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Electronic and magnetic properties of Ga_,Mn,As: Role of Mn defect bands
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Ga _«Mn,As and related semiconductors are under intense investigation for the purpose of understanding
the ferromagnetism in these materials, pursuing higherand, finally, for realizing semiconductor electronic
devices that use both charge and spin. In this work, the electronic and magnetic structures MrGas
(x=3.125%, 6.25%, 12.5%, 25.0%, 50.D%re studied by first-principles full-potential linearized augmented
plane wave calculations with the generalized-gradient approximation. The ferromagnetic state is lower in
energy than the paramagnetic and antiferromagnetic states. It is confirmed that Mn atoms stay magnetic with
well localized magnetic moments. The calculated band structure shows that Mn doping also forms defect
bands, and makd&a,MnAs p-type conducting by providing holes. Furthermore seah population inversion
is found in the Mn electronic configuration, which results from the strongpvth mixing. The induced As
moments are substanti@bout—0.15«g per Mn atom, and almost independenix®f—in accord with a recent
observed negative As magnetic circular dichroism signal.
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[. INTRODUCTION ment is 4ug per Mn atom and antiferromagnetiaFM) cou-
pling between Mn and nearby As moments. Later, Sanvito
Magnetic semiconductors have attracted considerable aet al’?investigated a wide range of Mn concentrations, from
tention from experimentists and theorists for severak=1.0 to 0.02, in Ga_,Mn,As by a linear combination of
decade$,because of the possibility of harnessing the spin ofatomic orbitals(LCAO) method within the LDA. They sug-
the electron—in addition to its charge—for future semicon-gested that the mean field approximation breaks down in
ductor devices. However, the difficulty of doping to crepte  Mn-doped GaAs, and a calculation on the corrections due to
and n-type diluted magnetic semiconductof®MS) made  multiple scattering was attempted. Furthermore, Sanvito and
the 11-VI materials less attractiveuntil the realization of  Hill** also investigated the effect of the inclusion of As an-
making Ill-V semiconductors magnetic, and even ferromagdisites in the dilutedGa,MnAs.
netic, by introducing a high concentration of magnetic ions. In this paper, we employed the highly precise first-
In particular, there is rapidly growing interest in high con- principles full-potential linearized augmented plane wave
centration(Ga,MnAs, because of its relatively high. (110  method® (FLAPW) within the generalized-gradient approxi-
K) coupled with ferromagnetisft.” Ga,_,Mn,As and re- mation(GGA) to investigate further the electronic and mag-
lated semiconductors are under intense investigation for theetic properties of Ga ,Mn,As with low and high Mn con-
purpose of understanding the ferromagnetism in these mateentrations of 50.0%, 25.0%, 12.5%, 6.25%, and 3.125%.
rials, pursuing higheT¢ and, finally, for realizing semicon- The FM state is found to be the stablest state foxaby a
ductor electronic devices that use both charge and spin. large energy difference from AFM. Moreover, strong Mn
The structure ofGa,MnAs has been well studied experi- p-d mixing is found, which results in as-d population
mentally. At low concentration, the lattice constant of inversion.
Ga _,Mn,As was found to increase linearly with which
suggests that all of the Mn atoms are incorporated in Ga sites
in the zinc-blende alloy—as confirmed directly by extended
x-ray absorption fine-structure measureméniBhe first- In the FLAPW method, there is no artificial shape ap-
principles calculations done by Shirai al. also support the proximation for the wave functions, charge density, and po-
linear increase of the Ga,Mn,As lattice constant withx.  tential. For all the Ga, Mn, As atoms, the core states are
Mn in Ga, _,Mn,As provides both localized spins and holes, treated fully relativistically and the valence states are treated
due to its magnetic and acceptor nature. It is believed that theemirelativistically (i.e., without spin-orbit coupling The
appearance of ferromagnetism is caused by the magnetic iIGGA formulas for the exchange-correlation potential are
teraction mediated by the high concentration of holes introfrom Perdewet al® Muffin-tin (MT) radii for both Mn and
duced by Mnt° Ga were chosen as 2.63 a.u., while it was 2.00 a.u. for As.
Several theoretical calculations have been done oWn energy cutoff of 7.3 Ry was employed for the augmented
(Ga,MnAs and(In,Mn)As recently. Akat® studied the sta- plane-wave basis to describe the wave functions in the inter-
bility of (In,Mn)As with the Korringa-Kohn-Rostoker stitial region, and a 49 Ry cutoff was used for the star func-
coherent-potential approximation and local density approxitions depicting the charge density and potential. Within the
mation (LDA). T. Ogawa,et al'? employed first-principles MT spheres, lattice harmonics with angular momentump
linear muffin-tin orbital(LMTO) atomic sphere approxima- to 8 were adopted.
tion (ASA) band calculations for Ga,Mn,As (x=1.0, Sizes of unit cells, as well as corresponding lattice con-
0.25, and 0.12F and they found that the magnetic spin mo- stants, are listed in Table | for each Mn concentration. For

I. COMPUTATIONAL DETAILS
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TABLE I. Lattice constants extrapolated from experimental results and the size of unit cells used in PM
and FM calculations for different concentrations of Mn. In the AFM calculation, the volume of the unit cell
is doubled except fox=50.0%. The AFM configurations of Mn in spin superlattices are decribed in period
p and layer orientatior.

x(%) 3.125 6.250 12.50 25.00 50.00
a(A) 5.666 5.676 5.696 5.736 5.816
XXyXz (a) 2X2X2 1X2X2 1X1X2 1X1x1 1x1x1
k mesh 22X2 4X2X2 4X4X2 AX4X4 4X4X4
p, G 1, [100] 1,[100] 1, [001] 1, [100]

low concentrations, the lattice constants of, GMn,As, ob-  is 1.24 eV or more higher than the FM state, and the AFM
tained from interpolation and extrapolation of the experimen-state is also 0.12 eV or more higher than the FM state. The
tal values? increase linearly with Mn concentratiox, It has ~ fact that the FM state has the lowest energy theoretically
been confirmed that Mn is substitutionally incorporated intoagrees with the well-known experimental magnetic state of
the Ga sublatticd,so the atoms in the unit cell are arranged Ga —xMn,As. Generally, the energy difference between PM
in the zinc-blende structure as GaAs except that the impuritgnd FM increases with Mn concentration. The energy differ-
Mn atoms substitute Ga atoms. As many as 64 atoms arénce between AFM and FM also increases from6.25% to
contained in the unit cell fox=3.125%, which together 50.0%. The large energy difference between FM and AFM,
with that for x=25.0% have the highest symmetry, as theywhich increases with composition far<50%, shows that
have equivalent axes along y, andz. The reciprocal space C&-xMNAS is very stable with ferromagnetic coupling, and
mesh of 44 4 is used for the X 1x 1 unit cells. It in- SO May be a good candidate for promotifig to high tem-
cludes 64 effectivek points in the Brillouin zone, and the Perature. Unfortunately, Mn is thoughtﬂto form MnAs clus-
total energy of ferromagnetiéFM) Ga,_,MnAs, for in-  (€rs with NiAs-type structure fox>7%.

stance, ak=0.25, changes only less than 1.0 meV when the 1he calculated Mn, Ga, and As magnetic moments in
number of effectivek points is increased to 21@vith a 6 their corresponding muffin-tin spheres in the FM state are
% 6x6 mesh. This indicates that the total energy is well shown in Table Ill. Ga and As atoms are listed in the order of

predicted with the X 4x 4 k mesh for a & 1x 1 unit cell. their distance from the Mn atom. There are two types of Gal
Equivalent reciprocal space meshes, i.e, with the inverse r@oms, marked as Gal-1 and Gal-2, '00"?“6@&3/2 with
tio to the real space sizes, are employed for different red|€SPect to the Mn atom for a concentration of 6.25% and
space unit cells, as listed in Table I. Furthermore, the del2-5%: Gal-1is at the boundary of the unit cell along the
tailed Mn configurations for antiferromagnetic coupling cal- shorter axisx, in the case of 6.25%, and along y in the
culated in this work are decribed as spin superlattices of
periodp and layer orientatioi® in Table I. total density spin density
The internal degrees of freedom are not optimized durinng N A g -
the calculations. The calculated maximum force is less thar J
0.014 Ry/bohr and is exerted on As atoms nearest to the M
atom. Such a force is expected to result in an atomic dis-
placement of about 0.03 a.u., which indicates that the inter
nal structure optimization is not important for the
Gg _,Mn,As system.

Ill. RESULTS AND DISCUSSION

The calculated total energies of the system with paramag
netic (PM), ferromagnetic (FM), and antiferromagnetic
(AFM) treatments and the energy differences between then|
are presented in Table II. For all compositions, the PM state

& o,

-

A 2,

TABLE Il. Comparison of the total energyn eV) for the PM, . . )
FM, and AFM states of Ga,Mn,As per Mn atom at different FIG. 1. Valence charge densitjleft) and spin density of
compositions. The energy of the FM state is set to zero. Ga,,Mn,As atx=6.25%, plotted in th€110 plane with Mn at
the center. The contours of total valence charge density are plotted

X(%) 3.125 6.250 12.50 25 00 50.00 @asp=0.01x2(""Y'%/hohr. Spin density contours are plotted as
p=0.0005< 2"~ 1’2%e/hohP. Here,n represents thath contour line

PM 1.25 1.24 1.34 1.49 151 from the lowest density zone. For the spin density, spin up is

AFM 0.12 0.14 0.17 0.24 represented by solid lines, while spin down is represented by
dashed lines.
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TABLE Ill. The calculated magnetic momenig) in the muffin-tin spheres. Ga and As atoms are listed
in the order of their distance from Mrd¢{Mn, with unit of lattice constant)awith total moments over the
number of atoms of the type. If there are different types with the same distance from Mn, the ones with more
neighbor Mn atoms are listed first. The total spin moment of interstitial region is also listed, which is denoted

as “inter.”

x(%) Mn Gal Ga2 Ga3 Ga4 Gab5 Asl As2 As3 As4 inter
d-Mn - V212 1 J6/2 2 3 B4 Jiua 1914 3314 -

3.125 3.80 0.12/12 0.00/3 -0.01/122 0.00/3 0.00/1 -0.10/4 -0.03/12 -0.02/12 -0.02/4 0.24
6.250 3.77 0.08/4 0.03/4 0.01/2 -0.01/4 0.00/1 - -0.10/4 -0.03/8 -0.03/4 - 0.27
12.50 3.79 0.03/1 0.08/4 0.01/1 0.00/1 - - -0.13/4 -0.01/4 - - 0.23
25.00 3.82 0.11/3 - - - - -0.15/4 - - - 0.21
50.00 3.90 0.07/1 - - - - -0.14/2 - - - 0.33

case of 12.5%. Gal-1 has two neighboring Mn atoms at §he Mn 4s polarization is 0.047 ak=3.125%, and in-
distance ofy2a/2, while Gal-2 has only one. The spin den- creases steadily to 0.065 mincreases to 50.0%; in contrast,
sity atx=6.25% is shown in Fig. 1; it is very similar for all the Mn 4p polarization decreases from 0.080 to 0.043. Mn
concentrations. From Table IlI, it is known that spin mo- may be considered as neutral if the shared electrons in the
ments are strongly localized in the Mn MT spheres. This carinterstitial region are taken into account. The electron popu-
be seen more clearly from the spin density distributioh  lation in the Mn MT sphere of Mn decrease linearly from
Fig. 1, which indicates that the spin density is less than6.252 to 6.092 withx. Surprisingly, the totald electronic
1072 ug/bohe outside of the Mn sphere with a radius of population within the MT sphere is around 5.2, more than
0.63 A. The calculated magnetic moment in the Mn MT that in the free Mn atom. This could be calledl population
sphere increases nearly linearly witfrom 6.25% to 50.0%.
The Mn spin moments obtained by Ogavetall? are
3.79%g and 3.84u5 for x=12.5% and 25.0% respectively, Spin up Spin down
where they used the same lattice constants and a very clos
Mn atomic sphere radius<{2.60 a.u. versus 2.63 a\itom- 5L /\ \\ gi%
pared with our work. Their results are in very good agree-
ment with our values of 3.78; and 3.8%p, respectively. 0
This indicates that LDA and GGA agree with each other very JV
well in the description of magnetic properties for a given ; 2 %
Ga —,Mn,As structure. The slight Mn moment decrease £
from 3.125% to 6.25% may be due to the abrupt decrease o2 =

N a
show “anomalies” atx=3.125%. The total valence charge Z? \
density(cf. Fig. 1) shows that the Mn-As bonds are stronger
than those of Ga-As. °r x M T R M °T X M T R
The magnetic moment is essentially of Md 8rigin; Mn

the nearest Mn distancea2-a, in the calculation, and is &
also why the PM-FM energy splitting and other properties
4s and 4p polarizations are very weak, which can be seen
from Mn 3d, 4s, and 4o electron populations in Table IV.
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TABLE IV. Electron populations of Mn in the muffin-tin sphere

(i.e, the overlap populations are negledtatidifferent Mn compo- & |
sitions. ©
% 2 2 F
x(%) 3.125 6.250 12.50 25.00 50.00 %
g 4K N g 4 K 3
3d7 4.465 4.449 4.463 4.469 4490 W %gé é;x
3d] 0.790 0.807 0.783 0.757 0.700 6 6
4st 0.266 0.266 0.267 0.268 0.267
4s| 0.219 0.217 0.217 0.214 0.202 ol —L L sl L !
4p7 0.296 0.297 0.280 0.269 0.242
4p| 0.216 0.211 0.212 0.205 0.191 FIG. 2. Band structures of Ga,Mn,As at (a) x=25.0% and
Total 6.252 6.247 6.222 6.182 6.092 (b) 6.25%. The horizontal line denotes the position of the Fermi

energy, which has been chosen to be 0 eV.
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FIG. 3. Mn 3, 4s, 4p, and the nearest Ass44p density of
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FIG. 4. Projection of Mn 8 density of states foe andt, levels
for x=6.25%, which is plotted using Gaussian broadening tech-
nigue with a parameter of 0.04 eV. The Fermi level is set as zero
and the unit of DOS is (eV atorn}.

The impurity’s final effective charge density corresponds to
that of a compressed atom with iéselectrons excited into
the p andd shells. Our result also supports the suggestion of
ans—d promotion for 3l interstitial impurities in semicon-

states forx=6.25%, which is plotted using a Gaussian broadeningductors, which gives a simple explanation for the diffusion
technique with a parameter of 0.04 eV. The Fermi level is set apuzzle in the Si:Ni and Si:Ti system8In Ref. 13, the total

zero and the unit of DOS is (eV atorm).

inversion, i.e., ars—d promotion. This picture is in marked
contradiction to the Woodbury-Ludwig mod® which hy-
pothesized for substitutionald3elements in zinc-blende al-
loys, that the 8 electrons would be promoted into tls
subshell to form a tetrahedral hybride., d"s>—d"~2s!p?,
or d"s'—d"3s'p3). Then how do Mn atoms complete the
tetrahedral bonds with nearest As atoms? That is not
simple sp hybridization for transition-atom impurities, as
Zunger pointed out? The discrete atomic energy levels of

population for thed orbital of Mn is around 5.5 electronic
charges, which is larger than our results since their value
includes the overlap populations. Teal population inver-
sion in Ga_,Mn,As is also found in our LCACDMOL 3
calculation! Actually, in the case of substitutional
transition-atom impurities in Si, as—d crossover has been
reported:® which also contradicts the Ludwig-Woodbury
model.

a The nearby Ga atoms contribute a small positive spin mo-
ment, while the As atoms give a negative contribution—
amounting to nearly- 0.15ug per Mn atom, which is almost

the impurity atom undergo substantial changes in the solidindependent ok. This is in accord with the fact that a nega-
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tive MCD signal was observed in a recent experiment ofand 4p indicate their large contributions to the defect bands.
Beschoteret al?? The negative As spin density is located in Mn 4s contributes little to the defect bands because it obvi-
front and back of the atom along the Mn-As lite. Fig. 1),  ously lies lower in energy than the Mnd3and 4p. The
which shows itsp character; the As gl contribution is neg-  similar DOS distribution in energy of the Mnd3 4p levels
ligible. The Ga 4 and 4p contribute almost equally to the shows that they are heavily mixed. To gain a deeper insight
spin moment, and makes the spin density curves near Gato the electronic structure of Mn, we project the 3In
quite different from those near As. The spin moments of GeDOS further intoe (ds,2_2 andd,2_,2) andt, (dy, dy,,

and As induced by Mn atoms diminish as the concentratiorandd,,) levels in Fig. 4. Obviously, the levels are highly

of Mn decreases, or with their distance to the Mn atomlocalized in energy, while the, levels are relatively less so;
Considering the contributions from the interstitial region, thethe relatively large width of the, levels comes from the
total spin moment of the unit cell is exactly 4@g—which  defect states and the strong mixing with the Mp Kevels
results from the half-metallic ferromagnetic nature of the en-allowed by symmetry. It is clear that thig] DOS atEf is
ergy gap in the spin-down band structure shown in next paraguite high, which indicates that the defect bands comes from
graph. This is in accord with previous theoretical Mn t,] levels rather than otherd3levels. The As 4 states
calculations’****While it is not easy to determine spin mo- also contributes to the defect bands because of the strong
ments from the experiments, 44 was estimated for Mn in  interaction with Mn 4 levels. Clearly, the exchange split-
Ga,_,Mn,As with x=3.5% at a temperaturd 6 K by Ohno  ting energy is much larger than the crystal field splitting
etal’ energy in this system, which keepsGaMn,As in thehigh

The Ga_,Mn,As band structures fox=6.25% and spinlevel ordering®*
25.0% are shown in Fig. 2. The bottom of the conduction
bands and the top of the valence bands are at'tpeint in
the Brillouin zone, which is the same as in pure GaAs. In the
spin-down panelEg is located in the energy gap. It is obvi- A wide range of Mn concentrations for GaMn,As sys-
ous that both compositions are half-metallic, as is also theems was studied by the FLAPW method. The FM state is
case forx=3.125% and 12.5%both not showjp but the the ground state for Ga,Mn,As at all Mn compositions; it
25.0% composition is just barely so. The defect bands, whiclis =0.12 eV lower in energy than the AFM, apel.24 eV
are introduced by the Mn impurities, are clearly seen aroundower than the PM state, which shows that ferromagnetic
Er in the band plots fox=6.25%. Since holes come from Ga,_,Mn,As is very stable. The total spin moments, whose
the defect bands, Mn doping of GaAs at Ga sites results imrigin is Mn 3d in these Ga_,Mn,As systems, are 4.Q0; .
p-type conductivity, along with the introduction of large and The Mn atom induces small spin moments on the nearby Ga
well localized magnetic moments. Our first-principles results(positive) and substantial ones on the Asegativg atoms,
are in line with experiment fox=3.125%, but not forx  which is in accord with the recently observed negative As
=6.25%. Experimentally, Ga,Mn,As is an insulator ak ~ MCD signal. It is clear that Ga ,Mn,As hasp-type conduc-
=5.3% and 7.19%° This discrepancy might be ascribed to tivity since holes come from the defect bands. Furthermore,
the well-known LDA problem for energy gaps or to a “ran- ans-d population inversion is found for Mn, which is caused
dom” distribution of Mn in the experiment. There are no by the strong Mnp-d mixing.
experimental data available for samples with Mn concentra-
tion greater than 7.1% where Mn clustering is thought to
occurt’

The projected density of stat€BOS) of Mn 3d, 4s, and Work supported by the NSkEhrough the Materials Re-
4p for x=6.25% in Fig. 3 shows that the spin-up M3 search Center at Northwestern University and a computer
levels are almost occupied while most of the spin-down leviime grant at the San Diego Supercomputing Centéfe
els lie aboveEr. The DOS peaks around: from Mn 3d thank K. Nakamura for valuable discussions.
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