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Thermal stability of interstitial and substitutional Mn in ferromagnetic (Ga,Mn)As
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In (Ga,Mn)As, a model dilute magnetic semiconductor, the electric and magnetic properties are strongly
influenced by the lattice sites occupied by the Mn atoms. In particular, the highest Curie temperatures are
achieved upon thermal annealing in a narrow temperature window around 200 °C, by promoting the diffusion
of interstitial Mn towards the surface. In this work, we determined the thermal stability of both interstitial
and substitutional Mn in ferromagnetic (Ga,Mn)As thin films, using the emission channeling technique. At
a higher Mn concentration, the temperatures at which substitutional and interstitial Mn become mobile not
only decrease, but also become closer to each other. These findings advance our understanding of self-
compensation in (Ga,Mn)As by showing that the strong dependence of the Curie temperature on annealing
temperature around 200 °C is a consequence of balance between diffusion of interstitial Mn and segregation of

substitutional Mn.

DOLI: 10.1103/PhysRevB.100.144409

I. INTRODUCTION

(Ga,Mn)As, a dilute magnetic semiconductor (DMS), is a
model system for studying carrier-mediated ferromagnetism
in semiconductors and the associated spintronic phenomena
[1-3]. In ferromagnetic (Ga,Mn)As thin films, which are
typically grown by low-temperature molecular-beam epitaxy
(LT-MBE), Mn atoms mainly occupy Ga sites with a minority
fraction occupying interstitial sites [4—6]. Substitutional Mn
atoms (Mny) provide both the localized magnetic moment and
the itinerant holes that mediate the magnetic coupling. On the
other hand, interstitial Mn atoms (Mn;) have a doubly com-
pensating effect: magnetic compensation since Mn; couple an-
tiferromagnetically with Mny, and electric compensation since
Mn; are double donors [5]. At a given Mn concentration, the
substitutional-to-interstitial ratio strongly influences the hole
concentration, the Fermi level, and the effective magnetization
provided by noncompensated Mng moments [1-7].

Previous studies on (Ga,Mn)As have focused on a care-
ful optimization of the synthesis and postgrowth treatments,
aiming to improve two key properties: the Curie temperature
(Tc) and the magnetization [4-8]. In these studies at high Mn
concentration (several percent), interstitial Mn was found to
out-diffuse during thermal annealing in the 160-200 °C tem-
perature range [7-10]. The highest 7¢ in (Ga,Mn)As (188 K)
has been achieved for a Mn concentration of ~12% after
growth at low temperature (7 ~ 200 °C), followed by ther-
mal annealing in air at 160 °C [7,8]. Understanding the diffu-
sion of interstitial Mn (i.e., its thermal stability) is crucial, as it
defines the lower limit for the optimum annealing temperature
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window. In particular, the binding energy of the interstitial
Mn in complexes such as Mng-Mn; pairs and Mng-Mn;-Mng
triplets [11,12], which can be as high as 0.8 eV [10,13], con-
tributes to its thermal stability. Therefore, since the fraction
of Mn atoms in Mns-Mn; pairs is expected to increase with
increasing Mn concentration, so would the thermal stability of
interstitial Mn. However this dependence has not been studied
so far. On the other hand, the diffusion and segregation of
substitutional Mn also plays a central role on the magnetic
properties of (Ga,Mn)As, as it defines the upper limit for
optimum annealing. Experiments based on ion channeling
showed that part of the substitutional Mn is converted to a
nonsubstitutional (random) component at annealing temper-
atures as low as ~280°C [6]. Additionally, a detailed study
of the dependence of T¢ on annealing temperature revealed a
decrease in T¢ with increasing annealing temperature in the
range 160-220 °C, suggesting an onset of segregation of Mny
[9]. However, these temperatures are well below the well-
understood regime of secondary phase formation (>400°C)
[11,12,14,15]. Moreover, direct evidence for Mng segregation
around 200 °C is still lacking.

The diffusion of interstitial Mn and the segregation of
substitutional Mn in (Ga,Mn)As remain poorly understood. In
this paper, we address this gap in understanding by studying
the thermal stability of Mn in ferromagnetic (Ga,Mn)As with
a concentration of 1% and 5%. Using the emission channeling
technique, we observe that, with increasing Mn concentration,
the temperatures at which Mng, and Mn; become mobile not
only decrease, but also become closer to each other. These
results show that the narrow annealing temperature window
in which the T¢ and magnetization can be optimized in
(Ga,Mn)As results from a fine balance between diffusion of
Mn; and segregation of Mn.
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TABLEI. Sample and implantation details. All implantations were performed at room temperature. The peak concentrations (x,), projected
ion range (R,), and straggling (o) were estimated using SRIM-2008 code [22]. The sample thickness, implantation energy, and angle are

denoted, respectively, by ¢, E, and 6.

Sample (Mn) t (nm) Isotope E (keV) R, (nm) o (nm) Xp (cm™3) Fluence (cm™2) 0 (deg)

A 1% 1500 Mn 30 21 11 2.4 % 10" 7 x 102 17
B 5% 200 Mn 30 21 11 2.4 x 10'8 7 x 10" 17
C 5% 200 BAs 50 26 13 1.5 x 10" 5x 10" 10

II. EXPERIMENTAL DETAILS

The emission channeling technique makes use of charged
particles emitted by a decaying radioactive isotope, usually
B~ decay electrons or conversion electrons [16]. These parti-
cles are emitted isotropically during decay and are channeled
along the screened Coulomb potential of atomic rows and
planes. Along low-index crystal directions of single crys-
tals or epilayers, this anisotropic scattering results in well-
defined channeling or blocking effects. Because these effects
strongly depend on the initial position of the emitted parti-
cles, they produce emission patterns which are characteristic
of the lattice sites occupied by the probe atoms. Emission
channeling experiments were performed by implanting a
low concentration (<0.05%) of radioactive *Mn (half-life
t12 = 2.56 h) or *As (half-life 7,/ = 80 d) into (Ga,Mn)As
thin films. Angular-dependent emission patterns are recorded
along various crystallographic axes using a position- and
energy-sensitive detection system similar to that described in
Ref. [17]. The theoretical emission patterns for probes occu-
pying a large variety of possible lattice sites are calculated
using the many-beam formalism for electron channeling in
single crystals [16]. Quantitative lattice location is provided
by fitting the experimental patterns with theoretical ones
using a two-dimensional fit procedure [18]. Corrections for
backscattered electrons that reach the detector were imple-
mented by subtracting an isotropic background from every
pattern. This backscattered electron contribution is estimated
based on Geant4 simulations of electron scattering [19,20],
taking into account the elemental composition and geometry
of the sample, sample holder, and vacuum chamber. By prob-
ing the site occupancy of the radioactive probes as a function
of annealing temperature we can investigate their thermal
stability.

To this purpose a series of emission channeling exper-
iments were performed on (Ga,Mn)As films, grown using
low-temperature molecular-beam epitaxy, as described in
Refs. [8,21]. The samples and experimental details are given
in Table I. The quoted Mn concentrations (Mn) are estimated
values based on a series of calibration measurements [23],
and correspond to a density of 2.2x x 10 cm™3, where x
is the quoted (Mn). The results from samples A and B
can be directly compared regarding the thermal stability of
Mn in (Ga,Mn)As with two different concentrations. The
3 As experiment, on sample C, was performed to probe the
stability of the GaAs host lattice when annealing up to high
temperatures (~600 °C). All implantations were performed at
room temperature and subsequent measurements were carried
out in the as-implanted state and after thermal annealing in
steps of 50°C (100°C for the ">As experiment) starting at

100 °C. Each annealing step was performed in high vacuum
(<1073 mbar) for 10 min. Angular-dependent emission pat-
terns were recorded along four crystallographic axes ({100},
(111), (110}, and (211)) at room temperature.

III. RESULTS AND DISCUSSION

Emission channeling results are presented and discussed
in two parts starting with the identification of which lattice
sites Mn occupies in (Ga,Mn)As (Sec. III A), followed by the
analysis of Mn diffusion and thermal stability for both Mn
concentrations (Sec. III B). This analysis includes a model for
the diffusion of both Mng and Mn;, as well as a discussion of
its implications on the understanding of Mn thermal stability
in (Ga,Mn)As.

A. Identification of the occupied lattice sites

In (Ga,Mn)As the Mn dopants occupy mainly Ga-
substitutional sites Sg,. Fitting calculated Sg, patterns to our
experimental results gives by far the best agreement. By
including in the fitting tetrahedral interstitial sites with As
closest neighbors (Tys), the best fit was observed for the
SGa + Tas double occupancy patterns, with larger fractions of
6Mn probes occupying the Sg, sites and smaller fractions the
Ths sites. This is consistent with previous emission channeling
experiments showing that interstitial Mn occupies only the T
site, with <0.5% of Mn occupying Tg, sites [24].

As an example of the good match between experiment
and simulated patterns, Fig. 1 compares the normalized ex-
perimental B~ emission yields for the **Mn experiment on
sample B, after an annealing step at a temperature of 350 °C,
along the four measured directions [(a)—(d)] with the best fits
to theoretical patterns [(e)—(h)]. Site fractions for the best fit,
averaged over (110) and (211) directions, give 65% of the
5Mn atoms in Sg, sites and 14% in Ty, sites. An equivalent
figure for sample A is provided in the Supplemental Material
(Fig. S1) [25]. For the radioactive BAs experiment in sample
C, the probes were found to occupy exclusively substitutional
Sas sites, with a site fraction of ~100%. Further details are
given in the Supplemental Material [25]. For all experiments
presented in Table I, fractions of other possible interstitial sites
are estimated to be below 5%, i.e., below the measurement
uncertainty.

B. Thermal stability of interstitial and substitutional Mn

Associated with each site is its occupancy, i.e., the fraction
incorporated in the respective site with respect to all the
implanted 3Mn (or ?As). Site fractions associated with the
stable isotopes incorporated during growth will most likely
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FIG. 1. (a)~(d) Normalized experimental *Mn emission chan-
neling patterns in the vicinity of the (111), (100), (110), and (211)
directions of the (Ga,Mn)As film with 5% Mn, following annealing
at 350 °C. (e)-(h) Corresponding best fits. Fit results averaged over
(110) and (211) directions yield 65% and 14% of the Mn atoms on
Sca and T, sites, respectively.

differ, since the kinetics of implantation is very different from
that of doping during LT-MBE growth. Once the Mn atoms
are at rest their behavior does not depend on their history or
isotope, and although the absolute site fractions may differ,
the diffusion behavior we investigate here is accurately repro-
duced by the *Mn probes. Performing this experiment after
several annealing steps provides information on the thermal
stability of the occupied lattice sites.

Figure 2(a) shows the results from emission channeling
experiments performed on samples A-C, as a function of
annealing temperature in comparison with the ultradilute case
investigated in Ref. [26] [Fig. 2(b)]. For each experiment the
fitted fractions of *Mn or "As probes are plotted for the
corresponding lattice sites they occupy, Sg, and Ty for **Mn,
and S, for P As.

In emission channeling experiments, and in particular for
(Ga,Mn)As thin films, two phenomena may induce changes
in the obtained site fractions: (i) the annealing of implantation
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FIG. 2. (a) Fitted fractions of implanted "*As (green triangles)
and **Mn (blue and orange circles) probes on (Ga,Mn)As samples
doped with different concentrations of Mn, averaged over the (110)
and (211) directions. (b) Fitted fractions of implanted 3*Mn probes
on semi-insulating GaAs, extracted from Ref. [26].

induced damage, and (ii) diffusion processes of the implanted
probes. The first scenario (i) is observed in (Ga,Mn)As at
relatively low annealing temperatures, and while the thermal
energy is not sufficient to induce diffusion of Mn atoms, it
induces crystalline recovery. In other words, during implanta-
tion many defects are created, such as Ga and As vacancies
(Vga and V) and disordered regions, where radioactive **Mn
probes may become trapped. Probes trapped in these regions
emit electrons which will not be channeled due to the irregular
potential surrounding them and will reach the detector with an
isotropic distribution. On the other hand, radioactive probes
can also combine with vacancies (Vg, or Vi), contributing to
an increase in substitutional site fractions. Annealing of im-
plantation damage is visible in Fig. 2(a), where substitutional
fractions increase with increasing annealing temperatures up
to 300°C, particularly noticeable in the *As experiment
where the S fitted fraction increases to near 100%. The
second phenomenon (ii), the diffusion of implanted probes,
may influence site fractions via two separate mechanisms. On
the one hand, once radioactive probes become mobile and
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diffuse away from their initial position in the sample, this
may lead to their incorporation in a different type of lattice
site. This has been observed for instance for *Mn implanted
into pure GaAs [26,27] [cf. Fig. 2(b)], where the onset of
the migration of interstitial >*Mn; leads to its incorporation in
substitutional Ga sites as *®Mn, via the combination with Ga
vacancies. On the other hand, diffusion also leads to changes
in the depth profile of the implanted probes. In that respect, al-
though diffusion occurs in every direction within the film, due
to the nature of emission channeling only diffusion towards
the surface or deeper into the sample will have an impact on
the measured fractions. Electrons emitted from deeper within
the sample (diffusion to the bulk) are subjected to stronger
dechanneling effects, whereas electrons emitted from the first
few atomic layers (diffusion towards the surface) do not ex-
perience channeling effects. In both cases electrons reach the
detector as an isotropic contribution resulting in a decrease in
the fitted fractions. We discuss this effect in more detail below,
in the context of a Mn diffusion model. A potential third
scenario would be that accumulation of interstitial Mn at the
surface, and resulting formation of a disordered surface layer,
would enhance electron dechanneling and therefore result
in an overall decrease in fitted fractions. We can however
conclude that, even if this process occurs, it cannot account for
the observed decrease in fitted substitutional fraction. First,
Fig. S3 (in the Supplemental Material [25]) shows a recovery
(an increase) in substitutional fractions upon reimplantation
of 3*Mn; if a dechanneling-enhancing layer had been formed
upon high-temperature annealing, its effect (a decreased fitted
fraction) would still be present after reimplantation, but the
opposite is observed. Second, in our previous experiments
[24] upon annealing at 200 °C in air for 3 h, which is known to
be more effective towards the formation of a Mn-rich surface
layer compared to annealing in vacuum (as in the present
case), no decrease in substitutional fraction was observed
despite the significant decrease in interstitial fraction. We
can therefore safely exclude that the observed decrease in
substitutional fraction with increasing annealing temperature
is due to enhanced dechanneling caused by Mn accumulation
at the surface.

Comparing the **Mn site fractions to our previous studies
in pure GaAs, in Fig. 2(b), one can observe that no pronounced
5*Mn site changes from interstitial to substitutional sites are
observed in (Ga,Mn)As. In GaAs, a decrease in interstitial
5Mn fraction was accompanied by a corresponding increase
in substitutional fraction. We attribute the absence of this
effect to the fact that the (Ga,Mn)As samples are saturated
with stable Mn;, incorporated during growth, which fill essen-
tially all Ga vacancies created during implantation. Since the
concentration of stable Mn; is orders of magnitude larger than
the implanted *®Mn, only a negligible fraction of radioactive
SMn probes participate in this process, and therefore the site
change is not observed for 56Mn. In addition, while in GaAs
Mn on substitutional Ga sites was completely stable against
annealing up to a temperature of 600 °C, in (Ga,Mn)As the
substitutional fraction starts to decrease at much lower tem-
peratures. Moreover, there is a clear distinction between the
experiments performed in samples A (1% Mn) and B (5%
Mn), showing that the thermal stability of both substitutional
and interstitial sites decreases with Mn concentration.

TABLE II. Estimated activation energies E, for substitutional
and interstitial Mn diffusion in (Ga,Mn)As with different Mn con-
centrations. T;, represents the temperature range at which our fitted
fractions reduce to fy/2. Ty, is described in more detail in the
Supplemental Material [25].

Substitutional Interstitial
% Mn Ty (°C) E} (eV) Ty (°C) Ei(eV)
0.05 700 2.9 450-550 1.7-2.3
1 500-550 2.4 350-450 1.6-2.0
5 350-400 1.9 250-300 1.3-1.6

Ultimately, the difference in temperature at which the Mn
on substitutional sites becomes mobile for both samples A and
B, represented in Fig. 2, is related to a decrease in thermal
stability with increasing Mn concentration. This points to
a possible onset of Mn segregation at lower temperatures
and as such sets an upper limit for the optimum annealing
temperature at which 7¢ can be maximized in (Ga,Mn)As thin
films.

The thermal stability of Mn in (Ga,Mn)As is further ad-
dressed in the following paragraphs, with an estimate of the
activation energies for diffusion of both Mng and Mn; from
the emission channeling results presented above, within an
adequate diffusion model.

1. Diffusion model

Activation energies for Mn diffusion in (Ga,Mn)As can
be estimated from emission channeling data by assuming a
modified Arrhenius model to describe the changes in site
fractions, shown in Fig. 2. The details of this calculation
are given in the Supplemental Material [25], and the model
is described in the remainder of this section. The resulting
activation energies for substitutional and interstitial diffusion
are presented in Table II for both Mn concentrations in the
(Ga,Mn)As under study. Additionally, activation energies for
Mn diffusion in GaAs from Ref. [26] are also included
for comparison. The main observation from Table II is
that the activation energies E, decrease with increasing Mn
concentration, for both substitutional and interstitial Mn. In
this section, we discuss this observation in more detail and
introduce a model for diffusion of Mn in (Ga,Mn)As.

In the ultradilute regime (<0.05% Mn), where only the im-
planted 3*Mn probes contribute to the total Mn concentration
in GaAs, Mn; can be assumed to diffuse as a free, isolated
interstitial [28,29]. In other words, the probability for a Mn;
atom to occupy a position near a Mng atom is very small, as
Mn impurities are far apart in an ultradilute system. In this
scenario the activation energy for free interstitial diffusion can
then be directly related to the migration energy E,,, which is
the energy barrier between neighboring interstitial sites. Since
Mn; was observed to only occupy Ta sites both before and
after thermal annealing in ferromagnetic (Ga,Mn)As [24], E,,
can be specifically attributed to the energy barrier between
neighboring Ty interstitial sites. This scenario implies that
TGa 1s a higher-energy configuration compared to Tag, SO
that the barrier associated with a Tay — Tg, jump is larger
than the reverse Tg, — Tas. This also implies that at room
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FIG. 3. Top: Interstitial Mn as a free interstitial, in a Mn;-Mng
pair, and in a Mns-Mn;-Mnj triplet. The red arrows indicate succes-
sive Tas — Toa — Tas diffusion steps between the three config-
urations. Bottom: Schematic representation of the energy landscape
along the same diffusion path, depicting the higher stability in Txs
compared to Tg, sites, and the effect of Ej, i.e., the increase in
activation energy (from E,, for an isolated interstitial) induced by
the formation of pairs (Mny-Mn;) and triplets (Mng-Mn;-Mng). The
effect of more distant neighbors (A) described in the main text is not
represented.

temperature the Tg, — Txs barrier is overcome, resulting
in the prevalence of Ty sites. Thus, we can conclude that
interstitial diffusion occurs along the path Tas — Tga — Tas,
as depicted in Fig. 3 and its activation energy is directly linked
with E,,, E, = E,,.

In the higher concentration regime investigated in this pa-
per, the interstitial diffusion cannot be solely modeled by E, =
E,,, as a considerable fraction of the interstitials are trapped by
neighboring substitutional Mn, forming pairs (Mns-Mn;) and
triplets (Mns-Mn;-Mng) (cf. Fig. 3). These complexes con-
tribute to the activation energy for interstitial diffusion with
Ep, an additional energy barrier that Mn; has to overcome to
break the bond with substitutional Mn, resulting in E, = E,,, +
E,. Following a purely statistical approach, as described in
Ref. [30], i.e., assuming that the substitutional Mn is randomly
distributed in the lattice, the fractions of isolated substitutional
Mn atoms (xs) and of pairs of neighboring substitutional
Mn atoms (x,5) as a function of Mn concentration x can be
calculated by x; = (1 — x)'? and x,, = 12x(1 — x)'3. For 1%
Mn, this gives x; = 0.89 and x, s = 0.10. For 5%, x; = 0.54
and x,.; = 0.24.

In other words, the probability of interstitial Mn; to be
trapped by complexes involving more than one substitutional
Mnq is considerably enhanced for (Mn) = 5%. E}’, can then be

described as an energy barrier that is largely determined by
the Coulomb interaction between oppositely charged Mng and
Mn; defects, and should, intuitively, increase with the number
of M, atoms involved in the complex. Density functional the-
ory (DFT) calculations have indeed predicted this effect, with
binding energies of E}™ =0.49eV for the Mn;(7,s)-Mn
bond, and E;"™*" = 0.81eV for Mny-Mn;(Txs)-Mn, bonds
[13]. The complete diffusion model, up to this point, can then
be illustrated as in Fig. 3.

Given the statistical prevalence of Mn complexes at higher
concentrations, one would expect the activation energy for
interstitial diffusion to increase with Mn content. However,
the emission channeling results presented here show the con-
trary, i.e., the activation energy for diffusion of interstitial Mn
decreases with Mn concentration (cf. Table II), which clearly
points towards an additional diffusion enhancing mechanism.
We propose that, while increasing Mn concentration adds a
binding contribution to the activation energy for interstitial
diffusion, associated with the Coulomb interaction between a
single Mng and a Mn; atom, the same Coulomb interaction
between the interstitial and more distant Mng defects de-
creases the activation energy by an amount A, thus enhancing
diffusion. The Coulomb interaction energy between Mn_ and
Mni2+ at a distance of 10 A can be estimated as A ~ 0.2 eV,
taking the GaAs dielectric constant (13.2). However, within
a distance of 10 A in a 5% Mn sample there are six Mng in
the neighborhood of each Mn;, resulting in possible potential
modifications of A ~ 1.2 eV. A similar estimation can be
performed for a 1% sample, resulting in an interaction energy
of A = 0.8 eV. These energies can effectively compete with
E], ultimately decreasing the activation energy for interstitial
diffusion, E, = E,, + E, — A.

Comparing values for E/ in Table II with E} from Ref. [13],
discussed above, suggests that the activation energy for in-
terstitial diffusion E! decreases from the ultradilute regime
to 5% Mn by AE! ~ 0.1-1.0 eV, driven essentially by the
competing contributions from E; and A, assuming a similar
E,,. However, E,, requires additional discussion. In the ultra-
dilute regime E! is entirely due to E,, (E! = E,,), and E! is
in fact larger than the values determined here for 1% and 5%.
Therefore, E,, may also decrease from the ultradilute to the
few percent regime. A possible contribution to this decrease
is the lattice expansion induced by the Mn doping, i.e., that
interstitial Mn experiences a lower migration barrier in a more
open lattice, although the increase in lattice constant from
the ultradilute case to 5% Mn in (Ga,Mn)As layers is only
0.2% [23]). Nevertheless, even if this decrease affects E,,,
it alone cannot explain all the observed changes in E!; in
that case, E; would vary by the same amount, which is not
observed. In order to explain the additional variation, A is
required.

The diffusion of substitutional Mn, on the other hand, can
be assumed to be of the Frank-Turnbull type, i.e., thermally
activated Mng first leaves its substitutional lattice site and
then diffuses as an interstitial until it encounters the next
stable trap, usually a Ga vacancy. At sufficiently high Mn
concentrations, also regions with segregated Mn can act as
traps. The activation energy for this type of diffusion can
be split in two terms, one consisting of the binding energy
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E»(Mng) of Mn to the substitutional site, the other being the
activation energy E! for interstitial diffusion of Mn;, resulting
in a total activation energy of EX = E! + E,(Mn;). Note that
for this type of diffusion mechanism, an increase or a decrease
of the activation energy for interstitial diffusion will also lead
to a corresponding effect on the stability of the substitutional
Mn species. As established above, A drives down the acti-
vation energy for interstitial diffusion and, consequently, also
for substitutional diffusion, in accordance with the results in
Table II.

A different model for the diffusion of Mn in (Ga,Mn)As
has been proposed in Refs. [31,32], which considers that clus-
tering of Mn occurs via pure substitutional diffusion driven
solely by Ga vacancies (Vg,). The weakness of this model
is that it neglects the interaction of Mn interstitials with Ga
vacancies, i.e., the fact that interstitial Mn, once it becomes
mobile, easily converts to substitutional by filling up existing
VGa (which is associated with an energy gain). The reverse
process, i.e., dissociation of Mng by becoming interstitial and
leaving behind a V,, is also possible, though only with higher
thermal activation energy, cf. the discussion above. In con-
trast, it is assumed in Refs. [31,32] that Mn interstitials have
been completely driven out from the sample before clustering
of substitutional Mn atoms starts. Moreover, the substitutional
diffusion of Mn is assumed to be the consequence of a rather
high concentration of mobile Vg, (1 x 10'® cm~3), which
is not explained by the model itself but given as external
input. The assumption that interstitial out-diffusion of Mn in
(Ga,Mn)As can be entirely completed before any substitu-
tional diffusion starts is contrary to what we observe in our
emission channeling experiments, especially in the 5% Mn
sample, where the decrease in interstitial and substitutional
Mn fractions takes place in overlapping temperature regimes,
i.e., the two processes occur simultaneously, though slower
for substitutional Mn.

2. Substitutional Mn diffusion as a limiting factor

The temperature at which substitutional Mn becomes mo-
bile changes from 700 °C in the ultradilute regime, to ~500 °C
at 1% (Mn), to ~350°C at 5% (Mn). Although the formation
of MnAs precipitates is well documented in the 400-600 °C
temperature range [11,12,14,15], our data show that this seg-
regation process can already take place at lower temperatures,
likely with the formation of disordered Mn-rich regions pre-
ceding well-defined secondary phases. This scenario is further
supported by the emission channeling data obtained upon
reimplanting 3*Mn after high-temperature annealing (400 °C
for 5% and 500°C for 1% Mn), i.e., after diffusion of a
significant fraction of substitutional Mn. A thorough analysis
of this effect is beyond the scope of this paper and is therefore
only briefly described in the Supplemental Material [25].

At several % Mn, segregation can occur at annealing
temperatures as low as 200 °C, counteracting the improvement
of Tc by removal of interstitials, introducing an upper limit
for the optimum annealing temperature. On the other hand,
the lower limit is determined by the removal of interstitial
Mn. From our results (Table II), the activation energy E,
for interstitial diffusion also decreases with Mn concentra-
tion, although less significantly than for substitutional. The

annealing temperature window for 7¢ and magnetization
optimization in (Ga,Mn)As is therefore narrowed and lim-
ited by two phenomena which have opposite effects on 7T¢:
interstitial out-diffusion and substitutional low-temperature
segregation. Although these two processes are governed by
rather close activation energies, it is possible to induce the dif-
fusion of interstitial Mn (with a lower activation energy) while
minimizing substitutional segregation, as long as the thermal
annealing is sufficiently long and at a suitably low temperature
(typically several hours for films ~25nm at temperatures of
160-180°C) [9]. In this picture, film thickness also plays an
important role. Decreasing the thickness also decreases the
diffusion distance required for interstitial Mn to be passivated
at the surface. In contrast, the segregation of substitutional Mn
is in principle unaffected by a reduction in thickness since
the required diffusion length is determined in that case by the
(local) Mn concentration. Therefore, thinner films favor passi-
vation of interstitial Mn and, indeed, the highest 7 and mag-
netization are observed in thinner films, typically ~25 nm [9].

IV. CONCLUSION

This work addresses the lattice location and thermal sta-
bility of Mn in ferromagnetic (Ga,Mn)As doped with 1%
and 5% Mn. The majority of Mn atoms have been found
to substitute Ga sites, while a significant fraction occupies
tetrahedral interstitial sites with As nearest neighbors.

The thermal stability of both substitutional and interstitial
Mn decrease with Mn concentration, with estimated activation
energies for diffusion of interstitial Mn at 1.6-2.0eV for 1%
and 1.3-1.6 eV for 5% Mn, and of substitutional Mn at 2.4 and
1.9 eV, respectively. This decrease in thermal stability at a few
% Mn content is directly related to an increased Mn diffusivity
in (Ga,Mn)As films, which we attribute to the Coulomb in-
teractions between substitutional Mn and diffusing interstitial
Mn atoms.

These findings shed light on our understanding of Mn self-
compensation in (Ga,Mn)As. The delicate balance between
interstitial and substitutional thermal stability defines the nar-
row temperature window in which the Curie temperature and
the magnetization can be maximized. The lower limit is de-
fined by the mobility of Mn interstitials towards passivation at
the surface, whereas the higher limit is limited by the mobility
of substitutional Mn, i.e., the onset of Mn segregation into
secondary phases. Since the Mn concentration affects more
strongly the upper limit, the optimal annealing temperature
window narrows down with increasing Mn concentration.
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