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| Abstraet

Two possible conduction band orderings, I L6(L2,), L6(L3,), L4_5(_L3,)

and I I (L3,), 45( 3,) L ( 2,) ‘are considered for PbTe using the

Empirical Pseudopotentlal method Various properties (i. e. optical reflec-

't1v1ty temperature and pressure dependence of the band gap and effective -

masses) are considered for the two possmle ordermgs
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Rert.ick and Klei-mrnan1 r}ecent‘l‘y vcalc}ulated’the energy bands of PbSe,
PbS and PbTe by the Lin-Kleinma'nZ ps'eudopot"ential scheme. They chose
,bseudopotentiall parameters to fit .the fundamental gaps and some experi-
mental efft:ctive masses3. 'They did not, however, fit the optical gaps.
Their resvults., were consistent With the eXperimentally measured effective

masses. Such good agreement, however, appears to require that the

ordering of the_ conduction states Lg, and Lg, be revérsed in PbTe

.from the ordering in PbS and Pbse That is, whereas the bottom conduc- _
tlon state L6 orlgmates from the LZ' state (Wlth the removal of spm-—orblt
-1nteract10n from the Hamlltoman) in PbS and PbSe, it originates from the

LB'.' state in PbTe, This ordermg is different than that obtained by previous

band calculation for PbTe using the ADW, 45 o pwland EPM methods.

~ These all give the same ordering in PbTe as in PbS and PbSe. The APW

- method, in addition, gives effective maisses5 in agreement with

_experiment,
Previous calculatlons done by the authors, used the Empirical Pseudopotentie
method (EPM), concentratmg on energy gaps at high energy. These

calculations yielded optical properties, 7 fundamental gap temperature

' dependence8 and pressure dependencegfcr PbTe in agreement with experi-

ment However, we were unable to obtam a large mass anisotropy ratio
in PbTe; the EPM predlctsaa small anlsotropy ratlo for PbTe. Experimentally

determmed anisotropy ratios (K = mz/mt) ‘are 14, 2.0, 1.4 for PbTe,

- PbSe and PbS respectively.

This work is an attempt to tést the results of Bernick and Kleinrnen,' and to

compare their results with the results obtained by the EPM calculations. To do sc



-2 R UCRL-20396

we first obtain the Rernick-Kleinman band ordering at L for PbTe using the EPM,

‘then the optical properties, mass anisbtropy ratio, temperature depen-
dence ‘and pressure dep’endence of the fun‘dam'ental gap derived from the
resultant band structure are investigated.

The form factors of the former EPM band structure calculation7
(hereaiter referredtb' as I) 'are vatried to reverse the ordering of the con-
duction bands Lg, and L2 while keepmg the value of the fundamental .

~gapat 0.19 eV In Fig. 1, the two sets of pseudopot-entlal form factors - |
which give rise to the two different orderings near the. gap are shown.
The set which gives the Bernick-Kleinman:ordering (hereafter called II)
is less attr‘active The general shape of the band structure throughout the
Brllloum Zone derlved from both sets of form factors turned out to be
similar. The less attractive potentlal Il does raise the two lowest valence
bands closer to the gap Since the interesting stru'ctur'e_ in the optical
spectrumv data involves dirlect transitions rnaihly within 8 eV of the funda-
mental gap, the lowest valence bands are too far removed in energy frorrl
-‘ the gap to contrlbute to the spectrurn As a result the 1mag1nary part of
the frequency dependent dlelectrlc functlon € (w), caLculated from the
band structure (1I1) does not differ 31gn1f1cant1y from the one derived from
set 1.7' In Table I, the energy levels at I, near’ the fundamental gap cal- |
culated from set I an}d set II of the form 'fac_ters'are tabulated together v/ith

. the Bernick-Kleinman results and those obtained fro_m'APW4, and OPW6
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calculations.. We note _tha_t brthe BRernick-Kleinman ordsering, the two
lowest conduction bands (Lg, , Lg?

) are spin-orbit split, the large
spin-orbit coupling forces the second conduction band to be very closeto

o+ In thev other ordering of conduction states,
the spin-orbit splitting oceurs between th,e_second and third conduction
bands and the above near degeneraéy of higher conduction bands does not

result.

To determine the effective masses, one may use the k.1, sum rule, '

g : S T 1OWO|m
Com) _ 2 5, <Y|P|><|,,|Y> "
* uu+'m E -E_. ! (
m o 0% o) '
 Wh.ere

I | ' e
T = P+ oxX W , (2
~ ~ 2 r~ ;

E is the momentﬁmvopez‘"ator_, g the Pauli matrices, V the crystal potentia.l,.
and vy is the band index.for the band of ir.lter"est.v The matrix elements
were taken between pseudowavefunétions; Two facts should be commented
on for thivs calculatio_n: | |
(1) The matrix .elemenvtls (5 Iﬂuli) =~ <6|P'u|'y)‘. are not constant for
different bands 0, aé was assumed by Dalvenj_O in his‘ 15_‘ E calculation.
(2) The matrjx_elements (élﬂuly) is large between the top valen'c:e. .
bahdy and higher conduction bands. . Therefore, in .sp_ite of the energ‘y

difference in the denominator of Eq. (1) and the small fundamental
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gé.p, the contribution (_r_n__;) from the higher conduction bands
v : m “uw

may not be neglected.
With the EPM, the convergence of the dipole matrix element between
'p'seudowa\iefunctions is, unfortunately, poor. To déterm'mé band energies,
a matrix size of about seventy plane waves (inclﬁding spin) is sufficient
to give ébnvergence to 0.1 ev; whezjea's_. for the 'rriatrix elements, it is
necessary to diagonalize a_n'impracticaﬂy large Hamiltonian matrix to
obtain a _reliéble anéwef. qu this reason, .instead of Sumfn.‘mg the matrix
elements in Eq. (1), the Hamiltonian matfix is diagopalized for a few
points in k space both fl and L to the A axis very néar L; the mass
anisbtropy ratio is then obtained by curve fitting. An‘ anisotropy ratio

K = mz/mt of the order of 12.5 is obtained for a carrier concentration:

of approXirnately 1-02‘0 cm” 3;’ K iné'reaSé_s for lower carrier concentration. .

Set I form factors gave K = .1._‘5.

Another area of investigation relates to Lhé temperature dependence:
of the difect_ gap at L. A recent finite temperature calcglatibn8 based on
the EPM ailowed us to obt_aih both thecofrect positi\}e sign and the mag-
nitude of the te.mpeAratu.r.e'_ coefficient of thé- direct gap at L for PbTe.
Furthermore, when the form factors 'I of PbTe were scaled to the lattice

constant of SnTe, L+_ and L

e 6 levels at the gap mov e toward each other and

eventually assume a reversed ordering in SnTe. The temperature coeffi- |

cient of the resultant L gap in SnTe has the correct negative sign. In

<
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~ this work, a positive gap temperature coefficient is alse obtained for PbTe

with the form factors II. Fig. 2 presents th-e Eg(T) cu_rVes for PbTe

- derived from: (a) ex'perimene;z (b) our former EPM band structure

calculation with form factors I, (c) the present EPM band structure with -

the Bernick-Kleinman ordering. As can be s'een from Fig. 2, the results

- are cons1stent with either ordermg This is not too surprising since both

6’ L'é ordermg and the meehamsm used to explam positive
shift in Ref. 8 W’_ill be the same in both cases. Howvever, for EPM (11),
if the form factors are scaled to the SnTe lattice constant, the valence

‘ban and the conduction ban ~) at the gap move away from eac
band (Ly) and the conduction band (Lg) at th y £ h

conduction) ordering

other to give a gap of 0.59 eV. The Lg (valence), L_6 (
is retained, contrary to the expected 0.3 eV gap with the opposite ordering:
1 |

6(valence) n (conductlon) for SnTe
_ Lastly, the pressure dependence of the fundamental energy gap

5—151 is calc,ulated-forvboth sets of form facto_rs. The energy gap at L _

~ is determined for two lattice constants (in this case, they correspond to

T =100 °K and 300 °K). Putting in the experimentally determined com-

' pressibility]s’, one easily obtains the pressure dependence. From form~

-6

factOr set I, a value of - 7 46 X 10° (bar) is deriv"ed.‘ This agrees _

well with the exper1mentally determmed value -T7.4+0.2 X 10 6 V(bar) -1
Form factor set IT with the Bermck-Klemman order mg glves only

- 3.8x10° ev(par) !
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In summary, this work is motivated by the Rernick-Kleinman
calculation of the band Structure of PbTe, which gives a gap ordering that
differs from all other calculations. An attempt was made to 'test" the | :
vé.lidity of the _tWo different orderings. The criterion of the test is Ehe agreement 'y
with experimenta'l' measuremenﬁs of propertiés tha_t can bé e}xtractedvfrom the
‘barid structure. The EPM is the basic tool. Our results, ho’w_éver, | turn
out to be essentially inconchisive._ ‘The Berniék:Kleinman ordering gives
better-masses-(.non-rénormaliZed for electrovn-}electron- or ve'le.ct_ron-ph'on'on ’
effects), but thé "standard" ordering gives a pressuré coefficient. of the 'Qap
which is cén'sist'erit with experiment, whereas the Bérnick—Kleinrﬁan
ordering does nbt. We hope this work Will enc.ourage new measurements

to help determine the correct ordering.
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Table Caption

Table I. Energy levels at L near the fundamental'gap given by OPW, AWV,

EPM (D, EPM (II) and Bernick-Kleinman pseudopotential scheme.

Fiqure Ca.ﬁtioﬁs | |
Figure 1 - Péeudopoteﬁtial fbr PbT_eh_f:uil,cLirve from EPM (D),
dashed curve froniv EPM (ID). ” .
Figure 2 . Te mpera;dre ldepende'nce of »fundam.ental gab in PbTe
derived__from experiment, EPM () and EPM (I). (The experimental

data were from Ref. 13).
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-Table I

Conventional ordering of conduction bands -

P
By,

Bernick-Xleinman ordering of conduction
bands : : :

Energy Level

Energy (eV) by

Enerqgy (eV) by Energy (eV) by

Energy level Energy{eV) by

Energy (eV)

Symmetry OPW method®  APW method®  EPM (D" SYmmery  poa(ip oy 1
L,s (Lg) 1.95 1.66 2.11 Ly (L)~ 1.08 | 1.83
Ly (Ls) 1.45 1.08 1,49 Le(Lgy) 0.98 oLz

- ' . Y o ' L - : (S o
Ly (L) - 0.25 0.12 - 0.1 LaLy) 019~ 0.19

GAP

+0 ‘A : -+ T .

Lg (L) 0 o 0 Lg (L)) o 0

+ ' o : + ' ' -
Lys (L) -0.95 -0.91 -0.98 Ll -0.92 -0.7
Ly (L) -1.53 -1.54 -1.97 Ly (L) -1.54 -1.33

96c02-THON
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