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Polarized reflectivity spectra of single crystalsePbF,, B-PbF,, PbC}k, and PbBs have been measured
at 10 K in the energy range up to 30 eV using synchrotron radiation as a light source. The spectra are well
resolved in comparison with those reported previously. Optical constants have been derived through the
Kramers-Kronig analysis. The effect of phase transition on the optical spectra giPalEo examined. With
use of the discrete variation®le method, the electronic structures of the clusters consisting of a i8b and
neighboring halogen ions have been calculated for better understanding of the optical properties of Pb halides.
The calculation indicates that the lowest excitons in all lead halides are attributed to the cationic transitions.
The electronic structures of lead halides are discussed on the basis of a comparison of experiment and
calculation.

[. INTRODUCTION luminescence in chloride and bromide.
Recently, multiplication of electronic excitations in lead

As is well known, lead halides have three kinds of struc-halides have been studied using synchrotron radiation as a
tural modifications under normal conditioh®bl, crystal-  light source'®!! The excitation with photons in the VUV
lizes in a hexagonal Cglistructure. PbGland PbBj exhibit  region involves optical transitions not only from the valence
an orthorhombic structure. PplErystallizes in two phases: band to the high-lying states in the conduction band but also
the orthorhombic structure of PbClype («-PbF,) and the  from the core levels to the low-lying states in the conduction
cubic structure of Caftype (B-PbF,). In temperatures be- band. In order to make proper discussions on the relaxation
low 320 °C,a-PbF; is stable, bu3-PbF, is also able to exist processes after high-energy excitation, reliable optical spec-
as a metastable phase. tra up to the VUV region and theoretical calculations on the

The Pb halides have drawn attention of many workerslectronic states are strongly desired.
because they exhibit interesting features from the standpoint Many works have been reported on the optical constants
of the electron-lattice interaction'’ They are also attractive of PbF,, PbCh, and PbBjs.>'?~" There exist, however,
materials for practical use, e.g., as a scintillating substancsome differences among them. One possibility for this is that
(PbR) (Ref. 2 and as acousto-optical crystals (Pp@hd the strain in thin films makes the features in absorption spec-
PbBr,) (Refs. 3 and % tra obscure. Furthermore, in PhFone should be careful of

Since the earlier study by Plekhandthe fundamental the effect of phase transition on optical spectra, because the
absorption edges of PeFPbCL, and PbBj have been be- cubic phase is transformed into the orthorhombic phase by
lieved to be dominated by cationic excitations in thé Pb application of pressut or by exposure to watérThe elec-
ions, which is in clear contrast to the case of well-studiedtronic band structure has been calculated for cubic,PH#
alkali halides. The self-trapping of electrons was found, forbut no theoretical calculation is available for orthorhombic
the first time, to occur in PbgP In PbCl and PbBj, two  lead halides.
types of luminescence are observed, that is, the excitonic In the present study, we have measured reflectivity spec-
luminescence and the recombinational luminescence. Thiea of single crystals of- and 8-PbF,, PbCh, and PbBj in
former is ascribed to radiative decay of an exciton self-the energy range up to 30 eV with the use of synchrotron
trapped at Pb' ion site, while the latter is attributed to tun- radiation. The optical constants are derived through the
neling recombination of a shallowly trapped hole and a selfKramers-Kronig analysis. The electronic structures of these
trapped electrofia (Pk)3" centel.”® Both - and B8-PbF, lead halides are calculated by using the discrete variational
emit only the luminescence that corresponds to the excitoniXa (DV-Xa) method?:?> which has been successfully ap-
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FIG. 1. Reflectivity spectra ot-PbF,, B-PbR,, PbCl, and FIG. 2. Imaginary part of dielectric functionse{) of PbR,
PbBR, at 10 K in the 3—30 eV region. The spectra were measuregpCy, and PbBj at 10 K in the 3—30 eV region. The spectra are
for the polarization parallel to tha axis (Ella) and b axis (Elb),  presented for the polarization parallel to thexis (Ella) andb axis
except for that of3-PbF,. (Ellb), except for that of3-PbF,.

plied to metals and inorganic compounds. The results of exabout one-half that calculated from the refractive index
periment and calculation are compared with each other, frorflata’ because of the scattering of reflected light from un-
which we will discuss the electronic structures in Pb halideseven surface of the cleaved crystal. Consequently, the spec-
trum of B-PbF, in Fig. 1 was presented by multiplying the
Il. EXPERIMENT AND RESULTS _measured spectrum .by a factqr of r)early 2. The refractive
index data ofa-PbF, is not available in literature. We thus
Single crystals of PbGland PbBs were grown by the presented the spectrum afPbF, by assuming that the re-
Stockbarger method. They were cleaved alongathelane.  flectivity in the transparent region fdgla and Elb is the
Single crystals otx-PbF, were grown from aqueous solution same as that o-PbF.
with perchroic acid® They were obtained as thin flakes that  In the present study, a flat surface ®fPbF, crystal was
have surfaces with typical size o&2 mn?. The as-grown also prepared by polishing with alcoholic paste of polishing
surface contained theb plane. Reflectivity spectra of powder. It was found that the reflectivity spectrum in the
PbCL, PbBp, and a-PbF, were measured for the polariza- 5-10 eV region for the polished surface @EPbF, re-
tion parallel to thea andb axes. Single crystals g8-PbF, ~ sembles that for the as-grown surfaceaePbF,, rather than
were obtained from the Harshaw Chemical Company. Sincéhat for the cleaved surface gEPbF,. This indicates that the
flat surfaces could not be obtained by the cleavage-BbF, surface of the cubic phase is transformed into the orthorhom-
crystals, their reflectivity spectra were taken for uneven surbic phase by the stress during mechanical polishiffgrhe
faces cleaved. spectra of the cleaved surface should be regarded as intrinsic
Optical experiments were made using synchrotron radiato 3-PbF.
tion of UVSOR (Ultraviolet Synchrotron Orbital Radiation The imaginary part of the dielectric functior4) and the
Facility at the Institute for Molecular Science, Okazaki. Theabsorption coefficient of each material have been derived
light beam was monochromatized through a 1-m Seyathrough the Kramers-Kronig analysis of the reflectivity spec-
Namioka monochromator at beam line 1B. Reflectivity spectra in Fig. 1. Thee, spectra are shown in Fig. 2. The absorp-
tra of near normal incidence were measured using a photaion spectra in the first exciton-band region, in the 3—12 eV
multiplier tube coated with sodium salycilate. In region, and in the 3—30 eV region are given in Figs. 3, 4, and
measurements of the low-energy region, a quartz or LiF filtes, respectively.
was used to eliminate the higher order light. Although not shown in Fig. 3, a spurious structure ap-
In Fig. 1 are shown reflectivity spectra of orthorhombic pears below 5.5 eV in the absorption spectraxePbF, ob-
a-PbF,, PbCl, and PbBj crystals in the 3—30 eV region at tained by the Kramers-Kronig analysis. The absorption mea-
10 K for the polarization parallel to tha axis (Ella) andb  surement of am-PbF, sample with about 0.1 mm thickness
axis (Elb). The reflectivity spectrum of a cleaved surface of showed this region to be transparent at 10 K. Hence, the
cubic B-PbF, crystal is also shown in Fig. 1. assumption concerning the reflectivity mentioned above is
The absolute values of reflectivity in the low-energy re-supposed to be somewhat crude. Some uncertainty in the
gion for PbC} and PbBj agree well with the results of the absolute reflectivity affects the intensities of the structures in
precise measurement by Kanbeal'?*3and are consistent optical spectra, but their energy positions are hardly
with those calculated from the refractive indiéeEhe mea- changed. The main structures in the valence-excitation re-
sured reflectivity of3-PbF, near the absorption edge was gion are numbered as 1, 2, 3, andMg. 4). The fine struc-
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FIG. 5. Absorption spectra of PpFPbC}, and PbBj at 10 K
in the 3—30 eV region. The spectra are presented for the polariza-
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FIG. 3. Absorption spectra of PhFPbC), and PbBj at 10 K
in the first exciton-band region. The spectra are presented for th

polarization parallel to tha axis (Ella) andb axis (Ellb), except for than them. Beaumorat al. measured the reflectivity spec-

that of B-PbF, trum of B-PbF, using a polished surface of crystal and an
' evaporated filmt> According to Ref. 15, both samples ex-
tures in the core-excitation region are nameglcy, . . . hibit essentially the same spectra, at least above 8 eV. The
(Fig. 5. The energy positions of these structures are summa2Ptical spectra of3-PbF, in Figs. 1, 2, and 5 seem to be
rized in Table |. consistent with their results, except for the region below 10
The reflectivity spectra in Fig. 1 are essentially the samé&V: . ) )
as those reported previously by ¥¥s-’ The e, spectra in the In Fig. 3, the exciton band 1 appears at 3.9 eV in BbBr

first exciton-band region in Fig. 2 agree well with those by@nd at 4.7 eV in PbGl These exciton bands have a single
Kanbeet al1213The optical spectra in the VUV region have peak forElla, while they have two peaks fdglb. A similar
been obtained by absorptiémeflection!®!®and electron en- polarization dependence is also observed for exciton band 1

of a-PbF, at 5.7 eV. As reported in our previous papéthe
second-energy-derivative reflectan@EDR) spectra exhib-
————— 7 ited the dichroism more distinctly. Exciton band 1@#bF,
appears at nearly the same position as tha&-¢fbF,. The
2EDR spectrum revealed that the exciton bandBe®PbF,
consists of three fine structur&sThey are indicated by ver-
tical bars in the absorption spectra of Fig. 3. The broken
curve in Fig. 3c) shows the absorption spectrum of PhBr
for Ellain the 4-5 eV region on an extended scale. One may
see an oscillatory structure with separation of about 230
meV, as indicated by vertical bars.

In the absorption spectra by Plekhanov, shoulder struc-
tures are observed at 6.2 eV, 4.86 eV, and 4.23 eV for, PbF
PbCL, and PbBj, respectively, and they were assigned to
the band edgg.In the reflectivity spectrum of3-PbF, by
Beaumontet al., a shoulder structure was found at 6.2 8V.
They assigned the structure to the=2 exciton state. How-
ever, no particular structure was observed in the correspond-
ing position for each material in Fig. 3. The structures found
by these authors are probably due to extrinsic origin, such as

FIG. 4. Absorption spectra of PBFPbCL, and PbBs at 10 K strain in the thin film or phase transition by polishing the
in the energy range below 12 eV. The spectra are presented for tHgystal.
polarization parallel to tha axis (Ella) andb axis (Ellb), except for In Fig. 4, several polarization-dependent structures are
that of 8-PbF. The main structures in the valence-excitation regionalso observed below 12 eV in PiGind PbBj. Two broad
are numbered as 1, 2, 3, and 4. peaks 2 and 3 and a small humpate seen ink-PbF,, with

ergy loss experimentsS.The present spectra are more refined

-
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TABLE I. Energy positiongin eV) of the main structures in absorption spectra of lead halides at 10 K.
These values contain experimental uncertainty+& meV for the exciton band 1 and 10 meV for the

other bands.

Crystals PbBy PbCh, a-PbR, B-PbF,
Ella Elb Ella Ellb Ella Ellb

1 3.947 3.921 4.678 4.664 5.685 5.713 5.644

3.982 4.716 5.854 5.698
5.780

2 4.88 5.77 5.84 6.37 6.35 6.61

3 5.67 5.58 6.57 6.55 8.52 8.50 8.64

4 6.93 6.66 7.79 7.44

Co 19.50 19.48 19.61 19.68 19.95 20.02 20.04

1 21.02 21.01 21.31 21.34 21.53 21.55 21.70

c, 22.45 22.45 22.64 22.69 22.85 22.86 22.92

Car 23.87

Cs 23.55 23.59 23.86 23.96 24.25 24.32 24.38

very weak dichroism. InB-PbF, two peaks 2 and 3 are PbF, but their relative energy positions remained almost un-
observed, but their shape and position are different fronthanged. On the other hand, introduction of such electro-
those in thea phase. It should be noted that a dip is clearlystatic potentials resulted in unreliable band gaps for ortho-
observed at around 8.9 eV for PhBand at 10.0 eV for rhombic PIX,. This is probably caused by the fact that it is
PbCb. very hard to evaluate the cation coordination correctly, be-

As seen in Flg 5, broad structures with a little diChrOismcause none of the neighboring nike ions are equiva|ent|y
appear in the 10-17 eV region in-PbF,, while several sjtyated from the PY ion in the orthorhombic phase. For
sharp peaks are observed@rPbF,. A group of sharp peaks the present results, we had not taken the influence of electro-
due to the Pb" 5d core exciton transition are recognized in static potentials due to the ions outside the cluster into ac-
the 19-25 eV region for all lead halid&s!® In the 8-PbF,  count.
spectrum, an extra peaig: is found between the peaks Relativistic calculations were also attempted because Pb
andcs, in good agreement with the result by Beaumeht s a heavy metalatomic numbe82). They showed the
al.’® spin-orbit splitting of the 8 and 6 states of Pb' ions, as
expected. However, essential features of the electronic band
structures were not so different between the nonrelativistic
and relativistic calculations.

For simplicity, the electronic structures obtained by the

No electronic band calculation has been available for thenonrelativistic DVX« method are presented in Fig. 6, where
orthorhombic lead halides (Rp; X=F, Cl, and Bj. We, the energy is referred to the top of the valence band. The
therefore, calculated the electronic states of model clusters abtal energy levels are indicated on the left side. Solid and
orthorhombic and cubic lead halides by using the R¥- broken lines represent occupied and unoccupied levels, re-
method??? The computational details of this method have spectively. The length of a line of each state indicates the
been described in Ref. 22. In the orthorhombic clustempartial contribution to the corresponding total one. For ortho-
[PbXg]’~, a PB" ion is surrounded by thre¥~ ions in the  rhombic materials, anions whose distance from the central
same plane, and is sandwiched between two sets of ¥iree cation is less than 2.6 A fofPbR]’~, 3.1 A for
ions lying above and below in parallel planes. The ¥b- [PbChL]’~, and 3.4 A for[PbBr]’~ are represented as
distances are relatively short for sevén ions and long for X7 (), and the remaining distant anions 45 (ll) in Fig. 6.
two X~ ions?2® although not all nine anions are equivalent. For cubic 8-PbF,, the present result is in good agreement
On the other hand, for cubig-PbF,, a PB" ion is at the with the previous reports calculated by a tight-binding
center of eight F ions at the corners of a surrounding cube; method® and by a periodic Hartree-Fock methdd.
i.e., the[PbR]®~ cluster. The interatomic distances in the It is clear that the top of the valence band is composed of
clusters are taken from the experimental data of the crystalsan antibonding state of Bb 6s and halogemp orbitals.
The basis functions included in the calculation asgd6d  The contribution of halogenmorbitals is 32%, 31%, 52%,
atomic orbitals for Pb" ion and & to np atomic orbitals for and 65% forB-PbF,, a-PbF,, PbCh, and PbBj, respec-
halogen ions, whera = 2, 3, and 4 for F, CI~, and Bf tively. On the other hand, the lowest valence band is a bond-
ions, respectively. ing state of PB" 6s and halogemp orbitals. The middle

In the case of the cluster calculation for ionic compoundspart of the valence band is mainly built up of halogep
some of the molecular orbitals localized on the surface atomstates. The lowest conduction band is almost pure’ Pép
in the cluster are often affected by electrostatic potentials dueharacter. The higher-lyingdéstate of PB" ions appears at
to the ions surrounding the cluster. In fact, such electrostatiabout 8 eV above the bottom of the conduction band. These
potentials shifted all the levels of Pband F ions for cubic  features are common to all lead halides.

lIl. ELECTRONIC STRUCTURES
BY THE DV- Xa CALCULATION
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FIG. 6. Electronic structures ¢8) [PbRy]” ", (b) [PbCL]” ", (c) [PbBr]”~, and(d) [ PbR;]®~ clusters calculated by the DXe method.
The energy is referred to the top of the valence band. Solid and broken lines represent occupied and unoccupied levels, respectively.

In each material, the Bb 5d core level lies at The exciton band of3-PbF, in Fig. 3(a@ has three fine
—18 eV. The Br 4s and CI' 3s core levels are situated structures. They are more clearly observed in the 2EDR
above the Pb™ 5d core level, while the F 2s core level is  spectra in the previous papErThe origin of the structures
below the PB" 5d level. remains still unclear. As was discussed in Ref. 17, there is a

The calculated band-gap energies are 5.88, 5.83, 5.03, apassibility that the interaction between an electron and a hole
4.47 eV for B-PbF, «-PbF,, PbCh, and PbBj, respec- at inequivalent critical points in the Brillouin zone splits the
tively. Although exact values of the band-gap energies irexciton levels:®3°followed by an LO-phonon sidebarit®?
lead halides are still disputable, as discussed later, the agree- It should be noted that the contribution of halogep
ment between experiment and calculation seems qualitastates to the top of the valence band is comparable to that of
tively good. The widths of the valence bands are estimated tthe PB* 6s state, according to the cluster calculation. In
be 6.63, 6.72, 5.87, and 5.73 eV {BfPbF,, a-PbF,, PbCL,  fact, it has been pointed out that the hole state extending on
and PbBy, respectively. They are also consistent with thethe halogen sites plays an important role in the relaxation
results determined experimentally from the photoelectrorprocess of the exciton in lead halid&$though the cationic
experimentg>27:28 excitation model explains well the lowest absorption spectra

of the orthorhombic phase.
Here, let us discuss the band-gap energies of lead halides.
V. DISCUSSION When the crystals of Pbghnd PbBj are excited with pho-

The present results of calculation indicate that the top ofons in the energy region higher than the first exciton band,
the valence band consists of#b 6s and halogemp orbit-  they emit the luminescence due to the recombination of elec-
als, and the contribution of halogen wave function increasesrons with holes, which is called the BG luminescehdde
on going from fluoride to bromide. The lowest conduction excitation spectrum measured at 10 K for the BG lumines-
bands are almost pure Pb 6p character. Therefore, the cence shows a sharp threshold at 4.75 eV for RPla@d at
lowest exciton transitions of Pb halides are mainly attributed3.99 eV for PbBjs.> Furthermore, photoconductivity spectra
to the G—6p (1Sy—°3P;) excitations in PB" ion. Based of these two crystals have been measured at 77 K by Verwey
on this cationic excitation picture, the dichroism of the exci-and Westerin¥ and at 8 K byHalff and Schoonmar?, The
ton bands of orthorhombic lead halides in Fig. 3 has beespectrum of PbGlin Ref. 34 arises at 4.8 eV, while that of
explained in terms of the crystal-field splitting of the PbBr in Ref. 35 increases gradually from 4.0 eV. These
Pr* 6p levels??® energy positions are in fairly good agreement with the cor-
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responding threshold of the excitation spectra for the BGattributed to the'Sy—*P; excitation in PB* ions, based on
luminescence. In the absorption spectra in Fig. 3, howevetne |ocalized excitation picture. There is a question of

no clear structures that are suggestive of band gaps are se®fether the origin of the peak 3 af- and 8-PbF, is the

at the threshold of the excitation and photoconductivity SPE€C3ame as those in PhCand PbBj, since this band is broad

tra. The reason is not yet clear. If we assume that the exciz . .
tation threshold mentioned above corresponds to the ban%pd the separation between peak 1 and peak 3 in, RoF

gap in each material, the binding energies are evaluated Jaore than 1.5 t”T"?S larger t_han that in Pp@hd PbBj. It .
E,=0.086 eV for the lowest exciton component at 4.664 eVwould be a promising experiment to measure the absorption

in PbCl, and E,=0.069 eV for the lowest exciton compo- spegtra of Pf)+ ions doped in fluoride crystals, in order to
nent at 3.921 eV in PbBr These exciton binding energies 9€t mfi)r_matlo_n_ on the correspondence betweenGhgand
are considerably smaller than those in typical ionic com-°f PI?* impurities and peak 3 of PhFerystals. _
pounds, e.g.E,=0.5-0.9 eV in alkali halide¥ As is well The a- and B-PbF, exhibit different spectral features in
known, the strongest dependence of exciton binding energiie 10—17 eV regiofFig. 5); broad structures are seen in the
is on the square of the optical dielectric constant E, former, while several sharp peaks are observed in the latter.
= Eo,u/EOZC, whereE, is the hydrogen Rydberg constant and Because of the lower symmetry of crystal structure, the va-
u is the exciton reduced mass in units of the free electrofénce band ina-PbF, is more complicated, as recognized
mass. We suppose that the small value€gin PbClL and  from Figs. &a) and &d). The difference in the valence-band
PbBr, may be reasonable, because their optical dielectri§tructure would result in the different spectra in this region.
constants are 6.27-6.74 for PpChnd 8.31-8.59 for Sharp peaksy,—C; are due to the excitonic transitions
PbBK,,*” which are larger than the values in alkali halidesfrom the & core level to the g level in PB" ions!>® The
and are comparable to those in thallous hafflemd some peaksc;, c,, andc; have been assigned to the allowed tran-
semiconducting materials like CdS or Z#5. sitions from thelS, ground state to thé=1 excited states
In the photoconductivity spectra of PhBfRef. 34 and  of 3p,, P,, and®D, based on the atomic excitation picture

PbC} (Ref. 39, strange structures have been observed in thef 5d%s?— 5d%6s%6p transition in PB* ions. The relative
energy region below the exciton band. These structures affitensity and splitting of these structures have been ex-
not seen for PbBrin Ref. 35 and for PbGlin Ref. 34; there  pjlained well by this model® It should be noted that the
is a discrepancy between the data by the two groups. Phot@pectral features of cubj-PbF, resemble those of TICI and
conductivity experiments on lead halides including PbF T|Br 0 This is reasonable because thé Pland TI" ions are
should be reexamined. Furthermore, other optical studiegoelectronic and a cation is situated at the center of a cube
such as two-photon spectroscopy are needed to get more dghose corners are occupied by eight halogen ions in both the
tailed information on the band gaps and electronic structureg-ppF, and TICI structures. Some of tidet 1 excited states,
in these materials. to which the optical transition is forbidden in a free ion, can

~InFig. 2, thee, spectra of PbGland PbBj show a clear  coyple with thel=1 states through the crystal-field potential
dip at around 5 eV higher than the respective absorptiof, the orthorhombic or cubic crystdl. The additional peaks
edges. Since the valence-band widths of these crystals age andcy are probably assigned to the transitions to such

about 5 eV, the structures below the dip are attributed to th@ycited states. Details of the core exciton structures in heavy
transitions from the valence band to the bottom of the conmetal halides will be reported elsewhere.

duction band formed by Bb 6p orbitals. The structures
above the dip are mainly due to the transitions from the
valence band to the hlgh—lylng Pb '6d states in t_he con- V. SUMMARY
duction band. A weak dip at 14 eV in the absorption spectra
of B-PbF, may correspond to such a dip of chloride and We measured polarized reflectivity spectra @fPbF,,
bromide, while no distinct dip is observed farPbF,. Since  B8-PbF,, PbC}, and PbBs in the 3-30 eV region. Optical
the valence-band width in fluoride is wider than that in chlo-constants were derived through the Kramers-Kronig transfor-
ride and bromidé®>2"?8it is supposed that the transitions to mation. The spectra of single crystals were well resolved in
the upper conduction band overlap with those to the lowecomparison with those obtained by use of thin films or pol-
conduction band. ished surfaces in the earlier studies. The electronic structures
The oscillatory structure, which appears between 4 and 6f the simple model clusters for orthorhombic and cubic
eV in the spectrum of PbBifor Ella in Figs. 3 and 4, is not PhX, were calculated by the DY« method. The calculated
ascribed to the interference effect due to surface contaminaesults explained well the experimental data. The absorption
tion, because the same structure appears in the reflecti@pectra near the band edges were examined in detail, but no
spectrum of the sample cleaved in vacdfimnd of the clear structure that was previously assigned torthe? ex-
sample immersed in liquid heliufi.The structure seems to citon state or band-to-band transition was observed in the
be intrinsic. The origin is not vibronic, since the energy sepapresent experiment. The band gaps of lead halides have re-
ration of 230 meV is one order of magnitude greater than anained unresolved, though tentative assignment was made
typical value of the lattice phonon energy. This interestingfor PbClL and PbBj from the onset of the excitation spectra
structure is still an open problem. for the BG luminescence. It was found that the exciton band
The energy positions of the peak 3 in Ph@hd PbBj in of B-PbF, has fine structures, and that the oscillatory struc-
Fig. 4 almost coincide with those of the band in the ab- ture appears below 5 eV in the spectra of RPbBfurther
sorption spectra of PB-doped alkali chlorides and bro- investigations using external field effect, such as a magneto-
mides, respectivel§® This may indicate that the peak 3 is optical experiment, should be done to reveal these structures.
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