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Lattice expansion, stability, and Mn solubility in substitutionally Mn-doped GaAs
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The structural properties and stability of zinc-blende Ga,Mn,_,As over the whole Mn composition range are
studied by means of the highly precise full-potential linearized augmented plane-wave method and the
Connolly-Williams cluster expansion method, within the local-density approximation (LDA), generalized gra-
dient approximation (GGA), and LDA+U. In contrast to LDA and GGA predictions, the calculated LDA
+ U lattice constant is found to increase when the Mn composition increases, even in the case that the Mn
atoms substitutionally occupy cation sites, due to the correlation correction of the pd hybridization strength
between the Mn 3d bands and the As4p valence bands, which agrees with recent experimental findings. In
addition, we confirm that the system has a tendency to segregate into GaAs and MnAs, and so inherently favors
clustering. A temperature-composition phase diagram is obtained with the mean-field approximation for the
entropy, in which the Mn solubility into GaAs is found to be very low at low temperatures (~300 °C).

DOI: 10.1103/PhysRevB.75.205205

I. INTRODUCTION

Understanding the structural properties and the stability of
magnetic semiconductors may be of crucial importance in
realizing novel spintronic applications. So far, many experi-
mental and theoretical efforts! have been performed to
clarify the structural, electronic, and magnetic properties of
Mn-doped III-V semiconductors. The solubility of the Mn
atoms has now been achieved up to about 10% by means of
low-temperature molecular-beam epitaxy (MBE), which also
increases the Curie temperature. Although the MBE growth
introduces high Mn interstitial (Mn;) and As antisite (Asg,)
defects, low-temperature annealing (200—300 °C) can elimi-
nate most of the defects, and so the Mn atoms preferably
occupy substitutional cation sites.*>

It is known experimentally that when Mn atoms are doped
into GaAs, the lattice constant increases.! From first-
principles studies based on the local-density approximation
(LDA), the lattice expansion is explained due to the presence
of the Mn; and Asg, defects, while the substitutional Mn
atoms on the cation sites lead to a reduction in the lattice
constant.>” However, recent experiments8 suggest that, even
in the substitutional Mn case, the lattice constant is larger
than that of GaAs, which is in contradiction to the LDA
predictions. Although the LDA calculations have proven
very successful in predicting electronic and magnetic struc-
tures in this material,’ there still remains a quantitative con-
troversy; the photoemission experiments reveal a main
Mn 3d peak at —4.4 eV relative to the Fermi level (Ep),'%!!
but the LDA predicts it at -2 to —3 eV and overestimates
the pd hybridization strength between the Mn 3d bands and
the As4p valence bands.!>!3 This discrepancy is related to
the fact that the LDA fails to describe the localized nature of
the Mn 3d states. Indeed, recent LDA+U calculations!?16
that incorporate additional on-site Coulomb correlation result
in a better agreement with the photoemission spectra, in that
the correlation effect pushes the Mn3d majority-spin
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(minority-spin) bands down (up) in energy and reduces the
overestimated pd hybridization strength of the LDA. This
reflects the importance of the strong Mn 3d correlation.

Since the structural properties and stability appear to be
strongly governed by the electronic structures, one now
needs a quantitative structural determination including the
correlation effect such as the LDA+U. Here, we investigate
the structural properties and stability in zinc-blende
Ga,Mn,_,As over the whole Mn composition range by
means of the highly precise full-potential linearized aug-
mented plane-wave (FLAPW) method!'”!® and the Connolly-
Williams cluster expansion (CE) method,"” within the
LDA,? generalized gradient approximation (GGA),2! and
LDA+U.?? In contrast to LDA and GGA predictions, we find
that the calculated LDA+ U lattice constant increases when
the substitutional Mn composition increases, which agrees
with the recent experiments.® In addition, we confirm that the
system has a tendency to segregate into GaAs and MnAs,
and so to inherently favor clustering. With the mean-field
approximation for the entropy, we obtain a temperature-
composition phase diagram, in which the Mn solubility into
GaAs is found to be very low at low temperatures
(~300 °C).

II. CALCULATIONS AND RESULTS

We first consider five ordered states having the zinc-
blende structure: two constituent GaAs and MnAs,
Ga0.75Mn0_25AS and Ga0.25Mn0_75As with L12 structure, and
Gaj sMn sAs with L1 structure with no tetragonal distor-
tion, in which the Mn atoms substitutionally occupy cation
sites. Local atomic relaxations of anions (As) that surround
the Ga or Mn atoms are introduced in accordance with
atomic force and total-energy calculations. Assuming ferro-
magnetic states, total energies E,, as a function of volume (V)
for the ordered zinc-blende Ga,;_,sMn,,,As are calculated
using the FLAPW method within the LDA, GGA, and
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LDA+U, in which the core states are treated fully relativis-
tically and the valence states are treated semirelativistically,
i.e., without spin-orbit coupling. The Coulomb (U) and ex-
change (J) parameters used in the LDA+ U treatment for the
Mn 3d states are the literature values of 4 and 0.7 eV,
respectively.'>!* The LAPW basis with a cut off of |k+G
=<3.9 a.u.”! and muffin-tin sphere radii of 2.3 a.u. for the Ga
and Mn and 2.0 a.u. for the As are used. Lattice harmonics
with angular momentum up to £=8 are employed to expand
the charge density, potential, and wave functions.

Then, we obtain the formation energy for the five ordered
states, shown in Fig. 1, referred to the segregation limit as
AEn(V)=En(V)_[(1 _x)EGaAs"'XEMnAs]’ where EGaAs(MnAs) is
the total energy of the constituent GaAs (MnAs), and the
AE,, is fitted by the Murnaghan equation of state.>* The re-
sults for the ordered states at their equilibrium volumes that
minimize the AE, with respect to the V are summarized in
Table 1.

Next, we estimate the formation energy for a disordered
state (random solid solution), AE(V), by following the CE
method,!® which was found to be successful for transition-
metal binary alloys'*?* and III-V (and II-VI) semiconductor
pseudobinary alloys.>>2° In general, the formation energy of
a binary alloy with the specific atomic configuration n may
be expressed with multisite correlation functions §&;,, associ-
ated with i-point clusters as AE,(V)=2 v/ V)¢, ., where v,(V)
is an effective interatomic interaction of the i-point cluster as

a function of volume. With the AE, (V) and a priori known
&1 for the five ordered states, the v;(V) up to a tetrahedron
cluster (i=4) can be extracted. We confirmed that the mag-
nitude of the v,(V) turns out to be small when the cluster size
becomes larger, and the v,(V) is much smaller than the oth-
ers, as shown in Fig. 2, which fulfills an appropriate condi-
tion of the CE method.

Furthermore, in order to confirm the ability of the CE
method, we estimate the formation energy and lattice con-
stant via the CE method for a structure of zinc-blende
Gag g7sMny 15As (Fig. 3) that is not used in the CE method,
and then compared them with directly calculated values by
the FLAPW method including the local atomic relaxations of
the As anions. The results at the equilibrium volume are
given in Table II. The estimated values from the CE method
agree very well with the directly calculated FLAPW values,
differing by only 4 meV/cation in energy and by less than
0.01 A in lattice constant, for all approximations. Of course,
to obtain more quantitative results, an improved CE
method?” would be necessary.

With the v,(V) values obtained, the formation energy of
the disordered state, in which the &, are given by & p=(1
—2x)' for the perfectly random atomic alignment, is calcu-
lated as AE,(V)=2,(V)(1-2x)". The results for the disor-
dered state at the equilibrium volume that minimizes AE,
with respect to V are shown in Figs. 4 and 5.

TABLE 1. Calculated formation energy AEE“"’ at the equilibrium volumes referred to the segregation limit, lattice constant a, and
interatomic distances to nearest neighbors of Ga-As (dg,.as) and Mn-As (dyp,.as) for five ordered zinc-blende Ga,_,;sMn,,;4As structures in

the LDA, GGA, and LDA+U.

AE (meV/cation) a (A) dgans (A) dynns (A)
n structure LDA GGA LDA+U LDA GGA LDA+U LDA GGA LDA+U LDA GGA LDA+U
0 fcc 0 0 0 5.656  5.791 5.656 2.449  2.508 2.449
1 L1, 59 52 59 5.641 5.785 5.679 2.451 2.518 2.458 2.419  2.465 2.463
2 L1, 59 41 55 5.622 5.773 5.693 2450 2.514 2.445 2419  2.485 2.486
3 L1, 63 27 30 5.604  5.765 5.708 2.455  2.512 2.455 2417  2.491 2.477
4 fcc 0 0 0 5496 5.753 5.720 2.380 2.491 2.477
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III. DISCUSSION

A. Structural properties

As seen in Table I and Fig. 4, the calculated lattice con-
stant is found to depend strongly on the approximation used.
In the LDA and GGA, with increasing Mn composition, the
lattice constant decreases compared to that of GaAs, which is
inconsistent with the recent experiments® mentioned above.
Moreover, the calculated lattice constant of GaAs in the
GGA, 5.791 A, is much larger than the experimental value,
5.65 10%, although that in the LDA agrees well with the ex-
perimental value. For MnAs, the LDA calculated lattice con-
stant, 5.496 A, is much smaller than the experimental value,
5.69-5.73 A, observed in the zinc-blende MnAs dots grown
on the GaAs substrate,”-3%33 while the GGA gives a better
prediction, as demonstrated previously.*-3¢ Although the ex-
periments may measure the zinc-blende MnAs by the con-
strained substrate, the lattice constant in an unstrained zinc-
blende MnAs is expected to be larger than that of the GaAs
since the experimentally observed lattice constant of the
MnAs dots is larger than that of the GaAs substrate. Thus,
the commonly used LDA and GGA clearly fail in predicting
the structural properties over the whole Mn composition
range.

In contrast, the LDA+U reproduces the experimental
trends, namely, the lattice constant increases when the Mn

FIG. 3. (Color Structure  of  zinc-blende

online)
Ga g7sMng 1,5As, where Ga and Mn atoms are represented by open
and closed circles, respectively, and As atoms are not given.

composition increases and that of MnAs, 5.720 A, is almost
consistent with the experimental values of the zinc-blende
MnAs dots. The predicted lattice constants in the dilute re-
gion are parametrized as a(x)=agyas+0.09x, although a
small positive deviation from Vegard’s law appears. Quanti-
tatively, however, the theoretical prediction underestimates
compared with the experimental one, a(x)=agyas
+(0.26+0.08)x.% This discrepancy may still be attributed to
the theoretical approximation in the LDA+U treatment
and/or the effect of the Asg, defects,” which are stable up to
~450 °C,*! not being removed by the annealing in experi-
ments.

The thermal effects on the structural properties, such as
the lattice expansion due to changes of the atomic alignment
(long-range and short-range orders) and the lattice vibration,
may be important. In the former case, however, as seen in
Fig. 4, almost no difference in the lattice constants between
the ordered and random disordered states indicates that the
effect of atomic alignment does not alter the structural prop-
erties. Also, since the thermal vibration expansion will be
very small, as expected from the III-V semiconductors,3?
compared to the lattice constant of GaAs and MnAs, this
effect again may not significantly change the structural prop-
erties.

Table I gives calculated interatomic distances to the near-
est neighbors, i.e., the Ga and As atoms (Ga-As) and the Mn
and As atoms (Mn-As), in which both Mn-As and Ga-As
distances do not change over the whole Mn composition. In
the LDA and GGA, the Mn-As distance is always smaller
than the Ga-As distance, indicating that the bonding of the
Mn-As is stronger than that in the Ga-As, so as to contract
the lattice when the Mn composition increases. In the LDA

TABLE II. Comparison of formation energies and lattice con-
stants calculated by the CE method and by FLAPW method for
zinc-blende Gayg75sMng jo5As in the LDA, GGA, and LDA+U.

AE (meV/cation) a (A)

LDA GGA LDA+U LDA GGA LDA+U

CE 30 26 30
FLAPW 27 23 26

5.648
5.649

5.787
5.788

5.667
5.667
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FIG. 4. (Color online) Calculated lattice constant for the ordered
(circles) and random disordered (lines) states of zinc-blende
Ga;_Mn,As as a function of Mn composition (x) in the LDA,
GGA, and LDA+U. Bars indicate experimental results for diluted
Mn-doped zinc-blende GaAs solid solutions (Ref. 8) and zinc-
blende MnAs dots grown on a GaAs substrate (Refs. 28-30 and
33).

+ U, however, the Mn-As distance turns out to be larger than
the Ga-As one due to the correlation correction of the pd
hybridization strength,'>!3 which leads to the lattice expan-
sion as seen in Fig. 4.

In order to understand the effect of correlation on the
structural properties, we performed LDA and LDA+U cal-
culations for Gay 75Mng ,5As with the L1, structure assuming
the same lattice constant (5.65 A) with the ideal As positions
(dyvin-as=dGa-as)- Figure 6 shows the density of states in the
LDA and LDA+U and the difference in charge density (Ap)
between the LDA and LDA+U on the (110) plane. In the
LDA, the Mn 3d 1, majority-spin bands strongly hybridize
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FIG. 5. (Color online) Calculated formation energy for the ran-
dom disordered state of zinc-blende Ga;_Mn,As as a function of
Mn composition (x) in the LDA, GGA, and LDA+U.

with As 4p bands with the bonding and antibonding states,
where the Fermi level (Ep) is located in the antibonding
state. As pointed out previously,'>!? however, the correlation
effect greatly localizes the Mn 3d states and pushes the
majority-spin states down in energy so as to move them to
the bottom of the valence state. Thus, the pd hybridization is
reduced by the correlation, compared to the LDA case, and
the majority-spin 3d state (antibonding state) is much more
occupied. The Ap in Fig. 6(c) clearly shows charge
accumulation/depletion with an antibonding character in the
Mn-As neighbor but no change in the Ga-As neighbor, which
may cause an increase of the Mn-As distance but no change
in the Ga-As distance.
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FIG. 6. (Color online) Calcu-
lated total and partial Mn 3d den-
sities of states (DOS) in the LDA
and LDA+U, and difference in
charge density (Ap) between the
LDA and LDA+U on the (110)
plane, where the solid and dash
lines represent positive and
negative values of the charge
difference,  respectively, and
adjacent contours differ by
3X 107 electrons/a.u.’. Calcula-
tions are performed for
Ga0‘75Mn0'25As with  the L12
structure assuming a lattice con-
stant of 5.65 A with an ideal As
atom position.
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B. Phase stability

The calculated formation energies of the ordered and dis-
ordered states in all approximations, as seen in Table I and
Fig. 5, have positive values; these phases are less favorable
with respect to a phase separation, and so this system has a
tendency to segregate. However, some differences among
these approximations appear; an asymmetry in the formation
energy with respect to the Mn composition in the LDA dif-
fers from those in the GGA and LDA+ U, and the magnitude
in the LDA is larger than that in the LDA+U while that in
the GGA is smaller. Note that the trend in the formation
energy in the LDA+U and GGA results in Fig. 5 is close to
the results that were recently predicted from first-principles
GGA calculations combined by the mixed-basis CE
method.?’

In understanding the phase stability, the lattice mismatch
between the constituent GaAs and MnAs, Ar/7 (where Ar
and 7 are the difference and average of both lattice constants)
is one of the most important properties, as discussed for the
III-V semiconductor pseudobinary alloys.?® In the present
Ga,_Mn,As case, Ar/7 in the LDA+U (also in the GGA)
results in a small value of 1%, which therefore plays a minor
role in determining the phase stability. In contrast, the lattice
mismatch in the LDA, 3%, is not negligibly small, and the
elastic energy contribution attributed to this lattice mismatch
may enhance the positive formation energy of the disordered
state, as seen in Fig. 5.

Finally, we calculate a temperature-composition phase
diagram of the zinc-blende Ga;_Mn,As alloy based on the
LDA+U. In the disordered state with random atomic align-
ment, the free energy is given as F(x)=AEp(x)—kgTSp(x),
where AEp(x) and Sp(x) are the formation energy (Fig. 5)
and the entropy of mixing, respectively, of the random dis-
ordered state. Here, the AE(x) is fitted by a linear equation,
AEp(x)==,Qx"!, and the Sp(x) is described by the mean-
field approximation, —kg[x In x+(1—x) In (1-x)]. Then, we
obtain the binodal and spinodal lines by numerically calcu-
lating conditions for the common tangent®’ and d?F(x)/dx?
=0, respectively.

The results, as presented in Fig. 7, show a phase-
separated-type phase diagram with a miscibility gap with a
critical temperature of about 1130 K, in which the thermo-
dynamic equilibrium Mn solubility into GaAs is very low at
low temperatures, namely, 1 at. % at 300 °C. The spinodal
decomposition occurs for more than about 0.1 Mn composi-
tion at the low temperatures, which leads to a phase instabil-
ity of the single solid solution against the phase separation.
This may give a Mn solubility limit in the nonequilibrium
condition. The experimental solubility, such as obtained by
the low-temperature MBE,! has almost been achieved in our
predicted solubility limit. Of course, the spinodal decompo-
sition now opens a way to control nanoscale network
structures.’®
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FIG. 7. (Color online) Calculated temperature-composition
phase diagram for zinc-blende Ga;_Mn,As based on LDA+U,
which is obtained with the mean-field approximation. Solid and
dashed lines correspond to binodal and spinodal lines, respectively.

IV. SUMMARY

We investigated the structural properties and stability in
zinc-blende Ga,Mn;_,As over the whole Mn composition by
means of the FLAPW method and the CE method, within the
LDA, GGA, and LDA+U. The LDA and GGA predict that
the substitutional Mn atoms on the cation sites lead to a
reduction in the lattice constant, while in the LDA+ U, the
lattice constant increases when the Mn composition increases
due to the correlation correction of the pd hybridization
strength; the latter agrees with the recent experimental re-
sults. We also confirm that the system has the tendency to
segregate into GaAs and MnAs, and so inherently favors
clustering. Using the mean-field approximation for the en-
tropy, we demonstrated the phase-separated-type phase dia-
gram with the miscibility gap with a critical temperature of
about 1130 K and determined the spinodal decomposition
region.
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