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Manganese concentration and low-temperature annealing dependence of GaMn,As by x-ray
absorption spectroscopy
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The Mn-site-projected electronic structure of the diluted magnetic semiconductars,MBgAs (x
=0.032, 0.038, 0.047, 0.052, 0.058f as-grown and low-temperatufeT) annealed samples are systemati-
cally studied using high-resolution Mnp2absorption spectroscopy. The study exhibits coexistence of the
ferromagnetic MA" ion and the paramagnetic Mn-As complex that transforms into the ferromagnetic com-
ponent with LT annealing. The ratio of ferromagnetic to paramagnetic components is directly related to the
dependence of the hole density and ferromagnetic critical temperature.
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Carrier-induced ferromagnetism in 1lI-V based diluted found that the latter component is transformed into the
magnetic semiconductotswhich has been utilized for the former by the LT annealing. The ratio of ferromagnetic to
recent successful control of ferromagnetism by external paparamagnetic components is directly related toxfepen-
rameter such as light illuminatiéror electric field® is now  dence of then, andT.
attracting much attention although the detailed mechanism is Ga& xMn,As films were grown by molecular-beam epi-
still under debaté*~'2 Especially Gg_,Mn,As has com- taxy on semiinsulating0d01) GaAs substrates around 230 °C
paratively high ferromagnetic critical temperaturg.) and under As-rich conditjons. The growth parameters were opti-
excellent connectivity to the elaborated GaAs-based supeflizéd so as to obtain the highegs for eachx. To estimate
structures. Several experiments on local electronic structuré'® nominalx’s in as-grown samples, the lattice constants
around Mn ions in Ga ,MnAs have already been Were measured from_the x-ray diffractiOdRD) _of the m_dex
reported:>~1®but they have been performed for the samples(oo4)' The LT annealing T=260°C) was carried out in the
with Mn contentx below the value corresponding to the environment of nitrogen gas. The annealing time was fixed to

. . 5 min. There was no increase in full width at half maximum
maximum of T, . Hence a systematic direct measurement o o .
. . . of the (004) XRD peak, which indicates that the annealing
the local electronic structure across the maximum is de-

ired to clarify th hani £ 1h er-induced f caused no significant inhomogeneity in the films. The elec-
sired to clarify e“ mec "amsm of the carrer-induced 1ermo-y . transport was measured by a conventional ac bridge
magnetism. Here “direct” means a signal labeled unambigu

with van der Pauw method. Thg, was estimated from the
ously as one of Mn atoms. Hall coefficient at room temperatuf®T) and theT, was

The 2p x-ray absorption spectroscop§XAS) of 3d  getermined from magnetization measurement. Details of the
transition-metal compounds is a powerful technique for thesamples used in the present study are given in Table I. XAS
dil’ect pI’Obing Of the ﬁ Valence e|ectr0niC structure due to was measured in tota' photon y|e|d mode' The Samp|es were
the dipole selection rul€.*® The transitions are made into 200 nm thick, which is enough to absorb all incident pho-

core-hole potential in contrast to core-level photoemissioninstalled at the undulator beamline BL-2C in the photon fac
Especially in diluted systems, XAS has great advantages for

little surface effect. Recently it was found that low-
temperaturéLT) annealing after the growth of Ga,Mn,As
crystals greatly increasds and the hole densityn(,) with-

TABLE I. The n, (cm™®) and T, (K) for the as-grown and
LT-annealed samples of GaMn,As (x=0.032, 0.038, 0.047,

out influencingx.®2° This is mostly due to the removal of 0.052, 0.058
excess As atoms that operate as deep d(ﬁ’lc’:_?sThls tech- As-grown sample LT-annealed sample
nigue should also be useful for the systematic study. _3 _3

. . X n, (cm™~) T (K) n, (cm™) T. (K)

In this paper we report systematic measurements of the

site-projected Mn @ states of Ga ,Mn,As by high- 0.032 1.%x10% 1.6x10% 30
resolution Mn 2— 3d XAS across thel; maximum on as- 0.038 3.4<10% 30 7.5¢ 10" 60
grown and LT-annealed samples. Our study exhibits that the.047 5.%10'° 55 1.5<10%° 100
XAS spectrum consists of two componen(g:one from the  0.052 2.1 100 30 6.2< 10%° 85
ferromagnetic MA* ions and(ii) the other from the meta- .0s8 6.1 1010 45 1.1x 1020 30

stable paramagnetic Mn ions coupled to excess As atoms. We
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FIG. 1. Mn 2p XAS spectra for(a) as-grown and(b) LT- Photon Energy(eV)
annealed Ga ,Mn,As (x=0.032, 0.038, 0.047, 0.052, 0.058t
RT. FIG. 2. () Comparison between Mn@2XAS spectra for LT-

annealed GggsdMngosAS sample and the calculation based on

tory of KEK. Synchrotron radiation was monochromatizedatomic multiplet theory for MA" (d®) in tetrahedral coordination
using a varied-line-spacing plane grating, whose energy resder 10 Dg=0.5 eV’ (b) An example of Mn 2 XAS spectra for
lution was better than 0.1 eV at 650 eV. All measurement$sa_,Mn,As resolved into two components. Solid line is Mp 2
were performed at RT. XAS spectrum for as-grown Ga@sqMng g4ASs sample. Dashed line

Figures 1a) and Xb) show XAS spectra across Mnp2 is the scaled spectrum for the LT-annealed sample and dotted line is
threshold of as-grown and LT-annealed ;GagMn,As (x the “r.netast.able" componentc) LT annealing dependence of the
=0.032, 0.038, 0.047, 0.052, 0.058espectively. The spec- >_(AS _mtensnty forx=_ 0.047 sample. The annealec_i spectrigolid
tra are normalized for incident photon flux. The featuregling) increases relative to the as-grown dudetted ling.
around 640 eV and 651 eV correspond to the (2psp
—3d) and L, (2py,—3d) levels. The as-grown samples spectrum(“metastable;” dotted lingis obtained by the sub-
show a main peak doublet structure for thelevels at 639.5 traction as shown in Fig.(B). Transformation from “meta-
eV and 640 eV. In contrast, the LT-annealed samples show stable” to “intrinsic” on LT annealing shows the alternation
single main peak at 640 eV, except for the=0.032. The in the local environment around Mn. Since LT annealing
LT-annealed sample fox=0.047 exhibits a spectral shape probably acts on evaporation of the excess As atbtfi&the
very similar to the calculation based on atomic multiplet“metastable” Mn ions are suggested to be forming Mn-As
theory for Mrt* (d®) in tetrahedral coordination for the case complexes. The “metastable” component resembles the
with crystal-field strength (10Dq)=0.5 eV [see Fig. broadened spectrum for th#® configuration shifted to 0.5
2(a)].}” This means that the hole is mainly created in As 4 eV lower energy rather than th# configuration’'® The
orbital for Gg _,Mn,As. difference between the intrinsic and metastable components

The reduction in intensity of the feature at 639.5 eV withis probably due to two effects of Mn-As complex: self-
LT annealing is indicative of the presence of two types of Mncompensation of hole and local lattice polarization between
ions in the as-grown samples. Using the LT-annealed spedvin acceptor and excess As donor.
trum for x=0.047 (“intrinsic;” dashed line, the difference Since the LT annealing results in no loss of Mn
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73U = P fore annealing. It is found that the dependence of the in-
;-(a) as-grown 3 tensity ratio fairl_y foIIO\_/vs theT . for both as-grown and LT-
1.3 ] annealed materials. Figure¢aBand 3b) clearly show that
. F _550 the intensity ratio has strong correlation with. However,
g 1.2;— Pl the intensity of metastable component is almost constant for
5 F S 340 varying x. As reported by the magnetization measurements,
S 1.1F =) the metallic samples witl close to theT, maximum have
N 330 shown a dominant ferromagnetic contribution, whereas the
210F ER insulating samples have exhibited that the paramagnetic con-
% 3 2 3 tribution reached almost 50% of total saturation
E09F 5 320 magnetizatiort:*?3?* Hence we can conclude that “intrin-
£ ] 3 sic” component corresponds to the ferromagnetic compo-
0.8F g oL o Mewk ] 310 nent, while the “metastable” one conforms to the paramag-
3 £ 003 004 005 006 3 netic component.
R This is the first observation of a microscopic distinction
2.4} J100 between the ferromagnetic and paramagnetic Mn ions. This
: does not contradict with the results of electron paramagnetic
@2-2: E resonance(EPR that there is no neutral Mn states in
g 20k 380 Ga,_,Mn,As with x less than 0.012 The paramagnetic Mn
PO 1 ~ ions also havel®-like configuration and the shift in the EPR
= 1.8 I spectra from those of ferromagnetic ones should be small
= 62 160 = and buried in the broad signal. It should be also noticed that
2 1 the Mn 2p x-ray magnetic circular dichroism study of a fer-
§ 1.4L romagnetic sample showed a structure similar to the LT-
=t J40 annealed spectrum in Fig. 2. On the other hand,
L2p ] Ga,_,Mn,As undergoes an insulator-to-metal-to-insulator
1.0;‘ T T t.ransfistgozrgzglg\{‘ll'll') with increasing x from thg dilute
0.03 0.04 0.05 0.06 limit.>®2%2324Fjgure 3 also reveals that the ratio of Kin

X ions to metastable Mn-As complexes becomes maximum for
_ _ _ the metallic sample withx=0.047 showing the highest,

FIG. 3. x dependence of the |ntenS|ty ratio of the peak at 640 eV(See Table )|_ Hence it is almost apparent that the IMIT di-
and (b) LT-annealed Ga.,Mn,As (x=0.032, 0.038, 0.047, 0.052, Since the ferromagnetic component is clarified to be high-
0.058. Inset showsx dependence of the integrated intensity of spin Mre* ion. the ferromagnetism is mediated by Ag 4

metastable” for the as-grown samples. hole rather than Mrd hole. Whether As # hole is mainly

content®2we expected the total intensity in the spectra foractivated or not is unclear. This is because the XAS reflects
’ b y P local electronic structure around Kih ion. It should be

the same composition to be conserved before and after an- . :
; : L noted that As # hole is expected to have a relatively large
nealing. Figure &), however, shows enhancement in inten-

sity upon LT annealing compared to the as-grown s ectrurrrladius even if As # hole is bound to MA" ion.
y up 9 P 9 P In conclusion, we have systematically studied the local

for x=0.047. The same behavior was observed for all com- . . .
positions. There are two possibilities for the large dif'ference.GIeCtronIC structure around Mn in &aMnAs by high-

One is the absorption of the excess As in the Mnr2gion. resolution Mn 2 XAS. From a comparison of as-grown and

The other is the lower valence of the metastable Mn site alﬁgﬁggﬁiliesdazgirgﬁéeds’tot?]?ghfg;ﬁﬂmﬁ%?'ﬁn Zldegittrigr;lcwt;on-

judged from the chemical shift to lower energy. When occu-. . : .
; o L identify metastable paramagnetic component due to coupling

pation ofd orbital is larger, the metal 2 absorption is gen- . ; ; .
with excess As, which transforms into the ferromagnetic

erally reduced. component with LT annealing. The ratio of ferromagnetic

The x dependence of intrinsic and metastable Mn site 12+ ions to paramaanetic Mn-As comolexes is scaled with
should be discussed in order to explore the relation to that jY: P g P
e x dependence of the, andT,.

n, or T.. For the quantitative discussion, one can conside}
the intensity ratio of the peak at 640 eV to the feat{steoul- We would like to thank A. Kotani, K. Kobayashi, K.
den at 639.5 eV. Figures (3 and 3b) illustrate x depen-  Kanai, T. Ishikawa for helpful discussions and A. Yagishita
dence of the intensity ratio before and after annealing, plotfor technical support. This work was partly supported by a
ted along with theT.’'s of the samples for comparison. Inset Grant-in-Aid for the Scientific Research from the Ministry of
shows the integrated intensity of metastable component beé=ducation, Science, Sports and Culture, Japan.
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