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To be presented at the International Conference on Narrow Gap

Semiconductors (Colloque International CNRS: 'Transition Semi-.
conducteur ~ Semimetal") Nice, France, 1973. '

Electronics.tructure of Narrow Gap Semi_cOnductors |
Marvin L. Cohen* | |
Departmvent of Physics, University Qf California
and |
Inorganic Materials Research Division, Lawrence Berkeley Laboratory

Berkeley, California 94720

Abstract
Recent theoreticel brogress'related to the
one-electron theory of the electronic structure
of several IV-VI and II-VI compounds and alloys
are discussed. Some of the superconducting pro-

perties are also analyzed.

L. Introductien

Narrow gap s'einiconductors form a unique group of materialvs.
The richness of the physical propertiesl of these co'mbound.s .is probably
u.nmatched by any ether_ system‘ of materials. Inthe IV—‘IV,_I compounds
| alone, despite their simple structure, it is possibie to Obser\}e ferro--
electricity, superconductivity and laser action. The band structure
effect:s2 are extremelyv interesting; e._g. band edges inv'er’_t; temperature

coefficients of the gaps can be positive or negative, the Fermi surface



cari be very coiﬁplex, etc. From the point of view of device physicvs, |
narro.w'gap compounds are very imﬁortan_t as these ma_terials are used
as detectors and generators of infrared radiation.

A large amount of work by talenteci reséarchers has helped to
solve sdme of the problems related to the Qrigin of the observed properties; -
however, some very.basic questions about -'these semiconductors still
remain unar.lswered.' In this paper some of these questions will be discussed
and the re’cen_t theoretical progress and problems in understanding the
one-electron nature of these materials will be described. Some aspects
related.to superconductivity will als.o be discussed, _however, other many-
. eiectron properties and device .physics will not be' explored. The majority |
of the description given here will be based on the use of the Empirical
Pseudopotential Method3 (EPM).' Specific Vcalcula‘tions.concentrating on
problems related to PbTe, PbSe, PbS, GeTe, SnTe, CdTe, HgTe and

alloys of these materials are included.

CII. IV-VI COmpou;rlds |

The EPM band calculations for the lead salts‘,‘-1 SnTe5 and GeTe, 0
and alloys of Snx-Pbl-x Te6 are based on potentials obtained from analysis
of other crystals (e.g. zincblendes). In most cases the optical constants

| such as reflectivify, R(w); and modulated reflectivity R'(w)/ R(w) are.in
good agreement with experiment. 4 Using this data and the band r_:al(;ulatiohs

it is possible to obtain even closer agreemént between experiment and theory

- by é.d.just'mg the pseudopotentials. However, such an adjustment is usually



unnecesséry to obtain endugh information to identify the princ ipal optical
étructure. | . |

The above procedure involves the use of iocal pseudopotentials.
It is. kn‘ownB' that the pseudopotential should bé non-iocal to fit the energy
levels over éwide energy range. In optical experiments, most of the
transitions responsible for the prominent features arise from'transitions
between the uppef valence énd bottom conduction bands. In photoemission
experiments like XPS (X-ray photoelectron spe‘ctroScopy) and UPS (ultra-
violet photoelectron spectroscopy), it is possib.l'e tdexploré the loWer
vaiénce bands. In these cases’it is expected that the energies of the lower
| valence bands will not be in good agreement with ekperiment. Recent XPS
stl.u:liesl7 shbw that the calculated density of states spectra for the lead
’salts possess the basic structure seen in the expe t‘_imental spectra, but
the prominent structure is‘sh_ifted.. Considering the necessity of iric‘luding
d-wave potentials in germanium8 and z'incblende9 materials and the
d—character2 of many of the levels in the lead salts, the inclusion of this

type of non-local potential is almost certainly necessary to obtain agreement .

' between photoemission experiments and the calculated valence band density -

© . of states.

Hopefully more complete calculations will be done to place the |
lower valence bands in the proper positions. However, at present, the .
situation is as Stated. above. The splitting between the upper valence bands

‘and lower conduction bands are approximat‘.ely correct and the lowest valence



bandé are shifted in energy from the energies déddéed from vphotoeinission

, experimeh.ts. The generavl shapes appeér basically cd'rr‘ect. |

| What about states near the first.band gab‘? Because of the

particular nature of the band sﬁructure of the IV-VI compounds, 'stud.ies of

the structu‘re'_in' the uv and visible optical spectra don't give much informaé

| tion'abouf the St‘ates near the band edge. Specifiéally, the separation

between the top \}alence band and bottom c‘ond.ucti_on band is typically. an

Qrder. of magnitude larger than the energy of the fundamental gap. Therefore,

‘calculations of the band structure which give accurate energy splittings in

the uv won't neclessarily yield the correct energieé or ordering near the

L point of the Brillbuin zone where the fundamental gap occurs. It therefore

remains the job o_f"the experifnentalist to determine the energy of the gap,

the symmetries of the states at the gap, press‘ure'coefficients, temperatufe

coefficients and effective masses. Theoretical calculations can give a

list of possibilities,. howevef, and. the results can be testedv for consistency.
A good example of the type of dilemma possible occurs in PbTe.

10,11 OPW12 and EP”_I\/I4 band calculations give the following conduction

APW,
s - . = n. - 1 ; '

. band ordering L6 (L2 ); L6 (L3 ); L45 (L3 ) wheregs Berm_ck and

Kleinman13 using a modified pseudopotential scheme obtain L6- (L3');'

L 45- (L3'); L6- (LZ'). The energy differences here are small and it is

possible to obtain either ordering by adjusting pseudopotential form factors

in an EPM calculation. 14 Analysis of the results for the two orderings

are shown to be inconcl‘usive14 when the results of the two calculations



are Compéred with é_xperiment. Furthéf study is néed.ed to decide on the
appropriate ordering. ) .

| ‘Thé -pressure and. temperature depéndence o'f _the bandf edge states
.can be used to exblore the nature of these states. | In -fhe’le.ad salts, the
‘pressure and t.ervnper‘ature coefficients a_i'e pos‘itiV'e_ whereaé SnTe éXhi_bits
the more-éommbn negative coefficient behavié_)r. Uéing mveasured

15'a.nd thé

16,17

compfessibilitiés, Debye-Walter factors, BrOdl.{-Y“u th.'eo'ry
EPM, good agféemen’t with measured values can lk)eb't')tained. for the
pressure and temperature coefficiénts of the states hear the band edge.
The essential features of these calculations can 5e understood through
some straightforward phyéical arguments aSsoc‘iated. with the energy band
structure of the alloy series Snx' Pbl_.X Te (Fig. 1).

For DbTe, the maximum in the valence band is at the L pbint of
the Brillouin zone with symmetry L6f. The condﬁction band minimunﬁ is
also at L with symmetry Lg - The electrdnic charge density contours for
the L states at the top of the valence band (Fig. 2a) clearly show that this
state is p-like arourjd ‘Te. and s-like around Pb.v The charge d.ensity'for
the‘bottom conduction band (Fig. | 2b) shows the reverse is t:ruev for this band.
| It is the p-like states_which are affected most by the movement of the ionsv
w’ﬁh temperatu‘re.l'7 It is lik'elyvthat this occurs because the movement of
the ior_ls about their equﬂibrium poSition_s_'allowé themto "feei" a larger chancje |
‘in charge density for the p-.sta.t‘e.s than for t‘he more constant s- stéte.s. In

fact, it can be shown17 that the temperature coefficients of the individual



-
states with p-like symmet\ry around a specifié ion ;re_ linearly probortional
to the mean square displacements of thesé ions. | This implies that ~-each
lev'el.has a. pressﬁre or temperature co.efficient associated W'ith. it.

| Assbc_iaiti‘ng a pressure or temper;atur}e co_efficient w.ith a band stéte
_ is not new or surprising. In.the zincbler;d.e and diamond structxire semi-
conductors this apprdach has been used to identify states; although to be
more br'ecise it is the pressure and t-émperature coeffi_cients of venergyv
differences that are usually considered. The feature in the Snx Pbl-x Te
system t_haf makes this approach seem unusual is that the levels being
considéred crdss in energy. Near the reversal it is expected that the
Fan18 theory or band mixing would cause the band gap to decrease with
’ temper?.ture oh the "Pb side" of the Sn_P,__Tealloy system. This doesn't

happen. The L6+ and L6- states retain their identity and cross at L keeping

the same signs for their temperature coefficients on the 'Sn side" as on
detailsl” are a bit complex, but the

the "Pb side." Theafact that L6- is now lower in energy than L6+ in going -

from Pb Te to SnTe means that the gap at L will decrease with higher

temperaturevon the 'Sn side" rather than increase as it does on the "Pb side. "
The above statemehts are true for the L point. An interesting

- feature of the SnTe.band structure becomes apparvent' if the bands perpendicular

to the '-L (A) 'direction are examined. | In this case (Fig. 1), the bands

cross away from I‘-‘l and small gaps open where the_ uhperturbed _bands

would have crossed resulting in a band edge away from the A- symrhetry

axis. Unlike PbTe, the minimum gap is therefore no_t'at L, but slig'htly



away from L (Figs. 1and 3). At and near the L, po_int the arguments above
would predict a negative température coéffici_ent (i. e. BE.g/ aT < O). However,
away from L past thé""crossing points of the two b'a_nds (perpendicular to A)
| thé bands should reta'm the same character as in P‘nTe and the temperature
coeffiCiené should be positive. Tunneling meza.sm.u'emem:s19 which shonld_
exploré states close to the minimum gap do gi ve a negative coefficient.
Optical measurementszo exazn‘me states further away beCause-of the Burstein
shift caused by the Fermi level (see Fig. 3). These latter experirnent's
yield a positive temperé.ture ‘co‘efﬁ‘ci'ent. ‘Both results are consistent with
the band pvicturevgiven here. .

The details of the band structure near the edge need.s‘furth‘er study.
Refined transport studies should give a more precise description of the
Fermi surface strncture. Suchvworlx;21 is'aiready giving a more detailed
picture to test the theories.

| At present there still isn't enough information to make final decisions

on the band edge structure. Furthervtheoret'ical wnrk could help. Non-local
EPM calc_uiations with d-well pbtentials may give new possibiliti.es for the
form of the struCture, but it appéars unlikely at this point that the general
- features d.éscribed here will change' qualitétively. The pfed.iétion?by t'h}e_ory o
that the SnTe Fei‘mi surjface would be significantly different than PbTe |
has been confi.rmed}by eXpei‘iment. At thivsfstage it is the detailed d__if_fe’ren"ces
which must be explored. | :

‘The ionicity of the chemical bonds and the bonding nature of the |

22,23

zincblende and diamond materials has been explored with much



success in recent yéars. Muc;h less is known about the IV—VI compounds.
Some féétures of the bonding can be explorevd through charge density plots
for the vaienc‘e band electrons (Figs. 4 and 5). As menfionéd béfofe, the -
valevnce bands, éspecially the lower ones are not given precisely by a
local EPM, hoWever the general features of the charge density should be
-correct. These calculations supp_ort ionic bonding rather than_covalent '
bonding for PbTe; both have been proposed._2 |

Figure 4 displajs the charge d.e‘n‘sity coritours for PbTe in the (_1;0,0) plane
for the sum of-the five \}alence bands. The charge is concentrated about
the non-fnetal (Te) site as is expected for six-fold rocksalt compounds.
In Fig. 5, "which contains the charge density in the (1,1, 0) plane, the
chains of Pb-Te-Pb ... are displayed. Again the ionic nature of this
materiai is evident. The chains appear to he molecular- like with ionic.
‘bond'mg'between the elements. | |

Itis intere'sting to compare the enefgy band structure of a typical
IV-VI semiconductor (e.qg. PbTe) with the diambnd or zincblende Series_ :
(e.g. Ge family). Some of the most obvious differences are the foliowing.
PbTe exists in the rocksalt structure, there are five ‘filled valence bands,
the maximum in the valence band is at | L and the bon‘di.ng is -ionic.: Ge
”crystalli.zes in the diamond structure, has four filledx)alence bands, the
valence band maximum is at I" and the bonding is covalent.

It is diff;cult to comparé materials in different structures; however

if the diamond structure is chosen and the potential of the atoms are



s&s@ematically Varied, some interesting resQltS are found. Such é model
potential study has réceﬁtly been done24 'for group IV maﬁer_ials. The
pseudépotential_Was characterized by'two péfameters. One gave a measure'
| Qf the repulsive core while the cher represénted the att_ractive re‘gion
outside the core.. Variation of these tWo paré.rﬁeters alloWed the po'sSi-.
bility_ O£ foﬁr types of band structufes. If thei attractive part of the potential
is fi_xéd. he_ar'-its Ge-value and the repulsive cére part is varied, the foliowing‘
results are obtained. | | |

'Fdr a sti'ong repulsive core, the'ba.nd- structure énd. charge density
are essentially those of Ge.‘ When the repulsive core potential is decreased,
the gap between the top valence band and bottom conduction band decreases
é.n_d’becém‘es zero at one point iri the Brillouin zone (the " point). The
band‘stﬁructure is essentialiy that of grey tin and the charge density still
shows covalentvbond.ing.v Whe.n the repulsive potentiél is decreased further
(essentially to zero) a metal is obtaine‘d. Thé analogy would be Pb, but
the crystal is forced to be in the diamond structure and not fcc.  The charge
densit'y bécomes spread out and metallic in né.ture.

From the point of view of the present study, ‘fhe most interest‘mgv.
"featﬁres bccur when the core potential becomes attractivé. Now the eritire
potentié,l. is attract.ivé. A screened point ion-like potential was aésumed_,_
i.e. a Fermi-Thbmas poténf.ié.l. This cvauses._ thé electrons to pile up in
. the core region. Sincé the }cfyst.a‘.l is assumed h'omopolar, it is difficuit

to call the material ionic. However, a small antisym-metrié potential -
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could. be put 1n to acéouht for two different atélrrl.s in a cell and then the
_ ionic nature would be apparent. |
" The band stfuctu're for this system (Fig. 6) is v'ery.suggestive of

PbTé. In the discussion ébdve, the essential change which took placé
~ when the core potential was made less repuisive was the lowering of the
s-like conduction band. Inthe Fermi-Thomas case this band has become
so low in enercjy that it is now a low valence band. The first two bahds
are nOW"s-'like and low in energy. They do not contribute to the formation

of sp3"orbitals' with the three higher p-bands. The result is five valence

bands and a gap between the fifth valence bandandthesixth band which is
now the bottom conduction band.

The top valence band (Fig. 6) is very similar to the top vaTe
vaience band even though the crystal structure is different (but same '
Brillouin zone) and the model calculation is for a homopolar material.
The maXimum for the top valence band is at L with subsidiary maxima
~ along' A and £. This model calculation suggests that once the potential
becomes sufficiehtly attractive , the s-states are pré.ctical_ly core states;
they.dominate' the éharge density and bonding and sp31orbifals cannot be
'-for_-med.‘ For PbTe, the s-states are not as tightly bound as in the Fermi-
Thomas model and the upper p-states do contribute to the bonding. The abo've
results contrast.the bonding nature of the IV-VI's and the Ge-like semi- |
conductors. It would Lher'efore be hazardous to atl;empt to apply the
: Phillips-Van Vechten®? ionicity ideas and their ionic ity scale t‘o the IV-VI

materials without ‘substantial modifications.
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’I’he super‘c‘c>r'1du“c:tingz-5 properties of the IV-VI's are éxtremely
intefestirig. | GeTe ahd SiTe have been successfully tested and measurements
of thé dependence of the tfa.nsition temperatur'_e, T o On éarri-er concentration
have ‘been pe‘r:fo'rmed. PbTe has been examined for a supércondu’cting
transitioh siinilar'to SnTe and GeTe, but none has been found. This is
probably b'ecaﬁse of the smaller density of states for the holes in this
~material compared with SnTe and GeTe. . |

' Reéent-ly the Renn_es26 group have tested PbTe grown under unusual
conditions. There appears to be a’s‘uperconducting transition in these
materials at .very high temperatures. The authors of this work suggest
that it is the Pb filarhents which ar.e 'superconducting in the PbTe matrix and
propose th‘axy their results rﬁay be eXperimental yerification of the existence
- of excitvohic superconductivity. 21 Although Pb in PbTe is the typical "
system suggested..2‘7 to test the excitonic supezfconduc'tivity theory; this author

believes'th'at it is unlikely that these experiments confirm the excitonic

'theory,. If the experiments are in fact éorrect é.nd reproducible, then
“several _alternate possibilities should be explored along with the excitonic
mechanism.. | |
| Although it is a bvit premature to _disguss the details of the theory
of the various explanations of these new experimenvt‘s", it is worthwhile to :
| speculate on >the possiblé.origins of thé observed supérconductii_zity
(a_.ssumihg the estperirﬁénts are correct). The possibilities include

superconductihg Pb, highly d.oped PbTe and Te percipii:ates., In the Pb



o19-

)
£

case, exciton‘ié .super‘con}ductivit.y is possible, but not pro"ven.' McM'illa:n's
equation with some harmless assumptions gives an estimate for the maximum
. »supercondu'cti,ng transition temf)erature around 9K for Pb via electron-
phonon inter}actions’. ‘The possibility of Pb havi.ng a higher TC in énother
structure or in one dimerisidnai— like filaments cannot be tbtally rﬁléd out..
One negative aspect of this latter suggestion is that Pb would vprobab'ly still
have a low Debye tempera‘turé in other structures aﬁd. the maximum TC

would therefore be expected to be close to the 9K limit given above.

25 The transition

Highly doped PbTe is pro,bé.bly superconducting.
t.emperatur‘e would depend on carrier den‘sity.. Near the grain boundaries
 or on the sirface, the PbTe could be highly doped. FSirice the bulk sample

1526 not supercdnducting, if PbTe itself were responsible for the obéerved
supercond.uctivity ohly a srﬁall amount of superconducting material wou.ld‘
be consistent with the observed susceptibility. ~ Using standard forms for
the électron- phonon interactions, it appears that very High tem'pefatures o
are not impossible but unlikely. A plausible estimate for the maximum
_ Tc Would be around 10K. New mechanisms are ‘possible. Because‘of the
larger variation of physical parameters possible in ser’riiconductors,' |
these materials appear to be more likely éandidafes fdr anusual mechénisfns
| ‘than the standard metals. | |

Te is andther possibility. Te isv superconducting29 und.er pressure:
The attractive aspect of Te is that it is normally a covalent semiconductor.
In‘ a metallic phaée, it could still be v"cova'lent- like"whiéh is importantBO to

high temperature superconductivity.
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- Another :new '_series'of;experimerits im-/olving‘s‘upercoriductivity
and PbTe are beihg explored at Brookhaven Naitionai Laboratories. 31
Various supercoridﬁcting metals are deposited in thin films on PbTe and
, ‘enhencements of TC are obis_erved.v In this c_a.'se, a'gairi the possibility of
superconductivity in the PbTe itself, Te, or Pb ShOilld be raiseci, and
t_he a.bove discussion could bev modified to ‘oe applied to this case. Surface
effeots can be important here. Up to now, the transition temperatures
are below 8K 31
It Would be iriteresting to‘tevst‘Sn'Z'[‘e’and GeTe in the same manner
'as. the Rennes and Brookhaven groups have eXamiiied PbTe. Inthese |
experiniénts if '_I'e is responsible, similar results would be expected. for
- SnTe and GeTe as for PbTe. Ifthe rrietal or semiconductor represent
the impori:ant ingredient, a change is expec‘ted.‘ Since both SnTe and GeTe
are superconductors, this type of experiment would be particiilarly
interesting. | |
In the more conventional superconducting measureme:n_té_ in IV-VI
materials, it appears that intervalley phonons coupling the degenerate
izalleys (Fermi sui'face pock_ets) can be useci to explain the existirig‘
m.easurem.ents.' The same type of 'aoaly_sis has been applied to Sr Ti0325 '
although it is still not known With certainty that Sr Ti04 does in fact have_
- a many-vallej conduction band. Experimental measur‘ements indicate

.that this is the case; but band calculations32 have raised the possibility |

of a single valley at I'. The band calculations indicate that even at I’
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the Fermi surface would most likely have "arms" stretching out into the |
zone, If this were the caée then large wavevector phbnons could sfill be.
important. |

Since GeTe, SnTe and Sr Ti04 all have low fféquency or soft
| phonon modes it is temptin(j to tr'y25 to associateAthe observed supér- )
cbnductiVity with the soft phonons. Coupling directly to the TO modes
via the usual Frolich terms is not possible?® and LO couplings géi highly

2
screened. Other couplings are possible‘4

but for SrTiO3 they have been
shown to be small. 35 Coupling to two phonons is an intéresting possibility
‘which we had. raised. some time ago, but numericalvestimates are discouraging.
If the ihtervalley phohons are assumed to dominate in SnTe and GeTe,

the formulation for the electron-phonon coupling‘_can be set up and a pséud,o-
potential calculation of the intervalley phonon coupling constant can be
performed. The coupling constants can also be extracted from fits to
the _experimeritally determined curves for the transition temperature as a
func-tio,n of ca'rrier' concentration. The results are that the calculafions6”36
give values vei‘y close to the measured values. |

| Explorétions_o'f the role of other phonons and_.two phonon processes
are'stiil Worfhwhile since they may have a dominant réle in other materials

or theixf contributions in the cases of SnTe, GéTe and Sr TiO3 may be

measured.
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III. C\dngl_»XTe Alloys :

‘Cd-XHgl- _Te alloys form another int‘e'res}t’mg system with a variable

energy gap. In CdTe the energy gap is 1 6 eV 37 38 it decreases w1th

Hg content and becomes zero around X, = 0.160+ 0. 00539 (at low temperatures).

" For x < xc‘-the gap becomes "negative" an_d it has a value of -0. 30 eV4O for.
x =0 (HgTe).

41

The optical data*" on both crystals allow an accurate EPM |

41 of the band structure and reflectivity.  This calculation gave

calculation
good agreement with the visible and uv data, but being a local EPM
calculation, no attempt was made to fit the lower valencebends. A moz‘-e.
recent non-' local caa.lcnlza.tion9 for CdTe gives the lower valence bands in
good agreernent with photoemission experiments. The uppermost valence
band and lowest conduction band rernain' essentially‘the same as in the |
local EPM calculation. | N

Using the results of the local EPM calculation for CdTe and HgTe,
1t is possible to scale the potentials and latt1ce constant to examme42 the
electronic band structure of the alloy near the minimum gap at the T point
in the Brillouin zone (Fig. '7) o v

The local EPM ca.l‘culation‘12 (Fig. 7) glves a»cross-over position
in exeell_ent_ agreement with experirn‘ent.,. The energy gap is ‘-O'. Oi eVat |
. x=0. 16 and + O.‘Ovl .eV at x =0.17. If thebr‘8 level is chosen as the referevnce’

| enerqy, the essential feature*which changes in going from HgTe to }CdTe | |

- is the movement of the I‘6 band. In Hg_'I‘e, 1‘6 is below the tep of the



16
valence band, I‘é, giving the "negative" gap E(FG) “ E(I‘8) = -030 eV.
As x increases L' moves closer in energy to Tg) | crosses and forms the
bottom of the conduction band for x > X,

- Motivated by the PbTe resu‘ltsdiscussed in'.the'last section, the
charge density for I‘é and F8 was computed for both HgTe and CdTe8
(Figs. 8 and 9). Becaus.e"of degeneracy difficulties these charge density
plots were made for points near I and not preci‘sely ét the }I‘ point. The
interesting result is that the 'f6 and I‘8 states retained thei’r identity,
i.e. théy had basically the same charge density contours, irrespective
of whether the crystal was HgTe or CdTe.

‘The 1"8 »
unchanged in going from HgTe to CdTe. The Te state is s-like with a -

state is a p-like state centered around Te. It remains

high concentration around the Te site; it is approxi}mat'ely the same in
both crystals. The chafge is also s-like arourid the Hg and Cd sites fbr
the I‘6 state with some small differences; the Hg site has a higher conc;eri;-
tration of charge than the Cd site. |

On the basis of the success of the EPM to predict the cross-over
point and to give accu‘rate values for the band gaps and thé fact that the
I and I'y states retain their identity for both CdTe and HgTe, it was’
expected that a calculation of the temperature depeﬂdence of the energy
gap should prove to be straightforward. This is not the case.

Using the same scheme as for the IV-VI materials it was found

that the gap in CdTe had a negative temperature coeffic ient in agreement
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with experiment, i.e. |8Eg/ 8T | <0. Again following the arguments for
the. Snbel_xTe system, the temperatui'e coefficient should change sign
for HgTe. It does not. Theoretically one gets |8Eg/ aT| >0, while

43,44 in fact, the measured

: experlmenj:ally the result is |aE / 8T| < O
coefficient is negatlve until X= 0.5 and positive for x >0.5. C. S. Guenzer
and A, Bienens‘tock45 have e.ttempted similar calculations and have
obtained essentially the same result. T'hese autho'rs.suggest that .th.e .
above probiem is one of the major unsolved problerris of semiconductor
band theory and propose that the Brooks?Ytl_15 theory Which underlies

- the calculation of the temperature coefficient is nledeQuate. |

" Before making major changes in the theory it seems worthwhile

at present to consider some of the detailed features for possible explanations.
After all, the fheoreiical results are consistent with vwhat one intuitively
expeéts and with the Snbel_xTe results, 1 e. the levels retain their
temperature co_effiderits for ell x. The charge density calculations give
furfher suppoft sinCe these levels have similar distributibns on the Cd,Te

.and HgTe sides of 'the alloy curve. This is particularly true-fer I‘8.}
Therefore, the only apparent possibilities are thatvthe 1‘6 and r8 states de

~ in fact change in going from CdTe to HgTe or the effect arises from the
lattice change.

To explore the first possibility (the lattice effects have not as yet
been investigated), calculations were done with a more

attractive Hg’ potentlal The optical spectra were computed and found to -

be in fair ‘agreement with the measurem ents.- The valu_e for x, was also

found to be consistent' with experiment and the temperature coefficient did
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hav_é‘the obse.r\.ze.d. vé.riation. The ‘Foﬁ.rier coefficients of the potential
chosen did not have the standard mohatomic incréas_e for small reciprocal
lattice vectors chr:u'acteristic'3 of pseudopotential forfn factors. Eecau.se' |
of this, the above exploratory Calciilation was not extended. Inthe
standard EPM_calculations, the potentials used ar_'e-not too different
from those calculated via model potentials.® The Hg potential obtained.
in the exploratory- calculation did de'part from the model potential;

- however, this departure may only be caused by the omission of non- locai
termé. -

The above exploratory calculation did shdw, that a calculation

: couldv probably be done which was consistent with all the data. The essvential
adju'stnieht was to make the Hg potential more attractive. A specuiation

for the reason why this works is that a rhore attractive Hg potential would

tend to extract charge from the Te ion causing the temperature coeffici.ent |

of rgto decfease in' magnitude. |
If.XPS or UPS data were to become available for HgTe, this will

- allow a fully non-local (d-wave) potential calculation for this material.

- Such a calculatio.n together withCdTe calculations Will hopefully solve

| the above problem. | It is expected from other da‘faB‘that the Hg and Cd

- non-local potentials should differ.

At this point fﬁrther experiments on the band edges in the CdXHgl_xTe

system would be very helpful. .It is likely that a concentrated effort

involving both experiment and theory is needed to solve the above problems

even if the speculations and suggestions made here are correct,
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Figure Captions
Fig. 1. _Energy-fband structure near the L poini-in the Brillouin zone
_in'directions_.barallel and’perpend_iculai-' to the A
axis at the L point for thPbl_xTé'(x: 0, 0.25, O. 5, 0. 75, 1.0).
| Fig. 2. | (a) Contourjs of constant chargé '_densit'y,in the (1,T,0)plane of
| P‘bTe fdr states in the iop valence band at t}ie L point. The éharge |
derisity is plotted in units of e/ Q‘where Q is the primitive cell volume.
(b) Contours of cohstant charge density in the (1,1,0) plane of PbTe
for states in the bottom conduction band‘ai the L point. |
Fig. 3. Zero temperature band structure for SnTe near L for directions
parallel and perpendicular to the A axis. Fermi levels, Ep
_ 'cdrriespondir‘ig to various hole concentrations p are indicated.
Fig; 4, Contours of constant charge vd.en.sity in the (1,0,0) ;;lane of PbTe .
| for the sum of the five valence bands. The units of charge density
are (e/ ) where Q is the primitive cell volume.
Fig. o." Contours of constant chargé density in the (1',"'I,O) plane of PbTe |
for the sum ofvthe five valence bands. The units of charge density
- aree/ Q'whe_i"e.Q is the primitive cell volume.
) Fig.. 6. .Energy band Structure for a Fermi-Thomas.model potenti‘al iri
the gérménium crystal structure.
Fi_g. 7. Enei'gy bérid structures; E(_IE), near T for the alloy Hgi_xCde_e, o
(x=0, 0.18, 0. 17, 1.0). The k-vector extend.s from I to. .

|_1§| = Q.18 (2n/ a) in the A and A_d.irections. o
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Fig. 8. HgTe charge densities near T for the I‘84cvonduction and valence

. levels (top), and the ', valence level (bottom).

8

Fig. 9. CdTe charge densities near T for the I’ conduction level (top)’ )

§]
| ~and the I'g valence level (bottofn).
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