value of Dq/B is smaller than
his value. To obtain the crystal field splitting parameter 10Dq,  the
ull matrices tabulated by Tanabe and Sugano in Ref. [24] were diag-
nalized over a range of Dq/B vales from 1 to 4 and the best fitting
ade to the features in the 77 K excitation spectrum in Fig. 5. By this

tting, the value of Dq/B = 1.2787 of Mn2+ in KPb2Cl5 was  derived
nd thus 10Dq = 7902 cm−1. It is evident that most of the absorp-

ion bands in the 77 K excitation spectrum in Fig. 5 can roughly be
ssociated with the upper quartet states, as marked by horizontal
ashed lines. The results calculated by the crystal field calculations
re assembled in Table 1, in which the obtained parameters, Racah
Sulfide
MnS 583 3125 7300 [50]
MnPS3 494 3349 8750 [42]

parameters, B and C, and the crystal splitting parameter �E  = 10Dq
are compared with those of a variety of hosts.

It should be pointed out that the crystal field parameters such
as 10Dq and B depend on (i) the nature of ligands; (ii) the coor-
dination number; (iii) the metal–ligand distance; (iv) the type of
host lattice where the complex is inserted, which has been previ-
ously addressed by Jørgensen [43], Moreno and co-workers [44,45].
It is meaningless to compare these parameters of Mn2+ complexes
with a sixfold coordination with those with a fourfold or eight-
fould coordination. The data summarized in Table 1 indicate that
the value of the Racah and crystal field splitting parameters of Mn2+

in KPb2Cl5 are fairly typical of those found in a variety of other man-
ganese compounds in which the Mn2+ ions are eight coordinated.
The values of B are gradually reduced from free manganese ion to
manganese in crystal hosts, which can be attributed to the increase
of the degree of covalent bonding between manganese ion and the
ligands [45].

3.3. Lifetime decay curves

The broad emission band centered in the range from 520 to
700 nm is associated with the parity and spin forbidden transition
4T1g(4G) → 6A1g(6S) and therefore the lifetime of this transi-
tion is expected to be much longer (in millisecond range) than
those of parity allowed transitions of other transition metals. The
43210
T (ms)

Fig. 7. Room temperature lifetime decay curve of KPb2Cl5:0.5% Mn2+ by monitoring
the 601 nm emission. The excitation wavelengths are marked on the spectra.
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. Conclusions

By careful choosing the preparation conditions, transparent
Pb2Cl5 containing 0.5% Mn2+ with good optical quality was suc-
essfully obtained. The photoluminescence excitation and emission
pectra of Mn2+ in KPb2Cl5 have been measured and interpreted
ith the use of the Tanabe–Sugano diagram by assuming Mn–Cl

roups form the octahedron with some approximation. The derived
rystal field splitting parameter 10Dq,  Racah parameters B and C
f Mn2+ in KPb2Cl5 fall into the range of those of other chloride
osts and have been compared with a variety of host matrices. Good
greement was obtained between the experimental spectroscopic
ata and the data calculated by use of the above crystal field param-
ters. Although the red emission presented at low temperature only
as tentatively assigned to the emission of Pb2+ defects, this emis-

ion is rather complicated and further work is currently in progress
o elucidate its origin.
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