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Direct observation of a neutral Mn acceptor in Ga_,Mn,As by resonant x-ray
emission spectroscopy
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We have investigated the Mn acceptor state of IlI-V-based diluted magnetic semicondugcigviiGAs by
means of high-resolution resonant x-ray emission spectroscopy, across the Eihge. We identify the
coexistence of signals related to the neutral impulityand the ionized acceptor staé in Ga_,Mn,As. This
fact suggests that double-exchange-like interaction exists in the ferromagnetic coupling in addition to the
free-carrier-induced interaction.
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The coexistence of localized and delocalized electrons icase of Mn » RXES for Gn_Mn,As, since the on-site
a doped system can lead to important properties for practical-d transitions depend on the valency of Mn, it should be
applicationst=3 For example, hole doping in manganite per- possible to resolve the structures of th& (Mn®* or Mn?*
ovskites create not only Mn-mixed valence but also ferrowith a bound holeD) state and theA~ (Mn?*; ®S) state
magnetism driven by the kinetics of MndBholes, based on clearly Note that theA® impurity of Mn?* ion with a bound
the double-exchang@E) interaction® Heterovalent substi- hole also has the same symmetry as &Man. For a metal
tutions of magnetic impurities, as in diluted magnetic semi-impurity, one can observe wide-rangidgd transitions due
conductors(DMS) also introduce both magnetic moments to the absence of strong overlapping interband transitions of
and carriers that develop into carrier-induced ferromagthe host material. Furthermore, the resonance effect should
netism, a property whose origin is still under deblte. emphasize either th&° or A™ state by tuning incident-photon
Carrier-induced ferromagnetism in lll-V-based DMS energy ()) to each absorption feature separated by the
Ga_,Mn,As is especially important from the viewpoint of chemical shift? Hence RXES is an important tool to char-
basic physics as well as application to devices due to comacterize the Mn acceptor state in GMn,As.
paratively high critical ferromagnetic temperatuig,) and Recent work has shown the importance of interstitial Mn
excellent connectivity to GaAs-based superstructures. In odonors in Ga,Mn,As samples35The interstitial Mn do-
der to understand the carrier-induced ferromagnetism, it isiors diffuse to the Ga,Mn,As surface upon annealing and
essential to clarify the electronic state around a Mn acceptoform MnO, depending on temperature, in contrast to the im-
In the case that doping leads to dominantly ionized acceptamobile substitutional Mn accepto¥sl” Accordingly, one
A", i.e., Mr?* ion with a free hole, Rudermann-Kittel- can identify the different Mn states upon annealing. RXES
Kasuya-Yoshida-liké RKKY-like) interaction is expected to can be used for distinguishing between them due to the en-
give the appropriate explanatiéft.On the other hand, it fol- ergy difference of the main peak in Mn; (2p5/,) regionl®
lows from doping leading to neutral acceptor stad8being  In this paper, we have performed high-resolution Ng
Mn3* ion, or more appropriately, Mii ion with a bound RXES of as-grown and annealed 3aMngosAS,
hole, that DE-like interaction should drive the Cd,;dMng,,Te, and MBO;. The study conclusively shows
ferromagnetisni.Previous high-energy spectroscopy reportsthe presence oA’ as well asA™ signals of Ga_,Mn,As.
on the Mn-partial-electronic state in Gavin,As have Ga_Mn,As films were grown by molecular-beam epi-
mainly supported thé~ state®’ On the other hand, electron taxy (MBE) on semi-insulatind001) GaAs substrates under
paramagnetic resonan¢&PR of Ga_,Mn,As has shown As-rich conditions. This was followed by low-temperature
characteristic features due to coexistenc&otenters along (LT) annealing in a nitrogen gas environment for 15 Afin.
with A° centers forx=0.0005% Further, infrared absorption Substrate and annealing temperature were 230 and 260 °C.
spectroscopy of Ga,Mn,As with x close to theT, maxi- Temperature dependence of resistivity showed the metallic
mum seems to support the formationAff states because it nature of as-grown and annealed films. Thavas estimated
has revealed highly localized character of carrfers. from the Hall coefficient at room temperatul@T) and the

Resonant x-ray emission spectroscd®RXES) is an ex- T, was determined from magnetization measurements. De-
perimental technique that probes the emitted-photon energyils of the samples used in the present study are given in
(w) of x rays under the excitation of a core electron near theTable I. A Cd_,Mn,Te epilayer was also grown by MBE on
absorption thresholtf The metal p—3d—2p RXES is a  (001)-oriented GaAs substrate. M, was in powder form.
second-ordefcoherent absorption and emission of phojons RXES and fluorescence yieldFY) measurements were
optical process and hended transitions are allowed, which performed at undulator beamline BL-2C in the photon fac-
are dipole forbidden for first-order optical processes. In theaory of KEK.'® The x-ray emission spectrometer uses a
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TABLE I. The n, (cm™®) and T, (K) for the samples of —— As-grown Ga, ,;Mn, ,,-As
G2y 95MNo.04AS. e —— LT-annealed Ga, ,,Mn ,-As

— @z __...a%ee U
Ny , = nan LR LA : ;
Sample (cmd) (K) 3 |(MnL, XAS)
e
=
As-grown sample 5.910° 55 !
LT-annealed sample 1:610%° 100 2
£ ,
Rowland-circle geometry in which input slit, spherical grat- E T T S T
ing, and multichannel detector lie on the focal cirtdelhe 63 64 64 64 646
resolution of the beamline spectrometer was set to 0.3 e\ Photon Energy (eV)
The total resolution of the RXES experiment was aboul b )i I N
0.6 eV. The incidence angle was about 20° to the sampl( ) I e A e
surface and the spectrometer was placed in the horizonti Mn L, RXES }

plane at an angle of 90° with respect to the incident bearr
This configuration leads to a probe depth of more thar
100 nm for L5 emission of 8 transition metal iond! No
surface treatment was carried out prior to measurements. A
measurements were performed at RT.

Figure Xa) shows the x-ray absorption spectroscopy
(XAS) spectra measured using an x-ray emission spectrorn
eter and photo diode for as-growfblue line and LT-
annealed(red ling Gay gsgMng g4AS in the Mn L5 region,
classified as the FY and the total photon yi€ldPY) spectra,
respectively. The TPY spectra are identical with the ones ir
previous work?? The FY spectra have a maximum intensity
at the excitation energ,, while the TPY spectra exhibit a | |]

Intensity (arb. units)

-
I T 1

maximum at(),. Further, the annealing dependence in FY is B A ‘|‘5
much smaller than that in TPY. The FY spectrum for the S
as-grown sample and the TPY spectrum for the LT-anneale -8 -6 =4 -2 0

sample well resemble the XAGotal electron yieldl spectra Energy Loss (eV)

after and before etching of Ref. 16, respectively. It has been FG. 1 | The XA :
shown that Mn interstitials diffuse towards the surface and F'C: 1- (Colon (& The XAS spectra measured using an x-ray
form MnO upon LT annealiné‘lﬂ Therefore, the FY spec- emission spectrometdiFY) and photodiodg TPY) for as-grown

) . f blue ling and LT-annealedred line@ Ga g5qMng g4AS in the Mn
trum for the sample before annealing and the TPY spectru

after annealing should mainly reflect the bulk and surface= region at RT. The TPY spectra are identical with the ones in
Mn Componer?ts respectiveI))// The differences in FY an revious work(Ref. 29. (b) The RXES spectra plotted as a function

o o . f energy lossw-Q) for as-grown(blue ling and LT-annealedred
TPY spec_tra are surprising as it indicates that FY is MOT8ine) Ga, 05Ny 04 AS in the MnLs region at RT. The RXES spec-
bulk sensitive than TPY. _ tra 1-4 were obtained with incident-photon enefjy 4 indicated
Figure Ib) shows the RXES spectra plotted as a functionin (5). Gaussian fittings for the RXES spectra of as-grown samples
of energy lossv-() for as-grown(blue ling and LT-annealed  (plack line characterize three RIXS featurds,,, andN indicated
(red lin® Ga gsdMng g4 As in the MnLg region. The RXES  py dotted and dash-dot lines, respectively. The RIXS calculation for
spectra 1-4 are normalized for incident-photon flux anda Mr2* ion at the energy, and Mre* atomic multipletsgreen line
measured time, and obtained with incident-photon energynd bar, respectivelyare also showiiRefs. 23 and 24
Q,_4 indicated in Fig. 1a). The curve fittings using Gauss-
ians for the RXES spectra of the as-grown sample clarify
three features with intensities dependenttband with con- by the enhancement of a two-peak structure at loss energies
stant energy loss compared to the elastic peak. The resonasit ~3.0 and 3.5 eV compared to that for the as-grown
inelastic x-ray scatterin¢RIXS) features are characteristic of sample. Therefore, the increase in intensity in the spectra 2
d-d transitions rather than charge-transfer excitations, beand 3 upon annealing is attributed to surface MnO with more
cause they have narrow linewidtHsThe spectrum 1 corre- localized naturé® On the other hand, there is no RIXS fea-
sponds to bulk states and exhibits negligible annealing deture decreasing in intensity upon annealing in Figp)lac-
pendence. This shows that the RIXS featutes and N cordingly we cannot identify the feature corresponding to
forming the spectrum 1 originate from the substitutional MnMn interstitials. This is attributed to the low concentration of
acceptors insensitive to annealiigThe spectra 2 and 3 Mn interstitials. If Mn interstitials act as double dondfs!®
show small enhancements in intensity at equivalent loss erthe change im, by annealing suggests interstitial Mn donors
ergies ofl; , upon annealing. In particular, the spectrum 2 forare less than one-third of substitutional Mn acceptors in the
the annealed sample probes the surface contribution as seas-grown samplé¢see Table)l
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FIG. 2. (&) Two comparisons for the RXES spectra in the Mn
region: (i) one between as-grown @gdMng o4 AS excited atQ);
(solid-line spectrum and Cg ,gMng,oTe excited at 640 eV
(dashed-line spectrumand (ii) the other between the as-grown
Gay g5Mng gsAS excited atd; (solid-line spectrumh and MrpO3
excited at 640.8 eMdashed-line spectrumThe Cg 7gMngosTe
and Mn,O; spectra are scaled suitably for comparison. ThéMn
atomic multiplets are shown as a bar diagréRef. 24. (b) The
Mn,O; RXES spectra af)=640, 640.8, and 641.8 eMc) The
XAS (TPY) spectrum for Cgl;gMing »5Te in the MnLs region.
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shows two comparisons for the RXES spectra in thelMn
region: (i) one between as-grown @gMng gaAs excited at
Q, (solid-line spectrum and Cdg ,gVing,,Te excited at
640 eV (dashed-line spectrumand (ii) the other between
the as-grown GgysqMng g4 AS excited a(); (solid-line spec-
trum) and Mn,O5 excited at 640.8 eMdashed-line spec-
trum). The Cg ,dMng ,,Te and MRO; spectra are suitably
scaled for comparison. The ggMng,,Te measurement
uses the excitation energf corresponding to the photon
energy at the_; absorption peak as shown in FigicR The
spectrum well reproducels , and does not have any clear
feature aboulN. On the other hand, the M@®; spectrum at
~()3 shows a RIXS feature nedt, confirmed from constant
energy loss irrespective di2 as shown in Fig. @). The
RIXS feature also shows a similar enhancement 8% giv-
ing the resonance dfl. The featureN matches with MA*
atomic multipletsshown as bar diagram in Fig(&], with
high-lying states overlapping Mh state* The d-d transi-
tions of MrP* of trivalent LuMnQ, also show a broad domi-
nant featurg1.6—3.0 eV and very weak features at higher
energies® The lower energy of the loweskd excitation of
Mn3* compared to M#* is known to be due to smaller ex-
change stabilization compared to half-filled ¥Mrstate!24
Therefore it is concluded th#t , andN correspond to th&™
andA? signals of Ga_ Mn,As. It is noted that the dominance
of the A signals is not contradictory with the EPR and pho-
toemission result$®

The coexistence o&~ andA° centers in Ga,Mn,As sug-
gests consistency with a two-fluid model applicable to DMS

The RIXS features are divided into two groups named asn the vicinity of the metal-insulator transition in the pres-

I, (dotted ling andN (dash-dot ling. The enhancement of
I, » mainly occurs af), corresponding to thi; resonance of

ence of disorder, consisting of extended states and singly
occupied impurity states, i.e., bound magnetic polarons

the FY spectrum for the as-grown sample with a line shapgBMP).2° It has been pointed out that the holes in the ex-

matching the cluster calculation fé¢ (Mn?*) excitations
Further, the RIXS calculation for a Mhion at , (green
line) well reproduces; ,2 except for the slightly larger en-

tended states mediate the long-range interactions between the
localized spins and that the BMP makes ferromagnetic cou-
pling with the neighboring\™ centers on the basis of DE-like

ergy loss, which are probably due to the absence of cystalnteractior?® Ga,_,Mn,As samples used in this study are me-

field effects in the calculatioh. This comparison suggests
I, » should be assigned to tlied excitation originating from
A~ (Mn?*) states. Thus, we can attributgto *G, P, and*D
multiplet transitions andl, to 2, ?F, and“F ones in a MA&*

tallic even before annealing. This suggests the magnitude of
spontaneous magnetization will attainl00%3° leading to

the contribution of bothA~ and A° centers to ferromag-
netism. The two-fluid model is also consistent with the trans-

excitation?3?4as shown by the bar diagram in Fig. 1. On the port and magnetic measurements on the samples used in the

other handN is enhanced at enerdy; beyond thel 5 reso-
nance. The difference betwe€h and();, corresponding to
the resonance df, , andN, respectively, is about 1.3 eV and
is comparable to the chemical shift between¥and Mr?*
states?? taking into account screening fé« components®

present study*

DE-like interaction causes fluctuation betwe&hand A~
centers in Ga,Mn,As. The clear distinction in the RXES
measurements is possibly due to the short lifetime of a
Mn 2p hole3? On the other hand, EPR measurements have

The surface component related with the insulating MnOobserved theA® signal only for very diluted GaAs:Mn, but

(Mn?*) gives a resonance &,, lower than(; by about
0.8 eV.
The precise assignment bf, or N can be confirmed by

not for 0.002<x=<0.0088 The delocalization accompanying
the DE-like interaction possibly leads to a decoherence in
active Mn acceptors, leading to a suppression of the EPR

comparison with the spectrum of reference samples contairsignal.

ing Mn?* or Mn3* ions. As a reference to th&™ signal, we
use lI-VI-based DMS Cd,Mn,Te in which a Mn impurity
homovalently substitutes a €dion.! Since there exists no
DMS with a purely Mi* configuration, we use My®; as a
reference of theA® signal. Basic properties of electronic
states of Ga,Mn,As (Refs. 6 and Yare almost the same as
those of Cd_,Mn,Te (Ref. 25 and somewhat different from
those of MB0O3,%%? influencingd-d transitions. Figure @)

n, or T; of Ga,_,Mn,As samples depend on the Mn con-
centration as well as on the annealing proceddfdn our
previous study? we have found that the GagMn,As TPY
spectral intensity scaled with, or T.. The TPY spectral
intensity mainly reflects the surface MnO. Since the forma-
tion of surface MnO corresponds to the annihilation of inter-
stitial Mn donors, it contributes to the increase rjf and
henceT in the system. Hence, or T is determined by the
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diffusion coefficient of interstitial Mn donors, which depends magnetic coupling based on a DE-like interaction in addition
on the Mn concentration, substrate temperature, and the ate the free-carrier-induced interaction.
nealing temperature after growth.
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