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Empirical pseudopotential calculations for the entire range of alloy concentrations of cubic
Cd, _,Mn,Te are presented. The atomic form factors have been deduced empirically by fitting the
band structure to spectroscopic data available from the literature. The pseudopotential band
structures indicate optical bowing may occur in the alloy; C#in,Te and have been used to
determine the effective masses of the electron and light, and heavy holes, which for CdTe are in
agreement with accepted values. The effective masses for,eh, Te are given for the first time,

and are expressed as first- and second-order polynomialsTine implications of these results for
spectroscopic experiments are discussed.1996 American Institute of Physics.
[S0021-89706)01609-9

I. INTRODUCTION models are known accurately. The purpose of this work is to

Experimental and theoretical studies of the diluted mag—use the ‘highly successful empirical pseudopotential tech-

netic semiconductor Gd,Mn, Te in both bulk and multiple- nique to calculate the full band structgre of the range of
alloys of Cd _,Mn,Te and hence determine the electron and
guantum-well(MQW) samples have proven to be a very

fruitful avenue of research due to the largg®-d exchange light- and heavy-hole effective masses fonallThese values

interaction between the carriers and the magnetié’Mans. will then provide the necessary input to the more commonly

When placed in a magnetic field the exchange interactioﬁ'sed effective mass model.

produces a giant Zeeman splitting in the conduction and va-

lence bands. Theoretical studiéof this phenomenon have || THEORETICAL MODEL

led to a greater understanding of the nature of this paramag-

netism in all such diluted magnetic semiconduct@s/S). The local empirical pseudopotential scheme is well
Furthermore, studies of MQW samples formed from CdTeknown in the literature; see, for example, Ref. 12. The bulk
wells separated by Gd,Mn,Te barriers have led to an un- eigenfunctionsp, , within the time-independent Scldimger
derstanding of phenomena unique to heterostructures formefjuation

from DMS, _SU(_:h as two-dimensional magnet_lc polarohs, b k=Enxdnx 1)

the magnetic-field-induced type-l—type-II transitiband the

enhanced paramagnetic behavior of the interfaces adjacent®e expanded in terms of a linear combination of plane

nonmagnetic material® waves, i.e.,

Despite this intensive study and the availability of high- 1
quality samples(for example, Jacksoet al.” report photo- b =— E a, (G)exdi(G+k)-r], 2)
luminescence linewidths for a CdTe/CgMn, Te MQW~1 “ o "

meV), some of the fundamental parameters central to thg nere the Hamiltonian/Z is given by
theoretical models used to account for the behavior of

Cd;_,Mn,Te (the most common DMgare either unknown o
or the subject of some debate. In particular, although the 2mq

effective mass approximation is used extensively throughou{gmd the crvstal potential is approximated by a sphericall
the CdTe/Cd_,Mn,Te literature, the actual electron and y P bp y P y

hole effective masses are unknown within the magnetic al_symmetnc atomic potentidV, situated at every lattice site

loy, as pointed out recently by Kuhn-Heinrighal 2 Simi- ;a. This standard technique leads to a pseudopotential of the

larly a wide variety of mass parameter values are employecl0 m

for CdTe. In particular the heavy-hole effective mass along

the growth g) direction of a MQW has been assigned values V= Z

ranging from 0.4 to 0.8,.57* le’-e
In order to understand fully the physics of this well- XsinG'—=G|-T), (4)

studied system it is essential that the input parameters to thﬁhereTz(l,l,])a/B. For the ternary system of Gd,Mn, Te
being studied here, the symmetK¢ and antisymmetria/*
dElectronic mail: p.harrison@elec-eng.leeds.ac.uk form factors can be expressed by
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TABLE I. Atomic form factors of CdTe and cubic MnTe in Ryd. Note that

the subscript foV represent$G’ —G|. 6.0
5 3 %A s V4 % 40 f 4
CdTe -0.23  —0.005 0081 012 0.0715 0.0385 <
MnTe -0.225 —0.004 0.095 015 0.1 0.0075 % 20 ¢ 1
0.0 t
LR e R R e RO R RV EC RO ReR R CRe R R o R o R0
(1= X)QcgrVeiret XQunteViin 20 o1 08 o
VSA= CdTe" CdTe MnTeY MnTe (5) 00 02 04 06 08 10

X
Q Cd;_,Mn, Te

where() is the volume of thécubic) unit cell and the lattice FIG. 1. Calculated valence-band splittiftmpen diamondsand fundamental

constant of the ternary alloy is assumed to follow Vegard'sgap (open circley together with band gap of Twadoski and co-workers
rule (Ref. 18 solid line, as a function of the manganese concentration
Cd,_,Mn,Te.
acd, _ Mn,Te= (1=X)acgret XamnTe- (6)

The lattice constant for CdTa.47Was taken as 6.481 A and
for zinc-blende MnTeay,r.=6.244 A’ Note that as the time the empirical pseudopotential formalism. The form fac-
lattice constant is a function of the alloy concentratian tors were obtained by fitting the band structure to the self-
then the reciprocal lattice vectos used in the expansion consistent local spin-density total energy calculation of Ref.
are also dependent upon Therefore the symmetri¢S and  13. However, two important changes were made with regard
antisymmetricv” form factors at lattice constants different to the I' point of the Brillouin zone. The first is that the
from the natural lattice constants of CdTe and MnTe wergundamental gap of MnTe was taken to be that given by
obtained by a polynomial fit t¢ as a function OfG’—G|. experiment as deduced from the form§lawith x=1,
The model adopted for the spin-orbit interaction is thenamely,
one originally introduced by Bloom and Bergstres$emd
later described by Waltest al.*® 169 plane waves of differ- EES;*MnXTe: Ege T x1587 meV, (7)
ent G are used in our calculation and the dimension of the
eigenvalue matrix doubles when spin-orbit interaction is in-where Eggge=l606 meV. The second change relates to the
cluded. splitting A of the valence band due to the spin-orbit interac-
tion. Although the valence-band splitting of cubic MnTe has
not yet been determined, the work of NAguggests that
compounds with common anions have nearly equal values of
Pure CdTe has the zinc-blende structure, the form facA. Consequently, we assumed originally tBg},re=Acqte-
tors of which are determined empirically by adjusting themThis gave values of 0.016 and0.0016 for\® and \*, re-
to produce the closest agreement between the calculated asgectively, in MnTe. The consequences of choosing different
experimentally observed band structure. As shown in Tablealues ofAy,,r. are discussed later in this section. The form
I, our form factors are different from those of Cohen andfactors for cubic MnTe are shown in Table I. It is worth
Bergstressel? This discrepancy could have arisen from thenoting that the effects of thed3electrons in MnTe on the
experimental data used in the present Wfk® Such data band structure do not appear explicitly in the present calcu-
were not available to Cohen and Bergstresser and are indedations; however, since the parameters we employ are de-
inconsistent with their band structure. Furthermore, the latduced by fitting the resulting band structure to eithlerini-
tice constant and the number of plane waves used in th&o calculations or spectroscopic data, which do include the
present calculations are also different. Although the preserdffects of these @ electrons, we have implicitly included the
work adopts the local approach, the band structure obtaineeffects of these & electrons and hence the magnetic ex-
for CdTe, with the form factors of Table |, agrees well with change coupling between thel &lectrons and the electrons
that derived from the nonlocal pseudopotential calculation ofn the the conduction and valence bands. It is the latter which
Ref. 19, which itself is in good agreement with more recentdetermine the band gaps, bow factor, and effective masses of
experimental data. the electron and holes investigated in the present work.
Pure MnTe crystallizes in the single-phase hexagonal Given the factors of the zinc-blende structure associated
NiAs structure below 1040 °€ Both experimerft and with CdTe and MnTe, the band structure of the range of
theory® have suggested that alloys of CgMn,Te with  alloys of Cd_,Mn,Te was calculated using the virtual crys-
manganese concentrations up +®.7 assume the single- tal approximation described in the previous section. In spite
phase zinc-blende structure. This means that the adamantiog its known limitations, the validity of the virtual crystal
phase of MnTe exists in the alloy although it is not found inapproximation for the Cd ,Mn,Te structure in the energy
the phase diagram at the present time. range relevant to the present work has been established by
There exist in the literature several electronic structureother authors; see, e.g., Ref. 25.
calculations of MnTe in the hypothetical zinc-blende Figure 1 gives the calculated fundamental gigg, and
structuret®>?223The present work, however, uses for the firstA as a function of the manganese concentration. It can be

Ill. RESULTS
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seen that the virtual crystal approximation suggests an Optﬁ'G' 3. Effective masses of the electron and light and heavy holes in
. . . o, _ Mn,Te Cd,_,Mn,Te as a function of the manganese concentration
cal bowing which, assuming the band gﬁ@m " can be

expressed as a quadraticxni.e.,

Cdy _yMn,Te__ CdT MnT .
E gap = (1-X)Egap “ XEgap "= bx(1-x), ®) We now consider the effects on the band gap, bow fac-
gives a value for the bowing facttr of 0.45 eV. The linear ©F and effective masses of a different choice for the spin-

expression of Twadoski and co-worktrin Eq. (7) and ex- qrbit parametefnte- Introduction' of the spin-orbit interac-
pressed as the solid line in Fig. 1 clearly gives no indicatiorf O™ @lters the band structure mainly through the removal of

of optical bowing. This could be due to the difficulty in the six-fold degeneracy of the valence bands atltimoint.

determining the manganese concentration accurately, WitH‘ pseudopotential calculations, we can increase or decrease

H A
secondary-ion-mass spectroscopy, energy dispersive x-rayMnTe k_)y changlng_ the values (_)f the parame_ter&?)iind)\ )
etc., hence, the possibility of bowing in the alloy hich in turn requires us to adjust the atomic form factors in

Cd,_,Mn Te must await experimental confirmation order that the lowest conduction band and top valence bands
lii)i(gur)((a 2 is a typical band structure for CgMn '|:e in  Maintain their good agreement with the experimental data
this example the manganese concentratie.5 Tr;(e rﬁain and the results oéb initio calculations. Consequently there

difference with the band structure of CdTe is, of course, thé.S no chapge in band gap of MnTe vyhile the bow factor' and
increased fundamental gap; generally, however, the ban@i‘e effective masses change very little. For example, if we
structure remains topologically similar. Thed 3electron chooseAynre=0.65 eV, the changes of the bow factor and

bands are not given for the reasons described earlier in th%e effective massetelectron and_hole)sof MnTe are less
section. than 0.02 eV and 0.0d, respectively. Such changes, al-

The effective masses of the electron, light, and hea houlghfsmall co_mpa.redr\]/wth our original va:ues, |n_d|_cate; the
hole at a particular wave vectérare given by evel o unqerta_lnty in these parameter values arising from
the uncertainty in the value d,1e.
9°E
m* (k)= , 9
(k) 2 ) )

and were calculated using a finite difference approximationl.v' DISCUSSION

The effective masses along thi801] direction for CdTe The consequences of increasing the electron and hole
were determined asmg=0.11, m{=0.18, and m{,  masses are wide ranging, particularly in the interpretation of
=0.6am, andﬁagree favorably with those commonly found in gptical spectroscopy experiments. Quantum-well structures
the literature’ formed from alternating layers of CdTe and the alloy
Figure 3 displays the effective masses as a function Ot‘dl,XMnxTe form type-| structuregat zero external mag-
the manganese concentratienlt is clear that the effective pgtic fielg with the electrons and holes both localized within
masses of all the carriers increase with Analysis has  the CdTe wells. Given that the electron and light- and heavy-
shown that the electron and light hole can be expressed asygje masses are larger in the CdMn, Te barriers than the
linear function ofx while the relationship with the heavy cqTe wells, this would mean that, for a fixed set of material
hole is quadratic. In particular, in units of the free e|eCtr0”parameters, higher one-particle energies will be deduced

massmy, from envelope function calculatioffscompared with that as-
mZ =0.11+0.06%, (10) suming _equal masses in the well and barrier_. Consequently
calculations based on the latter would need, in order to give
mj;,=0.18+0.14, 11 agreement with experiment, to change one of the structural
. ) parameters, e.g., the well would have to be narrowed and/or
Mip=0.60+0.21x+0.15¢". (120 the barrier height increased. This implies that hitherto, with
J. Appl. Phys., Vol. 79, No. 9, 1 May 1996 Long, Harrison, and Hagston 6941
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