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Total-energy and band-structure calculations for the semimagnetic
Cd& „Mn„Te semiconductor alloy and its binary constituents

Su-Huai Wei and Alex Zunger
Solar Energy Research Institute, Golden, Colorado 80401

(Received 24 June 1986)

Spin-polarized, self-consistent local-spin density total-energy and band-structure calculations have
been performed for CdTe, antiferromagnetic (AF) MnTe in its NiAs structure, ferromagnetic (F)
CdMnTe2, and the hypothetical zinc-blende phase of MnTe in the F and AF spin arrangements. We
find the following: (i) The alloy environment stabilizes a zinc-blende form of MnTe, hitherto un-
known to exist in the phase diagram of pure Mn Te. Its calculated Mn —Te bond length
(2.70+0.02 A) is very close to that observed in the alloy (2.73 A), but is substantially
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and the nature of the low-energy electronic transitions.
Reported results regarding the Mn 3d energy levels are
rather controversial. Photoemission measurement of
Cd~ „Mn Te by Webb et al. ' found the Mn 3d states
3.5 eV below the valence band ( v) maximum E„, whereas
similar experiment by Orlowski place the same states at
E„—6 eV and photoluminescence measurement by Vecchi
et al. ' infer these states at E, —0.8 eV. Although
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the stable crystal form at the temperature range I TI (in-
stead, another phase, i.e., P, is stable there), but the a
phase does exist in the phase diagram of the constituents
at some different temperature range. In
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culations for F MnTe both in its two-atom ZB unit cell
and in the four-atom CuAu-I unit cell and find the two
energies
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50% alloy in extended x-ray-absorption fine-structure
(EXAFS) measurements. ' The nonideal anion displace-
ment (u& ~ ) in the F CdMnTe~ structure (i.e., the Te
anion moves away from the center of its tetrahedron to-
ward the pair of Mn atoms and away from the pair of Cd
atoms) leads to the formation of Mn —Te and Cd—Te
bond lengths similar to what is found in the respective
binary systems [R (Mn —Te) =2.71 A and R (Cd-
Te)=2.80 A, calculated for pure F MnTe and CdTe,
respectively (Table I)], but considerably different from
what a virtual-lattice approximation (VLA) would
have predicted [i.e., u = —, and R ' I(Mn-
Te)=R' " '(Cd—Te)=W3/4a =2.758 A]. The fact that
our calculated equilibrium bond lengths are close to those
of the pure end-point compounds indicates that the sys-
tem has used its internal degree of freedom u to achieve
nearly ideal tetrahedral bond lengths (at the expense of
somewhat distorting the bond angles), thereby lowering its
strain energy. The same effect was observed to occur in
all 3'B"'C2' chalcopyrite crystals as well as in the
50%-50% alloy system CxaP-InP.

(v) We evaluate the enthalpy of formation (per four
atoms) bH'"' for the ferromagnetic phases relative to the
equilibrium ZB forms of CdT and F MnTe as

b,H'"'=E[F CdMnTe2] —E[CdTe] E[F Mn—Te] . (4)

For the AF phase we have the formation enthalpy

bHI "'=E[AF CdMnTe2] —E[CdTe] E[AF Mn—Te] .

(5)

We find a negative value of bH'"'= —0.05+0.01
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TABLE II.
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F - CdMn Te2 a = 6.255 A, u = 0.242
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TABLE IV. Comparison of high-symmetry band eigenvalues
(in eV) of CdTe for a=6.480 A of the present study
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= I eU Et j 2 2.5y0. 5e+t+ (6c)

The observed Mn d value is at about E, —3.5 eV. In our
calculation E, '—:E„—(2.0—2.5 eV), hence the relaxation

shift is b, (N, N —1)=- —(1—1.5 eV). The reason that this
shift is so much smaller than in the free Mn + ion' ' is
related to the effective screening of the t+ hole in the
solid: similar calculations for 3d impurities in semicon-
ductors' have shown that the hybridized host crystal res-
onances respond to the creation of a hole in a localized t
orbital by increasing the amplitude of their wave function
on the impurity site, thereby returning to it much of its
charge lost in the ionization process (the "self-regulating
response"' ' ). Hence, whereas in occupation number
space we have a d ~d transition, in coordinate space we
have a L d ~L 'd transition, where the ligands (L,

figurations for ionization. The two limiting situations'
(in crystal-field language) involve ionizations from
either the t+ or the e+ orbitals. In the former case,
the final state can be denoted formally as
[Mn +,d",e+t+e F', Tz] (where the final-state orbital
F a—conduction or vacuum level, is occupied) whereas in
the latter case we have [Mn +,d, e+t+e F', E]. Our
discussion of Sec. VA emphasized the significant differ-
ence between the two cases: whereas the t+ orbital is hy-
bridized with the host crystal (p-d mixing being allowed
in the tz representation of Td), the e+ orbitals are essen-
tially nonbonding (no p-d coupling for the e representa-
tion is allowed in Td symmetry). As we ionize r+ [Fig.
15(b)] to t+ [Fig. 15(a)], the orbital energy drops, as we
have relieved part of the Coulomb repulsion (even though
the reduced exchange splitting will move the bands
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TABLE V. Eigenvalues c (in eV) and l-decomposed local-charge character (in percentages) of AF
MnTe in the NiAs structure at c=6.705 A, a=4. 143 A with RMT(Mn)=1. 48 A and RMT(Te) =1.434
A. The l character is given first
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FIG. 18. Calculated charge density [in e/(a. u. ) ] contours for F CdMnTeq on a plane defined by R(Mn —Te) and R(Cd—Te).
[(0,—1,1) if u=0.25]; (a) spin up, (b) spin down, and (c) total. A logarithmic scale is used, with a step size of 10 '. Shaded regions
highlight the covalent bonding.

the following discussion), the occupied Mn d states cen-
tered at a Mn atom have the symmetry 3+,3+, 1+, but the
empty states centered at the second Mn atom have the
symmetry 2,3,3, and the Te p states at the top of
valence band have the symmetry 3+,3 . p- d repulsion
then raises the p states with 3+ symmetry and lowers the
p states with 3 symmetry. This explains why the VBM
in H-Mn Te occurs at 3 point and why the direct band
gap of MnTe is smaller than that of MnTe in ZB struc-
tures. Furthermore, because of the different symmetry,
the electronic transition is more bandlike. This symmetry
argument is also supported by the density of state plots
for AF-ZB-MnTe [Figs. 14(a)—14(d)] and AF-H-MnTe
[Figs. 17(a)—17(d)]. Figures 17(a) and 17(c) show for H
MnTe a bandlike DOS near the VBM with little d charac-
ter, whereas Figs. 14(a) and 14(c) show for ZB MnTe a
large DOS near the VBM with a pronounced d character.

The bandwidth of the localized unoccupied Mn d band in
the ZB structure (1.6 eV) is also smaller than that in the
NiAs structure (3.0 eV), suggesting stronger multiplet ef-
fects in the former. In addition, because of the smaller
band gap of AF-H-MnTe (1.3 eV), any intra-atomic tran-
sition ( —2.2 eV) will be obscured by the fundamental
transitions.

IX. CHARGE DISTRIBUTION

Figures 18 and 19 depict the calculated density con-
tours of F CdMnTez and AF-H-MnTe, respectively. In
both cases, we find the partial ionic and partial covalent
bonds connecting Mn —Te and Cd—Te atoms, typical to
most II-VI semiconductors. From Figs. 18(a) and 18(b)
and Fig. 19(a), which show the spin-up and spin-down
charge densities, we see that the Mn 3d electron partici-

AF - MnTe ],'NiAs, ')

a= 4.143 A, c= 6.705 A

Flax. 19. Calculated charge density [in e/(a. u. ) ] contours for

point299ed

atoms,
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TABLE VIII. Calculated exchange interaction coefficients in

comparison with experimental data (see also the text).

System

MnTe (ZB)
CdMnTe2 (CuAu-I)
ASW'
Experiment

'Reference 17.
Reference 15.

'Reference 5.

JNN (K)

—16

—17
—7.5

Noa (eV)

0.48
0.54
0.33
0.22'

NpP ieV)

—1.16
—1.30
—1.05
—0.88'

tively, and (S, ) is the average Mn spin. Using the calcu-
lated band structure and (S, ) value for F MnTe and F
CdMnTe2, we have calculated Noa and NOP. Results are
listed in Table VIII and compared with experimental data
and previous calculations by Hass et al. ' The agreement
is satisfactory. We find that the exchange constants in-
crease with decreasing Mn composition because of the
enhancement in the symmetry induced interaction be-
tween band-edge states and Mn d states; this trend agrees
with the experimental data.

The overestimation of the exchange interaction energy
constants is a characteristic of the LSD calculation. '

Since LSD underestimates
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TABLE X. Observed formation enthalpies 5(MX2), elemental cohesive energies E„the ionic correction A(M, X)=II"+I~' —2+x,
and the compound cohesive energy E,(MX2) and its "lattice energy" [see Eq. (A4)].

System
MXp

CaF2
CaC1,
CaBr2
CaI,

—hH (MX2)
at 300 K

(Kcal/mol)'

292
190
163
128
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vironment there is no special direction (i.e., no c direction).
This parameter g along with u can be used to minimize strain
energy in ordered alloys arising from bond-length and bond-
angle mismatch. See also, G. P. Srivastava, J. L. Martins,
and A. Zunger, Phys. Rev. 8 31, 2561 (1985).

W. A. Harrison, Electronic Structure and Properties of Solids
(Freeman, San Francisco, 1980), p. 174.
A. Fazzio, M. J. Caldas, and A. Zunger, Phys. Rev. 8 30,


