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Pressure- and Temperature Dependence

of Electronic Enérgy Levels in PbSe and PbTe*

M. Schlﬁter,+ G.;Martinei,iiaﬁd Marviﬁ L. Céhénv
Department of Physics, University of,Célifbrﬁia
| and |
Iﬁérganic Materials Research DiviSion, 

Lawrence Berkeley Laboratory, Berkeley, California 94720 3

Abstract

Using recent highly accurate pseudopbtential‘
bandstructures of PbSe and PbTe, the variation of
the smalleét gap'at L with hydrostéfic pressufe
and  with temperature has been'calculéted.. The
experimental values of the pressure ¢oefficienf
can well be reproduced éésuﬂing reaéonablé slopes
of the pseudopoténtial form factor curves.
Combining thesé values with experimental compreési-
bility‘and thermal expansion coefficients, the
anharméniq part of the tempefature coefficient has
been evaluated and found to contribute about 50%
to the total experimental temperatufe coefficient.
The remaining;contribution arising_from eléctr§ﬁ4 |
phonon interactions has been analyzed-using Brodks—
Yu ahd'Fan—liké scéttering theory. :While”the | |
inclusion of a Debye-Waller factor yields reasonabie

~results for PbTe it predicts a femperature.coefficient



' of the opposite sign for PbSe. A detalled analy31s
“of this discrepancy is presented. Tt is proposed

that Fan-type intra-valley and inter-valley scattering
can resolye the dilemma. First order estimates for

Fan~-type scattering contributions are presented.

I. Introduction o

* The semiconddctors PbTe and PbSe show.a.small-(~0.2eV)’p‘
direct.gap at the point L of the'BrillouiniZOne..'The
dependence of this gap on pressure ahd on.femperatore has_

been a puzzling question for some time. In contrast to most

.semiconductors this gap decreases with hydrostatiC'pressurel?2’3
and increases with.temperature.3’u’5 Though the effect of

pressure could well be simulated byaseyeral'bandsfructure
models,6 its origin has not been clarified sufficlebtly so
far. The calculations presented in thisvpaper are based od‘-
recently developed bandstructure models of very hlgh accuracy: N
_for PbSe and PbTe 7,8 Thevcalculatlons serve both as a

check on the quallty of the bandstructure models and as anv'.
'explanatlon of the nature of the negatlve pressure coeff1c1ent

The 81tuatlon with regard to the temperature varlatlon )

of the gap 1s even less clear and has been the ob]ect of N
many studies. 9,10,11 Stralghtforward appllcatlon of Fan' slz_

theory fails because it always produces a'positiVe temperature
coefficient of the gap. However, as already p01nted out by
Keffer et al.,11 Fan's theory mlght glve a dlfferent result

if,reformulated w1thout neglectlng the potentlally 1mportant
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interband‘terms. Brooks and Yu13 have proposed a new tneory

of the temperature variation of electronic energy levels

based on the introduction of a,Dehye—Waller like factor in

the calculation of band structures. This procedure was ‘
applied to PbTe by Keffer:et a1.%10 4ng by Tsang.et al.l;

and yielded fair agreement with experiment. Theeband'structures
used in the two cases,‘however, were incorreot.near the band
gap, since they predicted an inverted band.ordering at L |
whlch on the ba81s of recent calculatlons is 1ncons1stent

w1th effectlve mass anlsotroples ? Moreover,_recent Debye-

“Waller type calculations of Guenzer et al.lq

on HgTe haye
failed to give good values for thevtemperature yariation of
"the band'gap.' This seems to 1nd1cate that desplte
bseveral successful appllcatlons,g"10 > 11 the Debye-Waller
»type treatment at finite temperatures may be 1ncomplete
U81ng formal theory, it can also be argued that thls is not
unexpected. . | _ |

“We shall”show-in_this'paper.that the Brooks-Yu theory"
:applied tolvery accurate band models of PbTe.and PbSe is
only partially suecessful and that the additional inclusion l
of generallzed Fan type terms mlght give satlsfactory results.e'
In section II we shall analyze the varlatlon of the gap in

PbSe and PbTe with hydrostatlc pressure and in section IIT

we shall dlscuss the gap varlatlon w1th temperature



II; Pressure Coefficient

Both pressure and temperature effects appear as sécond',
order corrections to the band structure. The most-practical- '
way to compute these effects is to evaluate direcfly the
defiyatives of tﬁe energy levels with respéct to pressufe or
,tempgrature. ’be the case of hydrostatié pressupe'we'can
wri?é fof tﬁe change of ‘a given electronic 1eve1'with preséure ':
at constant temperature: | | | -
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where Q is the unit cell volume and
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is the compressibility of the material which is known _ o o
’ : 3E. .
15

experimentally. The deformation potential Q 552 can be

evaluated from band structure data using perturbation'theory:

) n _ 9H, o o
5q © Q<wn|5§lwn> v SR (2
The Hamiltonian we used to calculate the band struéfures bf- o
PbTe and PbSe is based on the pseudépotential-Scheme_and
~ contains the following tefms:7
= ' + . . . o
H T.+ VL + VNL YSO, e (3)
Thévmétrix-elements of H between plane waves K = }<"4-G4and:i

K' = k+G' and spin s and s' have the form for the kinetic

energy:

T Tl Sk 0ssr
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for the local pseudopotential:

- ~K') . __r..
Vi ,§ sa(g K") vaclg K [)» S (u)

for the non-local d-like pseudopotential:

(22+1)-41 .,  _a TN d. ‘
= - ' P i —r———————— O . ' . 3
V. =L S (K-K") Ay By (DB, (K] ?2<COSQ) J.

NL o "o~ ~ Q
| for & = 2
for the p-like spin-orbit potential:
28Dy g o K |
=2 “KYH1———"—=) . K . ~ = . 1 .
VSO o SG,(I-S 15 )i ‘ Q ‘O(.Bn,Q,(IIISI) Bn,ﬂ,(l}’f !) m <S.lO'l.Sv>. :
Cfor 4 = 1 ’

where m* is an effectlve mass pafameter 1ntroduced.to 81mulate

: non—locallty to flPSt order,7 Sy (G) is the structure factor E
~and V (IGI) is the local form factor of atom a.. The non- -local
potentlal VNL is used only for.£—2 the spin- orblt potentlal -
only for 2=1, their feSpectivevétrength being descr;bed by

the two parameters Aa aﬁdvka. 'Pg(éose)-is the Legendre poly—
nomial of order'z for‘an angle.e‘befween fhé anevéctors 5_

and 5'; The functions Bg’z(lgli =_f: Rg;z(r)jz(Kr}r?dr_are
slowly varying functions of lgl,_depending on the atomic radial

functions R®  (r) and on spherical Bessel functions jz(Kr).

n,4
The quantity <s|o|s> represents the usual spin matrix element.
Assuming the eigensolution for the energy.En'to be given byv”
the followingﬁpseudo-Wavefunction

v = L ag(ke 1“5 E")E‘ sy

n

Imtﬁ_-
63

' v . " n . '
where the coefficients aG(k) are spinors, we can evaluate

~



the contributions to the matrix element in Eq. (2) arising
from the different terms of Eq. (3). We find for the

~kinetic energy term:

Kin v -2 . 7
q BEn _ _g- . I}5+§l an* no_ _-2— EKln o (6)
3 T 3¢ T mF %% ¥R |
'and.for the 1ocal.potential ferm _
9" o avdeD :
T N (7
with the chafge fourier comboﬁenfs pvn(G) =¥ én*_an e

Equation (7) represents a nbvel, very convenient way to
express derivatives of local potentials in first'ofaer
perfurbation. Thé intrinsic properties of a paftiéﬁlarr;
' energyvlevel:En(E) can easiiy be anélyzed by inépécfing?‘
~the various Fourier qompohents of the éhafge deﬁsity'pkn(g) z
 and their-combinatibﬁ with the corresponding fouriervcompo— ' 
}nents of the potential derivative. The defivative bf fhee-

local pseudopotential with respect to volume'can be obtained

frbm' 
vole]) = & f e y@yar @)
to be. A
v (led . g av. (|&])- .
pL1G1) Sl 1A hshy o o
0 g - nebfi e S AR ] @

by neglecting contributions arising from the crystal surface.”
Pressure dependence as well as ;temperature-dependence_;
6f m* have been neglected. For the non-local potential term .

and the Spin—orbit term we find:
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(12)
and similarly for L -
In all derivatives of the potentiais the first term.
arises from the 1/9 scaling factor and the second term from
the functional dependence of the potential on K,K' which in =
turn4depend on the volume. Due- to its dependence on- (K-K')
the derivative of the local potential can be written in .
tefms of charge density fourierjcompbnenfs. This is not
possible for the non=local d—like potential and for the
spin-orbit potential. However, their- contributions to the-
total deformation potential are small and therefore can be
neglected in discussing the physical origin of the pressure
coefficient. From Eq. (9) we see that the result depends on
dditional parameters i.e. on the sl e gy
a 1t;ona vpa?ame ersul.e. on the slopes —Ter -t
turns out in practice that the pressure coefficient»
is rather semsitive to the values of — LU L4 that th
;s rather sensitive to e values o E—ETGT—_.a? at e.
calculations can be used to determine the slopes of the

local pseudopotential very accurately rather than to check



the quality of values VL(|§l) of the pseudopotential itself.

In Table 1 we list the values of the local pseudopotential’
 parameters VS(|§|) and VA(IQI) as used in Ref. 7 to_éalculate_f
the band structures of PbSe and PbTe together with the slopes N
5?%% and 5?%? determined by.fltting the pressure»coefficient

of the L-gap to experiment.. o v o |

| ' ln Table 2 we present the experimental and calculated7

| energles for the gap at L between L(S) and L(6) and the energy
dlfferences between a secondary valence maximum 2(5) (see

ref . 3) and the top of the valence bands L(S) _ This second‘
valence band maximum has been considered by several authors3

to explain anomalies in the experimental temperature dependence
gof the fundamental gap at L. The energy difference L(5)-
-Z(S) is found to be temperature dependent uvthe,Values givenv%ﬁ'
in Table 2 are extrapolated to T = 0. In Table 2 we also

list the pressure coefficients of the two energy gaps |
obtalned experlmentally and calculated in the manner descrlbed.
above. The experlmental values have been derlved from j‘ ’
galvanomagnetlc measurement assumlng a band structure model
with two valence‘band maxima (at L and E) of type M0.3. Prom
our band structure calculatlons it follows, however, that

2(5) is an M crltlcal p01nt as long as its energy is lower

1
than L(5) ThlS fact mlght rendér the quoted experlmental
value of the pressure coefflclent of £(5) doubtful and account

for the dlfference between experlment and calculatlons. It

is worth noting that though the introduction’of the slope:
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_values §T§T added six new free parameters»to the.system,

the ratio of the pressure coefficiehtskof the two- gaps
(L(6)-L(5) and L(S)—Z(S)) remains relafively independent
of these parameters.  We shall now discuss the orlgln of the
negatlve pressure dependence of the fundamental gap at L.
A detailed analy51s shows that the negatlve coefficient
arises from the anomalously strongldeformation potential
of the L(5) valence level. o |

| Separating the contributions arising'from_the kinetic
‘energy term and the'potential terms we note the dominant
role.of the kinetic ehergy part (see Table_3). Its contri-:
hutions however,‘are quite comparable for valence and conduc-g
tion bahds in PbTe and to a somewhat less“extenr‘in'PbSe; .
"Analyzing the potential contrlbutlons in the spirit of Eqs.

(7) and (9) we find that is largest for [GI = 8 and

2
!

VL
an
" has ‘a negative  value. For smaller |6 values5 v ([GI)'
is negatlve and cancels with the second term arlslng from
the p081t1ve-slope; for larger IGI ,values both V (lGI) and
the slopes become smaller. V (IGI) therefore changes most
with volume for IG]—values where the form factor curve changes

sign; translated into real space thls means that volume

changes are felt by the electrons mostly through osc1llatlons

- 'with wavelengths of the order of 1nteratom1c dlstances. W1th

-thls result we ‘can approx1mate the potentlal contrlbutlon by
v (IGI2 8)
an _f‘

okn'( HE

~

indicating that sign and magnitude of‘pkn(lGlzzs) determine
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the effect of the potential on the pressure coefficient}
This term adds to the negatlve klnetlc term, if pk (]GI2
is p051t1ve and therefore 1ncreases the absolute value of
_therpressure coefficient of the energy level and 1t subtracts;
from the kiﬁetic energy term if pkn(]G|2=8) is negative. As
| mentioned above pk (]Gl 228) or more generally pk (IG l
Awhere ]G [ is about the‘zero in the form factor curve,
corresponds to charge density fluctuations with wavelengths_ii*
comparable totinteratomic diStances. PoeitiQevyalﬁee of

(IG pile up charge at the atomic siteé.and therefore

NE>
correspond to s-like states, negative values of pk (IG [
pile up charge between the atoms and are found in p-like |
(we choose the origin at an atomic site)

stete§4 This ana1y81s shows that for approx1mately egggi
kinetic energy s-like states increase in energy,fester with. gje
pressure than do p—likefstates.fWApplyihg these'argumeﬁts,'
to PbSe and PbTe we expect the L(S)’valehce-level‘to be more
;Selike (and less p-like) than the L(6) conduction level.
Calculations dohe'by angular projection7_oonfirﬁ these ideas;"

the fractional theoretical values of s,p and d-like character t

on cation and anion are indicated in Table 3. .

III. Temperature Coefficient
In a similar approech to the pressure'cese which giyes
Eq. (1), the chenge of an electronic leveleith temperature

under constant pressure can be written as:

Y T T Y s (13)
3T |P ~ Q JT|P 3q |T ~ 3T |V



The net change of En arises from two contributions: an

anharmonic lattice part given by the product of-the:thermal

1 3@

expansion coefficient a = ET] §TIP and a deformation potential

o 3Q

oE _ -
BQnIT and from an electron-phonon interaction term
9Ep : v ’ S _ B
§T—IV' The first term can easily be computed knowing the

E
gﬁﬂffrom the pressure coefficient

ealculations (see Table 3) and the thermal expansion

deformation potential @

ceefficients o fromvexper.iment.16 - The thermal ekpansion
coefficients are increasing funetions of temperature up to
about 150°K where they reach the constant value of ~ |

a = 2.10- /°K for both PbSe and PbTe. Thus with the calcu-
latedldefdrmation potentials of Table 3 we find that the
gap at L opens up due to the thermal lattice expan81on w1th

9E, .
a linear coeff1c1ent of ——&I = 1.8 10~
‘ o T 'anh .

BEE 4

| = 2.3-10"'eV/°K for PbSe for temperatures above 1509K.
9T ‘'anh . o )

- These values contribute about one half to the total
asgl :

9T 'exp

for PbTe for temperatures between 150°K and 450°K and to

dE,
=& | x 3.5-10 7 4,5
9T 'exp :

150°K and 700°K Above U50°K and 700°K respectlvely the

eV/°K for PbTe and ~

experimental temperature coefficient =y, 3-10fueV/°K

eV/°K for PbSe _ for temperatures between

measured energy gaps become 1ndependent of temperature Fdr
this region there are speculat10ns3'that the second valence’-'
.band maximum at I takes over the role of the topmost valence
band at these temperatures and that 1t moves parallel to

the first conduction band L(6) with further increasing

temperature. This model however, would suggest that the
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‘character of the L(5) states resembles the character of the
L(6) states, which is not foand in our calcuiafions (see. |
_Table 3). Nevertheless the suggested model can neither be
ruled out nor be coafirmed unless an accurate,ealcalation
of fhe‘electron—pponon interaction for states at I has been
performed. | | |

We Shall now discuss possible'ap?foximafiens fd,thé
electron-phonon term of Eq. (13). Followiﬁg'the asuai
methodl7 to descrlbe the effect of lattlce v1bratlons on the
electronic band structure we write the energy of an electronlc

state as a functlon of atomic dlsplacements SR o where L
~M . '

'labels the unit ¢ell and o the 1nd1v1dualvatomew1thin this

cell. va we displace each atom by GR a we ean write the
b

' Hamlltonlan H! for the energy change caused by the dlsplace— -

ment as follows

H' = £ % [V(r-R, ) Vir- R2 15]3 TS N
2 o L 2,0 . ) e

or expanding H'_in.powers of 6R o Ve get
Pe g Hon b 00,0 WO 8BS

. : 1 - o
H' = 2 [6RZ YV(P Rl )+ GRQ Ggg :VVV(P Rz ... ]

'z
L
The change of energy, accurate to second order in the.

displacement is then given by

AE (k) = =
n -~ 2

2 ’ -
55 <n k[T VInkoroRy oo,
’ R | 1 ct 1 .
R . n glvz’av]n ,kv><n ,k [vg,,a,v[nk>
i - ¥ .
22" aa' n',k’ En(E)FEn'(E )iﬁwq
-8R, -6R

S2,a Cer,
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for an erbitrary set of atomic diSplacementsl{Gg ,a}' We -
now assume that the temperature dependent energy shift.
AEn(ﬁ,T) isvobtained by.thermally averaging over the products
of the atomic'displacemente. | o |

The first term, which is a'first order'perturbation

~term of a two-phonon process corresponds to the instantaneous

_emission and absorption of two phonons (i.e. of the same
phonon if thermal average is assumed). It.hae been shown -

13 that contributions from this term can

by Brooks and Yu
betobtaineaﬁby introducing a temperature dependent Debye4
Waller factor e”" into the band structure calculation. This .
procedure, however, can lead to seriocs errors if non—loéal
pseudopotentlals are used in the band structure calculatlon.

- The energy of an electronlc level at T = 0 in the presence

. of a local and a non-local potehtial has the form:

- I lete]?
| En‘(]‘S,TIO) = GZG ag (~ ) G (k) [T 59 C':‘
+ L8 (6-6" v *(]G- G'|)+V (6,6 k)}] ' (16)

a
where ag, (k) are the elgen splnor components of the state.
- For flnlte temperature the structure factors S (G G') are r
multlplled by the. Debye—Waller factor exp[——(G G'} <6R2,T ]
whlch is equlvalent to replac1ng VL and VNL by | f

vy ®. expl-2(G-G")2<6R> >] and’b&
L - L . 2 ~ o~ ~0t,T .

' . o L oeor Leanaty2<sr? o1 . . '
Vi T YL expt 2(@ G") <6§u’T>] respectively. (17)»



. Since V

—1Y4—~

L depends only on the difference (G-G') the energy

can partially be written in terms of charge:Fourier components
n " ‘ '

oy (G)

~

a '.
Kin ) s (G)exp[- IG] <6R >JyL (19[}

En(E?T) = B, . _+ P €G T

X
.9 a

o , *n,.. ., n v At v ;l"_.,‘2
+ T ag (k )aG (k) = Sa(g 9 )exp[ 2(§ @v) <6R

S, (G G'_k) |
vG,g'_ ~ ~ ~ ~ (y_. R

sT NL 22
o (18)
As can be seen from Eq. (18), the inclusion of a Debye—waller_
factor merely damps the higher fourier components'of the .

local potential v 0L(lG]) whereas'it destroys the'angular

L

character of the non-local scatterlng potentlal VNL(Q G! k) 
by introducing an addltlonal angular dependence throuch the .
- factor expL—lg]-]g'l'<Ra,f'cos6] where 6 is the ang}e between-
G and G'. In.practice this result can lead tcdserious'errcrs; r'
e.g. a nonelocal d-like notential which has been introduced.t'
into the T=0 band structure calculation to control the

: p081tlon of hlgher d-like bands may at finite temperature d
operationally affect states whlch have no d-character at LE
all.; In the calculation of the band structures of PbSe and
PbTe at finite temperatures we therefore only 1ncluded -
Debye-Waller factors into the local potentlal.. With regard
tc.the d—like’non-local potential used in the~band(structure’.
caiculation this procedure.doesbnot introducemsignificant;
errors since the states at the L or & gap contain only llttle_

d llke character The non-local spin-orbit potentlal is of

short range and should therefore,_on the basis Qf'the



Vo0 U0 420804 3
o o -15-

Born-Oppenheimer approkimation,'give only small contributions
due to lattice vibrations. Considering only contributions
from the local potential we can express the change of energy

with temperature due to the Debye-Waller term in first order:

9E_(K) 1 n' 9 o ‘ ; o
BT fow T 77 % Pk ©]g SSQ(Q)VL (fe[>-r, a9
where we assumed the linear temperature dépendence_of
‘A<6Ra2T> ='T-Fa. Equation (19) can conveniently be written
~Yy S : . o .
as o .
| 3E_ (k) B} e
n 'K 98y . e
=X 5 F, o (20)

T IDW o a<sr 2>

: _in 6rdef to emphasize‘the different.contributioné from |
different atoms a. 'The_Débye-Waller'"deformation",potentials
aEn /a<5§a2> are listed in'Table'u;' Only_cohfribufiohs foﬁi __ 
|§]2 < 16(2n/a)? have been considered. .ThOugh-the quantity |
IQIQ-V(IQI):iS stili important for higher [glz;bélues, their.
net effect on the final témperaturé coefficient is small

due to the drasfic decreasé,ofoi(gj and cénceiiatioh effégts
throﬁgh the atomic étrﬁctube fa;tor. The ﬁain contribution\
arise from the ¢ = {200} and“thefg = {222} sets of plane

‘waves. The cufoff at |§l2 = 16(2ﬂ/a)2'therefgre does not :
considerably influence thebcalculated values of the_tempefa;

ture coefficients. Combining’these calculated values with

the experimental valuesls of Fpp ~ 1.1-107" 82/0x and _
—uo ‘ © . _npo o

Fg, = 0.59°107*A%/°K for PbSe and F,. = 1.17-107'A*/°K and

FTe = 0.65410fu22/°K for PbTe we obtain the following tempera-

ture coefficients for the gap at L
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3E - ' o
"ETngw = -3.6510"”ev/°K for PbSe and
3F - R '

5TEIDW = +2.1-107 "ev/°K for PbTe.

Adding these results to the anharmonic lattice contribution
we find that the gap in PbSe closes\with temperatgre with a_ .
coefficient of -1.3:10 "eV/°K and that it openslih.PbTe.with
a coefficient of +3.9-10-4ev/°K. These values have to be -

4eV/°K for

compared to fhe experimental.resﬁlts of +3.5¢0.2f10
PbSe and +4.3%0.2-107*eV/°K for PbTe. While for Pﬁiethe.
results agree reaeonably for PbSe even the sign of the
temperature coefficient cannot be reproduced. |

It is interesting to compare these calculatedzeoefficiente

to some' erroneous values of aEg/aTlDw which would be obtained;

Py

if non-local and/or spin-orbit potentials_are also7sca1ed'f‘
by Debye-Waller factors. The inclusion'of the‘spin—orbitl'-
contribution weuld raise the coefficients by 100-200%
whereas the ‘inclusion of the non-local contribution would
lower the cbeffieients by:about 100% of the Qalue?obtained
from the pure local contributions. . This example indicates "
~the scale of errors aplsing at incorrect use.oleebye—walleﬁlf
vfactofs. ‘_ ,l = |

| The Z(5)-L(5) energy diffefence is found fo»Be,only_ji
weakly temperature dependent'with a coefficient of about-
l'l fueV/°K for both salts; Before we analyze the origin
of the d1fference between the calculated values of BE /an~

for PbSe ‘and PbTe let us inspect how the 51gn of the_
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’temperature coefficients could be ehanged as a function of
{Fd}. Using the values of Table 4 for the deformation'
.potentials we find for PbSe that SEg/BT >0 if

<5RPb T

<688e,T>

end for PbTe that BEg/aT > 0 if

2.3

<6R o
~Pb , T
—e P s 1.1 .
<8RZ At
~Te,T>

18 y

Even though the measured and calculatedll‘values of <6R T >
,

show large fluctuatlons, 1t seems unllkely that <6R§b T

exceed <6R§ T> by a factor of about 3.5 to giye the correet,t

temperature coefficient.

> can

Let us now analyze the dlfference between the temperature

coeff1c1ents of PbSe and PbTe for given values of <6RafT >.
To do this we examine valence L(5) and conduction L(6) bande
' seperately."In both compounds therL(S) valence bands move-
" up with temperature with about the same coefficients of

8{6-10“”eV/°K for PbSe and 9.1-10"%eV/9K for PbTe. Differences -
| appear in the L(6) conductlon ‘bands; both move up w1th |
,temperature but at very different rates: ll.2f10 eV/°K
for PbTe and only 5.0-10‘”eV/éK for PbSe. This.dlfference'
1s cemposed ef about 80% fron the.lead contributions.. From
 Table 3 we see.that L(6) is pure p-like around the lead
atoms with 72% and 83% for PbSe and PbTe respectively of
p-character in the:wavefunetions. All . |

these differences have their origin in the band structure
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or rather in the band ordering. While in PbSe the'lowest

conduction level, which has L. symmetry including epin-orbit

6

interaction is derived from a L2— level, in PbTe the LG—

‘.Conduction band is derived from a L3_ level.. Moreover, the

second L. bands at higher energies which in PbSe is derived

6

from L;~ and in PbTe from L,

temperature coefficients. We can thus conclude that the

show approximately reversed

different conduction band orderlng 1n PbSe and PbTe 1s

o respon81ble for the dlfferent signs of the temperature

_Acoeff1c1ent of'the gap.- On the other handvthe dlfferent
band.ordering in the two componnds has been shown?ttoibe’,'
the only possible ordering to account for the very'differenti
.effectlve mass anlsotroples found experlmentally for PbSe ”
and PbTe. | | .

‘We like to add that earlier calcdlationsﬁ’lx'of the
, temperature_effect on the band gap based.on band'structureS-.
with "PbSe band-ordering" also gave a poeitive cdefficient.‘H
We believe that this was due to the use of differeht:local,ff
pseudopotentials and to the includion_of non~loeal’and |
spin—orbit'terms into the Debye-Waller-type caiculation:
Since the present band struetnres can be,cqneidered to be :
- highly accurate e.g. they accurately reproduce gaps, effective'
masses, photoemission data7 and varidusboptical measurements -
in an energy range from 0 eV to about 30 eV,8 we may conclUde'
from our.reeults that the effect of'temperature on eleetronicrt

13

‘levels is not sufficiently described by the Brooks-Yu  theory.
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To extend”the treatment of the'effect'ofhfinite tempera—"
ture on electronic energy levels we go back;to Eq.’(lS)_and |
focus on the second term in the perturbation series, This-
term, introdnced‘by FanlzvcorresPonds to the scattering of'
an electron in state |55n> into_another.state,|E',n'> by
emitting or absorbing a phonon of wave yeCtorvg = E'_E+§
followed by the reversed process. If k'—k falls outside
the flrst Brillouin zone,_umklapp processes with wavevector..
hG “have to be considered. In'his'original paper,'Fan only
retalned scatterlng terms w1th n.=:n' (1ntra -band terms)
with the argument that the energy denomlnator in- (15)
would be large enough to make the 1nter-band terms with
n #n" negllglble for the semlconductors he con81dered.

Wlthln this approx1matlon the Fan term always decreases {{{{{
'the gap and thus would only deterlorate the 81tuatlon for
PbSe. In the lead salts however, the,band gaps are relatlvely -
small and as already pointed out bvaeffer et al.ll-the
(positive) inﬁég—band‘terms might'OQercompensateAthe (negative)hp
intra-band terms. | | | |

: Expanding the atomic disPlacements GR"Q in phonon

coordinates and conSLderlng the Bloch- character of the o
gelectronlc wavefunctlons we can wrlte the second ‘term of
Eq.‘(ls) as: | 4

| l gn (k k' )|
) 1

(21)

where we have neglected the phonon energy in the energy
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also : .
denomlnator andAoccupatlon effects and where the electron—,,
phonon matrlx elements for scattering involving one mode

“are given by

. % 1
(k,k') = iVl 5 LS (@)
Q, <2 ,2ngéj o Malfz Cj o~
x [8(a]Qi) (Q-8)1-v *(]Q-6])- pkk,(Q G)» e
Here
AE ='Ef_§f: greY , : 57 '._ (23):”

GY is a reciprocal lattice vector such that Q falls inside -

~ . ~

the first Brillouin zone w.. is the phonon fréquéncy of the

Q3 .

modé wiﬁh wavevector Q and~poiarization j, Mabié thé atomic .
mass of atom a, N is the number of unit;célls'pér‘crystal.:'
and €(a|Q,j) is the polarizafion unit vectér of atom a_for 
thé modé Q,j. The eiectronié structure enters_Eé.'(ZZ) | N
thfough the structure factor S (G) the”lbcal péeﬁ56§oteﬁfial {f;
(IQ Gl), and through the Fourler components of the | .
"generallzed" charge den31t1es ' . -
, .

aG,

z (k')a
G' <

Normal (Gu=0) and umklapp (c"£0) prbceséés are treated fhe
‘saﬁé way by Eq. (22) withVthé-additiohal'réquiremeﬁt'that 
Q has to be determined by Eq. (23) for a given péib k5k‘;v

The thefmal averagé of fhe self-energy Eq. (21) can be -

_obtained by thermally weighting each phonon mode individually. o



The'systematic-evaluation of (21) reduires a RnoWledge of

the electron~- and the phonon—spectrum including eigenvectors’v
over the entire Brillouln zone. Approximate solutions could'
be obtained by samnling.the Brillouin zone with avgrid of
.g—points simllar.to densitylof states'calculationslj ‘Because
" of the very.involved nature‘of this kind of caloulations We‘.
present here‘only some specific‘examples'which already .
exhibit trends in comparlng PbSe to PbTe.IVWe thns have‘.
calculated matrix elements for k = 5 (&ntra valley) and

one :
for scatterlng fromAL point to another non- equlvalent L~ p01nt

(1nter valley). ~ Because of the energy denomlnator‘ln'

Eqg. (21) it is suffioient to include thedthree topmost -

' valence bands, whlch have even parity and the lowest three o
conduction bands which have odd parlty at L For both cases
'(EEEEE‘ and iEEEE valley scatterlng) the contrlbutlng phonon
modes have odd parlty, if k and k' are exactly at the hlgh
symmetry p01nts L and L' respectlvely Due to these selectlon »
‘rules AE is always pos1t1ve for k'.= k'(&gtrg—valley) and
k' - k-(100) (inter—valley) If k' is slightly off the hlgh -
symmetry p01nts the selectlon rules are relaxed and AE |
decreases. Let us explore the questlon of whlch phonons aren
involved in the Q=0 (1ntra-valley) and Q = (100) (1nter~
‘valley) scattering processes. For 9'; 0 the anions and _A
cations move in counterphase with-amplitudes weighted'by

the inverse square root of their respectlve masses. All

three optlcal modes (one longltudlnal and two transverse
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modes) can be treated identically in the electronic scatter—_

ing matrix elements, even though their energies differ

considerably from each other for Q 2z 0. 19 Since-Q = 0,

'the requlred pseudopotentlal form factors V (IQ Gl) are
those used in the band structure calculatlons.
For the inter-valley scattering Q = (100) there are six

phonon modes (2 longitudinal and_uitransverse),available.>

These modes involve the motion of onlyhonezatOm at the time.

We therefore can classify the modes into A-mOdes'(only the
Pb atoms move) and into B-modes (only the Se/Te atoms move)v
If k' is not exactly at L' but sllghtly off, the reoulred

honon to scatter from k to k' can stlll be a prox1mated
P P

by a pure X(100) phonon. Slncer = (100) is not a reciprocal

lattlce vector, we need to interpolate»and to‘extrapolate»h

the funCL10nal form of V (|G|) "This introduces somevarbi- N

trarlness espec1ally for hlgher arguments (the results are'ﬁ"

proportlonal to Q V (IQI)) However, in. comparlng the
results for PbSe and for PbTe these effects should be
unimportant. - In Table 5 we list some-typlcal deformation
potentialsfzobtained from intra—valley and igtegfvalley |
scattering The values Z are defined for glven k and k'

_ through the relatlon |

|<nk|H' [n'k'>]?

AE (K) = X yTE (R
- n n~" "n'""<°
o | R
= 3 AE“' L B | (25)
n' n' 2MNwQ 2MNwQ oL
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where
Mo Mse /e

7 - Se/Te |

N is the number of unit cells per crystal scalihg AEn(E)
to the goptribution arising from one.phonon modevand'wQ
is the phonon frequency. The values of Table 5 are for
 E'and Ei‘at the exact high symmetry points.' If we move E'
.by 1A§'] % 0.05 X_él away from L'the vaiues for Z fypically
~decrease by a fa¢tor of 5-10. These preliminary célculations'
- show very interesting trends: - ‘
'a) inter-band (n £ n') contfibutionsvaré stfong and
.-may'lead to positive temperature coefficieﬁts fér PbSe énd
PbTe.‘ | |
b) igﬁgg—valiey'(g' :'E-(IOO)) scatfering.bn lbngi; L

tudinal X phonons can be the prédominant scattering
mechanism. Thévmain contributions arise from scattering_
over thevgap L(S)'; L'(6). | | |

" c) the B-mode scattering métrii elemeﬁts (the anion
vibrates, the cation'is at resf) can exceed fhe A—modeV.
scattering matrix elements by one:order'of maghitudé.

d) the contribution8~from'scattering on transverse

modes are appreciablé3 thus indicatihg the imporfance of
 umklapp'processes; The magnitude 6f traﬁé&erée_mbdejd
scaftering measures the,ggg—uniformity:éf tﬁé eléctfonic
charge density. o |
e) the effects are always.strohger in PbSe‘than ih:

BPbTe; in particular the longitudinal B-mode écattering in
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PbSe exceeds the equivalent scattering in PbTe by_a factor
of five. This might indicate thevimportance of fan—type '
electron—phonon scattering in PbSe as compared to.PbTe.
©£) the absolute values of 3E/3T for igterévalley Fan-
type,scattering‘can be estimated. to be of the crder'cff |

10"

eV/°K based on known phonon frequencies19 and on the
variation of the calculated deformation potentialsfas a

_fuhctidn of k'.

lV.WNCOnclusions

The pressure coefficient of the smallest gap at L in
Pbse and PbTe has been calculated on the ba81s of recent w;e
'hlghly accurate pseudopotentlal band-structure models.7 8 ;-
The experimental values for aEg/BP[T can be reproduced
assuming reasonable slopes of the form factor curves V. (lGl)
Due to partial freedom in choosing the slopes |

o v, (le) |
8[9]"

the calculated pressure coefficiehts cannot'bentakencasr
very strong tests for the band structure‘models."Ccmbinihgd
the deformatlon potentlals w1th experlmental thermal expan81on‘
coefflclents the anharmonlc part in the temperature . |
coeff1c1ent.82g/3TlP can be_evaluated, 1t.ls p051tlvevaud:,
is responSible for about 50% of the total experimental'

temperature coefficient. The remaining contributions which m;'A

are due to the interaction of electrens'with_lattice vibrations. .

are analyzed by perturbation theory up to second order in .



the lattice vibrations. The,inclusiOn of a Debye-Waller
factor alone yields reasonable results for PbTe but predicts
an opposite sign in the temperature coefficient for PbSe.

. the _ _
Detailed analysis of the origin_oﬁddifferent energy shifts

shows that‘thé invérted conduction-band structuré'of PbSe
asvcompared”t; vaTe.7 is res;onsible for the‘sign changé._
Uncertaihties in the ekperimental mean square diéplaceménts
used are unlikelyvto cause the sign changel The contri-
butions from Pan—type'eléctrOn—phénon 3cattering terms afe<
calculated for igggg-&alley'(g z 0) and for'igzggfvalley
v(g ~ 100) scattering. In spite of their véry preliminary -
nature these calculations seem to indicate'the.tendency of
Fan;typé SCatferihg to_gggé the gaps in PbseJand PbTe.
The calculations‘alsd.indicate thétgthe effect is étronger
in PbSe than in PbTe which would be consistent with the
neéd.to compensate the negative Debye-Waller result for PbSe.
' Quantitative‘concluSioné,‘howevef,'can_only béhdrawn on
the basis of explicif calculations including‘thermally
weighted scattéring into states over the whole Brillouin zohe;
Part of this work was done under the auSpicés of the

U.S. Atomic Energy Commission.
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. Table Captions
Table 1. Syﬁmetric VS and antlsymmetric VA form facters
. for PbSe and PbTe and'their slopes BVS/SG, 8VA/8G as E
-_they are used to calculate the presaure coefficients.
dThe pdtentials are given ln'rydbergs and G in.units:of
2w/a, where a is the lattlce parameter.. | |
Table 2 Experlmental (complled in ref. 3) andltheeretical:‘-,
: :values for dlfferent gape and ‘their preseure'dependence -
in PbSe and PbTe. Eg :.E(LS)—E(LS).stadds for thef |
L fundamental gap at L while Eg' = E(LS)—E(ZS)»denotes
the energy difference between the'topmbstlvalence band

and the M, critical point along I. The'calculated

l .

'~ pressure coefficients have been obtained by using the

1

. experim’ental15 compressibility values of k.= —2;l o
.: 0. 2-10'5/bap for PbSe and « = -2.5 % o.é-lofs/bar
for PbTe. | | |
Table 3. Calculated deformatldn potenrlals fer-voldme
changes_for the L(5), L(6) and Z(5) bands in PbSe and
PbTe. The contribdtions arising from.the kinetic and
potential energy terms are_indicated separately. Also;
'indicated are the calculated characters'of.the:corres-
ponding wave functions in terms of atomic angular functlons.
.Table 4. Calculated Debye- Waller deformation potentlals | | |
for lattice vibrations for the L(5), L(6) and Z(5) bands
in PbSe and PbTe. The contrlbutlons arising from catlon'

and anion are indicated separately. The listed values”
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have to be multiplied by the individual mean square
displaceméﬁfs t§ give the energy shift caused‘by ,

lattice vibrétiohs. N

Table 5. Integrated defdrﬁationbpotentialsbz as defined

by Eq. (25) for.igiig~ and inter-valley écéttéring on
optical phonons in PbSe and PbTe._ For Q # 0 (inter-
valley) scattering the cohtributionsvarising from
lohgitudinal and transverse_modé scattering aré indicated
separately. The results.are also separéted according
'fO‘mbde.A (only Pb atoms move) ahd‘mode B-(énly Se/Te :

atoms move) scattering.
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.Table 1 .

el 3 4 8 11 12 16

Y | 0.0590 -0.010

g | -0.2084 | -0.0129 | ' 0.040 |0.0688
PbSe L-m__ JIRUR S, ..4..._-.....~...-4...4:;.-........._._....._..,.“.-.._...,.._ - S SRR O

f'dVA/dG -0.050 ! o -0.015

O .

.18 | 1 0.070 :0.030

avg/de| 0.35

V, . | 0.0358

SRR N
;
{

S
dv,/dG:-0.035

LV 1-0.238 | -0.0168 | {0.0548]0.0668

‘PbTe

|
!
1
1

i
o Al T...‘_.-....,-..__.v._.. P S

.k

i
o
N =
w ;
o

j .
{

dvg/de I 0.30 ; 0.19 1 0.060 30.020 o
- SONUTR U R FORN Y S

DU NSRS S

f

>

Table 2

f_*fkhfwwww_mm e dEéfééwwwrﬁwaE;T7a§Mmmm1 |
! : ' - : — 1 R - : Lo
Fole . Fe V) a0 fev/ban) (107ev/bar) |
Exp | Calc. Exp ! Calc. Exp | Calec. Exp cale. !

e e o

[P

0.160 | | 0.17- -8.01-8.51 - 1+3.25 i

0.157 | 0.18 } 0.188 | 0.2 |

i
3
e IS SUOUNTSU S — S o vt eatan o = b
{
]

0.190 § 0.25- ’ -7.4 [ -7.5 [#+7x0.5}+3.25 -

0.189 | 0.35 | 0.344 | 0.2 | I R

U 3 — - T TR R DUV SO SUIIPENIETE, S USSP S
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| Table 3
Q JE/3Q (eV) - angular character(%)
_ v cation _ anion
Ekin Vtotal s P ”q s p d_
L(5) | -10.9 4.2 {73 0 2]0 25 0
PbSe | L(6) -9.1 -2.2 0 72 0 { 1% 0 1y
£(5) | -11.5 -2.2 'l 59 0 34{0. 38 0
L(5) | -10.0 -1.3 59 0 3! 0 38 0
PbTe | L(6) | -9.4 +1.2 0 83 0} u 0 13
I(s) | -10.2 | +1.0 | 44 0 3 {0 53 0
- i
\ Table 4
I .
*Fn (_e_!)
; []
| a<ar 2> A’
I . -
Pb Se/Te
! L(5) 2.0 10.8
. _ =
PbSe | L(8) 6.8 —4.2
L 3(5) 0.4} 1u.5
L) 1.1 12.2
| PpTe | L(8) 11.1 -2.7
LI(s) | -0.u 14.5
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R VU SV SO

2y

o : [o] 4 oé
- Z(eV/A Z(eV/A®)

~ P

k' = k (intra-valley) k' = k-(100) (infer—valley)g

S T PR

longitudinal | transverse

A B A B

_ Z(LS) -37 -3 -200 -5 -38
PbSe B : '

Z(Lg) | 68 3 200 § U 51 |

S ‘ —

|
N
- ¥ -~ . .
Z(Lg) | - -28 P -2 —41 ) -4 . =20 |
i
|
H

PbTe : :
3 37 5 0 23

e st = e v I

Z(Lg) | 45

g
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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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