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Local structure around Fe in the diluted magnetic semiconductors Ga_,FeAs studied by x-ray
absorption fine structure
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Extended x-ray absorption fine structure and near-edge x-ray absorption fine structure techniques are em-
ployed to investigate the local structure and valency about Fe atoms in the diluted magnetic alloy semicon-
ductor system Ga ,FeAs prepared by molecular-beam epitaxy under various conditions. This experiment is
aimed at elucidating possible correlations between the microstructures in these diluted magnetic semiconduc-
tors and some physical properties. Our x-ray results offer direct evidence of Fe substitution for Ga sites in
GaAs prepared at relatively low substrate temperatures, wherein the k&gAs compound is mainly para-
magnetic. However, the Fe impurity atoms could form small Fe clusters and/or Fe-As complexes when the
samples are grown at high temperatures.

DOI: 10.1103/PhysRevB.63.195209 PACS nuni®er61.10.Ht, 75.50.Pp, 71.55.Eq, 71.20.Nr

. INTRODUCTION nique. Some basic properties of the,GgFg As DMS were

recently been studied by Hanedaal
Recent studies of diluted magnetic semiconductors
(DMS’s) provided unprecedented opportunities for the de-
velopment of magnetoelectronic/optic heterostructures and

devices. Some phySical prOpertieS of the DMS can be Six Ga_{_XFQ(AS Samp|es prepared by molecular-beam ep-
changed in an external magnetic field of only moderatataxy under different growth conditions were investigated in
intensity? Spin-polarized materials are very important for the present experiment. Two “high-temperature samples”
pursuing physics and technologies such as photocarrieiwith x=0.004(DMS169 and 0.02ADMS167) were grown at
induced magnetisif and spintronicS. Of special interest a substrate temperatur&s=580°C, while two “low-
are in Ill-V DMS'’s obtained by incorporating metal atoms in temperature samples” witx=0.015 (DMS76) and 0.04
InAs and GaA$. In contrast to 1I-VI DMS's, incorporating a (DMS126 were prepared als=350 and 260 °C, respec-
large amount of magnetic impurities into I11-V semiconduc- tively. To study the effects of thermal annealing, two addi-
tors without phase separation has been relatively difficultfional samples were also investigated both wit 0.023
until the successful demonstration of substitutional Mn dop-grown at 260 °C but followed by annealing at 350 °C for 30
ing into InAs achieved by Munekata and co-workérsi To ~ min (DMS187) and at 580 °C for 10 miDMS186), respec-
obtain direct evidence that magnetic impurities are indeedively. Some characteristics of the samples studied in the
successfully incorporated into the host semiconductor, and tBresent experiment are summarized in Table |. .
understand the underlying mechanisms responsible for the 1he XAFS experiments were performed at beamline
special physical properties of these 11V DMS's, detailed X3B1 of the National Synchrotron Light Source in
information about the local structures around the magneti@'©0khaven National Laboratory. A conventional x-ray fluo-
impurities is needed. Since in principle the dilute magnetic o )
impurities in the compound semiconductor do not show TABLE I. Some <_:harac_ter|st|cs of @ngexAs s_amples studied
long-range  structural order, the conventional X-ray-mthe presen_t ei(perlmer)(.ls the Fe fraction and is the substrate
diffraction method is not useful for determining the location temperature in °C.

of the impurity atoms. On the other hand, the short-range-

Il. EXPERIMENT

. . : . Annealing
order probing technique of x-ray absorption fine structure temperature  Annealing
(XAFS), which includes both extended XAREXAFS) and o o : :
. ; ) . Sample X T,(°C) (°C) time (min)
near-edge XAFSNEXAFS), is uniquely suited for this pur-
pose. DMS169 0.0014 580 - e
Using the XAFS technique, our previous restiitgro- DMS76 0.015 350 e e
vided clear evidence of substitutional doping of Mn impuri- DMS167 0.035 580 @ - -
ties in In,_,Mn,As DMS’s with Mn concentrations as high DMS126  0.04 260 @ e e
as 12%. We follow this successful approach in the presentpmsi87  0.023 260 350 30
work, and investigate the local structures and valency aboutppmsise  0.023 260 280 10

Fe impurities in a Ga_,Fe,As DMS system with this tech-

0163-1829/2001/639)/1952094)/$20.00 63 195209-1 ©2001 The American Physical Society



Y. L. SOOet al. PHYSICAL REVIEW B 63 195209

DMS169 TABLE II. Parameters of local structure around Fe atoms ob-
tained from curve fitting the F&-edge EXAFS. The amplitude
W\w reduction factorsg representing the central atom shake-up and
W\j\/\/‘\ shake-off effects was obtained from tabulated values published by
DMS167 Stern(Ref. 17. N is the coordination numbeR is the bond length.
,-W\/WN o? is the Debye-Waller-like factor serving as a measure of local
. [PMS126 disorder. AE, is the difference between the zero-kinetic-energy
e W value of the sample and that of the theoretical model used in FEFF.
DMS187 Uncertainties were estimated by the double-minimum residue

2x?) method.
PMS186 (2x)
nn R a? AE,
FeAs, Sample atom N (R) (10%A%) (ev) S

X

DMS169 Fe 5.#0.8 2.55-0.02 6+ 1 —-1+4 0.69

. | . . DMS76 As 3.6:0.6 2.410.01 5+1 —1*+4 069

4 6 8 10 DMS167 Fe b5.%#0.8 254:0.02 7+1 —1*4 U869

k(A DMS126 As 5706 240:001 7+1 —1*3 0859

) ) ) ) DMS187 As 3.:0.3 2.40:0.01 3+1 —5*+4 U869

FIG. 1. Weighted Fek-edge EXAFSy functions. Fine lines: pmsi186 As 6.2-1.1 2.38-0.01 6+1 —1+3 UBY9
experimental. Coarse lines: theoretical. FeAs As 6.1+1.3 2.37:0.01 5+1 1+4 U069

rescence detection mode was used to obtain the XAFS data.

Experimental details about these measurements can be foufRgether with those of model compounds with known va-
in our previous papers:. 3 To extract the EXAFSy func-  lency for comparison. From a simple effective charge argu-
tions from the raw data, a well-established backgroundment, the absorption-edge threshold shifts to higher energies
subtraction and correction method was used. Thesey  as the effective valency of the x-ray absorbing atoms in the
functions were then weighted witk®, and Fourier trans- Material increase8:'° Thus, by comparing the threshold en-
formed into real space for direct comparisrQuantitative ~ €rgy of the Ill-V. DMS samples with those of the model
information of the local structures around Fe in thecompounds, the effective valency of the DMS samples can
Ga,_,FeAs samples was obtained by a curve-fitting proce-Pe reasonably estimated.

dure using the backscattering amplitude and phase-shift

functions extracted from theoretical models calculated with a I1l. RESULTS AND DISCUSSION

ell-known FErF program*>*® The EXAFS y functions and - .
w W brog X NS As shown in Fig. 1, the EXAFS functions for samples

E%Jgfg;ragag{gz f%r,v}gi;?'x asr?dmglﬁss%hgssﬁ{eg %StLGe’DMsm and DMS126 both exhibit a phase and amplitude
present éxperimentl are shovx;n in Figs. 1 and 2 along wit imilar to those of EXAFS oscillations, obviously different

. : ; ; those for samples DMS169 and DMS167. The Fourier
fitted curves obtained from theoretical calculations, respec-rorn -

tively. The local structural parameters determined by thistransforms for DMS7§_and DMSl.ZG shown in Fig. 2.dem-

curve-fitting procedure are listed in Table II. Theedge onstrate that the position of the first peak, representing the

. P distance between the central x-ray absorbing Fe atom and the
NEXAFS data for Fe in Ga FeAs are shown in Fig. 3, nearest-neighbainn) shell, is also apparently different from

that in DMS169 and DMS167. From the detailed curve-
fitting results(Table 1I), the first prominent peaks in the Fou-
DMS169 rier transforms for samples DMS76 and DMS126 are identi-
fied as arising from As neighbors around the Fe impurities
DMS76 with coordination numbers 3.6 and 5.7 and bond lengths 2.41
and 2.40 A, respectively. Based on the known crystal struc-
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FIG. 2. Fourier transform of F&-edge EXAFSy functions. FIG. 3. Normalized x-ray absorption spectra near the Fe
Fine lines: experimental. Coarse lines: theoretical. K-absorption edge.
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ture of GaAs:® each Ga atom in the host is coordinated withtemperature of 260 °C and followed by annealing at different
four nn’s of As atoms at a distance of 2.45 A. Consideringtemperatures. In these samples, as found from detailed
the inevitable local lattice distortion when a Ga atom is re-EXAFS analysis(Table Il), the Fe impurity atoms are sur-
placed by a smaller Fe atom, a decrease of the nn bongunded by 3.0 and 6.2 As neighbors at distances of 2.40 and

length to 2.41 A seems quite reasonable; also, with a typicap. 38 A, respectively. The sample DMS187 was annealed at a
20% uncertainty in the determination of coordination numbete|atively low temperature 350 °C, in which the local struc-

by the EXAFS method, the results for DMS76 and DMS126¢re around Fe is found to be similar to that in DMS76,

given in Table Il can therefore be viewed as direct evidencgngicating clear Fe substitution for Ga. On the other hand,
of the fact that the Fe impurity atoms in these samples moshe Fe local structure in the 580°C annealed sample
likely have substituted for the Ga sites in the GaAs hostp\S186 appears similar to that in FeAsuggesting that
Within the sensitivity limit of our EXAFS detection, there annealing at this higher temperature has resulted in the de-
are no Fe clusters present in these two samples. On the othesture of Fe atoms from the Ga sites, and form small FeAs
hand, the first Fourier transform peaks for samples DMS16 omplexes in the material. The NEXAFS spectra also sup-

and DMS167 are identified as due to Fe neighbors with apyot this observation. The NEXAFS spectrum for DMS187
average qoordlnatlon nL_meer 5.1 and bond length 2.54-2.5g,65wn in Fig. 3 almost coincides with those of samples
A, indicating the formation of small Fe clusters. DMS76 and DMS126, while that of DMS186 appears similar
Possibilities other than Fe substitution for Ga in DMS76;, shape to that of FeAs Both the EXAFS and NEXAFS
and DMS126, such as the formation of;Re, FeAs, or regyts indicate that annealing of the low-temperature-grown
FeAs, which should give rise to nn Fe-As dlstancgs of 2-4gvsamples at a sufficiently high temperatf80 °Q tends to
2.44, and 2.36 A, and average first-sh@is) coordination  incyr the formation of FeAsclusters in the sample, while
numbers 4.5, 6, and 6, respectivéfycan be ruled out by @ annealing at a lower temperatu@50 °Q can hardly change
direct comparison of the Fe NEXAFS spectra shown in Figine pasic structure even with a much longer annealing time.
3. As demonstrated in this figure, the samples DMS76 and |, conclusion, our XAFS results have shown that mag-
DMS126 not only reveal a distinctly higher effective valency etic Fe impurities in Ga FeAs IlI-V diluted magnetic
than the model compound FeASn which the Fe valency is - semjiconductors can indeed substitute for cation sites by us-
higher than that in FAs and FeAg but the spectra also jng ow substrate temperaturésot higher than 350 °Cin
show features clearly different from those of FgABlence  the MBE process. Formation of FeAs complexes and Fe-Fe
the possibilities for Fe in DMS76 and DMS126 to form other ¢|ysters can occur when the substrate temperatures are rela-
phases of Fé\s, FeAs, or FeAscan be safely ruled out. It tjyely high (580 °C). In comparison, this result is different
should also be noted that DMS169 and DMS167 both show,om that in the other 11I-V DMS systems JNIn;_,As and
a threshold energy clearly lower than that of samples DMS7¢; Mn,_,As in which the microstructures of ferromagnetic
and DMS126. This lowering of effective valency is probably \inas are found but not metallic Mn clusters. Annealing of
caused by an admixture of some small Fe clusteatence he pMS thin films, where magnetic ions have substituted
0), and some traces of Fe-containing complexes in the matgy, the cation sites in GaAs, can lead to the formation of
rial. The local structures) around the Fe atoms in these small FeAs phases at a sufficiently higtb80°0 temperature.
complexes could be highly disordered, hence only the Fe ngrther studies of controllable doping of magnetic impurities
bonds are found in the EXAFS spectra of DMS169 andy, other 111-V compounds using the XAFS approach can be

DMS167. i of great interest for further development of diluted magnetic
For a study of the effects of thermal annealing on thegemiconductors.

Fe-doped GaAs, similar XAFS measurements were carried
out for the two annealed samples DMS187 and DMS186, The present research at SUNY Buffalo was supported by
molecular beam epitaxyMBE) grown at a low substrate NEDO and the DOE.
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