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Local structure about Mn atoms in In, _, Mn, As diluted magnetic semiconductors
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X-ray-absorption fine-structure measurements were performed at the Mn K edge on Ing ggMn, 1,As di-
luted magnetic semiconductors prepared by molecular-beam epitaxy. It has been found that in the
high-growth-temperature samples (T, =280 °C), Mn atoms are primarily incorporated in the form of
MnAs clusters with NiAs structure. No significant disorder is observed. In the low-growth-temperature
samples (T, =210 °C), the majority of Mn atoms form small (r~3 A), disordered, sixfold-coordinated
centers with As. The presence of disorder in MnAs centers for the latter case is established using the
method of cumulants. Only a very small fraction of Mn atoms may substitute for In in the zinc-blende
InAs structure. Effective valency and coordination of Mn atoms deduced from the near-edge structure
are the same for both the high- and low-growth-temperature In;_ ,Mn,As films. The formal valency is
lower than +3. The local structures established in the present work are consistent with the observed
difference in magnetic behavior for samples prepared at different substrate temperatures.

I. INTRODUCTION

II1I-V diluted magnetic semiconductors have been syn-
thesized by incorporating a large amount of Mn into
InAs during molecular-beam epitaxy (MBE).!™° It has
been found that physical properties of these nominal
In,_,Mn, As alloys strongly depend on growth condi-
tions. X-ray diffraction as well as magnetic studies indi-
cate that all the films grown at low substrate tempera-
tures around 200°C on GaAs(100) behave primarily as a
homogeneous, paramagnetic alloy. This phase has been
confirmed with Mn composition up to x =~0.2. On the
other hand, samples grown at a substrate temperature
around 300°C with relatively high Mn compositions
(x >0.03) exhibit ferromagnetic behavior, from which the
presence of MnAs clusters has been suggested.

In light of such sensitive dependence of physical prop-
erties on growth conditions (Mn concentration and sub-
strate temperature), local structures around Mn atoms
are believed to vary and thus play a pivotal role in
this new alloy semiconductor. In this paper, x-ray-
absorption fine-structure (XAFS) measurements are car-
ried out to probe the local environment surrounding the
Mn atoms in In;_,Mn, As films grown at two different
substrate temperatures 7, =210 and 280°C.

II. SAMPLES AND ANALYSES

A. Experiment

Films of Ing¢Mng ,As with 2.5-um thickness were
grown by the MBE method at two different substrate
temperatures 7,=210 and 280°C on InAs(0.05
pm)/GaAs(0.3 um)/GaAs(100) substrates. In both films,
the Auger depth profile indicated the lack of gross atomic
segregation.” The model compound of 1-um-thick poly-
crystalline MnAs film was also prepared by MBE on the
InAs/GaAs(100) surface at T, =200 °C.

X-ray-absorption fine-structure (XAFS) measurements
were performed on two Inj gsMng ;,As samples (7, =210
and 280°C). The XAFS spectra, obtained in fluorescence
mode at the National Synchrotron Light Source at the
X3B1 beamline, were measured at the Mn K edge at both
room temperature and 110 K. An energy dispersive
solid-state Si(Li) detector, with an energy resolution of
165 eV at the Mn K edge, was used to collect the Mn Ka
photons. A nitrogen-filled gas detector was used as a
beam monitor. In order to minimize the harmonic con-
tent, the double-crystal monochromator equipped with
Si(111) crystals was detuned to 50% of the fundamental
intensity. The 0.25-mm slits in the vertical dimension
were used to define the x-ray beam. The resolution of the
monochromator is estimated to be ~3 eV at the Mn K
edge. Counts of over 10° effective photons per energy
point were accumulated by taking multiple scans.

B. XAFS data analysis

The XAFS data were analyzed by means of standard
methods.®’ The fluorescence data obtained in the experi-
ment were corrected at first for the thickness effects®’ us-
ing photoabsorption data published by Henke et al.?
The energy dependence in the beam monitor was correct-
ed also using data published by Henke et al.® In the
second stage of data reduction, the preedge background
was subtracted, and subsequently the atomiclike back-
ground above the Mn K edge was simulated by means of
a cubic spline with two nodes. An energy derivative of
the background absorption vs k was examined in order to
select its smooth energy dependence without the XAFS-
originated oscillations. The Mn K edge value was as-
sumed to be at the absorption threshold at E,=6545 eV
for both of the Ing gsMn ;,As films and E,=6547 eV for
the polycrystalline MnAs model compound, and these en-
ergies were used to calculate k£ values. All spectra were
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normalized to the edge step at a properly chosen energy  defined as y(k)=[u(k)—pu,(k)]/u;, with the photoelec-
of E;=6575 eV. The following criteria were used for the  tron wave vector given by k =[2m(E —E,)]'/? /#; where
selection of this energy value: (i) its position on the node  u; is the absorption coefficient at the normalization point
of du(E)/dE and (ii) its position on the background ab-  E;, u, (k) is the smooth atomiclike background, and u(k)
sorption curve u,(E). The XAFS interference function is is the experimentally obtained and corrected absorption
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FIG. 1. Magnitude of the Fourier transform of ky (k) and two different windows w,; (broken line) and w, (dotted line) used for
spectral isolation of the near-neighbor shells. The corrected XAFS functions kx (k) are shown in the insets. (a) The MnAs film with
NiAs structure. (b) The Ing ggMn ;,As film grown at 280 °C substrate temperature. (c) The Ing gsMng ;,As film grown at 210°C sub-
strate temperature.
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TABLE 1. (a) Environment about In in InAs. (b) Environment about Mn in MnAs.

Central Neighboring Radial Number of
atom atoms distance (&) neighbors
(a)
In As 2.620 4
In In 4.278 12
In As 5.017 12
(®)
Mn As 2.571 6
Mn Mn 2.845 2
Mn Mn 3.710 6
Mn As 4514 6
Mn Mn 4.676 12
Mn As 4.776 6

coefficient. The (k) function was then normalized to the
photoabsorption cross-section jump by multiplying a fac-
tor pyn(Eo)/imal E), where pup,(E) is the photoabsorp-
tion coefficient due to free manganese atoms only, calcu-
lated by using tables published by Henke et al.® The
weighted and corrected XAFS function ky (k) thus ob-
tained for the MnAs sample and the 7T, =280 and 210°C
Ing gsMng ;,As films are shown in the insets in Figs. 1(a),
1(b), and 1(c), respectively.

The next step in the analysis consisted of fast Fourier
transformation of the ky (k) data to the r space (see Fig.
1), followed by the spectral isolation of the contributions
from the shells close to (r =3 A) and more distant from
(3<r<5A) the central x- ray-absorbing manganese
atom. This was accomplished by means of the functions
shown in Fig. 1, which were used as windows to trans-
form the data back to the k space.

The fundamental differences between cation environ-
ment in zinc blende vs NiAs structure (see Table I) were
utilized in this work to determine the local structure
about manganese atoms in the investigated In,_,Mn, As
samples. In the zinc-blende structure InAs, the nearest-
neighbor shell around an In atom consists of four As
atoms at 2.62 A, and the second- neighbor shell has a
4.278-A radius with 12 In atoms. On the other hand, the
NiAs structure is one of the stable phases of crystalline
MnAs, where a Mn atom has the nearest-nelghbor shell
with six As atoms at 2.571 A, and two Mn atoms in the
second-neighbor shell at 2.845 A. The third-neighbor
shell consists of six Mn atoms at 3.71 A.

A nonlinear least-squares fitting was applied to the
filtered k-space data. The amplitude and phase functions
were taken from tables published by McKale et al.® The
Fourier-transform resolution has a restricting effect on
the number of degrees of freedom allowed by the filtering
process which is defined by the filter width AR. The
number of independent variables which may be fitted can
be estimated as

2AR Ak

NfreezT > (1

where Ak =k, —k., is the range of data in k space.®

The value of Ny <10 has been obtained from the k

ranges of our data and the width of filters used in the
near-shells analysis.

III. RESULTS AND DISCUSSION

A. Near-shells analysis

1. MnAs

The MnAs model compound XAFS data obtained at
110 K were first fitted assuming small Gaussian disorder
and no significant multiple- scattering_effects. The win-
dow function extends from 1.6 to 3.0 A [see dotted curve
in Fig. 1(a)]. Based on the results of x-ray-diffraction
(XRD) analysis obtained for this sample, the NiAs crys-
tallographic structure was assumed.'® Thus the variables
in the fitting procedure were only the photoelectron in-
elastic loss factors, Debye-Waller factors, and energy ori-
gins for each single shell. In the initial analysis a one-
shell model was first applied, so that the contribution
from the Mn second-neighbor shell (two Mn atoms) was
neglected. A reasonably good fit was achieved [see the
dotted curve in Fig. 2(a) and Table II], thus proving that
the nearest-neighbor-shell dominates the XAFS spectra.

The inclusion of the Mn second-neighbor shell further
improved the goodness of the fit by a factor of 2.3. As
expected, the differences between one- and two-shell
models are more pronounced in the small-k regime below
7 A7 [see the solid line in Fig. 2(a)]. One can see that in
this region the two-shell model has the amplitude and
phase in better agreement with the experiment than the
one-shell model. One can conclude that structural infor-
mation on the second shell can be inferred from the ex-
perimental XAFS data.

The transferability of the inelastic loss factors was as-
sumed, and the loss factors obtained for the model com-
pound were subsequently used in the fitting of the
In, _Mn, As XAFS data. The possible k dependence of
the loss factors was neglected.

2. High-growth-temperature In;_, Mn, As

The high-growth-temperature (T, =280°C) film XAFS
data obtained at 110 K were first analyzed using an iden-
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tical procedure to that for MnAs, i.e., assuming small
Gaussian disorder and no significant multiple-scattering
effects. The variables in the fitting procedure were dis-
tances, coordination numbers, and Debye-Waller factors.
The inelastic loss factors were obtained from the model-
compound fit. Again the one-shell model was first em-
ployed, resulting in a satisfactory fit [see the dotted curve
in Fig. 2(b) and Table II]. The striking feature of the ob-
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tained parameters is that they closely resemble the pa-
rameters characteristic of environment around the Mn
atoms as in MnAs but with the Mn-As distance reduced
to 2.55+0.01 A, and g in the Debye-Waller factor in-
creased to 0.05+0.04 A. The quality of the fit was im-
proved upon expansion of the model by allowing for the
presence of two Mn atoms in the second shell. The pa-
rameters obtained with this two-shell fit confirmed the ex-
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FIG. 2. The least-squares fit of k), (k) experimental data (open circles) for near-neighbor shells about Mn obtained under the as-
sumption that only small disorder with a Gaussian pair distribution function is present. (a) The MnAs film with NiAs structure. (b)
The InggsMng j,As film grown at 280°C substrate temperature. Dotted line: one-shell fit; solid line: two-shell fit. (c) The
Ing gsMng 1,As film grown at 210 °C substrate temperature. Dotted line: one-shell fit; broken line: two-shell fit; solid line: three-shell

fit.
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istence of the Mn shell in the NiAs-like environment of
the central Mn atom.

No satisfactory fit could be obtained if all the Mn
atoms are assumed to be fourfold coordinated with As
atoms as in the zinc-blende InAs structure with an intera-
tomic distance around 2.55-2.62 A (i.e., substitution of
all the available Mn for the In sites). This finding indi-
cates that the majority of manganese atoms in this sample
is in the NiAs-like phase.

We have also examined as to whether a trace of
substitution-type Mn can be extracted from the XAFS
data. To study this, it was assumed that a fraction p of
manganese atoms substitute for In in the zinc-blende
phase, thus forming an alloy. In this analysis, the calcu-
lated k dependence of the XAFS spectra is represented by
a linear combination of those due to sixfold- and
fourfold-coordinated Mn atoms, so that the relative frac-
tional occupation parameter p is a fitted parameter. Con-
sequently p ~(10£10)% was obtained. However, the
goodness of fit worsened by ~30% as compared to that
obtained for the two-shell model (see Table II).

In view of the fact that a global minimum is reached
for the two-shell NiAs-like short-range order (SRO), the
model with the NiAs-like environment about all Mn
atoms describes the experimental data better than a
three-shell model, which allows for tetrahedral coordina-
tion of some Mn atoms. This result again suggests that
practically all the Mn atoms detected are in the form of
MnAs clusters.

3. Low-growth-temperature In; . Mn, As

The low-growth-temperature (T,=210°C)
In;_,Mn,As film XAFS data obtained at 100 K were
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also analyzed using an identical procedure to that for
MnAs, i.e., assuming small Gaussian disorder and no
significant multiple-scattering effects. The one-shell mod-
el with either NiAs or zinc-blende structure was first em-
ployed. Once again, no satisfactory fit could be obtained
if all the Mn atoms were assumed to be fourfold coordi-
nated with As atoms, as in the pure zinc-blende InAs
phase, whereas an adequate fit to the experimental data
with Mn sixfold coordinated with As atoms was obtained
in the k region below 11 A~!. Contrary to the situation
observed for the MnAs and high-growth-temperature
In,_,Mn,As samples, the one-shell model provides a
seemingly adequate description of the experimental data
in the k region below 5 A~!. The extracted Mn-As bond
length was 2.56 A. As mentioned before, behavior of the
x(k) function in the low-k region is especially sensitive to
the presence of next-neighbor shells. On the other hand,
the one-shell model gave rise to a much poorer fit to the
data at larger k than that found in the two previous cases.
One notes an increasing discrepancy in the amplitude and
phase between the data and the fit with increasing photo-
electron wave vector k. The relative amplitude
discrepancy reaches as much as ~80% for k>12 A~ L.
This problem was also noticeable in the modeling of the
high-growth-temperature In;_,Mn, As film y(k) func-
tion, but there the relative amplitude discrepancy only
reached ~10% for k>12 A~!. Within the context of
the Gaussian approximation, the parameters obtained in-
dicate the sixfold coordination of the majority of Mn,
similar to the high-growth-temperature In;,_,Mn_ As,
but with a Mn-As distance changed to 2.56+0.05 A, and
o in the Debye-Waller factor increased to 0.06+0.4 A.
The quality of fit in the small-k regime was somehow

TABLE II. Curve-fitting results with a model assuming small Gaussian disorder. The distances R are in units of A. o2 in the
Debye-Waller factors are in units of 107> A”. N denotes the number of neighbors in a given shell. p is the relative fractional occupa-
tion parameter. Central atom: Mn. R and N values were fixed for MnAs. F.E. means fit errors. E.E. means estimated experimental

€rrors.

Neighboring shells

As(NiAs-like) Mn(NiAs-like) As(zinc blende) Residual
R N o? R N o? R N o? P (X1073)
MnAs
2.571 6.0 1.7 14.3
2.571 6.0 1.6 2.845 2.0 20.7 6.1
F.E. 0.5 36.0
E.E. 0.01 1.4 0.9 0.10 2.0 40.0
In,_ Mn,As T, =280°C
2.55 6.2 2.8 9.5
2.55 6.2 2.8 2.86 2.3 31.7 3.6
2.55 6.2 2.2 2.88 2.3 30.3 2.63 4.3 1.0 0.10 47
F.E. 0.01 1.3 1.5 0.10 2.0 45.0 0.06 4.0 7.0 0.10
E.E. 0.01 1.4 1.3 0.10 2.0 60.0 0.10 1.0 8.0 0.10
In,_,Mn,As T,=210°C
2.56 6.2 3.2 17.6
2.56 6.2 3.2 2.80 2.3 87.7 17.1
2.55 6.2 2.0 2.80 2.3 92.6 2.64 4.2 1.2 0.18 16.8
F.E. 0.05 2.0 2.0 0.5 3.0 60.0 0.08 3.0 7.0 0.15
E.E. 0.01 1.4 1.3 0.10 2.0 90.0 0.10 1.0 8.0 0.10
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improved (by ~3%) upon extension of the model to in-
clude also two Mn atoms in the second shell. The ap-
parent Mn-Mn distance was reduced to 2.80+0.5 A, and
the fitted Debye-Waller factor was extremely high (a fac-
tor of 3 higher) as compared to those of the high-
growth-temperature sample. However, these values can-
not be trusted due to insufficient improvements (lowering)
of the residual value of the fit. Upon assuming that some
fraction p of manganese atoms substitutes for In in the
zinc-blende phase, an insignificant improvement (by 2%)
in the small-k regime was found and a global minimum of
the fit was reached. The obtained relative fractional oc-
cupation parameter p=(18%t15)%, with a Mn-As
nearest-neighbor distance of 2.64+0.08 A, may indicate
that in this sample a small fraction of Mn probably is
fourfold coordinated in the In,_,Mn As alloy (see Table
II). However, the confidence level of the obtained param-
eters is very low due to poor fit quality at higher k
(k>11 A). ‘

We note that the extension from the one-shell model to
the two- or three-shell model has not influenced the cal-
culated (k) function sufficiently to improve the fit in the
high-k region. A shifted distance, an increase in the ap-
parent Debye-Waller factor, and an increasing discrepan-
cy between the fit and experiment with increasing k, all
indicate the typical “symptoms” of the presence of
asymmetrical pair distribution when fitted with a Gauss-
ian peak.®!"1? Thus one can conclude that a possible
reason for the difficulties experienced in the fitting of the
XAFS data for the low-growth-temperature sample is
due to the fact that an inadequate pair distribution func-
tion was assumed. This possibility is further discussed in
the next section. The results obtained by assuming a
Gaussian pair distribution function can only be viewed as
a first-order approximation.

B. Presence of large disorder

1. General test of the existence of disorder

First we have tested our data for the presence of asym-
metry in the pair distribution function. To this end, the
complex transform in the following form was taken:

p(n= [, "kx.(k)e™ L ———w(k)dk , 2)

m Env (k)
where Env (k) is the XAFS amplitude, w (k) is a window
function, and 8(k) is the total XAFS phase shift.'?
Theoretical values obtained from McKale’s tables were
used for the present case.” Due to the dominance of the
nearest-neighbor shell in the analyzed XAFS spectra, a
one-shell approximation in a multishell system is justified
in the above test of the presence of disorder. A
significant separation of 0.009 A of the peaks in —Im¢
and |¢| was detected for the low-growth-temperature
sample, confirming the presence of asymmetry in the pair
distribution function. For the MnAs and high-growth-
temperature sample the observed separations were only
0.003 and 0.004 A, respectively. As was mentioned be-
fore, the presence of asymmetry in the low-growth-
temperature sample is also evidenced at large k by the in-
correct phase and amplitude of the fitted XAFS function
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in the Gaussian approximation [see Fig. 2(c)]. On the
other hand, for the high-growth-temperature film and the
MnAs compound [see Figs. 2(a) and 2(b)] the Gaussian
approximation was sufficient to achieve a good fit in the
equivalent whole range used in the k space.

2. Cumulant expansion

In the XAFS analysis with large disorder, a fit of the
coefficients in cumulant expansion'? was performed. The
filtered XAFS function was fitted in the k space in order
to obtain C,;, C;;, and C,; cumulants for the jth shell.
The even cumulants contribute to a correction in the
XAFS amplitude only, while the odd cumulants are
effective only in the XAFS phase, assuming that the pho-
toelectron mean free path is independent of k. One
should note that the cumulant expansion is expected to
break down for higher k and the parameters obtained
may have large errors (i.e., larger than the expected
least-squares-fit errors) especially in the case of large dis-
order.!! We addressed this problem by performing the fit
using a variable upper limit in the k space. Only weak
dependence of the obtained cumulants on the k range was
observed.

Another problem is the number of adjustable parame-
ters which, upon introducing the cumulant coefficients,
increases by two for every shell. Since the number of de-
grees of freedom allowed by our XAFS data (defined by
the window used in k and r space) is N¢.. <10, reason-
able fits can only be achieved under some restricted con-
ditions. Based on the results obtained using a small dis-
order approximation, we have assumed that only the
sixfold-coordinated centers are involved in the XAFS
data, and coordination numbers were fixed with values
characteristic of the NiAs structure [Table I(b)], thus lim-
iting the number of adjustable parameters to below 10.

First the one-shell model was fitted. The results are
collected in Table III. An improvement of the fit as com-
pared to that of the small disorder model was achieved
only for the low-growth-temperature In;, _, Mn, As sam-
ple in the high-k range [compare Fig. 2(c) with Fig. 3(c)].
The obtained high values of C; and C, parameters in the
sixfold-coordinated As shell in this sample are consistent
with the conclusion reached before of high disorder in
the Mn-As bonds in the MnAs centers in this material.
In the high-growth-temperature In,_,Mn,As film,
moderate values of C; and C, cumulants were obtained,
allowing for moderate disorder of these bonds. However,
the residual value of the fit became ~ 10% larger than
that of the value reached in the small disorder approxi-
mation. This is mainly caused by using a fixed coordina-
tion number parameter during the fit. The MnAs com-
pound does not exhibit any significant disorder, i.e., the
obtained higher cumulants are very small.

In general, the two-shell model gives rise to improve-
ment of fits in the small-k regime; however, one should
note the large fit errors characteristic of the two-Mn shell
at 2.83-2.845 A. For the MnAs model compound, the
fitted values of the cumulant expansion coefficients
relevant to the two-Mn shell are negligibly small (see
Table III), thus confirming the applicability of the small
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Gaussian disorder approximation to the XAFS data ob-
tained for this sample. For the high-growth-temperature
sample, comparable to that of the MnAs model, values of
the C; and C, effective distribution cumulants are ob-
tained with only the C, cumulant being somehow larger.
This reconfirms that only small disorder is present in the
two-Mn shell in this sample (see Table III). The situation

0.2
(a)

0.0 /1

kX(k)(A™")

-0.2 1 L L L L
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is quite different for the low-growth-temperature sample.
In this case, the inclusion of the two-Mn shell results in a
very high value of the C; cumulant, which is an order of
magnitude larger than that of the MnAs model com-
pound (see Table III). This clearly establishes the pres-
ence of large disorder in the Mn-Mn bonds. In light of
these results, the fit in the high-k regime should be im-

0.2

0.0

kX(k)(A™")

__0.2 1 1 1 1 1

kX(k)(A™)

-0.1

-0.2 ' '
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FIG. 3. The least-squares fit of k) (k) experimental data (open circles) for neighboring shells about Mn allowing for the presence
of large disorder. Solid line: C,;, C3;, and C,; cumulants used for the two-shell fit, j=1,2. Dotted line: C,;, C3;, and C4; cumulants
used for the one-shell fit, j=1. Dashed line in (c) is obtained i 1n the framework of the one-shell model using C2, C3, C,, Cs, C6, C"I’

and Cg cumulants Their values are 7.0X 10~ A 60.0X 10" A 43.0X1073 A
and 0.5X 10~ 8 A° , respectively. The residual value for this fit was 9.8X 1073,

1.9x107° A 0.3X1077° A
(a) The MnAs film with NiAs structure.

—0.1X107¢ A,
(b) The

Ing gsMng 1,As film grown at 280 °C substrate temperature. (c) The Ing gsMng 1,As film grown at 210°C substrate temperature.
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TABLE III. Curve-fitting results with a model allowing higher-order cumulants in the effective radi-
al distribution of atoms in the shells due to the presence of disorder. The distances R are in units of A.
o in the Debye-Waller factors are in units of 10~3 A”. Cumulants C,, Cs, and C, are in units of 10~
A%, 107% A°, and 1075 A%, respectively. Coordination numbers were fixed at their crystallographical
values given in Table 1. p is the relative fractional occupation parameter. r is the residual value of the
fit X 1073, Central atom: Mn. An asterisk indicates that the parameter’s value was fixed during fitting.

F.E. means fit errors.

Neighboring shells

As(NiAs-like)

Mn(NiAs-like) As(zinc blende)

R C, C, C, R Cc, C, C, o p(%) r

MnAs

2,571 1.9 1.1 0.8 17.8

2.571* 1.6 2.1 02 2.845* 19 140 —13 5.7
F.E. 0.6 1.1 20 1200 45
In,_,Mn,As T,=280°C

2.55 21 —24 —10 10.4

2.57 1.3 76 —2.8 2.83 28 11 22 6.0

2.57 1.3 76 —2.8 2.83 28 11 22 02 0.4 6.0
F.E. 0.013 06 9 1.7 022 30 1200 34 7 3
In,_,Mn,As T,=210°C

2.58 1.3 260 —4.8 14.0

2.58 1.3 260 —4.8 283* 26 2220 —87 9.8

2.58 1.3 260 —4.8 283* 26 2220 —87 0.4 1.5 10.7
F.E. 0013 08 13 2.6 30 5000 100 7 3

proved by assuming an effective single shell of As nearest
neighbors and using higher-order cumulants. This is
borne out in our analysis, as shown by the dashed curve
in Fig. 3(c), where a one-shell model with more cumu-
lants (up to Cjg) indeed improves the fit significantly (re-
sidual value decreased by a factor of 3). This improye-
ment is especially visible in the higher-k regime (k > 7 A).

Further expansion of the model to include some frac-
tion p of Mn in the In;_,Mn, As alloy with zinc-blende
structure with a 2.55-2.62 A nearest-neighbor distance
does not improve the fits in both the high- and low-
growth-temperature samples, and this leads to unphysi-
cal, very small values of o? in the Debye-Waller factors.
Again, one can conclude that the p parameter is small
and may be below the detection limit of our XAFS exper-
iment.

C. Distant-shell analysis

Besides the dominant main peak which originated from
the first two or three shells, some smaller peaks are also
observed in the magnitude of the Fourier transform.
Analysis of these features was hindered due to the rela-
tively low signal-to-noise ratio of data in the higher-r
domain. Other difficulties are posed by the unknown k
dependence of the photoelectron mean free path and pos-
sible presence of multiple scattering. The effect of the
former appears to be negligible in the first shell;® howev-
er, this assumption may not be justified for the higher-
order neighbor shells. For simplicity’s sake, and due to
the limited degree of freedom of curve fitting in further
analysis, we have neglected the k dependence of the mean
free path.

The contribution due to distant shells (3 <r <5 A) was
extracted from the data by subtracting Y, from ), and
transforming the difference signal to » space. The y; is
the filtered XAFS function obtained by means of a win-
dow function w; and backtransformed to k space. Win-
dow functions w; and w, were selected as shown in Fig.
1. The obtained results are shown in Fig. 4. By inspect-
ing the obtained difference XAFS signals shown in this
figure, one can reach the conclusion that the spectrum
due to the high-growth-temperature sample is very
similar to the MnAs spectrum with a reduced amp-
litude. However, the spectrum due to the low-growth-
temperature sample is very different. A peak in the mag-
nitude of Fourier transform at ~3.3 A and characteristic
contribution from Mn backscattering atoms to the real
part of the Fourier transform has been observed for both
the MnAs and the high-growth-temperature samples.
These features can be ascribed to a shell with six Mn
atoms at ~3.71A from the central Mn atom. They are
absent in the difference-spectrum transform obtained for
the low-growth-temperature sample. Instead, a peak in
the magnitude and a characteristic contribution from In
backscattering atoms to the real part of the Fourier
transform at ~4.1 A appear. These features are attri-
buted to a shell with 12 In atoms nominally at 4.278 A
expected in the zinc-blende structure. The fitting results
gave rise to a shell of six Mn at 3.71+0.02- A and a shell
of 12 In at 4.25+0.02-A distance for high- and low-
growth-temperature samples, respectively (see Table IV).

The absence of a peak due to the Mn shell at 3.71 Ain
the XAFS spectrum of the low-growth-temperature sam-
ple can be explained either by the large disorder or total
lack of this shell. On the other hand, a peak at ~4.1 A
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TABLE IV. Curve-fitting results for distant shells with a model assuming small Gaussian disorder
obtained for the high- and low-growth-terggerature sample. The distance R is in units of A. o?in the
Debye-Waller factor is in units of 1073 A”. N denotes the number of neighbors in a shell. Central
atom: Mn. F.E. means fit errors. E.E. means estimated experimental errors.

Neighboring shells

Mn In Residual
R N o? R N o? (X1073)
In;_,Mn,As T,=280°C
3.71 5.2 4.6 6.4
F.E. 0.02 1.0 4
E.E. 0.02 1.2 5
In,_,Mn,As T,=210°C
4.25 12.1 13 6.5
F.E. 0.02 1.8 10
E.E. 0.02 2.4 15

produced by the more distant shell of 12 In atoms at 4.25
A is visible in either the magnitude and real part of the
Fourier transform. These results can be reconciled if one
assumes that in the low-growth-temperature sample the
central Mn atom has six As neighbors forming a highly
disordered first-neighbor shell at the average distance
2.58 A. There is a possibility that the second-neighbor
Mn shell exists with even larger disorder. This shell con-
sists possibly of two Mn atoms at approximate distance
2.83 A. The third-neighbor shell is well ordered and is
formed by 12 In atoms at 4.25 A, recovering the zinc-
blende structure. We can conclude that the Mn atoms
are embedded in the form of locally disordered centers in

0.12

0.06

0.00

kX(k)(A™)

-0.06

-0.12 * * :
2 4 6 8 10 12 14

k(A™")

FIG. 4. The contribution due to distant shells (3<r<5 A)
extracted from the data by subtracting x, from y,. The y; is the
filtered XAFS function obtained by means of a window function
w; and backtransformed to k space. Window functions w, and
w, were selected as shown in Fig. 1. The MnAs film with NiAs
structure: solid line. The InggMng ,As film grown at 280°C
substrate temperature: dashed line. The InggMng ,As film
grown at 210°C substrate temperature: dotted line.

the InAs matrix. The radius of these Mn centers is small-
er than 3 A. .

The absence of the 4.278-A peak in the magnitude of
the Fourier transform obtained for the high-growth-
temperature film also confirms the low (below a few per-
cent) concentration or absence of the zinc-blende com-
ponents in this sample, as discussed in Sec. III A.

D. Near-edge-structure analysis

We have also investigated the near-edge structure of
In,_,Mn,As and MnAs samples at the Mn K edge (see
Fig. 5). The main features in this spectral regime are due
to 1s—4p and ls—3d transitions. The dipole-allowed
1s —4p transition gives rise to the dominant peak in the

Normalized absorption

6530

6540

6550 6560

Photon energy (eV)

FIG. 5. The near-edge-structure spectra at the Mn K edge.
Chain line: the MnAs film with NiAs structure. Dotted line:
the Ing gsMng 1,As film grown at 280°C substrate temperature.
Broken line: the IngggMng 1,As film grown at 210°C substrate
temperature. Solid line: the metallic manganese.
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near-edge structure. The primarily quadrupole 1s—3d
transition is expected at lower energy. Its intensity is al-
ways significantly lower than that of the dipole-allowed
transition. However, it can be strongly influenced by the
degree of hybridization with 4p orbitals, which in turn
depends on the nearest-neighbors coordination number,
their nature and SRO, as was demonstrated for Fe com-
pounds.'#!* It is well known that the locations of the ab-
sorption thresholds shift to higher energy with increasing
valency. This effect can be clearly observed in the spectra
shown in Fig. 5. The metallic Mn has its absorption
threshold for the ls-—>4p transition at 6539 eV. The
threshold for the same process in formally trivalent Mn
in the MnAs sample is observed at 6547 eV, i.e., at an en-
ergy higher by 8 eV. Between these two positions at 6545
eV the absorption thresholds due to the ls—4p
transitions in the low- and high-growth-temperature
In,_,Mn,As films are observed. The 1s—3d transition
for the MnAs sample appears at 6541 eV. Again, the
shift toward lower energy by 2 eV is observed for both
In,_,Mn, As samples, and these 3d features are located
at 6539 eV. This finding can be explained by the chemi-
cal shift of the 1s core level, whose position is a function
of the local charge, i.e., the higher the valency the lower
the 1s level. The uniform shift by —2 eV of the 1s—4p
and 1s—3d thresholds observed for In,_,Mn, As sam-
ples relative to the MnAs compound indicates that the
Mn effective valency in both In;_,Mn, As films is similar
and lower than +3.

Besides the shifts, no change in the intensities of the 4p
and 3d features are observed. The virtually identical in-
tensities of the 3d features in both the In; _, Mn, As films
may indicate very similar average coordination of the
majority of manganese atoms in these two samples.

IV. CONCLUSIONS

From our XAFS data analysis one can conclude that in
the high-growth-temperature In;_ . Mn As sample Mn
and As atoms tend to form clusters with the NiAs struc-
ture embedded in the InAs matrix. The nearest-neighbor
shell of Mn consists of six As atoms, the second and the
third shells of two and six Mn atoms, respectively. Only
a very small fraction of Mn atoms, below the detection
limit of our XAFS measurements, may substitute for In
in the zinc-blende structure and be fourfold coordinated
by neighboring As atoms. No significant disorder is ob-
served.

The local structure about Mn in the low-growth-
temperature In; _ Mn As film is quite different. The ma-
jority of Mn forms highly disordered sixfold-coordinated
Mn-As centers. The presence of disorder in these centers
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was established by the breaking down of the approxima-
tion of Gaussian pair distribution, and the lack of obser\g-
able backscattering signal due to the Mn shell at 3.71 A
which was detected in the high-growth-temperature sam-
ple. These centers appear to be located at the group-III
sublattice sites of the InAs matrix, as indicated by the
presence of an XAFS signal originating from a distant
shell with 12 In atoms at 4.25 A. A small number of Mn
atoms may substitute for In atoms and be fourfold coor-
dinated by the As nearest neighbors.

The results obtained in this work are qualitatively con-
sistent with XRD and magnetization results. The high-
growth-temperature In,_,Mn,As sample exhibited fer-
romagnetic behavior similar to MnAs and the presence of
a second phase in XRD. Based on the XAFS results, this
can be explained by the presence of small clusters of
MnAs with the NiAs structure in the InAs matrix.

The low-growth-temperature In;_,Mn, As film was
predominantly paramagnetic, and no foreign phase was
detected in XRD as compared to that of the high-
growth-temperature sample. This is consistent with the
picture emerging from the XAFS investigation, through
which we found that the majority of Mn atoms appears
to form very small centers (with a radius below 3 A),
most likely limited to the central Mn and six neighboring
As atoms with disordered bonds. The actual positions of
the neighboring As atoms cannot be determined from the
present XAFS experiment. The absence of ferromagnetic
ordering can be explained either by the high disorder as-
sociated with the Mn-Mn bonds or by the complete lack
of Mn neighboring shells around the central Mn atoms.

The effective valency of the majority of Mn atoms in
the In,_ ,Mn, As films as deduced from the near-edge-
structure investigations is the same for both the high- and
low-growth-temperature samples. The apparent valency
is lower than +3. The average coordination of the ma-
jority of Mn atoms inferred from the near-edge-structure
investigations appears to be the same for both films. This
result is also in agreement with the virtually identical
sixfold-coordinated nearest-neighbor environment in-
ferred from the X AFS analysis.
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