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[1I-V diluted magnetic semiconductor: Substitutional doping of Mn in InAs
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Local structures around Mn in {n,Mn,As films grown by molecular-beam epitaxy have been studied by
using MnK-edge extended x-ray-absorption fine-structi#XAFS) technique. Substitution of Mn atoms for
the In sites is found in samples either grown at low substrate temperdheas 200 °¢ or with a low Mn
concentration(about 1 at. % This result represents a significant extension of an earlier EXAFS study and
serves as direct experimental evidence for 1lI-V diluted magnetic semiconductors obtained by substitutional
doping of Mn impurities in InAs.

I. INTRODUCTION study of the local environment surrounding the Mn atoms
using a variety of growth parameters in the IgMn,As
Incorporation of a controllable large amount of magneticfilms. Four additional samples of n,Mn,As grown at dif-
impurities into the 11V semiconductor InAs was first ac- ferent substrate temperatures and with Mn concentrations
complished in 1989 by using molecuIar-beam-epitaxyperta'”'”9 to the above-mentioned three different types of

; : ... behavior (see Fig. 1 were investigated in detail using
(MBE) techniqueg. This result demonstrated a fact that it is EXAFS. The data were analyzed with an improved curve-

now possible to synthesize.III—V malg.netic semiconductgrsﬁmng method. For comparison, we have measured EXAFS
under proper MBE processing conditions. These material§pecira of a polycrystalline MnAs film that was also used as
could become potentially useful for technical apphcaﬂons.a model compound in the data analysis. The structure of this
Subsequent measurements of thesg |Mn,As films pre-  model compound was well characterized by x-ray diffraction
pared with various Mn contents and at different substratgynd found in good agreement with that of bulk MnAs. In
temperatures have shown three characteristic types of trangddition, a lowT film annealed at 480 °C was also exam-
port and magnetic propertiés; these are summarized sche- ined to investigate the effects of annealing on these films.
matically in Fig. 1. It is conceivable that these different

physical properties are closely related to the local environ-
ment surrounding the impurity atoms, and the local disorder
could have an important effect on the magnetic coupling be-
tween Mn ions. For an understanding of the basic properties
of this new class of magnetic semiconductors regarding the
type of carriers, degree of compensatioand microstruc-
tures(e.g., formation of complexes or phase separataa
result of Mn doping, it is desirable to obtain a clear physical
picture of the local structures around the Mn atoms.

We have previously investigated the local structures
around Mn in In_,Mn,As films with a specific value of
x=0.12 grown at high and low substrate temperaflyes-
ing the extended x-ray-absorption fine-structyEEXAFS)
technique®. However, the Mn-Ag-complex model consid-
ered earlier for the loviF, samples suffers from an ambiguity
due to insufficient data. This ambiguity arises from the non-
central Mn atoms in a Mn-Ascomplex that contains six As
nearest neighbors at 2.58 A and two Mn next-nearest neigh-
bors at 2.83 A from the central Mn atom. In principle, these
noncentral Mn atoms could have a local structure different FG. 1. Schematic diagram of the film properties and their rela-
from that of the central Mn atom. Reconsideration of thetion to the growth parametefsubstrate temperature and Mn con-
previous model with improved data and analysis is neceseentration. Points representingn,Mn)As films used in the present
sary. experiment are indicated witfi marks along with their correspond-

In the present work, we have pursued a more thorougling sample numberéee also Table)l
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TABLE I. A list of samples used in the present EXAFS experiment.

Sample Chemical formula Growth temperatf€) Carrier type Magnetism
R1201 MnAs ferromagnetic
R1144A Ing.ggMng 1/AS 210
(anneale (annealed at 480 °C
R1141 Iy ggMiNg 15AS 280 ferromagnetic
R1144 Iy ggVIing 1,AS 210 n type paramagnetic
R1126 Iy 9edViNg 01 AS 200 n type paramagnetic
R1264 Iy 9gMNg g1 AS 300 p type paramagnetic
[l. EXPERIMENTAL AND DATA ANALYSIS between 3.0 and 6.0 &, the results can clearly be classified

Samples of Ip_,MnAs films were grown by MBE at into two separate groups, representing two distinct types of
both low (200—2i6 OGX and high (280—300 °G substrate local structures around the central Mn atom. The first group
temperature$.0One of the lowT films was then annealed at mcIudes.the model co_mpound MnARL201), an annealed
480 °C for 74 min in the MBE chamber under Aseam flux.  10W-Ts high-concentration sample dgdVin 1 AS (R1144A),

A model compound polycrystaline MnAs film was also @hd @ hights high-concentration InedVing 1 As (R1141).
grown atT,=200 °C. The composition and other character-1he seécond group includes an as-grown [By-high-
istics of the six samples studied in the present experiment agPncentration sample dgving 1 As (R1144), a low-T low-
summarized in Table I. The EXAFS measurements were pefconcentration IgggMng o As (R1126, and a highf low-
formed at beamline X3B1 at the National Synchrotron LightConcentration IgggdVing o;As (R1264. The corresponding
Source using a conventional setup and standard procefjure§ourier transforms of these EXAFS patterns are shown in
Except for the annealed sampleg jgVing 1 As (R11440), Fig. 3, which also exh_|b|t char_acterlstlc dlﬁerence_s_ be_tween
which was measured at room temperature, all the other film§€ tWo groups consistent with thespace classification.
were measured at 40 K in order to reduce the Debye-WaIIeF'gure 3 also reveals some variations within the same group:
factor. (i) A peak at~4.0 A in the first group data foR1201 and

Established background-subtraction and correction methR1144A is absent irR1141.(ii) A shoulder at~2.8 A on the
ods were used to extract the EXARSfunctions from the highR side of_ the first peak foR1264 is absent in the other
raw date®® The y functions were then weighted withand ~ ™W0 Samples in the second group. _
Fourier transformed into the real space for detailed The experimental data were analyzed and compared with
comparisof’ (shown by fine lines in Fig.)2 In view of the theoretical calculations using an improved -curve-fitting
distinct patterns of the oscillations, especially in the region
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FIG. 3. Comparison of the magnitude of Fourier transform ob-

FIG. 2. Comparison of experimently functions (fine lineg tained in the present experimefnipper panglwith model calcula-
with calculated EXAFS resultgcoarse linesfor all six samples  tions based on the MnAs structui&) and InAs structuréB) using
using the final values of curve-fitting parameters listed in Table lll.parameters given in Table (lower panel.
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TABLE IlI. Structural parameters for MnAs and InAMl is the

coordination number, anR is the interatomic distange 6As+2Mn
E .1As+1.4Mn
Central atom Neighboring atom N R (A) o
Mn in MnAs As 6 2.57 2
Mn 2 2.85 o
Mn 6 371 -
As 6 4.51 o
Mn 12 4.68 S
As 6 4.78 u?
Inin InAs As 4 2.61 “—
In 12 4.27 o
As 12 5.00 g
=)
=
method®®! Three major steps were taken in this curve- g'
fitting procedure. First, using the known structures of MnAs <
and InAs(see Table I, we calculated theoretical MKk-edge . . A .

EXAFS spectra to initiate the curve-fitting process based on 1 2 3 4 5 6
two most probable model$A) an MnAs local structure, or
(B) an In-site-substitution structuf®A direct comparison of
the Fourier transform of these calculated spe¢ee lower
panel in Fig. 3 and that of the sample under consideration
can give an unequivocal choice of eithér) or (B), but not FIG. 4. A summary of the anatomy results for all six samples
both. In the event that the final curve-fitting result is unsat-(coarse linesin comparison with experimental resuline lines.
isfactory, the initially selected model was then modified byNote that for samples containing a significant amount of minority
either allowing the structural parameters to vary, or by in-PhasesMnAs in R1144 and In-site substitution iR1144A), only
cluding additional physically conceivable near-neighborthe majority-phase components in the galculatgd magnitude of Fou-
shells, and/or by introducing a non-Gaussian local disordef€’ transform(coarse Ime)s_are_ shown in the figure. Differences

in terms of the cumulants &and Q_lsA satisfactory fit was _bet_wegn data and_ ca_lt_:ulatlon in _thes_e two samples _also_ serve as an
then established for each sample studied. In the second stéB(,j'Cat'on of the significant contributions from the minority phase.
as a double check, we challenged the uniqueness of the

model adopted in the first stépay, A or B by a forced curve Was made by calculating the contribution from each indi-
fitting of the same data with the other most probable modeYidual shell using the parameters given in Table Ill. This
(B or A). Such a forced curve fitting always gives unphysicalshell anatomy is shown in Fig. 4.

or inconsistent results for all of our samples, implying that By @ comparison of Tables Il and I{and also Fig. 4 it

the structural model established in the first step is indeed evident that three samples in the first gro(fRl201—
superior to the other alternative. In the third step, we furtheiR1141 all show a local structure around Mn similar to that
tested whether the structural model excluded in the seconiit MnAs (NiAs-type structurgwhile the other three samples
step could possibly exist as a minority phase in the sampl# the second groufR1144-R1264) all show a majority lo-

by performing a two-phase curve fitting that determines thecal structure around Mn in good agreement with the In-
allowed fraction of the minority phase in each sample. In thissubstitution model in which the Mn atoms occupy the In
procedure, we have used parameters obtained in the first-stées in the zinc-blende structure of an InAs host. However,
curve fitting for sample®1201 andR1126 to calculate thg owing to the changes in Mn concentration and substrate tem-
function for the possible minority-phase MnAs and In-site- Perature, the local structures around Mn for samples in the
substitution structures, respectively. It turns out that only thesame group still show some minor variations. In the first
low-T, high-concentration sampl@®1144 and the annealed 9roup, in which the MnAs-like structure prevails, the an-

sample(R11444) could allow a nontrivial content of the mi- Nnealed sampléR1144A) shows large non-Gaussian local dis-
nority phase. order. Further, 7.5% of Mn atoms in this sample could sub-

stitute for the In sites in the InAs host and form a minority
phase. Also, the structure of the high-high-concentration
sample(R1141), compared to that of MnAs, shows a signifi-
Through detailed sample-by-sample EXAFS analyses, apant increase in the interatomic distance and a decreased co-
unequivocal choice between the two most probable locabrdination number for the secon@®in) shell, as well as a
structural modelgA) or (B) can be clearly made for each decrease in both the interatomic distance and coordination
sample studiedwith some minor modifications in the special number of the first(As) shell. In the second group, the
cases 0fR1144 andR1144A). The final values of structural nearest-neighbor distance between Mn and254—2.58 A
parameters obtained from these detailed analyses are sumnig-shorter than the In-As bond leng(B.61 A) in the InAs
rized in Table Ill. Further, in order to identify the peaks in host (see Table Ii. Also, an additional In shell exists at a
the Fourier transform magnitude with various neighboringdistance 3.11 A from the Mn impurity with a coordination
shells around Mn, an “anatomy” of the curve-fitting results number of about 3 in the highz low-concentration sample

R(A)

IIl. RESULTS AND DISCUSSION
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TABLE IIl. Local structures around Mn for each sample obtained from curve fitting. Underlined values were kept constant during fitting.
Uncertainties of the last digit were estimated by the double-minimum re$&ji#e method and shown in parentheses.

Rmin—Rmax R a? (Cy) Cs C, AE, Weighting X
Sample (R) Atom N R) (10°A%) (107%A% (107°A% (eV) (%) (1079
R1201 1.42-4.76 As 6 2.57 33 2.0 (9 100 5.68
Mn 2 2.85 5(3) 2 (4
Mn 6 3.71 63 0@®
As 6 4.51 3(6) 0 (5
Mn 12 4.68 9 (6) -5 (5)
As 6 4.78 7 (40) 8 (6)
R1144A 1.36-4.76 As 6.15) 257(1) 7.6 (8) 5 (3) 3 (26) 1.7 (5) 92.5 0.13
Mn 14 (4) 2.88(3) 19 (5) -33 (5) 31 5 (4)
Mn 6 3.71 19 (1) ~0.6 (5)
As 6 4.51 9(2) -2 (3
Mn 12 4.68 13(2) ~7.1 (5)
As 6 4.78 40 9(15)
As 4 2.54 0.1 -7 7.5
In 12 4.22 8 —11
As 12 5.01 6 -7
R1141 1.76-5.16 As 5(1) 2.562) 3 (3 1 (4) 100 3.99
Mn 1(4) 2.995) 9 (35 13 (10)
Mn 6 3.71 15 (5) 1 (4)
As 6 4.51 6 (4) 3 (4
Mn 12 4.68 37 (40) -5 (5)
As 6 4.78 3(4) 12 (2)
R1144 1.64-4.90 As 4 257(1) 0.4 (4 -1 @) 745 0.83
In 2.8 (8 3.00(3) 6 (3) 24 (1)
In 12 4.25(3) 11 (2) —5.7 (5)
As 12 5.06 (5) 6 (2 1(5)
As 6 2.57 3 2 25.5
Mn 2 2.85 5 2
Mn 6 3.71 6 0
As 6 4.51 3 0
Mn 12 4.68 9 -5
As 6 4.78 7 8
R1126 1.64-4.90 As 4 25413 019 -7 (5) 100 23.3
In 12 4.22(4) 8 (5) -11 (5)
As 12 5.01(5) 6 (7) -7 (43
R1264 1.74-5.0 As 4 258(2 0.2(5 0 (4% 100 2.88
In 3(1) 311(3 4 (5) -9 (5)
In 12 4.16 (3) 13 (3) -11 (5)
As 12 5.00 (4) 4 (3) -7 (5)

(R1264). The appearance of this additional In shell is accom-prepared at high- contains an extra shefkee the “shoul-
panied by a shortened Mn-In bond length16 A) compared der” in Fig. 3) with three In atoms at 3.11 A in addition to
to the In-In distancé4.27 A) in the original InAs structure. the usual near neighbors in InAs. The presence of this extra
In addition to this obvious structural variation iR1264, In shell in the EXAFS data could arise from either a varia-
which appears as a shoulder in the Fourier transform, wé&on of the local structure around Mn atoms that occupy the
have found it necessary to include an additional In neighborln sites or a possible coexistence of other Mn atoms with
ing shell with a coordination number of 2.8 at a distance ofdifferent local structures. In contrast to other samples in the
3.00 A in R1144 in order to obtain a reasonable fit for the S€cond group that ane type, this particular film i type.
high-R region. A significant 25.5% of Mn atoms in sample One might speculate th_a'g the difference of carrier type in this
R1144 may be in the form of MnAs clusters according to thesample may owe its origin to the changes in the local struc-
results of two-phase fitting. With our improved EXAFS ture around the Mn atoms.

analysis method, the results of this Idw- high- V. CONCLUSION
concentration sampl®1144 are largely different from the '
Mn-Asg-complex model proposed earlfer. The local structures around Mn impurities derived from

It is remarkable that the low-concentration samRi264  our EXAFS data provide useful information on the physical
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consequences of Mn doping under various processing cond{-~~200 °Q but annealed at an elevated temperature all con-
tions and with different Mn concentrations. Our results pro-tain a large amount of MnAs clusters; the resulting films are
vide clean-cut evidence that substitution of Mn for the In siteferromagnetic and similar to polycrystalline MnAs. The tech-
in the InAs host can indeed be achieved by using a low Mmique of impurity control may provide unprecedented oppor-
concentratior(with x around 0.01and at low substrate tem- tunities for making new IlI-V magnetic semiconductors.
peratureT;~200 °Q. Either increasing to ~0.1 or rais-

ing T to 300 °C may still result in predominantly In-site
substitution, but accompanied by an inevitable local struc-
tural modification(e.g., the appearance of an additional In  The present research at SUNY-Buffalo was supported by
shell of ~3 In atoms at~3 A from the Mn atonm). These the U.S. Department of Energy under Grant No. DE-FG02-
results demonstrate that IlI-V diluted magnetic semiconduc87ER45283. The SUNY X3 beamline at NSLS is supported
tors can be prepared by substitutional doping of magnetiby the Division of Basic Energy Sciences of the U.S. Depart-
impurities under proper MBE processing conditions. Sincement of Energy(DE-FG02-86ER45231 The work at IBM

the local structure around the impurity atom can have a prowas supported in part by the Army Research Office. The
found influence on its effective valency in the host, it couldwork at Tokyo Institute of Technology is supported in part by
be difficult to control then or p type of carriers by Mn the TEPCO Research Foundation, the TORAY Science Foun-
doping if the low-concentration and loW; conditions are dation, the Grant-in-Aid for General Science Research No.
not simultaneously fulfilled. On the other hand, in contrast to07455006, the Grant-in-Aid for Developmental Science Re-
the In-site-substitution films, the high Mn-content films with search No. 07555004, and the NEDO Research Project for
x>0.1 either grown at higf~ (near 300 °C or at low-T;  the Development of New Materials.
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