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Electron trapping in PbCl 2:Tl crystals: The heteronuclear „PbTl…21 center
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An EPR study of the Tl1-doped PbCl2 crystals x-ray irradiated at low temperature reveals the presence,
besides known spectra attributed to hole-trapped Tl21 centers and Pb2

31 self-trapped-electron~STEL! centers,
of an additional strongly anisotropic set of lines consisting of an intense doublet and several weaker satellite
lines spread over a large magnetic-field range. The quantitative analysis of the EPR spectrum shows the
corresponding paramagnetic center to be a bent molecular ion~PbTl!21 resulting from electron trapping at a
pair of substitutional Pb21 and Tl1 ions. Its formation suggests the electron trapping at pairs of neighboring
cations is a more general characteristic of this material, with possible relevance in photolysis and exciton
localization properties.@S0163-1829~98!01002-9#
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I. Introduction.Crystalline lead halides PbX2 (X5Cl, Br,
I! are photosensitive materials, i.e., their illumination
room temperature~RT! in the short-wavelength side of th
optical absorption~OA! spectrum induces an irreversib
photochemical decomposition process with formation of c
loidal lead and halogen desorption.1 The primary defect~s!
involved in the photolytic formation of lead colloids has n
yet been clearly determined, although it has been sugge
that the first step in this process involves the trapping
electrons at lead cations.1,2 Early electron paramagnetic res
nance~EPR! studies on low-temperature UV, x-ray, org-ray
irradiated PbCl2 single crystals resulted in the identificatio
of some paramagnetic centers withg'2 attributed to Pb1

and Pb2
31 centers,2–4 an interpretation inconsistent with th

more recent results of EPR studies on such centers in a
and alkali earth halides.5–9

Recently we have shown10,11 that conduction electron
produced by illumination above the band gap in pure Pb2

crystals are trapped at pairs of nearest-neighbor Pb21 cations
along thea axis, resulting in paramagnetic~self-trapped-
electron! ~STEL! centers. The STEL center represents
paramagnetic Pb2

31 molecular ion with a strongly bent mo
lecular bond and electron configuration complementary
that of theX2

2 (X5halogen! self-trapped hole~STH! center
in alkali halides.12 Its observation strongly supports the pr
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posed new type of self-trapped exciton, in which a hole
trapped in an excited orbital around the heavy electron lo
ized in a state such as the STEL center.14,15 Moreover, the
STEL center may be involved in the formation of lead clu
ters by photochemical decomposition of lead halides at te
peratures where diffusion of anion vacancies occurs.13

Here we present the results of an EPR study concern
the electron trapping properties of thallium impurities
PbCl2 crystals, already known16 to exhibit hole trapping
properties. It reports the simultaneous formation, besides
trapped-hole Tl21 centers and STEL centers, of a heter
nuclear trapped-electron~PbTl! 21 dimer center with bent
structure.

II. Experimental.The samples employed in the prese
study were cut from oxygen-free PbCl2 single crystals doped
in the melt with 0.2 mol % of TlCl, prepared by earlier d
scribed procedures.16 After irradiation atT580 K with x-
rays ~tungsten cathode, 50 kV, 50 mA! the samples were
transferred in the cold region (T>10 K! of the microwave
cavity, without increasing their temperature above 100
The EPR measurements were performed with a compu
controlled X-band microwave spectrometer~model ESP-
300E, Bruker! equipped with a gas-flow cryogenic syste
allowing operation in the 10–300 K temperature range.

III. Results.Intense EPR spectra are produced after re
tively short ~typically 20 min! x-ray irradiation atT580 K.
1 © 1998 The American Physical Society
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2 57BRIEF REPORTS
Besides the lines attributed to the STEL centers10 and to the
Tl 21 centers,17 several additional strongly anisotropic line
with the same production/bleaching properties are obser
suggesting as common origin a new paramagnetic ce
called ~PbTl! 21. The corresponding spectrum is compos
@Figs. 1~a!,1~c!# of an intense central doublet and seve
weak satellite lines. As shown by a careful analysis of
EPR transitions recorded with the magnetic field rotated
the three main crystal planes, the EPR spectrum is descr
by the following spin-Hamiltonian:

1

g0mB
H5

1

g0
H•g•S1S•A~Tl!•I11S•A~Pb!•I2 ~1!

FIG. 1. EPR spectra atT520 K of a PbCl2:Tl crystal, x-ray
irradiated at 80 K for 10 min, with the magnetic field along t
crystallographicc ~a! anda ~c! directions. Calculated~solid lines!
and experimental~dotted lines! angular variation of the EPR line
positions attributed to the~PbTl!21 center are shown for the mag
netic field rotated in theac plane~b!.
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with S51/2. It consists of a Zeeman term and the hyperfi
~hf! interaction terms with two nuclei with nuclear spinsI 1

andI 2. The hf tensorsA~Tl! andA~Pb! were found to posses
different main axes and principal components.

The spin Hamiltonian~1! fully describes the EPR spec
trum of a dimer type paramagnetic center containing pairs
Tl and Pb nuclei. Indeed, a spin Hamiltonian containing o
the first and second term in Eq.~1! describes the paramag
netic isotopic species containing one of the203Tl or 205Tl
nuclei with I 1 5 1/2 ~100% total natural abundance! and a
evenPb nucleus withI 2 5 0 ~78% natural abundance!, result-
ing in the observed central doublet. The full spin Ham
tonian ~1! describes the paramagnetic isotopic species c
taining one of the Tl nuclei and a207Pb nucleus~22% natural
abundance!, both with nuclear spinI 15I 2 5 1/2 and differ-
ent nuclear moments, resulting in the observed satellite lin
Here we have neglected the small difference in the nuc
moments of the two203Tl and 205Tl nuclei, as the estimated
isotopic shift of these nuclei is well inside the experimen
linewidths. According to this interpretation the total intens
ratio of the doublet lines to the satellite lines is expected
be roughly 4:1, theevenPb/207Pb isotopic abundance ratio, i
satisfactory agreement with the observed EPR spectra,
sidering the difficult estimation of the transition probabilitie
for large hf splittings, especially at low magnetic fields.

Theg andA(Tl) tensors components and main axes ha
been determined by a computer diagonalization and fitt
procedure involving the positions of the intense EPR doub
lines. The resulting values have been further used in de
mining theA(Pb) tensors components and main axes, b
similar procedure involving the positions of the less inten
EPR satellite lines. In the latter case only the parame
describing theA(Pb) tensor have been allowed to vary. T
resulting spin Hamiltonian parameters are presented
Tables I and II and are compared with the correspond
values of similar dimer type paramagnetic centers. As sho
in Fig. 1~b! for one of the main crystal planes, the resultin
gi and Ai values and principal axes fully describe the o
served EPR spectra. A similar excellent fitting of the calc
lated angular dependence and experimental data has
obtained in the other two main crystal planes. Due to
quasiaxial character of theA tensors the estimated accura
he

TABLE I. Principal values and orientation~in degrees! of theg tensors for the dimer~PbTl!21 and Pb2

31

~STEL! centers in PbCl2 and Pb2
31 and Tl2

1 impurity dimer centers in alkali chlorides. The orientation of t
g tensor main axes is given as the Euler angles for aRzy8z9(a,b,g) rotation from the (cba) crystal axes.

Center T ~K! gx gy gz a b g

~PbTl!21 in PbCl2
a 20 1.083 0.994 1.431 24 36 212

STEL in PbCl2
b 10 1.550 1.374 1.719 0 0 10

Pb2
31~I! in NaCl c 15 1.438 1.222 1.625 0 0 0

Tl 2
1^110& in KCl d 15 1.3094 1.0997 1.7618 0 0 0

aEstimated experimental errors in theg components and orientation angles are smaller than60.002 and62,
respectively.

bFrom Ref. 10.
cFrom Ref. 7.
dFrom Ref. 18.
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TABLE II. Principal values~in mT, absolute values! and orientation~in degrees! of theA~Tl! andA~Pb!
hf tensors of the (evenPbTl!21 and (207PbTl!21 dimer centers, respectively, in comparison with those of
bent Pb2

31 ~STEL! center in PbCl2 and the linear Pb2
31 and Tl2

1 impurity centers in alkali chlorides. The
orientation of theA tensors main axes are given as the Euler angles of aRzy8z9(a i ,b i ,g i) rotation from the
(cba) crystal axes.

Center T ~K! Ax Ay Az a i b i g i

(evenPbTl!21 in PbCl2
a 20 65.9 64.5 85.5 47.8 24.5 233.9

(207PbTl!21 in PbCl2
a 20 266.6 273.6 223.5 41 32 244

STEL in PbCl2
b 10 282.8 285.3 111.7 0 33 0

Pb2
31~I! in NaCl c 15 2122 2117 125 0 0 0

Tl 2
1^110& in KCl d 15 2259.3 2275.5 190.4 0 0 0

aEstimated experimental errors inAx,y,z andb i are smaller than60.4 and62, respectively. The accuracy o
a i andg i is much lower615 due to the quasiaxial character of theA~Tl! andA~Pb! tensors.

bData for 207A~Pb! from Ref. 10.
cData for 207A~Pb! from Ref. 7.
dData forA~Tl! from Ref. 18.
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in determining the two Euler anglesa i and g i defining the
orientation of the main axes of the two hf tensors is very l
(615°).

IV. Discussion.The analysis of the EPR spectrum pr
duced in low-temperature x-ray irradiated PbCl2:Tl crystals
demonstrates the presence of a paramagnetic dimer c
called~PbTl! 21, consisting of a Pb21 ion and a neighboring
impurity Tl 1 ion, which have trapped an electron in a bon
ing molecular orbital.

The identification of the paramagnetic center with
(PbTl)21 molecular center is also supported by the com
rable magnitude of theg values and hf parameters with tho
of the Pb2

31 and Tl2
1 impurity dimer centers in alkali chlo

rides ~Tables I and II!. It is to be expected that in a simila
manner as in the other dimer paramagnetic centers the
tron is trapped by the two heavy ions into a bondingsg-type
molecular ground orbital, which is singly occupied and co
structed mainly from atomic 6p orbitals with admixture of
6s orbitals, centered on the two nuclei. However, due to
ter

-

-

c-

-

e

strong bending of its molecular bond and the presence of
different nuclei, the analysis of its EPR parameters in ter
of a linear molecule, as performed22 for the other dimer cen-
ters does not appear to be adequate.

Additional information concerning the structure and ele
tron properties of the~PbTl! 21 center can be derived from
the examination of its spin Hamiltonian parameters in co
parison with those of other similar dimer type centers, e
the STEL center in PbCl2, or the impurity Pb2

31 and Tl2
1

centers in alkali chlorides~Tables I and II!. Although thegi
andAi tensors values of the~PbTl! 21 center are comparable
a close examination shows significant differences in the
entation of their main axes.

One should mention that for symmetrical molecular ce
ters the principal axes of theg tensor reflect in a good ap
proximation the general orientation of molecule’s electr
cloud. In particular thegz component is parallel in a goo
approximation to the internuclear axis and the principal a
of the A hyperfine tensors reflect the local orientation of t
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FIG. 2. Expanded structure
~alonga axis! of the PbCl2 lattice
with possible structural models o
the ~PbTl!21 center and the prin-
cipal z axes of theg tensor and hf
A~Tl! and A~Pb! tensors as in-
ferred from ESR data.~a! The
substitutional model representin
a tilted heteronuclear equivalen
of the STEL center.~b! The more
probable model consisting of a
electron trapped at a pair of sub
stitutional Pb21 and Tl1 ions in
two nearest lattice layers. In bot
cases a charge compensating a
ion vacancy next to the Tl1 ion is
included to account for the ob
served tilting of the center axis
The lattice cations ~numbered!
and anions are situated in laye
separated by 0.5a. Distances on
the b and c axes are shown by
ticks separated by 0.2 nm.
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4 57BRIEF REPORTS
electron cloud at the corresponding nucleus. It means th
different orientation of theAz andgz axes reflects a bendin
of dimer’s molecular bond, as previously observed10 in the
case of the STEL center in PbCl2.

We will further discuss the defect model on the basis
the existing crystallographic data.19,20 The orthorhombic
PbCl2 crystal structure~D 2h

16 , a50.4525 nm,b50.7608 nm,
andc50.0903 nm! consists of layers of close-packed ch
rine and lead ions accommodated in thebc planes~Fig. 2!.
The lattice ions from neighboring layers~A and B in Figs. 2!
of a unit cell are related by inversion symmetry. The o
symmetry element~besides the identity! at the Pb21 site is
reflection with respect to thebc plane. Moreover, there ar
two Pb21 sites in each layer related by reflection throughac
or ab.

As shown in Fig. 1, of Ref. 11, the self-trapped electron
the STEL center forms a chemical bond between the
nearest-neighbor lattice cations along thea crystal axis. The
bending of its bond is reflected in the tilting of theAz axes by
an angleb533° from thea axis, while the direction of the
gz tensor main component is parallel to thea axis.

The examination of~PbTl! 21 center’s EPR parameter
~Tables I and II! strongly suggests that a strong bending
its molecular bond is also present. However, contrary to
STEL center, which has thegz component along thea crys-
tal direction, parallel to the axis connecting the two Pb
clei, the Pb-Tl axis of the~PbTl! 21 center is tilted away
from the a direction by an angleb536°, suggesting sub
stantial structural modifications compared to the STEL c
ter.

In the simplest substitutional model one expects the e
tron produced by radiolysis to be trapped at a pair of near
neighbor cations consisting of a Pb21 lattice ion and a sub
stitutional Tl1 ion separated bya50.4525 nm. The resulting
heteronuclear equivalent of the STEL center@Fig. 2~a!# is
expected to have itsgz axis parallel to thea axis as well. The
presence of a neighboring charge compensating anion
cancy next to the Tl1 ion in the same lattice layer coul
explain the observed tilting of the Pb-Tl bond. Such a tiltin
together with the expected asymmetry of the electron cl
at the two nucleii, could explain the different tilting angles
the A~Tl! and A~Pb! hf tensors with respect to thea axis
@Fig. 2~a!#. However, it is difficult to accept that a tiltin
resulting from a possible off-center displacement of the T1

ion could attain values comparable to the measuredb536°
value, even considering the asymmetry of the electron cl
at the two nuclei. Indeed, in a very rough approximati
based solely on geometrical arguments, one calculates t
D50.329 nm displacement could determine such a tilti
This is a far too large value considering that the largest Pb
distance to the nearest anion in the same layer is only 0
nm.
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A more likely structure of the~PbTl! 21 center results
from trapping an electron at a Pb21-Tl 1 pair consisting of a
Pb21 ion and the closest substitutional Tl1 impurity ion ac-
commodated in the next lattice layer@Fig. 2~b!#. The corre-
sponding upper site A1 occupied by the Tl1 ion is separated
by 0.455 nm from the cation site B2 in the next layer, whi
is comparable to thea50.4525 nm separation of the Pb-P
sites involved in the formation of a STEL center~the dis-
tance to the other neighbor cation sites from the same laye
are larger: 0.488 nm to site B4 and 0.505 nm to sites B1 a
B3!. Moreover, in the pure PbCl2 lattice the connecting axis
of these two sites makes an angle of'60° with thea axis.
The difference with theb536° tilting of the gz main axis
from thea direction can be explained, as shown in Fig. 3~b!,
by an off-center displacement of the Tl1 ion due to the pos-
sible presence of a neighboring charge compensating a
vacancy combined with a certain asymmetry of the elect
cloud at the two nuclei. The tilting of the hf tensorsA~Tl!
and A~Pb! from the a axis with b1524.5° andb2532°,
respectively, can be more easily explained in this model
resulting from a combined tilting and bending of th
~PbTl! 21 center and a certain degree of asymmetry of t
electron cloud at the two nuclei.

Another possible structure of the~PbTl! 21 center, which
could be considered, would involve the presence of inter
tial thallium ions ~atoms!. However, this hypothesis can b
ruled out considering the results of ionic conductivi
measurements21 on PbCl2 crystals doped with TlCl, which
have shown that thallium enters the crystal lattice as sub
tutional Tl1 at cation sites, with a proportional increase
the concentration of charge compensating anion vacanc
In fact, it may be that the presence of the charge compen
ing vacancy next to the Tl1 ion favors the electron trapping
at a Pb21-Tl 1 pair situated in nearest layers as illustrated
Fig. 2~b!.

We have neglected here the unlikely possibility of a
electron being trapped at two lattice cations from the sa
layer, as this would result in thegz component being oriented
in the bc plane, which was not observed experimentally.

Finally, one should mention that the formation of such
~PbTl! 21 heteronuclear trapped-electron dimer center s
gests the possibility of employing specific cation impuriti
as activating centers in the photolytic formation of colloid
lead in PbCl2. Moreover, such impurities may play an im
portant role as localization sites in the formation of trapp
excitons, with influence on their recombination properties

This work was performed under the auspices of a bilate
Flemish-Romanian cooperative scientific research projec
which the authors are greatly indebted. One of the auth
~E.G.! gives thanks to the Fund for Scientific Resear
Flanders~FWO! for financial support.
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