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Resonant photoemission of Ga_,Mn,As at the Mn L edge
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Ga,_,Mn,As, x=0.043, has been growex situon GaA$100) by low-temperature molecular-beam epitaxy.
On the reprepared(1x 1) surface, resonant photoemission of the valence band shows a 20-fold enhancement
of the Mn 3d contribution at thel; edge. The difference spectrum is similar to our previously obtained
resonant photoemission at the Nih edge, in particular a strong satellite appears and no clear Fermi edge
ruling out strong Mn 8 weight at the valence-band maximum. The x-ray absorption lineshape differs from
previous publications. Our calculation based on a configuration-interaction cluster model reproduces the x-ray
absorption and thé; on-resonance photoemission spectrum for model paramgtely,y, and (do) con-
sistent with our previous work and shows the same spectral shape on and off resonance thus rendering resonant
photoemission measured at thg edge representative of the Ml ®ontribution. At the same time, the results
are more bulk sensitive due to a probing depth about twice as large as for photoemission airediyln The
confirmation of our previous results obtained at Me=dge calls recent photoemission results into question
which report the absence of the satellite and good agreement with local-density theory.
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[. INTRODUCTION its strong satellite using configuration-interaction calcula-
tions taking into consideration the local surrounding of
In the research field of diluted magnetic semiconductorsthe Mn impurity in a cluster modél.The Mn d electron
the recent observation of long-range ferromagnetic order remumber was determined to be5 and both Mi? and
resented a major breakthroutjtf. The materials that exhibit Mn*3 states were found to be in agreement with the experi-
this ferromagnetic behavior are the Mn-doped III-V com- mental dat&. The exchange constaht3 was determined as
pounds InAs and GaAs prepared by molecular-beam epitaxy- 1.2+ 0.2 eV meaning antiferromagnetic M 3As 4p in-
In these materials, Mn occupies Ga or In sites of the zinderaction in the case of the half-occupied Mrion. Because
blende lattice. It is understood that the origin of ferromag-of the strong magnetic coupling between ¥nand an As
netism is connected to a twofold effect of the Mn impurities: 4p hole, the hole will be responsible for the long-range mag-
on the one hand they provide localized magnetic momentgjetic interaction. Valence-band photoemis$iahand above
on the other hand they act as a hole dopant. Nevertheless, ttiee MnM edge(50 eV) permitted assignment of structures in
physics of the long-range ferromagnetic interaction remainghe local Mn 31 contribution to the excitation spectrum to
controversial, basic questions being whether this interaction?, d°L, andd®L? configurations, i.e., configurations where
is mediated by Mn 8—Mn 3d interaction or Mn 8—As 4p  the number of electrons transferred from Ag drbitals to
and whether the latter would couple spins parallel or antiparMn 3d is zero, one, and two, respectively. Besides a strong
allel. More precise knowledge of the electronic structure ofmain peak around-4.5 eV assigned ta’L, an intense
the Mn impurities in this system is therefore required. valence-band satellite was seen to be causetf* Iptus d6£2
Previously, we studied the Mn2core level by x-ray contributions. The average Mn configuration was determined
photoelectron spectroscopy and analyzed the spectrum witio be %30,

0163-1829/2004/69)/0752027)/$22.50 69 075202-1 ©2004 The American Physical Society



O. RADERet al. PHYSICAL REVIEW B 69, 075202 (2004

The possibility to distinguish Mn @ derived states by [l. EXPERIMENTS

resonant photoemis_sion at the I\Whedge_ is particularly im- Samples were an-type GaA$100) crystal and a 50-nm-
_portan_t for th_e reglonSnear the Fermi energy. Apart fromypicp epitaxial film of Ga_,Mn,As, x=0.043, grown at
intensity predicted fod°L near—2 eV, there is almost N0 250°C on top of an AJgGa ,As buffer layer and subse-
intensity neaiEg in the spectra measured. Substantial Mh 3 quently capped with an As cap ef100-nm thicknes$’ The
derived intensity atEr had been predicted by coherent- sample had a Curie temperature60 K. Decapping and
potential approximation local-density calculations forremoval of oxidized layers was done with noble-gas ion
In;_ MnAs and Ga_,Mn,As in Ref. 7 with the interesting  Sputtering monitored by Mn |2 photoemission as beford®
consequence that these systems would belong to the clals order to establish ap(1x1) low-energy electron-

of half metals. Angle-resolved photoemission of diffraction pattern while avoiding formation of NiAs-type
Ga,_,Mn,As(100), x=0.069, showed very similar band MnAs precipitates, the sample was repeatedly annealed up to

- - - 240°C as maximum. The sample mounting ensured that the
dispersions alongl'-X as in pure GaA4d00, however,
shifted by 100—200 meV for large portions of thg band. GaAs reference sample was heated to the same temperature.

. . . s Measurement temperature was 30 K. Synchrotron radia-
More importantly, the experiments permitted the direct ob+5 from the UE56/2 PGM helical undulator beam fife

servation of the acceptor states induced by Mn doping negfas used to excite photoelectrons, namely, linearly polarized
Er by comparison to pure GaAs spectra for various photonight of 62.5 eV and circularly polarized light around the Mn
energies also without resonant excitatfon. L edge &640 eV). Photoemission spectra were measured
Recently, photoemission spectra have been studied in devith an Escalab MK2 spherical analyzer in normal-emission
pendence of the Mn concentratidrReference 9 obtains a geometry at 1° angle resolution and 50-meV energy resolu-
concentration-dependent position of the Md @mission tion for 62.5-eV photon energy and with angle integration
from Ga_ ,Mn,As with ~ —3.5 eV forx=0.045 and 0.055. and 0.8-eV resolution for energies around the Mredge.

Other spectral features are not reported. In particular, no sats 12y absorption spectra were measured with a total-yield

ellite emission was seen, and it was concluded that Iocalc_:hanneltron during simultaneous scanning, of monochro-

density theory aives a proper descrintion of the Mn contri mator and undulator. Base pressure was1® '° mbar.
1SIty y gives a prop script " For an overview, Fig. 1 shows resonant photoemission
bution to the spectra.

e s ) ) ) ) spectra for the Ga ,Mn,As, x=0.043, and pure GaAs as
Magnetic circular x-ray dichroisMCXD) in absolrlpnon well as the difference spectra representing the Mrcantri-
at the MnL edge for Ga_,Mn,As has been reportéi*and  pution. The energy range includes the Gacre levels and
analyzed in comparison to thedry*?For the number of Mn  this was used for normalization. The spectra were superim-
3d electrons, 5.08 has been obtaitfednd a small fraction posed precisely taking into account the Ga concentration
of ferromagnetically ordered Mn moments among all Mn(100% and 95.7%, respectivelyThe much stronger en-
impurities. hancement of the Mn@signal at the MrL edge(640.3 eV
As at theM edge, resonant photoemission at thedge @S compared to a photon energy above theMladge(62.5
can be described as interference between a direct photoemfY) 1S @pparent from the figure. Figure 2 shows the photon-
Son chnmel 8130 23/30" 1. and th decy ofan T (s0eience more gl hotn sergies e -
excited state @°3d"*1—2p®3d" 1+ e~. Resonant photo- § :

L " X the resonancgFig. 2(b), 638.5 e\] the Mn 3d contribution
emission at the transition-metaledge has been predicted to ;o negligible vgr?e%eg\(s )on resona\ra[d;-'ég. 2c), 640.3 eV] it is

lead to an enhancement of valence-band photoemissiofyminant. The main peak at4.3 eV experiences a giant
much larger than that at the edge;® and experiments have enhancement at the; maximum by a factor of 20 with
been performed for compounds® and metal¥® but despite  respect to the pre-edge spectr88.5 eVl. Besides the

its potential the method has not yet been applied to dilutednain peak, there appears a satellite structure and intensity
systems, to our knowledge. For the size of the enhancemerigtween the main peak amgt. Although the satellite seem-
values between 10 and 100 have been qutftdtlis ex-  ingly possesses a structure, most likely the dip around
pected that dilution increases electron correlation and that 8.5 €V is just intensity that has insufficiently been removed

an enhanced electron correlation will increase the resonafy the subtraction. In addition, the sample has been magne-
enhancement. Moreover, due to the dilution, we can detefizéd Py a pulse along the in-plafi@10] direction. A sizeable
mine the enhancement 7precisely via normr;llization to th magnetic circular dichroism effect was not observed in the

: ) : hotoemission spectrum at 640.3-eV photon energy after re-
core-level intensity of a host constituent. These advantag rsing the helicity of the synchrotron radiation. This is in

together with the large size of the enhancement permit §ne with the small magnetic circular dichroism effect mea-
discussion of the 8 Spectral Shape rather |ndependent|ysured in X-ray absorptiow_lll The X-ray absorption line-
from the spectrum of the host material. Due to the comparashape, however, is smoother and deviates more strongly from
tively large probing depth at kinetic energies around thethe atomicd® configuration than in Refs. 10 and 11.

2p binding energy €10 A), the resulting 8 contribution Above thel; edge, the photoemission intensity is still

is rather independent of the electronic structure of the surenhanced, however, the spectral shape is dominated by emis-
face and its quality. The Mn @& contribution determined sion around kinetic energies where LMM Auger contribu-
in this way will be compared to new calculations and totions are expected. These are marked by an arrow in
previous experimental results performed at higher surfac€ig. 2(d). This intensity can still be distinguished in the
sensitivity. L,-edge rang¢Figs. 4e) and Zf)].
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T T T T T to all 3d-transition-metal monoxides in Ref. 13 where a de-

Mn in GaAs(100) tailed description of the method can be found. In brief, the
initial state considers three configurations of the MpAlsis-
hv = 640.3 eV ter, i.e.,

|i)=ao|3d%) + a;|3d°L) + a,|3d"L3).

Here, L denotes a ligand hole, which corresponds to the
transfer of an electron from an Aspdorbital to a Mnd
orbital. The charge-transfer energy is defined As
=E(3d®L)—E(3d®) with E(3d°L) and E(3d®) being the
average energies of th&ﬂ; and 3° configurations, respec-
tively. The 3d-3d Coulomb interaction energy isJyq
=E(3d% +E(3d*) —2E(3d®). The transfer integrals de-
scribing the hybridization between Mnd3and As 4 are
expressed in terms of Slater-Koster parametgdna() and
(pdo). As usual, the p-3d Coulomb interaction energy
U.q has been tied tdJyq by the assumptiondyq/Ucq
=0.8. The intermediate state is given by

Difference

Ga 3d x5

Photoemission Intensity (Arb. Units)

hv =625 eV

|m)=Bo|2p°3d®) + B1|2p°3d7L) + B,|2p°3d°L?),
DMS % 10 - -
and the final state of Mn @ photoemission is given by

Photoemission Intensity (Arb. Units)

Ga 3d GaAs x 10 |£)=v0l3d*) + 71|3d°L) + 7,|3d°L?).
The resonant photoemission spectrum for photon energy
Difference x 10 and photoelectron energyis expressed as
| F(e.0)=3(felT(w)]i)|28(w+E—e—Ey)
-20 -15 -10 -5 0 with initial- and final-state energids; andE¢, respectively,

Energy Relative to Fermi Level (eV) (fe| being the direct product of the final staté| of the
o ) MnAs, cluster and the photoelectron final stdte. The
F_IG. 1. Resonant photoemission spectra for the diluted magnetig_matrix T(w) includes perturbation operators for the direct
semiconducto(DMS) Ga Mn,As(100), x=0.043, (dots, pure dipole transition from 8 to el, for the dipole transition from
GaAd100 (crosses and the difference between the dia- 5, 1o 34 and for the Coster-Kronig decay processes from
monds. The Ga 3l core levels have been used for proper normal-,[he intermediate staten)
ization of the spectra. The enhancement of the Mnc8ntribution Figure 3 shows at thé top the calculated x-ray absorption
(diamonds at the MnL. edge(b) is much stronger than that above spectrum. Capital letters denote photon energies for which
theM ed . ) o . .
eM edge(@ resonant photoemission spectra are displayed in the bottom
) ) anel. The parameters are the same as those used in Refs. 5
To compare to previous experiments, we measured spe¢;,q g namelyA=1.5 eV, (pdo)=1.0 eV, andU4=3.5
tra at 62.5-eV photon energy, i.e., above the Mnedge o/ The calculation reproduces the x-ray absorption spectrum
where the Mn 8l contribution is not determined by resonant of Fig. 2 very well apart from the splitting at the, edge
photoemission but by the enhanced photoemission cross se¢hich has vanished as compared to previous wWork.
tion of Mn 3d as compared to Ga and Ap4Nevertheless, ogether with the multiplet lines we show photoemission
the enhancement is subs_tant|al. In particular in view of the_spectra broadened by a Gaussian of 1.4-eV full width at half
fact that for photon energies between 18 and 40 eV a contriz,4vimum. The off-resonant spectrushows a strong main
bution from the Mn 8 main 8peak cannot be observed at all peak and strong satellite. Becauseof U 4, the main peak
for a sample withx=0.035" Instead, we see the typical ig 5ssigned to @°L and the satellite to & configurations.
shape of the main peak, satellite and intensity figain the  The on.resonance spectrutis strongly enhanced but oth-
difference spectrum of Fig.(@. erwise quite closely resembles the off-resonance speaium
The spectral shape does change considerably irLthee-
Il CALCULATIONS gion, F, andG. IF appears as if the relative enhance_ment of
the satellite region with respect to the main peak is rather
We have calculated resonant photoemission spectra on tligiven by energy levels in an intermediate energy range
basis of a cluster model with configuration interaction and(2-eV higher binding energy than the main pgakhere
multiplet splittings. The method has previously been appliednainly 3d* and 31°L? states contribute.
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FIG. 3. X-ray absorptiofitop) and resonant photoemission spec-

FIG. 2. Resonant photoemission spectra for photon energiesa (bottom) calculated based on a configuration-interaction ap-
above the MrM edge(a) and across the edge(b—f). In addition, ~ proach with multiplet splitting for a MnAscluster.
the x-ray absorption spectrum is shown in the inset. On resonance
(c), the Mn 3 contribution is 20-fold enhanced but intensity near to extract the Mn 8 spectral weight. Both show that the
Er remains very low. enhancement is so large that the characteristic features can
be appreciated even without the exact subtraction of the host-
IV. DISCUSSION material spectrum as it was conducted here. We can also
estimate from Figs. 2 and 3 that about half of the intensity
Both experiment, Fig. 2, and theory, Fig. 3, indicate thattentatively assigned to incoherent Auger transiti¢asows
photoemission spectra at the edge can very well be used in Fig. 2) is, by comparison to spectrubnof the calculation,
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T - T 1 T T has directly been measured from molybdenum clamps in
Mn in GaAs(100) (a) con_tact with the. samp)elnstead, incoherent Auger contri-
Difference Spectra butions, the f|n|te_ W|dth_ of the host _valence band, and

electron-phonon interaction are possible sources of the

strong broadening. Among these, electron-phonon interaction
will be limited by the total width of 1.25 eV measured from
the Ga 3 core levels displayed in Fig. 1. We believe that the
width of the GaAs valence band is the main source of the
broadening. For Cd ,Mn,Te, the Andersen impurity model
has been applietf,and a Mn 21 density of states has been

. obtained that is similar to the configuration-interaction clus-

' ter modef® but with broad spectral features.

Difference at 640.3 eV
from Fig. 2¢

Cl Calculation
from Fig. 3

Figure 4b) compares the new data to theedge resonant
Difference 50eV - 48eV g (b) photoemission of Ga,Mn,As, x=0.069 (Ref. 6. The
from Okabayashi et al. (199?‘) ) P e spectra are very similar but the intensity of the satellite is
\ ,,/ g \e higher when measured at 50-eV photon energy, and the
g higher intensity has very well been reproduced by the
. Y configuration-interaction calculation in Ref. 6 for a param-
s S eter set identical to the present one. This deviation was al-
§o -\) ready noted for NiAs-type MnTe where the Ml 3atellite
w/ , intensity is also weaker as compared to the main peak
LAY . .
LW N for L-edge than for M-edge resonant photoemission
experiments?
(c) Finally, we superimpose in Fig.(d the 62.5-eV differ-
ence spectrum for the same GaMn,As, x=0.043, sample.
The difference spectrum at this photon energy is determined
by enhanced Mn & photoionization cross section instead of
resonant MnM-edge photoemission, and the photon energy
is high enough to keep Auger transitions out of the energy
range of interest. Obviously, at this energy the determination
of the difference spectrum is more sensitive to GaAs subtrac-
from Fig. 2a tion than for resonant photoemission at thedge because
L T N B T T R the enhancement is smaller, band-structure effects are stron-
14 12 10 -8 -6 -4 -2 0 ger, and surface effects can contribute more strongly. Details
Energy Relative to Fermi Level (eV) of the annealing procedure may therefore matter much more.
Note that difference spectra at 70-eV photon energy have led
FIG. 4. Comparison of the Mn @ contribution extracted at to extra structure around-2 eV and even to negative
640.3-eV photon energylots to the calculation from Fig. 3 broad-  intensities® This could be due to surface states as well as
ened by 2 eV(solid line), to the experimental difference for Mn-induced shifts of the bulk GaAs valence bands as estab-
Ga,,Mn,As, x=0.069 (v=50-eV spectrum minuiv=48-eV  |ished for theA, band® These are reasonable causes since
spectrum, from Ref. 6 (dashed ling and to the one ahv  he difference between 50- and 48-eV photon-energy spectra
=62.5 eV from Fig. 2a) (crosses An integrated background has from the same sample as studied at 70 eV is completely
been subtracted from each spectrum. positive® The surface sensitivitgwhich is very similar at 50
and 70 eV is, therefore, a matter of the GaAs host. Taking
actually due to the resonant photoemission and Auger prahis into account, the fact that the present difference spec-
cesses. trum at 62.5 eV gives a rather good rendering of the Min 3
The appearance of the satellite structure confirms our presontribution indicates that choice of the photon energy in-
vious resuft®® that local-density theofy?°~2? cannot de- deed influences the results through the corresponding direct
scribe the present system in contrast to conclusions frortransitions of surface and bulk states of the GaAs host and
recent photoemission resufténother shortcoming of local- that there is no indication for a particular surface dependence
density theory is that it leads to too high density of states aof the Mn 3d contribution itself.
Er and too low binding energy of the Mnd3main peak, at The 62.5-eV spectrum and the 640.3-eV spectrum agree
least unless corrections due to the Coulomb interaction areith respect to their extremely weak intensity Bt [Fig.
introduced (LDA+U).% 4(c)]. Although the intensity of the 62.5-eV spectrum rises
We want to further discuss the photoemission spectrunmuch steeper, the intensity becomes very weak at the same
measured at 640.3 eV. Figuréatshows a comparison to the energy(about—0.3 eV). The low intensity &g rules out a
calculated spectrur@ but with 2I' =2 eV Gaussian broad- strong Mn 3i contribution there. This means also that while
ening instead of 1.4 eV. It should be noted that the broadsa, —,Mn,As may be a half metal as suggested in Ref. 7, the
shape is not caused by the experimental resolufwamch  half metallicity cannot result from Mn @ states as obtained

Intensity (Arbitrary Units)

Difference at 62.5 eV
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in Ref. 7. Half metallicity may result instead from full polar- eV) do not. The present study confirms the conclusions and
ization of As 4p states by interaction with Mn@® On the the values of the parametess U4, and (pdo) from both
other hand, this result confirms the importance of As 4 previous studies and reassures that the reduced probing depth
holes as mediators of the magnetic coupling. of resonant photoemission at the Whedge does not affect

An expectation connected to resonant photoemissiothe conclusions. This is likely to be connected to the careful
at the L edge is sensitivity to the electron configura- surface preparation exercised but is also due to the dilution.
tion. Resonant photoemission at the L-edge of GRef. 14  The applicability of the cluster model emphasizes the impor-
is a particular example since the decay channel catance of nearest-neighbor atoms. As long as Mn remains on
principally enhance @® through 31°+hy—2p°3d® substitutional lattice sites and does not segregate to the top-
—2p°3d®+e” but not A°L final states since a correspond- most atomic layer, its electronic structure will remain largely
ing channel does not exist. In the present case ofMin the same. On the other hand, segregation of Ga or As would
both 3d°+hv—2p°3d®—2p®3d*+e~ and °L+hr—  not affect our results very much as Mn atoms from deeper
2p°3d’L—2p®3d°L+ e exist and have similar matrix el- inside the bulk would still contribute to our difference spec-
ements and transition probabilities. Therefore, on- and offtra. In this case, the probing depth of the Mah Signal would
resonance spectraA(C) are very similar to each other in even increase.
Fig. 3.

We have to caution that our analysis based on the V. CONCLUSIONS
configuration-interaction scheme is limited by the assump-
tion of identical Mn sites. Although the reason for the differ- We studied resonant photoemission ob(1x1)
ent x-ray absorption lineshape has not yet been establishe@a -, Mn,As(100), x=0.043, andp(1x1) GaAg100 at
MCXD data indicate that the ferromagnetically ordered por-photon energies above the Nihedge and through the Mn
tion of Mn atoms is smaft®*! Spin-resolved photoemission edge. The huge enhancement at thedge ¢ x 20) facili-
would give the 8 density of states of the ferromagnetically tates the extraction of the Mnd3spectral contribution which
aligned Mn atoms. In resonant photoemission at theWIn is characterized by a three-peak structure including an in-
edge, the spin polarization was too small to extract a densitjense correlation satellite. The x-ray absorption and resonant
of states’® Mn L-edge resonant photoemission with its high photoemission spectra are well described by a calculation
intensity and small GaAs host signal is possibly better suitedising configuration interaction with multiplet splitting on a
for spin-resolved studies. MnAs, cluster model. Experiment and model calculations

Finally, we want to briefly return to the probing depth. It agree with our previous work at the M-edge and are at vari-
was recently argued that photoemission data obtained at phance with x-ray absorption and with recent photoemission
ton energies in the vacuum-ultraviolet range cannot probeesults which obtained no satellite and suggested a descrip-
bulk properties and that energies in the soft-x-ray regiortion by an itinerant model.
need to be used. According to this view, the resonant
valence-band photoemission at thedge would probe bulk
properties while the one at thel edge does not. Conse-
qguently, parameters deduced from the Mmre level mea- This work was supported by BMBF under Contract No.
sured at=600-eV kinetic energyrepresent the bulk whereas 05 KS1IPA/O and by a Grant-in-Aid for Scientific Research
those from resonant valence-band photoemi§sadrthe Mn  in Priority Area “Semiconductor Spintronics'Contract No.
M edge and above {kinetic energies between 45 eV and 65 14076209 from MEXT, Japan.
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