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Direct observation of electron self-trapping in PbC12 crystals
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Direct experimental evidence is reported for the self-trapping of electrons produced at 80 K by
x-ray irradiation or by UV illumination above the band gap in pure, orthorhombic (D2„) PbC12
crystals. The ESR analysis demonstrates that the electron is trapped at a pair of nearest-neighbor
substitutional Pb + ions along the a direction, resulting in a paramagnetic Pb~+ molecular ion with
electronic configuration complementary to that of the (halogen)2 self-trapped hole center in the
alkali halides. The results of this paper suggest that the self-trapped exciton in PbC12 consists of a
hole trapped in an excited orbital around the Pb2+ center.

I. INTRGDUCTION

The possibility of self-trapping of electrons or posi-
tive holes in ionic crystals as a result of strong electron-
phonon coupling has been considered theoretically al-
ready a long time ago. ' Self-trapping of holes has been
readily observed and studied extensively by electron-
spin-resonance (ESR) in several ionic crystals: The
(halogen2) centers (the VIt centers) in the alkali
halides, and Ag + in AgCl are primary examples. How-
ever, no direct observation of electron self-trapping in
ionic crystals has been reported so far.

We present here experimental evidence of electron self-
trapping in PbCl2 single crystals, at low temperatures.
The self-trapping results from localization of the electron
in a covalent o~-type bond, between two Pb + (6s ) lat-
tice ions on nearest-neighbor (NN) positions in the a di-
rection of this orthorhombic (D2&) crystal. The resulting
paramagnetic center, hereafter called the self-trapped-
electron (STEL) center, can be described as a weakly
perturbed Pb2+ molecular ion, oriented along this crys-
tallographic orientation.

The PbC12 crystal is ionic in nature, according to re-
sults of ionic conductivity measurements, and polarized
infra-red (IR) reflectivity and Raman scattering investi-
gations of the lattice dynamics. Electron self-trapping at
the cations in the PbC12 crystal has been suggested ear-
lier in order to explain the the specific properties under
illumination in the short-wavelength region ()4.28 eV) at
the onset of the fundamental optical absorption: (i) The
positive sign of the charge carriers, obtained from pho-
toconductivity studies at 77 K, which suggests that the
electrons play the role of the "heavier" charge carriers.
(ii) The observation below 200 K of localized excitons
at cation sites, as revealed from the large Stokes shift of
the luminescence and the spectral structure characteristic
for a 6s ~ 686p excitation of the Pb + ion in emission
and reflectivity measurements. s io i2 (iii) The formation
of lead colloids by photodecomposition at room tempera-
ture (RT), a process that involves as a first step the trap-
ping of electrons at lattice cations resulting in monomer
Pb+ and jor dimer Pb2+ centers.

Various configurations of such paramagnetic centers
have been proposed in order to explain the slightly
anisotropic ESR spectra, with g factors close to the free-
electron value, observed in p-ray-, x-ray- or ultravio-
let (UV)-irradiated lead halides. 4 i However, all previ-
ous interpretations of the ESR spectra are incompatible
with the results of recent studies on Pb+ and Pb2+ cen-
ters in ionic crystals. Recently, this was pointed out
explicitly. 9

II. EXPERIMENT

The samples used in the present study were cut from
oxygen-free PbC12 single crystals grown by the Bridg-
man technique from either proanalysis or ultrapure grade
(Pierce-Hicol) PbC12. No significant difference in these
two types of crystals has been observed in our study.
Details about crystal growth are given elsewhere. The
samples for ESR measurements, of size 3 x 3 x 10 mm,
were cut from cleaved plates, with their long (rotation)
axis parallel to either the a, 6, or c crystalline axes, as
identified by Laue x-ray difFraction. The irradiations
with x-rays (tungsten cathode, 50 kV, 50 mA) and UV
light, as well as all other experiments, were performed
under ambient red light. The other experimental details
are the same as in Ref. 26.

III. RESUITS

A. ESR properties

New anisotropic ESR transitions attributed to the
Pb2+ STEL centers are observed at T ( 60 K, reaching
their maximum concentration after a brief ( 10 min)
x-ray irradiation at 80 K. No saturation e8'ects of the
ESR spectra of the STEL center were observed down to
T = 13 K, for microwave powers of up to 100 mW. Under
the same conditions the ESR spectra from the previously
reported A, B, and C centers, with g 2, were strongly
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saturated. According to thermal pulse annealing exper-
iments the STEL centers are unstable above 130 K and
are completely bleached out at T ) 210 K.

Both the ESR spectra of the Pb2 STEL centers for
the magnetic field along the a, 6, and c crystallographic
axes, and the angular variation observed by rotating the
magnetic field in the main crystallographic planes, are
presented in Figs. 1(i)—1(vi), respectively. The ESR spec-
trum consists of three multiplets: a central, intense line
at g 1.6, a doublet with components, which are sym-
metrically situated with respect to the central line, and a
three-line multiplet vrith very small intensity (as shovrn
below they belong to a quadruplet with a line hidden
under the intense central line). Members of a given mul-
tiplet possess approximately equal intensities. All com-
ponents exhibit reduced linewidths LH =

~
~' ~AH =

(5.5 +0.3) mT (AH is the measured linewidth), virtually
independent of temperature in the 12—50 K range. The

ratio of the integrated intensities of the three groups of
lines is roughly 16:8:1.

B. Analysis af the ESR spectra

The structure of the ESR spectra and the angular vari-
ation and splitting of the various ESR lines observed by
rotating the magnetic field in the main crystalline planes
can be explained by considering the magnetic and struc-
tural properties of a Pb2+ molecular ion localized on a
pair of unperturbed NN cation sites along the a axis of
the PbC12 lattice (see Fig. 2).

Viewed along this crystallographic axis the crystal
structure consists of layers of distorted, close-packed
halogen ions, with lead ions accommodated in the same
bc plane. The lattice parameters are a = 4.525 A.
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FIG. 1. ESR spectra at T=13 K of the
Pb'+Pb2+ self-trapped electron (STEL) center in
PbC12 crystals, x-ray irradiated for 10 min at
80 K, for the magnetic 6eld along the crys-
tallographic a (i), b (iii), and c (v) direc-
tions. Angular variation of the line positions
for the magnetic field rotated in the ab (ii),
bc (iv), and ca (vi) planes. The experimen-
tal data (dots) are compared to the calcu-
lated angular variation (solid line) using the
spin-Hamiltonian parameters of Table I.

v = 9.22GHz

CD
p

20—
/

CD

o'40—
/

, ' Pb2inPbCi2o,' H~ {ca
~ 80 —' v =9.24GHz
cr

300

I

~ ~
t l

~/ /'

/'

/
/

/

Il
I

/
/

/
/

/

/

/

I
/0
I

I
I

I

I I I

/(

~ /
~
/ /

/
I

I /
i&

400
Magnetic fieid {iT)T)

I

H
i i
c

/

/
/

/
/

/

(207pb 207pb)3+—

(207pb evenpb)3+

(evenpb evenpb)3+

Hffa
500



DIRECT OBSERVATION OF ELECTRON SELF-TRAPPING. . . 9577

described by the spin-Hamiltonian consisting of the Zee-
man term and the hyperflne (hf) interactions with two
Pb nuclei,

4.5 A

Q: C! ion
+

Pb ion

Fj.C. 2. The schematic model of the Pb~+ STEL center in
PbC12 and the orientation of the coordinate axes in which
the g tensor (xyz) and hf A,. tensors (x,y, z, ) are diagonal,
as determined from the ESR analysis. Because the hf tensor
is axial within experimental accuracy, the orientation of x;
and y,. is experimentally undetermined. Only one of the four
possible sign combinations (+p and +Pi) of the tilting angles
is depicted, i.e. , the sense of the bending of the molecular axis
is not known.

b = 7.608 A. , and c = 9.030 A. , and the unit cell contains
the PbC1~ molecule twice. The Pb + sites are monoclinic
(C, ) exhibiting only reflection symmetry through the bc
plane. There are two types of cation sites in the same
layer, which can be transformed into each other by re-
flection through the ab or ac plane. From the point of
view of ESR the two sites are equivalent when the static
Geld is in the ab or ac plane. Any NN pair of Pb + ions
is separated by the lattice distance a = 4.525 A, and the
two ions occupy the same type of sites. Each cation is
surrounded by three Cl ions in the same bc plane, and is
sandwiched between two sets of three anions lying above
and below in parallel planes, at ka/2 (Fig. 2).

The ESR spectrum of the Pb2+ STEL defect is fully

1 1
A. = —H. g S+ S.A~. Ig+ S A2. I2

gpgpPa

in which S = 1/2 and Ai and A2 are related by reflection
symmetry. The second and third term occur only if the
corresponding nucleus is the Pb isotope (21% natural
abundancy), with nuclear spin I = 1/2. The other sta-
ble isotopes are even (79%%uo natural abundancy) and have
zero nuclear spin, I = 0. From this the relative con-
centrations of the possible isotope combinations for the
Pb&+ molecule are readily derived.

The ESR spectrum of the ' '"Pb2+ species, with rel-
ative abundance of 62%, is a singlet line for each of the
two types of cation sites, which yield degenerate posi-
tions only for specific orientations of the magnetic Geld.
Indeed, for this homonuclear diatomic molecule the bc
plane between the two Pb ions is a mirror plane (Fig. 2),
and only two inequivalent orientations can occur, cor-
responding to the two possible types of lattice sites for
Pb +. They are magnetically equivalent when the static
field is in the ab or the ca plane, which explains the addi-
tional degeneracy observed in Figs. 1(ii) and 1(vi). This
spectrum oAers the best way to determine the g-tensor
components and the orientation of' the principal axes x,
y, and z with respect to the crystal axes c, b, and a. One
finds that z

~~ a, in agreement with the mirror symme-
try in our model, and the x and y axes are rotated by
p = +10 from the c and b orientations, respectively, as
depicted in Fig. 2.

The spectrum of the (' '"Pb Pb) + molecular ion,
with a relative abundance of 34%%uo, is described by the
flrst two terms in (1), which results in a doublet struc-
ture for each of the central lines. The A matrix exhibits
the local symmetry of the Pb nucleus, which is lower
than that of the molecular ion, and therefore its princi-
pal orientations are difI'erent from those of the g matrix.
Because of the inequivalence of the two nuclei, four in-
stead of two inequivalent types of defects occur, which are
pairwise related by reflection through each of the crys-

TABLE I. The g values and hf parameters (in mT) of the Pb2+ self-trapped electron (STEL)
center in PbClq at 13 K are presented together with the anisotropic and isotropic contributions,
p, and A (in mT), to the hf-parameters derived from the molecular analysis, from which also
the signs of the hf parameters are derived. The corresponding parameters for two isostructural
Pb2+-dimer centers in NaCl are listed for comparison.

Center
Pb2+ STEL
in PbC12
Pb'+ (I)
in NaCl
Pb', +(III) b

in NaCl

g~
1.549
+0.001
1.438
+0.002
1.469
+0.002

gy
1.379
+0.001
1.222
+0.002
1.300
+0.002

gz
1.718
+0.003
1.625
+0.002
1.621
+0.002

A
—85
+1
—122
+1

123
+1

Ay
—85
+1
—117
+1
—115

1

A
+109
+1
+125
+1
+115
+1

ps
+39

—29

This work; the principal axes of the g tensor, xyz, are rotated with respect to the crystal axes,
cba, by the angle p = +10 around the z = a axis, with an estimated accuracy of +0.5 . Those of
the hf tensor are rotated by the Euler angles o.i = 0, Pi ——+33', with an estimated accuracy of
+2', while the third Euler angle, pi, is experimentally undetermined (see text aud Fig. 2).
Reference 22; the p, and A values have been recalculated.
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talline planes ab, bc, and ca. As shown in Fig. 1, the
expected additional splitting is observed in the ca plane,
but not in the ab plane. The hf-tensor components and
its principal directions xj, yq, and zq, as well as refined
g values, were determined by a computer diagonalization
and fitting procedure involving 34 measured line posi-
tions of the ' '"Pb2+ and (' '"Pb20~Pb)s+ spectra. The
resulting values are listed in Table I. The z~ principal
axis of the hf tensor is tilted away from the a direction
by Pi ——+33' in the ac plane. Within the experimental
accuracy of +2', the angle o.j ——0, i.e. , the tilting occurs
in the ca plane. This feature seems to be accidental, by
which we mean unrelated to the local symmetry, and it
accounts for the unexpected degeneracy of the ESR lines
observed in the ab angular variation [Fig. 1(ii)]. The hf
tensor was found to be axial within experimental uncer-
tainties, leaving the third Euler angle, pq, undetermined.
The signs of the p and Pi angles for a given cation site
are structurally significant (see Fig. 2), but cannot be
inferred from the ESR data.

The weaker ESR spectra of the Pbz+ molecular ion,
with a relative abundance of only 4%, are described by
the full Hamiltonian (1) with the tensors Ai and A2 re-
lated to each other by reflection through the xy (or ca)
plane (Fig. 2). The principal values and orientations of
the g and hf tensors, as determined from the singlet and
doublet spectra (Table I), were employed to predict the
positions of the resulting quadruplet of ESR lines. Three
of the transitions could be traced in the experimental
spectra [see Figs. 1(i), 1(iii), and 1(v)]. As shown in
Figs. 1(ii), 1(iv), and 1(vi), their angular variations did
agree accurately with the calculated ones, which con-
firms our interpretation. The calculation also explains
the seemingly absent fourth component, which, within
the observed linewidth, coincides with the position of the
intense ' "Pb2+ transition. As in the "Pb2+ case, the

Pb2+ defect possesses mirror symmetry through the
bc plane, and the spectra with the static field in the ca
or ab plane exhibit the corresponding degeneracy.

C. Optical experiments

Additional evidence favoring the electron-trapping for-
mation mechanism has been obtained from production
experiments with UV light at 80 K. In a first type of ex-
periment the PbCl2 sample was illuminated with broad-
band UV light at 5.17 eV produced by an Osram HBO-
200 high-pressure mercury lamp, a focalizing quartz lens
and an ARC-240 interference refIection filter, with maxi-
mum transmittance of 40% at 240 nrn (intensity reduced
to 20% at 6 40 nm). With such a setup, ESR signals
attributed to the STEL centers have been obtained after
20 min of continuous irradiation, resulting in maximum
concentrations of about 10% compared to the x-ray ir-
radiated samples. The ESR signals could be optically
bleached in a few seconds by removing the optical filter
and than again restored to the initial intensity by reset-
ting the filter. The difference in the maximum attainable
population of the STEL centers obtained by x-ray irra-
diation and by UV-illumination results from the differ-

ence in the penetration depth, which is about ten times
smaller for 5.17 eV photons than for the 50 kV x-rays.

In a second experiment the illumination was performed
with monochromatic UV light at 4.66 eV (A = 266 nm)
obtained as the fourth harmonic of a pulsed Nd:YAG
laser, supplying an average power of up to 50 mW on
the sample. No ESR signals of the STEL centers could
be observed even after 1 h of illumination, although the
estimated light intensity was two orders of magnitude
higher than in. the experiments with broadband UV light.

The results of the UV-irradiation experiments strongly
support the formation mechanism by electron trapping.
Indeed, as shown by photoconductivity and optical
studies, ' the illumination with 4.66-eV photons cor-
responds to optical absorption in the localized excitonic
band where no conduction electrons are produced. Il-
lumination around 5.17 eV excites the electrons in the
conduction band, from where they are self-trapped at
cation sites, resulting in Pb2+ centers.

Special precautions are to be taken in the optical ex-
periments in order to avoid illumination with light in
the visible range. As we found in separate bleaching ex-
periments performed at low temperatures (T ( 60 K)
on x-ray-irradiated samples, the STEL centers are easil
bleached out by illumination in the (470—670)-nm range,
with maximum effect between 550 and 640 nm. This may
be one of the reasons why the Pb&+ STEL centers were
not detected in previous ESR studies.

IV. DISCUSSION

The identification of the STEL center with a Pbz+
defect is supported by the close correspondence of the
g values and the hf parameters with those of the Pb2+
dimer centers, previously reported in x-ray-irradiated
NaCl:Pb + crystals (see Table I). The lowest molecu-
lar orbital of this molecule is complementary to that
of the self-trapped hole, or V~-, center in the alkali
halides, which consists of a (halogen2) molecular ion.
The molecular ground orbital is singly occupied and con-
structed mainly from the 6p orbitals of the lead ion,
with admixture of s orbitals, crs = os[6s(1) + 6s(2)] +
Ps[6p, (1) —6p, (2)]. It is separated by the energies Eis
and E2~ from the excited vr„and vr„„orbitals, respec-
tively, which are admixed by the spin-orbit interaction.
This can be dealt with in a second-order perturbation
calculation.

The g and hf parameters of the STEL center were ana-
lyzed employing the same procedure as in Ref. 22. In an
axial approximation, the hf parameters are expressed in
terms of the g shifts, Ag~ ——go —g~ and Agll —go gll
and of p, and A, the anisotropic and isotropic contribu-
tions, respectively, of the hf interaction with the Pb
nuclei. The resulting p, and A values are given in Ta-
ble I, and compared with those of the Pb2+ dimer centers
in NaCl. Sign combinations of the hf parameters in the
spin-Hamiltonian, other than indicated in this table, lead
to unacceptable values of the anisotropic contribution p, .
The latter is lower for the Pb2+ dimer in PbC12 than in
NaCl by about 15%, which suggests a larger deiocaliza-
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tion of the trapped electron. In both cases, the value
is close to half of the atomic p, parameter of the Pb+
defects in KC1, rejecting the spread of the valence
electron over the two Pb + ions in the dimer case. The
isotropic hf contribution A is the sum of a positive Fermi
contact term, A', which results from 8 mixing in the 0~
ground-state molecular orbital, and a negative part A
originating from exchange polarization of the inner elec-
trons. The less negative A value determined for Pb2+
in PbC12 compared to NaCl, points to a larger 8 mixing
in the a.

g ground-state orbital.
The electron self-trapping on a pair of substitutional

cations is further supported by the production properties,
which suggest that the mechanism is simple trapping of
electrons at the Pb + cations. Indeed, the production
of the Pb2+ centers at low temperatures, with maximum
concentration reached after a very short (10 min) irra-
diation time, makes it very unlikely that vacancies and
interstitials would be involved in the formation and struc-
ture of this defect.

Hole self-trapping occurs on pairs of halogen ions in
the alkali halides forming a (110)-oriented (halogen2)
molecule ion and on the silver ion in silver chloride form-
ing a planar (AgC14) molecule ion. In each of these
cases, the outer orbitals of the corresponding ions, 3p
of the Cl and 4d of the Ag+, respectively, contribute
strongly to the highest valence band of the crystal. Our
observation of electron self-trapping on neighboring Pb +
cations in PbCl2 indicates that the crystal conduction
band originates predominantly from the 6p orbitals of
the Pb +, in agreement with previous reports. Detailed

energy-band calculations are needed for a better under-
standing of electron self-trapping in PbC12.

In many ionic crystals such as the alkali halides, the
self-trapped hole may momentarily trap an electron in
an excited orbital resulting in the formation of a self-
trapped exciton. Through a non-radiative decay process
the excitons are responsible for the production of primary
defects such as the P, H, and U~ centers.

The discovery of the self-trapped electron in PbCl~
suggests the possibility of forming excitons by trapping
of a hole in an excited orbital. Such excitons may ex-
plain the results of luminescence and polarized reHection
measurements in lead halides.

Excitons in which the electron plays the role of the
heavier component may also be responsible for alterna-
tive paths in defect creation by radiolysis in ionic crystals
such as lead halides, mercury halides and other layered
structures.
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