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RECENT STUDIES OF LEAD POLONIDE (PbPo)

.

Richard Dalven
“ Department of Physics
University of California
Berkeley, California, USA

ABSTRACT

~

Lead polonide (PbPo) is the fourth member of the lead salt group of
semicoﬁductors; and has the same NaCl crystal structure as do PbS; PbSe, and
PbTe. The empirical relation stating that the'énergy gép E0 of a semiconductor
is directly proportional.to (l/ai), where a, is.the 1atti¢é constant, bas been
found to be valid for a number of semiconductors with the NaCl crystal structure.
Using this émpirical relation,‘é plot of E0 as a function of (1/a§).for PbS, PbSe,
. PbTe, and PbPo has been usea to calculate a valué of Eo E.E(Lg) - E(LZ)'$U40;1 eV

for PbPo. Based on this result, it has been suggested that the band structure

of PbPo may be inverted from that of PbS, PbSe, and PbTe. This inversion would

6,val¢nce—band edge.

result in PbPo having an LZ conduction-band edge aﬁd an L
It would therefore imply a negative value of the temperaturg.coeffic%ent (dEo/d?)
of the energy gap in PbPo. The f-sum rule has been appliéd'to this proposed
inverted band structufe and used to galculate values of the 1dngitudiﬁa1 and
tranéverse effective masses as follows: for elect:ops, (mz/m) = 0.040,

(mt/m) = 0ﬁ024; for holes,.(mﬁ/m) = 0.045,4(m§/m) = 0.028. All of these fesults
'ptedicted for PbPo await the test of experimental study. It is suggestéd that -
expérimental measurements on lead polonide of th¢ energy gap, of the sign‘of its
temperature coefficient, and of carrier effective masses would provide an‘

interesting teét'of the correctness of the hypotheses on which the conclusions

above are -based.



'ETUDES RECENTES DT POLONTDE DE PLOI (PbPO)
Richard Dalven
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ABSTRAIT
Le polonide de_ploﬁb eét le quatriéme membre_au groupe 'PbS" des semi~-

conducteufs, et a le méme structure crystailographique "NaC1" commebeS, PbSe,
et PbTe, La relation:émpirique énoncant que la zone interdife E0 d;un gemi—
conducteur est directement proportionnelle 3 (l/ag),voﬁ'aO est 1; constant du
treill;s,a‘été trouvée d'étre valide pour un ﬁombfé des éémiéonducteﬁrs avec le
structure de NaCl. Faisant usage de cette relation empirique, ﬁn gréphique d'Eé
comme function de'(l/ai) pbur PbS, PbSe, PbTe, ét.PbPo a.été employé pour éalculgr
un valeur d'E0 = E(Lg)‘— E(Lz) éi—o.l eV pour PbPo.v Fondé suf‘ce résultat, on a ;
suggéré que le structure des bandes de PbPo est peut-&tre renversé de ceux déA

_ _ e
PbS, PbSe, et PbTe. Ce renversement résulterait en le PbPo ayant un bord L6 '

- du bande de conduction, et ﬁn bord L; du bande de vaieﬁcé. Cela impliquerait
un-valeur négatif du coefficient @e la tgmpérature‘(dEo/dT) @g 1la ?one interdite
de PbPo. Le regle "f-sum" a été appliqué a ce stfuctgre renversé.deé bandes

_et a été employé de calculer des valeurs des masses effectives longitudinalés

et transversales comme suivant:- pour les électromns, (mi/m)v= 0.040, (mi/;7.=‘
0.024; pour les trous, (mi/m) - 0.045, (mi/m) = 0.028. Tous ces féSultats
prédit pour le PbPo attend l'éfreﬁve d'étude expérimenfale.A C'est suggéré que
des mesurages éxpérimentals; sur le PbPo, du valeur de la_zohe interdite, du
signe du coefficieht de 1a températﬁre, et‘deé valeurs des masses effectiVes.des

porteurs, fourniraient des épreuves intéressantes du correction des hypothéses

sur lesquels les conclusions en haut sont fondés.



I. Introduction

The compound semiconductors PbS, PbSe, and PbTe, collectively known

as the lead salts, have been the subject of intensive research for many

- years. However, PbPo (lead polonide), the fourth member of this group,

. , a1
has been the object of only one experimental study™, and the only data
available are its crystal structure and lattice constant at room temperature.

’”, proposes

- The work .in this.paper, published earlier in preliminary form2
a.possible band structure.for lead polonide; Using this baqd structure,
‘values of the energy gap and of effective masses arevcalculated. Wﬁiie these
proposals regarding PbPo are based on empirical evidence, the propbsed band
strﬁctﬁre is amepable.to an unequivocal experimental test,

The Band edge structure of PbS, PbSe, ana PbTe is coﬁprised of a direct

minimum energy gap Eo at the L boint. The conduction band edge is an L6 state

and the valence band edge is an LZ

luride all have the rock-salt crystal structure. Lead polonide also has the

state. Lead sulfide, selenide, and tel-

‘NaCl crystai structure, with a lattice constantl a0'= 6:590 2 aﬁ room temper—
ature. This fact suggests that PbPo very likely has the same band structure -
as do PbS, PbSe, and PbTe, including a direct energy-gap at fhe 1. point.
Given this assumption, it is of considerable interest to calculate the energy
gap EO = E(LE)~EO(L2) of PbPo. As discussed in detail below, knowledge of
EO for‘lead polonide would also be most useful in the stﬁdy4 of the anomaly

in the energy gap values [EO(PbTe) > Eo(PbSe)] in the lead salt group.

JI. The Empirical Relation between Energy Gap and Lattice Constant

In order to calculate EO for PbPo, the well—kndwn5 empirical relation

between the energy gap Eo of a semiconductor and its lattice constant a_ was



“considered. This relation sfates that EO is directly ﬁropbftioﬁal tq (l/ag).
It is known5 to hold quite well for.the Group IV_elemental-semicondugtors 
diamond, silicon, germanium, and oa-tin, thus covering a wide rahge of énergy
gap values, |
In.ordgr to apply this relation to the lead salté,_ifs validify for

semiconductors with the rock—salt.crystal structure.was investigated. 'Tﬁe
following grodps of semiconductors wefe considereﬁ,band values ofvE0 were
plotted as a.function of (l/az) for; (1) solid solutions 6f SnSe‘ianbSe;
(2) solid solutions of SnTe in PbTe; (3) Bas, BaSe; BaTe; (4)vCaS; CaSe,
CaTe; (5) SrS, SrSe, SrTe. o | |

| The_vélues of EO_(at 12 K) for solid solutions ?b(l_X)Sane, whére N
0.15 = x £ 0.27, were determined by laser emission Studiesﬁ The energy gap
rangé cérrespohding to these values of x is_O.1Q6 ev 2 Eébz 0.044 eV. All
solid solutions of SnTe in PBTe have the rock~salt crystal strucﬁuté, aﬂd{ 
tﬁe linear experimental relation7.betwéen ao’and X waé used ' to determine .
values of a, (at V;3OO K) corresponding to the values of x for whiéh Eévhéd
been measured6; These values of Eo are plotted as a fﬁnctiéﬁ of (l/ai) in
kFigure'i. The horizontal error bars shown were calculated b&:the author
‘using an estimated unqerfainty.in x of + 37, a value typiéélvof the results
. of eiectron beam microprobe #nalysisg. Also shown iﬁ Figure:l are values
of ﬁo for PbTe of 0,'190>eV9 (at 4 K) and 0.186 eVlQ (at 12K ); the'hori?on—
tal error bars were also estimated by the éuthor.' It ié.bleariy seen frbﬁ
Figuré 1 that the empiricai relation EO ar(l/ai) hélds &ery wellvfor.thé

cubic solid solutions Pb SnXTe in the range 0 £ x £ 0.27.

(1-x)

A similar plot is shown in Figure 2 for solid solutions Pb(l_yjsnySe,

which have the cubic rock-salt crystal structure for y < 0.4. Values of E
. : , 0



at 12 K for Pb

11,12

-emission .

(1-y )Sn Se,

2 -0.102 eV.

position is 0.149 eV z Eo
uncertainties estimated by the author.

cover both positive and negative values
where negative values of Eo corresponed

. L +
conduction band edge is an L, state and

6

The range of values of Eo

with 0 = y < 0.276, vere also determined by laser

corresponding to this range of com-
The error bars shown correspond to
It should be noted that these data

n = - —_— n +
of the energy gap E_ = E(L6) E(L6),

b]

v 1 . .
to a band structure in which the

the valence band edge is an Lg‘state.

This band structure is often referred to as inverted relative to the band

structures of PbS, PbSe, and PbTe.
soldid
rélation between a, and y observedl3

seen that the relation Eo

of SnSe in PbSe.

The values of the lattice constant ao

experimentally.

of"

solutions']?b(l )Sn Se (attABOO K) were calculated using the linear

From Figure 2'it'is.again

P (1/az) is followed very well by these solid solutions

It is especially interesting that this empirical relation is

valid for both positive and negative values of the energy gap. (It.should be

noted that this relation, shown in Figure 3,

6-19

Hg(l )Cd Te (0. 86

. ) 1
solid solutions

20
structure

The II-VI semiconductors BaS, BaSe, BaTe; CasS,

' ' ' 21
SrTe, all have the rock-salt crystal structure .

22
gaps

: . ; . 23
Eo’ however, appear to have been estimated from optical spectra

, with EO > 3 eV at « 80 K for all nine compounds.

holds also for CdTelé, HgTels, and

- X - 0. 63) with the 21nc—blende

, for both positive and negative values of the energy gap.)

CaSe, CaTe; and SrS, SrSe,

They have large energy'
of

These value522

at v 80 K.

Since these spectra show strong exciton absorption, the energy gap values for

these semiconductors must be regarded as approximate.

plotted as a function of (l/ai),vusing values21

semiconductors.

good as that of the data in Figures 1 and 2,

Figure 4 shows Eb

of a_ at v» 300 K for these nine

While the fit of these points to straight lines is not as

it seems reasonable to conclude



that the relation Eo « (i/ag) is.followed, at least.approximately, by thesé
semiconductors. ' o .

Based on the results presented in.Figures‘l,Z,vand 4, it is conclude& that
this empiriéal relation hﬁlds at least as well for compound semiconductors with
the NaCl crystal struéture as it does for the Group IV»elemeﬁtal semiconduc—.
tors with the diamond structuré. Given this cdnélusion, itvis qf iﬁterest to
apply the relation EO ; (l/ai) to the séquence ?bs, PbSe, PbTe, PbPo in order

to calculate a value of the energy gap of lead polonide.

IXI. Calculated Value of the‘Ene:gy qu_of PbPo

To calculate Eo for lead polonide using the known'valilel of a for PbPo,

it is necessary to extrapolate a plot of EO as a function of (l/ai)-for Pbs,

PbSe, and PbTe. Using values of Eo at 77 K9 and at '3OO.K24, and Valueszs'of 

(e}

~a_ at 300 K, for PbS, PbSe, and PbTe, the ﬁlots of Eo as a function of (l/ai)

shown in Figure 5 were made. From the points in Figure 5, it is qﬁite cleayr
that the sequence“Pbs, PbSe; PbTe does ggi follow_the‘Eoba (l/ai) ;eiation.v‘
However, the straight lines connecting the points for PbS énd PbSe have been
extrapolated; the points for PbTe have not been used. This choice méy be
justified in the followingrmanner. In recent papersA, it has been proposed
that PbTe is the irregular member of the sequence PbS,'PbSe, PbTe, and this
irregular nature of PbTe is the reason that EO(bee) > Eo(PbSe).’ In making

this proposal, it was pointed out that the outer s-electron energie326

V of the
S, Se, and Po atoms are a linear function of their atomic humber, whereas

the Te atom 5s electron energy does not lie on this S-Se~Po line., This obser-

" vation suggests the existence of an empirical regularity in the series of semi-

conductors PbS-PbSe-PbPo, a regularity not shared by PbTe,'



For this reéson, and because of their common crystal sﬁructure, it is
suggested that PbS, PbSe, and PbPo form a regular seéuenqe of related semi-
conductors with common properties. Specifiéally, it is assumed that (1) Pbs,
VPbSe, and PbPo have similar band structures, including a direct gap EO at L;
(2)'E0 for PbPo is smaller that EO for PbSe; (3) the empiricél relation

E0 ¢r(l/a§) holds fpr the seqﬁence PbS, PbSe, Pbe; (4)'Eo.for PbPo may be
determined by an extrapolation of the PbS-PbSe lines on a plot of Eé vs.‘tllai).
Figure 5 shows this extrapolation of the PbS~PbSe lines for both %7,K_and

300 K. It is seen that both linesvintgrsect the value ofi(l/ai)‘for beo at
negative values of Eo. Since the assumption has been exélicitly madé that the
energy gap for PEPO is at the L poiﬁt, this result impliesvfﬁat, for.PbPo, |

EO E'[E(Lg) - E(LZ)] < 0, leading to the conclusion that E(LZ) > E(Lg) for

' PbPo. ' This result is interpreted as indicating that the band structure of PbPo.

may be inverted from those of PbS, PbSe, and PbTe, leading to an LZ conduction

6

A second conclusion drawn from Figure 5 concerns the temperature coeffi- -

~ band edge and an L, valence band edge ‘in PbPo.

cient of the enefgy gap of PbPo. Since PbS, PbSe, and PbTe all have unﬁsual

- positive values of (dEo/dT), it is of particular interest that an inverted
band struéture implies a negative value of the teﬁperature coefficiént of the
energy gap of PbPo between 300 K and 77 K. If we let ﬁé = E(Lz) - E(Lg) be
the energy gap of PbPo, fhen from>Figure S, the values of Eé for PbPo are |
apétoximately 0.03 eV and 0.10 eV at 300 K and 77 K, respectively. The
temperature coefficient (dEé/dT) for Pb?o would then have (assuming the usual
linear variation of energy gap with temperature) a value of approximately

4

-3 x 10 ' eV/K. This value is typical of the magnitude and sign of the temperature

coefficient of the energy gap for most semiconductors. It may also be noted



that this change in the sign of the temperature coefficient from positive to
negative, as the energy gap changes sign from positive to negatiVe, has been

11 » : '
observeds’ experimentally for solid solutions of SnSe in PbSe.

IV. Calculated Carrier Effective Masses in PbPo

It has been shown4 that experimental values of longitudinal and

transverse effective masses and of the energy gap for PbTe do not follow the same

f-sum rule27

as do the corresponding déta for PbS and PBSe. Thié result
implies that the f-sum maﬁrix element (consideriﬁg for.simplicity a two—ﬁand 3
f-sum with only one term) is the same for PbS and PbSe. .1f.£he aséuﬁption
(equivalent to assumption (1) in Section IIi) is now made tgat PbPo follows
the same f-sum rule aévdd PBS and_PbSe,.effective>mass vaiues for PbPo may

be calculatéd using Values4 of the f-sum matrix eieﬁents.previousiy.deteimined

for PbS and PbSe. For a band model involving only'the LZ conduction band and -

Lo

given4 by

) _ ' : + ' v :
valence band of PbPo, the effective mass m* of -electrons in the»L6 band is

mﬁ/(m —vm§) = (m/ZIMﬁlg)Eé’ ‘ - ‘” | o | 0
where E; = E(LZ) —vE(Lg5, Mj is the f-sum matfix element,‘j‘= longitddinél ()
or transverse (t), and m is‘the free electron.méés. rqu hqles in the Lg band,
the negative sign on the left hand side of equationv(l) is replacéd by a plué
sign. .Using values4.0f IM2| and [Mt| obfained for eiectroﬂé and hbles in PbS
~and PbSe, the longitudinal‘and transverse effective masses mﬁ and mi.were
calculated using Eé = 0.1 eV and assuming the (inverted) band étructufe.'
proposed for PbPo. For electrons (LZ band),v]M2[’=v3.32, lMt! = 4{32; for
~14 gl/z_'(ev)llz.

holes (Lg band), |M,| = 3.26, M | = 4.08; all in units of 10

The calculated effective mass values are shown in Table I, and are



appropriate for 80 K.

Table I. Calculated Effective Maéses in PbPo

_ F S Tk . ’ *
Carrier (mt/m) | (mz/m) ‘(mc/m)»
Electrons 0.024 -~ 0.040 0.029
Holes 0.028 0.045 | 0.032

Since PbS and PbSe have ellipsoidal surfaces of constant energy it is
reasonable to assume the same for PbPo, and the values of the conductivity
. x % % % % ' v

effective mass m, = (3m2mt)/(2mg + mt) for PbPo shown in Table I were so

, ' ' v * % _
calculated, It should be noted that the calculated values of m, and mt for
PbPo are smaller than the corresponding values for PbS and PbSe. This is
a direct conseqﬁencé of the assumed appropriateness of the f-sum rule, since.

the effective mass so calculated Willvvary directly with the energy gap of

the semiconductor.

V. Relation to the Energy Gap Anomal& in the PbS Croup

AsAmentioned earlierA, the fact that EO(PbTe) is 1afger than Eé(PbSe)Ais
‘an anomaly in that Eo does not exhibit the usual monotonic decrease with
anion atomic number. The proposal4 that PbTe is the'ifregular member of

the scquence was based on an examination of the f-sum rule at thevconduction
and valence band edges in PbS, PbSe,-and PbTe. The fact that PbTe does égg
follow the same f-sum rule as AO PbS and PbSe is interpretéﬁ as indicatiﬁg
that.the f-sum matrix element for PbTe is differént from that for PbS and -
PbSe. This effect is ascribed to a qualitative difference in the Lg conduc~

tion band edge state for PbTe, reflecting the dirregular value of the Te atom



5s electron energy, which is responsible also for thevanomélouslyvlarge
value of EO(PbTe).
 An experimental study28 of Eé and (dEé/dT) for PbPo would provide inter-

resting evidence concerning the validity of the premises and conclusions men-—

tioned above. The properties herein proposed for the band structure of PbPo

: + -
[E(LG) > E(L6),(dEé/dT)'< 0] stem directly from the proposal above concerning

the irregular nature of PbTe. This proposal was the justification for deriving

the properties of PbPo by extrapolation of the properties of PbS and PbSe alone.

"~ Should experiment confirm the properties suggested for PbPo, it would provide

cdrroborative>evidence regarding the irregular(nature.of bee. Further, an
experimental determination of‘carrierﬂeffecfive maéses in PBPo in agréement

with the values calculated in this paper Qould proVide indirect confirmaﬁion_

of the proposed value of the energy gap of PﬁPo. Such agreemént would then alsé
confirm tﬁe applicability-of the PbS—bee f-sum rule to PEPo and thus wbﬁid

also confirm the appropfiateness of the extrapolétion shown in Figu;e»S.. If
ébserved, then, experimental values of effective mésses in.PbPo in agreement with the.
calculations of this paper would provide further infofmation concerning the
interésfing energy gap anomaly in the lead salt groub._ For these reasoﬁs, it

is suggested that experimentél determinatioﬁs of the énergy gap, its tempera-

ture coefficient, and effective masses in PbPo would be very worthwhile 'studies.
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Figure Captions

Figure 1. EO plotted as a function of (1/a§) for solid solutions of SnTe in

PbTe.

Figure 2. Eo_plotted as a function of (l/ag) for solid solutions Qf SnSe in

PbSe.

G

Figure 3. E = E(F6) - E(FS) plotted as a function of (I/az) for solid
' solutions of HgTe in CdTe. ' '

Figure 4. Energy gap plotted as a function of (l/ai)-fbr CaS, CaSe, CaTe;
SrS, SrSe, SrTe; BaS, BaSe, BaTe. '

Figﬁre 5. EO plotted as a function of (l/ai) for PbS, PbSe, PbTe, and PbPo.

" Tables

Table i. Calculated Effective Masses in PbPo.
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LEGAL NOTICE
]

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents

" that its use would not infringe privately owned rights.
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