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Lattice constant in diluted magnetic semiconductors„Ga,Mn…As
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We use the density-functional calculations to investigate the compositional dependence of the lattice con-
stant of~Ga,Mn!As containing various native defects. The lattice constant of perfect mixed crystals does not
depend much on the concentration of Mn. The lattice parameter increases if some Mn atoms occupy interstitial
positions. The same happens if As antisite defects are present. A quantitative agreement with the observed
compositional dependence is obtained for materials close to the complete compensation due to these two
donors. The increase of the lattice constant of~Ga,Mn!As is correlated with the degree of compensation: the
materials with low compensation should have lattice constants close to the lattice constant of a GaAs crystal.
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Diluted magnetic III-V semiconductors, such a
Ga12xMnxAs, combine semiconducting and ferromagne
properties,1–4 and are interesting for applications in sp
electronics. These materials have been extensively studie
the past years, both experimentally and theoretically.

There is, however, still not much known about the deta
of the crystal structure of these materials and about the
corporation of Mn atoms. It is generally believed that
well-defined samples the volume of the MnAs precipitate
reduced to zero, and that Mn simply substitutes for the h
cation in a tetrahedral~zinc-blende or wurtzite! crystal struc-
ture. Only recently it was suggested5,6 and experimentally
proved7 that a portion of Mn occupies interstitial rathe
than substitutional positions in the zinc-blende lattice
~Ga,Mn!As. The interstitial Mn atoms act as doub
donors,5,6,8,9 in contrast to Mn atoms in the substitution
positions that are known to be acceptors.

Almost unnoticed remains the surprising fact that the
tice constant of~Ga,Mn!As increases with the increasin
concentration of Mn.10 According to the atomic radii,11 Mn
atoms are smaller (RMn51.17 Å) than Ga atoms (RGa
51.25 Å) and, in the simplest approximation, the latti
constant should be expected to decrease rather than t
crease. This is also a result of a recent theoretical study12 of
the structure of zinc-blendea-MnAs. According to these cal
culations, the lattice constant ofa-MnAs is smaller than the
lattice constant of GaAs.

On the other hand, the lattice constant of GaAs is w
known to increase in the presence of As antisite defects.13,14

The molecular-beam epitaxy grown GaAs crystals may c
tain up to 1 at. % of these defects and a large amount of
antisite defects is expected also in~Ga,Mn!As.15 Being do-
nors, they have an important role in the compensation of
acceptors. It was also shown recently16 that the formation
energy of an As antisite defect in~Ga,Mn!As decreases re
markably with the increasing content of Mn, and that t
concentration of As antisites should be correlated with
concentration of Mn atoms. This indirect mechanism, i
the increasing number of the As antisites due to the addi
of Mn, could be a possible explanation for the observed
crease of the lattice constant of~Ga,Mn!As.

Also the presence of the interstitial Mn atoms can be
reason for the observed expansion of the lattice,6 assuming
0163-1829/2003/67~15!/153203~4!/$20.00 67 1532
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only that the number of the interstitials increases proporti
ally to the total concentration of Mn.

In this paper, we put these intuitive considerations on
rious grounds by using the density-functional calculatio
We consider a GaAs crystal with small but finite concent
tion of various impurities, such as Mn atoms in either su
stitutional or interstitial positions and As atoms in the c
ionic sublattice. We use a tight-binding linear muffin-t
orbital method to describe the electronic structure of th
imperfect crystals. The charge self-consistency is treate
the framework of the local spin-density approximation w
the Vosko-Wilk-Nusair parametrization18 for the exchange-
correlation potential. The crystal potential is consider
within the atomic-sphere approximation~ASA! with empty
spheres in tetrahedral interstitial positions for a good sp
filling.

The substitutional disorder due to the random distribut
of either Mn or As atoms on the cationic sublattice as well
the random distribution of Mn atoms in the interstitial pos
tions are treated in the coherent-potential approximat
~CPA!—for details, see Ref. 17. The advantage of the CPA
that it is well suited for systems with low concentrations
impurities, assuming the unperturbed, zinc-blende symm
of the mixed crystals. The CPA treatment, on the other ha
neglects the relaxation of the lattice around the impuritie

The lattice constanta is used as a variable parameter a
the total energy is calculated for approximately ten values
a around the calculated lattice constant 5.57 Å of the p
GaAs. The minimum of the total energy from the densi
functional calculations with respect toa is found by using a
cubic interpolation scheme.

We start with ideal mixed crystals Ga12xMnxAs, where
all Mn atoms are in the substitutional positions. We calc
lated the lattice constants for a series of materials withx
50.01, 0.02, 0.03, 0.04, 0.05, and 0.10. The calculated
pendence of the lattice constant on the concentration is lin
up to x50.10:

a~x!5a010.02x ~Å!. ~1!

It is in a good agreement with the Vegard law. The calcula
lattice constant of GaAs crystal,a055.569 Å, is smaller
than the observed valuea0

exp55.653 Å.19 This is a result of
©2003 The American Physical Society03-1
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the local spin-density approximation~LSDA! combined with
the ASA. In our study, however, we are not primarily inte
ested in the absolute values of the lattice constant, but in
variation due to the changes of the chemical composit
We assume that this systematic underestimation has on
minor effect on the compositional dependence of the lat
constanta, characterized by the linear coefficient in Eq.~1!.
This coefficient is very small. Even at the highest concen
tion of Mn atoms (x50.1), the lattice constant of the mixe
crystala55.571 Å does not differ from the lattice consta
of the pure GaAs by more than 0.05%.

This means that the calculated changes ofa(x) are by an
order of magnitude smaller than the observed values.10 This
result is in a good correspondence with the recent find
that the local relaxations around the substitutional Mn im
rity are very small and have only a small impact on its el
tronic configuration.20 According to Zhaoet al.,12 the lattice
constant of Ga12xMnxAs may even decrease with increasi
x. From this point of view, we conclude that the substituti
of Mn atoms into the cationic sublattice has a negligib
effect on the lattice constant of Ga12xMnxAs, and that the
observed expansion of the lattice of the~Ga,Mn!As mixed
crystals should be ascribed to other lattice defects.

To estimate the effect due to the interstitial Mn atoms,
first consider hypothetical materials GaMnzAs, in which all
Mn atoms are in the interstitial positions. We assumed o
the interstitial positions surrounded by As atoms~cf. Ref. 5!
that are thermodynamically more favorable than the po
tions with neighboring Ga atoms. As shown in Fig. 1, t
calculated lattice constants of GaMnzAs with z50.01, 0.02,
0.03, and 0.04 lie on a straight line

a~z!5a010.86z ~Å!. ~2!

The change of the lattice constant due to the addition of
atoms is in this case much stronger as compared to the
of substitution. Assuming for simplicity that the increase
the lattice constant is only due to the presence of the in
stitial Mn atoms, we can use Eq.~2! to estimate the numbe
of these defects in the material. The experimental comp
tional dependence of the lattice constant of~Ga,Mn!As is10

FIG. 1. Calculated lattice constant as a function of the conc
tration of the impurities:~a! Mn atoms in the substitutional pos
tions ~circles!, ~b! Mn atoms in the interstitial positions~full tri-
angles!, and~c! As antisite defects~empty triangles!.
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a~ x̃!5a0
exp10.32x̃ ~Å!, ~3!

wherex̃ denotes the total concentration of Mn atoms (x̃5x

1z). Combining Eqs.~1!–~3!, we getz' x̃/3. This result is
close to the experimental finding7 and to a simple estimate o
Ref. 6. It is important to point out that materials with such
ratio between acceptors and donors are almost comple
compensated, with a strongly reduced doping efficiency
Mn.

It should be noted that the hypothetical materials used
obtain Eq.~2! contain no substitutional Mn and aren-type
semiconductors. This is the reason why we have perform
additional calculations also forp-type materials containing 5
at. % of the substitutional Mn. We consider thez dependence
of the lattice constant for Ga0.95Mn0.05MnzAs mixed crystals.
In this case we obtain that the linear coefficient ina(z) is
1.26 instead of 0.86 as in Eq.~2!. The real concentrations o
the interstitial Mn atoms are, however, small (z,0.01), so
that both values of the linear coefficient describe the incre
of the lattice constant with a reasonable accuracy. In
following, we shall consider a simple modification of E
~2!, with the average value 1.05 of the linear coefficient
stead of introducing corrections proportional to the prod
xz.

The dependence of the lattice constant on the concen
tion of As antisite defects was treated in the same way.
considered a series of hypothetical nonstoichiometric cr
tals Ga12yAsyAs with a random distribution of the additiona
As atoms on the cationic sublattice. In Fig. 1 we show t
the lattice constant increases with the increasing concen
tion y of the antisite defects. The data fory50.01, 0.02,
0.03, and 0.04 can be fitted by a linear function

a~y!5a010.69y ~Å!. ~4!

The substitution of As atoms into the Ga sublattice ha
much stronger effect on the lattice expansion as compare
the substitution of Mn. The value of the linear coefficie
compares well with the lattice expansion of GaAs due to
antisite defects obtained recently using the large-unit-
calculations.14 The coefficient in the experimental functio
~3! is approximately one-half of the linear coefficient in E
~4!. This means that the number of the antisite defects n
essary to explain the observed increase of the lattice cons
is, with a good accuracy, proportional to the total concen
tion of Mn, namely,y' x̃/2. This result is not surprising
because it implies an almost complete compensation, wh
is actually observed in~Ga,Mn!As.

Finally, Eqs.~1!, ~4!, and a modified Eq.~2! can be sum-
marized to a simple formula for the compositional depe
dence of the lattice constant of~Ga,Mn!As,

a~x,y,z!5a010.02x10.69y11.05z ~Å!. ~5!

The additivity of three contributions on the right-hand side

-
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Eq. ~5! was checked by calculations of the lattice const
for several compositions with different values of concent
tionsx, y, andz. The validity of the formula~5! is illustrated
in Fig. 2, in which we present a correlation plot of the valu
of a(x,y,z) as obtained from Eq.~5! against the results o
the density-functional calculations. Most of the points a
found close to the diagonal. This means that Eq.~5! is appli-
cable with a reasonable accuracy to the whole lo
concentration range of the mixed~Ga,Mn!As crystals.

The observed dependence of the lattice constant ca
obtained assuming that the concentration of either interst
Mn atoms or As antisites increases proportionally to
nominal concentration of Mn. A rough estimate of the pr
portionality coefficients shows that in both cases numbe
native defects is such that the system is highly compensa

Combining the calculated linear coefficients in Eq.~5!

with the conditionx1z5 x̃ and with the expression

h x̃5x22y22z ~6!

for the doping efficiencyh, we can speculate about the va
ues of x, y, and z. For a realistic degree of compensatio
0.1<h<0.2, the fit of Eqs.~3!–~5! does not result to a pref
erential occurrence of either Mn interstitials or As antisit
This result indicates that both donors are equally import
for the compensation in~Ga,Mn!As. It is also in a good
correspondence with the fact that the formation energie
both Mn interstitials9 and As antisites21 have roughly the
same value ('2 eV).

The dependence of the total energyEtot(a) on the lattice
constanta can also be used to determine the elastic modu

B5
1

9a

d2Etot~a!

da2
~7!

for ~Ga,Mn!As mixed crystals and its compositional depe
dence. Our results indicate that the bulk modulusB does not
depend much on the concentration of substitutional Mn
oms, as shown in Fig. 3. It decreases in the presenc
interstitial Mn atoms and in particular in the presence of

FIG. 2. Correlation plot for the lattice constant. The values o
tained according to Eq.~5! (y axis! are plotted against the results o
the density-functional calculations (x axis!.
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antisites. The softening of the lattice is not surprising b
cause these defects disturb the crystal bonding. It should
noticed, however, that the elastic modulus, as compare
the lattice constant, is much more sensitive both to the~ne-
glected! lattice relaxation and to the detailed shape of t
potential.

We also performed complementary full-potential LAP
~Ref. 22! calculations of the lattice constants for superce
Ga15MnAs16 and Ga16MnAs16 with Mn in either substitu-
tional or interstitial positions. Both linearized-augmente
plane-wave and generalized gradient approximation vers
of the density functional were used. The results of the sup
cell calculations confirm the basic finding of the CPA stu
that the substitution of Mn in the cationic lattice has a ne
ligible effect on the lattice constant. In the case of interstit
Mn, a remarkable increase of the lattice constant is fou
similar to Eq.~2!. In this case, the preliminary calculation
also indicate, in contrary to the case of substitution,20 the
importance of the lattice relaxations around the Mn impur
The detailed discussion of the Mn interstitials in~Ga,Mn!As
will be given elsewhere.

We conclude that the lattice constant can be used a
simple indication of the quality of the diluted~Ga,Mn!As
mixed crystal. The lattice constant increasing with the co
tent of Mn seems to be an inherent property of materials w
a large number of Mn-induced native defects. These def
lower the doping efficiency of Mn in mixed~Ga,Mn!As crys-
tals and, in turn, also the Curie temperature. On the ot
hand, the desirable samples with low concentrations of co
pensating donors and with most of Mn atoms substituted
the cationic sublattice are expected to have almost the s
lattice constant as the underlying GaAs crystal.

This work has been done within the Project No. AVOZ
010-914 of the ASCR. The financial support provided by t
Grant Agency of the ASCR~Grant No. A1010214!, by the
Grant Agency of the Czech Republic~Grant No. 202/00/
0122!, and by RTN Project No. HPRN-CT-2000-00143 th
EC is acknowledged.

- FIG. 3. Calculated bulk modulus as a function of the concen
tion of the impurities:~a! Mn atoms in the substitutional position
~circles!, ~b! Mn atoms in the interstitial positions~full triangles!,
and ~c! As antisite defects~empty triangles!.
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16J. Mašek, I. Turek, V. Drchal, J. Kudrnovsky´, and F. Máca, Acta
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