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Self-trapped electrons and holes in PbBy crystals
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We have directly observed self-trapped electrons and holes in,P@gstals with the electron-spin-
resonancéESR) technique. The self-trapped states are induced below 8 K by two-photon interband excitation
with pulsed 120-fs-width laser light at 3.10 eV. Spin-Hamiltonian analyses of the ESR signals have revealed
that the self-trapping electron centers are the dimer molecules;of&tbng the crystallographia axis and the
self-trapping hole centers are those of, Brith two possible configurations in the unit cell of the crystal.
Thermal stability of the self-trapped electrons and holes suggests that both of them are related to the blue-green
luminescence band at 2.55 eV coming from recombination of spatially separated electron-hole pairs.
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. INTRODUCTION Pt**ions. The STH structure is closely related to the
valence-band structure. Moreover,2Phions can be effective
Lead halide, PbBrand PbCJ, crystals decompose pho- hole traps and form PB centers in Pb-doped alkali
tochemically under ultraviolgiUV) light irradiation at room  hglides!3
temperaturé. At low temperatures, intense photolumines-  STEL's were first observed in PbCirradiated with x
cence(PL) with a large Stokes shift is induced instead of therays“ or y rays at about 80 K: the STEL's form the dimer
photochemical decompositidrt. Because ionic conductivity folecules of PP which are (’:omplementary o, (V,
ca

:ztt?ggzngriit%nlqlﬁttzflgerﬁg:gee?(,cilttaltiso;hggggtn(t)rtl?luﬁceceme) in alkali halides, and the configuration is due to the
] P duction band composed of the Gtates in Pb" ions?

. X . on
further successive desorption of halogen ions and aggregg—
tion of lead ions. The local lattice deformation is most likely and to the covalent bond of thepéstates. It was proposed

related to the PL at low temperatures. These phenomeri#@t STH'S in PbCl form V-type Cl centers,’ but the
imply the strong electron-phonon interaction in PpRind  €Xistence has been disputed. Although no definite experi-
PbCl,. mental evidence simultaneously observing both STEL's and
By studying the PL properties at low temperatures belowSTH's has been reported so far, Pb@nd PbBj are the
30 K in PbBs, it has been strongly suggested that bound<candidates for yielding thef. The coexistence of STEL's
and free-electron-holeeth) pairs intrinsically relax into and STH's gives evidence that both electrons and holes
spatially separated pairs of a self-trapped eleci®hEL) strongly interact with acoustic phonohgnd provides the
and a self-trapped holéSTH).*® The relaxation probably experimental foundation for the further study of the uncom-
results from the strong interaction of both electrons and holemon relaxation including spontaneoesh separatior:>*”
with acoustic phonon%.To obtain further insight into the In order to clarify the relaxed states @th pairs in PbBj,
relaxation ofe-h pairs, it is significant to investigate struc- we have measured ESR signals induced with pulsed 120-fs-
turally the lattice-relaxed localized states with the electronyidth and 3.10-eV laser light below 8 K. Spin-Hamiltonian
spin-resonancéESR technique in PbBrphotoirradiated be-  analyses of the ESR signals have revealed that both electrons
low 30 K. and holes get self-trapped, and, respectively, form dimer
Structures of localized electronic states have been invesnolecules of PP and B, as the self-trapping centers.
tigated so far in other ionic crystals. In x-ray irradiated crys-we present the properties of ESR signals of Rb@rd the
tals of alkali halides, ESR experiments have revealed that thgyermal stability in Sec. I, analyze the structures of the
holes localize on two nearest-neighbor halogen ions andjectron- and hole-trapping centers with spin Hamiltonians in

form the dimer molecules of (haloggn (Refs. 7.and 8 gec. |V, and discuss the correlation of STELs and STH’s
The top of the valence band is composed ofipestates in  ith [luminescence in Sec. V.

X" ions (X=F, Cl, and Br forn=2, 3, and 4, respectively
and the formation of the dimer-molecular STH is mainly
attributed to the covalent bond of the states’ On the other
hand, holes in cubic PBHrradiated withy rays or neutrons
localize on PB" ions and form Pb" centers below 77 K° Single crystals of PbBrwere grown with the Bridgman
Some calculatiortd*?for cubic Pbk have indicated that the technique from 99.999% powder purified under vacuum dis-
top of valence band is mainly composed of tredlates in tillation. The crystal of orthorhombiD%ﬁ (Refs. 18 and 1P

Il. EXPERIMENTAL PROCEDURES
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angle measured at 8 K. Microwave frequency is 9(37.001)

FIG. 1. Typical ESR spectrum measurddbeK after photoirra-  GHz. Magnetic-field vectoB is in the ab plane and the rotation
diation at 5 K. Magnetic-field vector is in thac plane and the axis is thec axis. (I,M,): the total nuclear spin of the STEL centers
direction corresponds to 65° in Fig. 3 below. Microwave frequencyand the magnetic quantum number. Solid and dashed lines: fitting
is 9.385 GHz. STEL and STH are described in Sec. Il A. Solidlines derived from the spin Hamiltonian described in Sec. IV A.
lines indicate the prominent ESR positions. Dashed lines corre-
spond to the ESR positions calculated from the spin Hamiltoniarcate the prominent ESR positions and the dashed lines indi-
in Sec. IV. cate the ESR positions calculated from the spin Hamiltonians

in Sec. IV. The signals are classified into three groups by the
was cut to a size of 83x3 mn? along the right-angled rotation-angle dependence and the thermal profii@sThe
crystallographica,b, andc axes. ESR signals named STEL survive up to 130 K under pulse

The crystal was sealed in a transparent quartz capillargnnealing(ii) The signals named STH disappear under pulse
with a transparent quartz rod and was fixed in a microwaveannealing above 30 Kiii) Though several signals at 280—
cavity with a guide for light injection. The microwave cavity 340 mT cannot be well resolved because of the overlap with
was a rectangular Tsymode cavity resonator with the the STH signals, they survive above 100 K and almost dis-
quality factorQ=3000. The sample was photoirradiated be-appear around 130 K under pulse annealing. The signals
low 8 K with second harmonidgulsed 120-fs-width, 1-kHz, named STEL and STH, respectively, correspond to self-
and 3.10-eV lightgenerated from a regeneratively amplified trapped electrons and holes, as analyzed in Secs. IV A and
Ti:sapphire laser; the average power of the incident light was$V B.
about 100 mW/crh on the sample surface and the photoir- ESR signals around 330 mT under UV light irradiation at
radiation time was typically one hour. The incident photons77 K were reported by several authd?s?> However, the
induce the two-photon interband transition, creatk pairs ESR signals named STEL and STH have not been reported
almost uniformly in the crystal, and produce measurablgo our knowledge. Because of the overlap of the ESR signals,
ESR signals within one minute. To avoid optical bleaching ofthe spectrally well-resolved STEL and STH signals are
the ESR signals, the sample after photoirradiation was kepnainly restricted to the region higher than 340 mT; in the
dark during the measurement. region the intensity ratio of the STEL signals is 4:1 and that

The photoirradiated sample was measured below 8 Kf the STH signals is 3:2:1. The STEL signals show linear
with the ordinary ESR technique in théband range; the response to the microwave power up to 10 mW even at 5 K.
resonant microwave frequency was 9.6%8.008 GHz. The  On the other hand, the STH signals saturate for microwave
rotation-angle dependence of the ESR signals was measurpawer higher than 0.01 mW at 6 K. The reduced linewidth of
by rotating the crystal around thee b, andc axes. Thermo- the STEL signals,AB=(g/go)ABy, is estimated to be
luminescence(TL) under pulse annealing was measured14(=1) mT whereg is the g value of the STEL,g, the
through the transparent quartz rod attached to the sampléee-electrorg factor, andA B, the linewidth estimated from
The total TL during the pulse annealing was directly detectedhe experimental data; th&B is about three-times broader
by a photomultiplier, and the TL spectra at various pulsethanAB=5.5 mT in PbC} (Ref. 14.
annealing temperatures were measured with a charge- Figure 2 presents the rotation-angle dependence of the
coupled device camera equipped with a grating monochroSTEL signalgclosed circlesat 8 K; magnetic-field vectds
mator. Raising and lowering rates of temperature under pulsig in the ab plane and the rotation axis is theaxis. The
annealing were about 5 K/s, and the sample was typicallyndex (I,M,) denotes the pair of the total nuclear spin of the
annealed for one second at each annealing temperature. TBFEL center and the magnetic quantum number. The inten-
ESR spectra after pulse annealing were measured below 8 Kities of the ESR signals with indic€4,0) and (1,—1) are

more than ten times as weak as that widk0). The intensity
IIl. EXPERIMENTAL RESULTS ratio between (0,0, (1/2,1/2, and (1/2,—1/2) is about

4:0.9:1. Solid and dashed lines fit the experimental data and
are derived from the spin Hamiltonigit) in Sec. IV A. A

Figure 1 shows a typical ESR spectrum measured at 5 ISimilar rotation-angle dependence of the STEL in BbCI
after photoirradiation at 5 K. The solid lines in Fig. 1 indi- shows the twofold splits whem is in the bc and ac

A. Properties of ESR spectra
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FIG. 5. ESR intensity of the STEL signalslosed circlesand
total TL intensity during pulse annealing@pen circles The ab-
scissa stands for pulse-annealing temperature. The ESR signals after
pulse annealing were measured at 5 K. Solid and dashed lines are
guides for the eye. The inset displays the TL spectrum measured
around the peak of the TL curéashed ling

FIG. 3. Photoinduced STH signaislosed circles vs rotation
angle measured at 8 K. Microwave frequency is 9(38R002
GHz. Magnetic-field vectoB is in the ac plane and the rotation
axis is theb axis. Solid and dashed lines: fitting lines derived from
the spin Hamiltonian described in Sec. IV B.

planest*!® the splits come from the two configurations re- _
flecting the crystallographic symmetry. However, the explicitas the STH signals, and keep almost constant under pulse
split has not been observed in PbBrhenB is in thebcand ~ annealing at 40-100 K. TL appears corresponding to the
ac planes. Probably, the broad linewidth in PpBides the —quenching of the STH signals over 20-30 K. The TL spec-
split. trum under pulse annealing at 22 K is displayed in the
Figure 3 displays the rotation-angle dependence of thénset of Fig. 4. The TL spectrum at 1.6 eV is spectrally in
STH signals(closed circleg the magnetic-field vectoB is  agreement with the red PL band; it is induced under excita-
in theac plane and the rotation axis is theaxis. The signals tion into the fundamental absorption region and increases
are picked up from the ESR spectra as shown in Fig. 1. Ther20—30 K instead of the decrease of the blue-green PL band at
exist the two series, each of which has more than three res@-55 eV*®
nances. The two series are mirror symmetric fortikgplane Figure 5 shows the thermal stability of the STEL signals
with each other, reflecting the crystallographic mirror sym-(closed circles and the total TL intensity during the pulse
metry. Solid and dashed lines are derived from the spirannealingopen circles The ESR signals after pulse anneal-
Hamiltonian describing the hole center composed of twading were measured at 5 K. The intensity of the STEL signals
equivalent Br ions, and fit the STH signals. decreases above 100 K and the signals are quenched at 145
K. The ESR signals at 280—-340 mT also vanish together
with the STEL signals. TL was observed over 90-140 K,
strongly at 100—105 K. The TL spectrum measured around
Figure 4 shows the thermal stability of the STH signalsthe peak of the TL curve is displayed in the inset of Fig. 5;
(closed circles and the total TL intensity during the pulse the TL spectrum peaks at 1.7 eV and is located in the high-
annealingopen circles The ESR signals after pulse anneal- energy side in comparison with the spectrum in Fig. 4. The
ing were measured at 6 K. The intensity of the STH signalsTL spectrum in Fig. 5 is spectrally in agreement with the PL
sharply decreases above 20 K and the signals were hardpectrum in this temperature range. The PL has an extrinsic
observed after pulse annealing at 40 K. The ESR signals afature?® it is induced under excitation even in the energy
280-340 mT also decrease up to 40 K by a similar amountange (A»=3.5 eV) lower than the fundamental absorption
edge of 3.8 eV.

B. Thermal stability of ESR signals and thermoluminescence

- T T " T T P
.g 2 £ o 15 g
&S ¢ g s/\ § £ IV. SPIN-HAMILTONIAN ANALYSIS
i 10 5
E E’ 0 115 o E A. Structures of self-trapped electrons
é FHOTONENERGY (V) —_{ 5 & The ESR signals prominently appearing at 410-530 mT
E b of STH % have theg value ofg<2 and therefore are ascribed to elec-
A, g R RPN P tron center$? They have the similar rotation-angle depen-
20 40 60 80 dence with each other as shown in Fig. 2, and thermally

ANNEALING TEMPERATURE (K) disappear together. The intensity ratio seems to reflect the

FIG. 4. ESR intensity of the STH signalslosed circlesand  1S0tope effect. Indeed, Pb ions consist of nuclear spih
total TL intensity during pulse annealingpen circles The ab- =0 (contained 79% naturallyand | =1/2 (contained 21%
scissa stands for pulse-annealing temperature. The ESR signals affégturally). The pair of two equivalent Pb ions has the total
pulse annealing were measured at 6 K. Solid and dashed lines aféIclear spins of @single), 1/2 (double}, and 1(triplet); the
guides for the eye. The inset displays the TL spectrum under pulseonstituent ratio is 19.2:10:1. When the degeneracy of the
annealing at 22 K. multiplets is lifted, the ratio of the singlet to the two doublets
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is 19.2:5:5=4:1:1. This ratio is in agreement with the ratio

a
4:0.9:1 estimated from Figs. 1 and 2, and moreover it is “O 9 O 07

probable that the far weak signals fitted with dashed lines in
Fig. 2 come from the nondegenerate triplets.

Therefore, one can assume that an electron equivalently FOC) ?-3 Q/
localizes on two nearest-neighbor?®hons and they form a ,

o o
Pb,®* center. The spin Hamiltoniaf{ with Zeeman and O Q O 7

hyperfine terms is given by -
H=peS-g-B+dousl1 A1 Stdouslz-A2-S, (1) o Pb?

whereug denotes the Bohr magnetoBthe electron sping O Br

the Zeeman tensoB the magnetic-field vectog, the free-

electrong factor, |; the nuclear spin, ané,; the hyperfine FIG. 6. Schematic configurations of the electron-self-trapping

tensor (=1,2). The Pb-ion dimer does not contain the sz3+ centers in PbBrcrystal. Four PB" ions (small black balls

nuclear quadrupole term because0 or 1/2. and eight Br ions (large white ballg in the two nearest-neighbor

Each rotation-angle series of the ESR signals in Fig. 2¢ planes constitute the unit cell of the crystal. The lengths of the
takes maximum and minimum values whBfja and B|b. unit cell along thea, b, andc axes are 4.767, 8.068, and 9.466 A,

The dependence enables us to set the pringjald A axes respectively(Ref. 18. There exist the two configurations of the
such ax=c, y=b, andz=a STEL centers in the crystal, and each STEL center of Phs

Under axial symmetry &,=A,) and the second-order schematically represented with the two nearest-neighbdr Rins
x— Ny -

. : long thea axis and the stick that depicts the covalent bond of the
perturbation, taking the Zeeman term as the unperturbe v . . o

. ) . . wo PEF " ions via the electron. The spin-Hamiltonian parameters of
term, the Hamiltoniaril) is transformed, as shown explicitly

: : ; o the Pk cent listed in Table I.
in Ref. 25, into the equation describing the allowed ESR e P center are listed in Table

transitions. The axial symmetry implies that the dimer-  The principal values of Zeemanand hyperfineA tensors
molecular axis is chosen to be thaxis. . are listed in Table I. The principa values vary from 1.4 to
The modified equation well describes the rotation-angle- 7 and are comparable to the values ofPhin PbCl, and
dependent series of the ESR signals aroundathe andc  Nacl:phl41526This analysis only provides the absolute val-
axes as in Fig. 2. The principg values are obtained by g ofA,, A,, andA,, and the principah values are in the
fitting the Zeeman series df=0; the solid line with index  sgme order of several tens of mT as in Pbahd NaCl:Pb.
(I,M;)=(0,0) in Fig. 2 represents the fitted Zeeman line.|, accordance with P28+ in PbCh and NaCl:Pb, the same
Principal A values are obtained by fitting the series lof signs of principalA values are chosen for BB in PbBr,
=1/2, using the principay yalqes; the solid Iilnes with in.di- The parametergs andA . of PbBr, are calculated with thg
ces(1/2,1/3 and(1/2,~1/2) in Fig. 2 fit the series by varying and A values in the perturbative analysis for the electronic

the principalA values only. The dashed lines in Fig. 2 are : 6 : ;
. . evels of dimer-molecular centet$® The physical meanings
drawn with theg and A values, and those witli1,00 and tOf p. andA, are discussed in Sec. V B.

(1,—1) describe the series well. This analysis confirms tha
the ESR spectrum named STEL in Fig. 1 and the ESR sig-
nals in Fig. 2 originate from the electron-trapping center of
Pb,>* . As for the electron centers, it is improbable that they ~The three prominent ESR signals at 350—390 mT named
are affected by vacancies or impurities because the rotatioTH in Fig. 1 belong to the series with the similar rotation-
angle dependence excludes the symmetry breaking aroursngle dependence and the same thermal stability under pulse
the electron centers by the permanent lattice defects. Thannealing. The intensity of the ESR signals at 280-340 mT
coexistence of STEL's and “perturbed” STELs by the de- decrease up to 40 K by a similar amount to the three signals
fects is also excluded because of the single rotation-anglat 350—390 mT. Therefore, there probably exist further sig-
pattern and the thermal decay. Therefore, the electron centen@ls at 280—-340 mT of the same origin with the three signals
named STEL in Fig. 1 are declared to be self-trapping elecat 350—-390 mT, though the overlap with other signals pre-
tron centers of P . vents observing them separately. The ESR signals at 280—
The structures of the STEL centers are schematicall390 mT have theg values ofg~2 and probably originate
shown in Fig. 6; among the two nearest-neighbor Pb-iorifom hole centers?
pairs, the pairs along tha axis are the configurations con-  In PbBKL, we assume two equivalent nuclei,Bras the
sistent with the analysis unfolded in this section. In Fig. 6,hole center with more than three resonances at 280—-390 mT.
each stick that bonds the two Phions stands for the cova- This assumption is consistent with the ratio of 3:2:1 esti-
lent bond via the localized electron. As described in Secmated in Fig. 1; full signals of Br would be composed of
[l A, the broad linewidth of the STEL signals probably hides seven resonances with the ratio of 1:2:3:4:3:2:1 in the first-
the twofold splits in theab andac planes observed in PbCl order hyperfine effect associated with the Br-nuclear spin
(Refs. 14 and 1/ and consequently theandy axes deter- of 3/2.
mined here may deviate slightly from the principaandy The spin Hamiltoniar{ is also expressed by EflL). For
axes corresponding to each of the twofold splits. Br,”, a quadrupole term can be added as a second-order

B. Structures of self-trapped holes
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TABLE I. Spin-Hamiltonian parameters of Eab‘ electron centers. Principd; values (=x,y,2), ps,
and A, are represented in mT. The meaningspgfand A, are discussed in Sec. V B. The parameters of
be’+ centers in PbGland NaCl:Pb are also cited for comparison.

Electron center Oy gy g, Ay Ay A, Ps A,
Pb,3* 1.563 1.416 1.690  —87 —-87 100 39 -14
in PbBr,? +0.002 +0.002 +0.002 +4 +3 +5

Pb,%* 1.549 1.379 1718 -85 -85 109 39 -5
in PbCL" +0.001  +0.001  +0.003 +1 +1 +1

Pb,3* 1.494 1.322 1.662 NR NR NR NR NR
in PbChLY +0.005  +0.005  +0.005

Pb,3* 1.469 1.300 1.621 —-115  -123 115 46 29
in NaCl:PI§ +0.002  +0.002  +0.002 +1 +1 +1

&This work; Sec. IV A.
bReference 14.

°Not reported(NR).
dreference 15.
®References 14 and 26.

effect® because the nuclear spin of Biis 3/2. However, xandy axes of Bs~ centers. The spin-Hamiltonian analysis
explicit second-order effects have not been observed in ous performed in a similar procedure as that described in Sec.
measurements. Therefore, we apply FL.containing only 1V A, except forl =3. As shown in Fig. 3, the Hamiltonian
the first-order term to the experimental data and moreovewell describes the rotation-angle dependence of the three
hypothesize the agreement of princigeind A axes. prominent signals at 350—390 mT and some other prominent
As shown in Fig. 3, the solid-line and dashed-line seriessignals in the region lower than 340 mT. Table Il presents the
are mirror symmetric for thbc plane, and the rotation-angle Principal g and A values obtained by the fitting and shows
dependence implies that the principedndA axes deeply tilt ~ that the values of Br centers in PbBrare comparable to
from any crystallographic axis. This deviation and the overthose in alkali bromides. Though this spin-Hamiltonian
lap of the signals at 280-340 mT make it difficult to deter-analysis cannot provide the signs of hyperfine parameters
mine the orientation of principal, y, andz axes. However, it Ay, A,, andA,, the molecular analysif electronic levels
is possible only to determine approximately the orientationn Br, centers requires the signs to be positive, and the
of the z axis from the well-resolved signals at 350—390 mT.same signs are chosen in PbBn accordance with the
Thus, the first and second Euler angles are, respectively, 5Hhalysis. The parametepg andA,, in Table Il are discussed
and 126° for the series fitted with the solid lines in Fig. 3,in comparison with those of other host crystals in Sec. V B.
and 129° and 126° for the dashed lines. The third angle can- The Br-ion pairs whose axis is in agreement with the prin-
not be determined experimentally. We assume the angle to lipal z axis of the solid-line series in Fig. 3 are limited to pair
0°, and consequently the orientationofindy axes deter- ain Fig. 7; for pair a, the first and second Euler angles of the
mined here is not necessarily in agreement with the principamolecular axis are, respectively, 50.7° and 126.1° when the

TABLE Il. Spin-Hamiltonian parameters of Br hole centers. Principa;(i=X,y,z) values,ps, andA,
are represented in mT. The meaningpgandA, are discussed in Sec. V B. The parameters gf Brenters
in KBr, NaBr, and RbBr are cited for comparison.

Hole center Ox gy 0, Ay A, A, Ps A,

Br,” (pair 3?2 2.16 2.17 1.90 10 10 46 16 17

in PbBr, +0.02 +0.02 +0.01 +4 +4 +1

Br,” (pair bh? 2.18 2.23 1.90 10 10 46 19 14

in PbBp, +0.05 +0.05 +0.03 +1 +1 +7

Br,” in NaBr° 2.1514 2.1968 1.9791 6.50 7.38 43.1 18.23 12.66
Br,  in KBrP 2.1629 2.1623 1.9839 7.68 7.66 45.0 17.98 14.45
Br,” in RbBP° 2.1683 2.1524 1.9846 8.36 8.12 455 17.80 15.13

&This work; Sec. IV B.
bReference 9; the accuracies of parameteamd A are within +0.0005 and=0.07, respectively.
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ﬁ the configuration of (By +electron), though it is unknown
» whether the STE is the nearest-neighbor pair of a STH and a
T‘\_) (/ﬁ [ ] O STEL or whether it has the configuration in which a,Br
as o center bounds an electron in the excited orbital. On the other
(’7/— hand, the red PL band grows instead of the quenching of the
Lol . mO % - in Fi
s S O BG-PL band at 20—-30 K; as shown in Fig. 4, the temperature
c«f )\S‘\%; N ——— range corresponds to the growth of the red TL that has the
\ - fli g; (_) L same shape as the red PL band. Because of the instability of
b the STH centers at 20—30 K, the red PL and the red TL are
ascribed to the STE’s associated with the STEL centers of
o Pb2t Pb,3" stable at 20—30 K. To clarify the configurations of the
“~ Br self-trapped excitons directly, the examination with an opti-
& Br cally detected magnetic-resonance technique is preferable,

- - - - because this ESR study can only suggest the configurations
FIG. 7. Schematic configurations of the hole-self-trapping Br o
centers in PbBrcrystal. B~ is composed of two Br ions (large of the STE's yielding the BG-PL and the red PL bands.

white ball§ and one hole. Each stick schematically represents the As for the thermal stability of self-trapping centers, it
covalent bonds of two Br ions via the hole. The two dimer- IS t0 be noted that the temperature at which the STH'’s and

molecular Bg~, named a and b, respectively, correspond to theth® STEL's disappear under pulse annealing does not neces-
solid-line and dashed-line series in Fig. 3. Two?Phions (small ~ sarily indicate that of the thermal quenching of the self-
black ball3 and four B ions are sited in eachc plane. The trapping centers themselves. Indeed, the thermal decay of
spin-Hamiltonian parameters of theBrcenterq pairs aand pare ~ Br, in alkali halides is affected by the thermal activation
listed in Table I1. of trapped electrons and positive vacancié¢s.PbBr, va-
cancies of BF and PB" ions inevitably exist because of the
lattice ions are located at the equilibrium positions. Similarly,high ionic conductivity??® and the density of Br vacancy
the dashed-line series in Fig. 3 corresponds to pair b in Figs estimated at more than ¥@m™3. Consequently, it is
7; the first and second Euler angles are 129.3° and 126.1kkely that the thermal activation of vacancies affects the
respectively. Pairs a and b are indeed mirror symmetric foSTH’s: (i) it makes the self-trapped states unstable, induces
the bc plane. the thermal transfer of the holes, and leads the holes to ra-
The good agreement of the dimer-molecular axes with theliative and/or nonradiative decay, @) it deforms the self-
direction of the Br-ion pairs in the crystal confirms that the trapping centers to other trapping centers associated with va-
STH signals originate from the BF centers which are not cancies. The thermal stability of the STEL's may be also
affected by any permanent lattice defect. Therefore, the holaffected by the thermal activation of other hole centers as
centers named STH in Sec. lll A are ascribed to the selfdiscussed in Sec. V C.
trapping hole centers of Br .

B. Electronic structures of self-trapping centers

V. DISCUSSION In this section we tentatively apply the perturbative analy-
A. Correlation of self-trapped states with luminescence sis of Refs. 9 and 26 to the dimer centers, and discuss the
electronic structures of STEL's and STH’s in PhBrom the

Thermal stability of the .ESR signals indicates that thecomparison with other crystals. According to the anal{is,
STEL's and the STH’s coexist only in the temperature rangeg, . mixing by spin-orbit interaction between the gro

below 30 K. Therefore, intrinsic luminescence related to both d ited orbitalsr® . 7Y in the di lecule of P28+
STEL's and STH’s would appear below 30 K. an exc_lte orbitalsrg, g In the Imer molectlie of

The blue-greerlBG) PL band at 2.55 eV is the dominant and By, are calculated from thg shift and 'Fhe prlnC|paA
intrinsic PL below 20 K in PbBy, and the phosphorescent Values under the Hartree-Fock approximation and the
decay is well described by the radiative recombinationsecond'order perturbation taking the S.pln-Ol’bIt interaction as
model® The model assumes the process whereby the spal€ Perturbed term. The parametgrsin Tables | and Il
tially separatede-h pair gets close by tunneling motion, denote the dipole-dipole interaction between the magnetic
forms a self-trapped excitofSTE), and recombines with ra- moments of the elecyro(l.)r holg and nuclgl, and represent
diation. The phosphorescent decay suggests that the BG-B¢ anisotropic contribution to the hyperfine term. The pa-
band originates from the distant pairs of a STEL and a STH@MELersA, represent the Isotropic contntgu_non to then-

The BG-PL band thermally decreases at 20-30 K an@©r and are given bA,=A;+A; whereA, is the positive
disappears above 30 KThe thermally stable range of the Fermi contact term andAf the negative exchange-
BG-PL band corresponds to that of both STEL's and STH'sPolarization term of the inner electrons.

This correspondence supports the fact that the BG-PL band is For Ph*>", A% is proportional to &-state mixing into the
closely related to both STEL's and STH’s. In particular, theground orbitalog= a4(6s; + 6s;) + B4(6p; ,— 6p,,) Where
BG-PL band is not induced in the temperature range abovey andg, are constants, ands@nd 6, respectively, denote
30 K, where the STH's disappear as shown in Fig. 4. Therethe atomic wave functions of thesGand & states in PB".

fore, it is plausible that the STE's yielding the BG-PL have p; is psxﬂg<r*3> where(r ~3) is the spatial distribution of

214306-6



SELF-TRAPPED ELECTRONS AND HOLES IN PbBr. . PHYSICAL REVIEW B 65 214306

the electron, and the small, values result in the spread of Pb-doped KCI crystal$® Interstitial lattice defects, namely,
the electron as long as th,'s of Pb,®* are comparable in  Frenkel defects have been also excluded in BEBf® Con-
different host crystals. As shown in Tablegl in PbBr, has  sequently, the signals at 280—340 mT except for the unre-
the same value as that in Ph@Ind is 15% smaller than that solved STH signals probably originate from the extrinsic
in NaCl:Pb; thep suggests that the distribution of STEL in hole center associated with the permanent lattice defects such
PbBr, spreads as outwardly as in Pp@hd more outwardly as vacancy, impurity, or both. The extrinsic hole-trapping
than in NaCl:PbA,, in PbBr, is negatively 2.8 times larger centers are efficient competitors of the STH centers because
than that in PbGL In other words, the positive paA?, they survive above 100 K together with not a few STEL and
which reflects 8 mixing into the ground orbitadry, contrib-  disappear around 120 K with emitting TL.

utes more than the negati€ in PbCh. This result quali-

tatively suggests thatssmixing into theo is larger in PbGl

than in PbBs. The difference is probably ascribed to the VI. CONCLUSIONS

components of the top of valence band. The valence-band
structure of PbGl with more mixing of & states in Ph"
ions may make it possible for the holes to form STH center
of PB** as observed in PBRRef. 10. Indeed, the mixing
ratios of the & states into the top of the valence bands be

Self-trapping electron and hole centers are simultaneously
hotoinduced by two-photon interband excitation with 120-
s-width laser light at 3.10 eV and have been directly de-
tected with the ESR technique. The excitation enables us to
. ‘induce e-h pairs with enough density for the present ESR
come large in order of PbBr PbCh, and Pbl (Ref. 12. measurements. Spin-Hamiltonian analyses have revealed that

The complementary discussion can be applied tp Br the structures of STEL's and STH's are the dimer-molecular
Parameterps and A, in Table Il are comparable to each sz3+ and By~ , respectively. The STEL centers of 235

other. This analysis implies that the distribution of STH andorient along the crystallographicaxis. The holes select self-

tEe ort.)ltalllzu?ctt)lons.é)f therg in PbBY, are quite similar to trapping sites among many nearest-neighbor Br-ion pairs in
those in alkall bromides. the unit cell, and form the STH centers of,Brwith the two
particular orientations. From the comparison of the principal
g andA values, the P " and the By~ centers are similar to
The ESR signals at 280—340 mT have thealues ofg those in other crystals studied so far.
=2, and the overlap of the signals prevents discriminating From this ESR study, we conclude that both electrons and
each signal and analyzing with a spin Hamiltonian. Howeverholes in PbBj crystals strongly interact with acoustic
they vanish together with the STEL signals around 120 Kphonons and do relax into the individual self-trapped states.
under pulse annealing, and then the crystal emits TL aMoreover, the STEL's and the STH's centers coexist below
shown in Fig. 5. Therefore, the signals at 280—340 mT ar&80 K, and the STH centers disappear at 20—30 K. The tem-
most likely to originate from hole-trapping centers. perature range is in good agreement with the range in which
From the valence-band structure, the* Plwenter can be the phosphorescent blue-green PL band at 2.55 eV is in-
considered as another candidate for the intrinsic holeduced. The agreement supports the conclusion of the previ-
trapping center, but the satellites, which stem from the isoous PL study(Ref. 5 that both STEL and STH centers are
tope 2°’Pb of 1 =1/2 (contained 21% naturally have not related to the radiative recombination process yielding the
been observed at 0—1 T just as seen in Poystals® and  blue-green PL band.

C. Other trapping centers associated with lattice defects
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