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Mn 3d partial density of states in Ga _,Mn,As studied by resonant photoemission spectroscopy
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We have obtained the Mnd3partial density of states in Ga,Mn,As using the resonance photoemission
technique as well as by means of the difference betwegn &#,As and GaAs. We have observed a strong
satellite structure on the higher binding energy side of the main peak, as in Mn-doped II-VI compounds such
as Cd_,Mn,Te. Based on analysis using configuration-interaction calculation for a MclAster, we could
ascribe the spectral features to strong MfAs 4p hybridization and Mn 8-3d Coulomb interaction.
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In the field of semiconductor physics, band theory basedPhotoemission spectroscopy in the valence-band region has
on the one-electron approximation has been very successfud|so been extensively used to study the electronic structure of
and the electronic structure of impurities has been describestrongly correlated electron systems such as high-
using the effective mass theory for shallow levels, or usingemperature superconductors and Mott insulaforén the
the Green function method for deep levelBor transition-  studies of the I1-VI based DMS, too, photoemission spectros-
metal impurities in semiconductors it has become clear ircopy has been a powerful technique to investigate their
recent years that it is essential to treat electron correlationalence-band electronic structd®.In this work, valence-
effects explicitly. That is, one must treat hybridization be-band photoemission studies have been performed and the Mn
tween the localized electrons of the magnetic impurities an®d density of state§DOS) in Ga _,Mn,As has been de-
the delocalized band electrons of the host semiconductoruced.

Transition-metal impurities in II-VI semiconductors have The photoemission experiments were performed at BL-
been extensively studied because the host can accommoddt®A of the Photon Factory, High Energy Accelerator Re-
a high concentration of Mn and some other transition-metasearch Organization. Resonant photoemission experiments
ions. Diluted magnetic semiconductdBMS) of Mn-doped ~ were made in an ultrahigh vacuum of 18 Torr at room
[I-VI compounds are now utilized in magneto-optical temperature. Photoelectrons were collected using a VG
devices’ The recent development of synthesizing IlI-V CLAM hemispherical analyzer in the angle-integrated mode.
based DMS such as GaMn,As by molecular beam epi- The resolution was estimated to be 100—200 meV from the
taxy has opened up new opportunities in the field of DMS. Fermi edge of Ta foils. Ga ,Mn,As (001 thin films with

The IlI-V based DMS show such remarkable properties ax=0.069 and 0.035 were grown on Gaf$1) substrates by
carrier-induced ferromagnetism and associated magneénolecular beam epitaxy at a low growth temperature of
totransport properties. A current issue is the microscopic ori250 °C° The Curie temperature was estimated from anoma-
gin of the carrier-induced ferromagnetism in the Mn-dopedious Hall effect to be 45-50 K For sample surface clean-
[1I-V based DMS. It is known that the transition-metal im- ing, we made Ar-ion sputtering at 1 kV and annealing up to
purities in the 11-VI based DMS behave as-2cations? On ~ 240°C. The cleaned surfaces were checked by low-energy
the other hand, it has been controversial which valence statlectron diffraction(LEED) and XPS measurements. We re-
of the Mn impurity is stable in the IlI-V based DMS. peated Ar-ion sputtering and annealing until the ©ahd C

In order to elucidate the magnetic and transport propertieds peaks in XPS were diminished below the detectability
of the IlI-V based DMS, it is necessary to obtain information limit. Clear LEED patterns reflected ordered clean surfaces.
about their valence-band electronic structure, including theé\fter sputtering and annealing, the Mn content may change
p-d exchange interaction between the Md 8lectrons and from the bulk value but the Mn core-level XPS intensity
the band electrons. In previous watkye have made core- agreed to within+20% with the bulk values, which have
level x-ray photoemission spectrosca$PS measurements been determined from the electron probe microanalysis.
of Ga_,Mn,As and estimated thep-d hybridization The Mn 3p-to-3d core absorption occurs at photon ener-
strength and the occupation number of the Mih @&bitals gies above 50 eV. Interference between the normal photo-
using configuration-interactiofCl) cluster model analysfs. emission and the Mn @to-3d transition followed by a
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FIG. 1. A series of photoemission spectra of,Gain,As for FIG. 2. Photoemission spectra of GaMn,As — (x

various photon energies near the Mmp-33d core excitation = 0:035,0.069) and the GaAs substrate=0.0) for hv=70eV,
threshold. The hatched area is the As Auger contribution estimatetynere the Mn 8 cross section is large compared to As.4

as shown in the left inset. The vertical bars denote the constant d for th t f h h .
kinetic energy. The difference between the on-resondm¢ ( was assumed for theé spectrum of €ach energy as shown in

=50eV) and off-resonan®48 eV) spectra, which is a measure of the left inset of Fig. 1.
the Mn 3d partial density of states, is shown at the bottom. Here, BY subtracting the off-resonanth{=48eV) spectrum

the dashed curve is the spectrum obtained by correcting for the AOM the on-resonant50 eV) one, we obtained the Mnd3
Auger emission. The right inset shows the absorption spectra dpartial DOS as shown in the bottom panel of Fig. 2. Here,
Gay gaMng pecis and GaAs recorded by the total electron yield based on the As @ cross section fohry=50 and 48 eV,
method. which are estimated to be 0.17 and Qi3 arbitrary units,
respectivelyt? the 48 eV spectrum had been reduced prior to
3p-3d-3d Coster-Krmig decay generates a resonance in thehe subtraction in order to subtract out the As dontribu-
valence-band spectra. From such measurements, we couidn. The difference spectrum thus obtained that corresponds
obtain a resonantly enhanced Mrl 3artial DOS in the to the Mn 3 partial DOS indicates the main peak at 4.5 eV
valence-band spectra. The right inset of Fig. 1 shows thand a strong satellite at 6—-10 eV. The spectrum also shows a
absorption spectra of GgsMng gsAS and GaAs recorded in  broad feature at a lower binding energy-eR eV. The sat-
the total electron yield method. They indeed show a strongllite at Eg=6-10eV cannot be reproduced by the band-
absorption peak at 50 eV originated from Mn. The peak at 4&tructure calculation for a hypothetical zinc-blende type
eV is the As 3l core absorption. From the absorption spec-MnAs and GgsMngsAs (supercell (Ref. 13 and would
trum, the resonant and off-resonant photon energies amherefore be attributed to a many-electron effect. The line
found to be 50 eV and 48 eV, respectively. shape of the Mn 8 partial DOS is thus similar to that of the
The valence-band spectra taken at various photon eneMn-doped 11-VI compound$*®® The position of the main
gies are shown in Fig. 1. Here, the intensities have beepeak Ez=4.5€eV) in the present case may appear deeper
normalized to the photon flux. All the binding energies arethan those in the 1I-VI based DMEg=23.5eV) &9 but this
referenced to the Fermi energ¥£). One can see that in is largely due to the different energy references between the
going fromhv=46 to 50 eV, the peak at a binding energy different studies: Binding energies were referenced to the top
(Eg) of 4.5 eV grows in intensity. One can also see a broadf the valence band in the studies of the 1I-VI compounds
feature fromEg=6 to 10 eV, whose intensity grows in going while they are referenced ¢ in the present study.
from hv=46 to 50 eV. This broad feature is therefore attrib- The difference spectra between GaMn,As and pure
uted to the Mn 8 origin. It should be noticed that Auger GaAs were also used to obtain the Md Partial DOS as
emission from the As & core level overlaps and moves to shown in Fig. 2. Here, the photon energy was fixechat
higher binding energies as the photon energy increases as70eV in order to increase the relative cross sections of Mn
shown by a hatched area in Fig. 1. In order to subtract out th8d to As 4p.1? The intensities have been normalized to the
As Auger contribution, we exploited the fact that the AugerGa 3d and As 3 core-level spectra. The difference spectra
features have the same kinetic energies and the same angmis obtained agree well with those obtained from the reso-
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nant photoemission experiment except for th@ eV fea-
ture. The structure arourilg~2 eV in the difference spec-
trum means that upon Mn doping the peakEgt~2 eV in
GaAs is weakened and a new structure appearEat
~1.5eV. This may be caused by a strong hybridization be-
tween the Mn 8 states and energy bands of GaAs around
the van Hove singularity at the point (L statg,*® causing

the energy shift as large as0.5eV. That is, the binding
energies of thep-d hybridized states are shifted toward
lower binding energy compared to the unhybridized states

Gag.g31Mng gssAS  Mn 3d DOS

Intensity (arb. units)

around thel; state of GaAs. Recently magnetic circular di- 12

chroism(MCD) in the visible to ultraviolet region has been — L L

measured for Ga ,Mn,As including the interband transition oL |

involving states around the state!® consistent with the .

present study. The MCD result has revealed antiferromag- d L .

netic coupling between the Mnd3and ligand As 4 orbitals 1'2 : é , "1 0

in the strongly hybridized state.
The interpretation of the Mn@ partial DOS that we have
obtained has to be made beyond the one-electron approxima-

tlonles.peCI]:’:lII?]/ for ;]he satgllltg structure. Le}y"ﬂ' made sn tates assuming the Mihvalence state. The calculated spectrum is
analysis of the p otogmlssmn spectra of the II-VI base hown by a solid curve. The vertical bars are unbroadened spectra.
DMS, Cd,_Mn,Te, using the CI cluster model. The calcu- |, the pottom panel, the calculated spectrum is decomposedinto
lation treats several electronic configurations with differentys; ,.448( 2 final-state components. The background is shown by
d-electron numbers both in the initial and final states of pho-, gotted curve. The dashed curve has been obtained by correcting
toemission. We considered the MnAdluster as a model t0 oy the overlapping As Auger emissidsee Fig. L

analyze the Mn @ partial DOS. Following the CI

approact;'” short-range interactions within the cluster are x —\; Because of the small value Af not onlyd* andd®L
treated exactly. A_Ithough the clus_ter size may be ;mall COMput alsodSL? states are important in the final state for_con—
pared to the spatial extent to which the Mn impurity affects tructing the Mn @ spectra

the electronic structure, the adjustable parameters of thd Withi% the one—elgctron.picture the Mrd3evel is ex-
_model are con5|dere(_1 as eff_ectlve parameters that may als%ange split into the spin-up and ’spin-down states. each of
include longer-range interactions. Because of such charactef- '

- . : which is further split into thet, and e sublevels through
gtgg'gzg iil ;:Llijtsetgrf(r)r:clﬂgl i\;vni)"u(rjiteyszggfesnfge A’\vskm fgﬂtr:zl D a_hybridization with the tetrahedrally coordinated ligand As

4p orbitals. From symmetry, the Mnd3t, orbitals hybridize
rameters of the CI cluster model, the charge-transfer energ% : ) .

- : - ; trongly with the ligand Asptorbitals. The Mn 8l-e
from the ligand As 4 orbitals to the Mn 8 orbitals is ore s ) )

. : ; orbitals are relatively well localized and more strongly con-
defined byA, the 3d-3d Coulomb interaction by, and the tribute to the main yeak of the Mnd3DOS. The elec?r())/nic
hybridization between the MndB and As 4 orbitals by fruch f G Mp As. h h t. be treated
Slater-Koster parameters bydo) and (pdw). A hole in structure of g, Vin,As, however, has 1o be treated as a

many-electron system. In the CI cluster model analysis, we

;h de (l:lrgn]:rndeﬁrsafsfoerrbg?;elsisd\?vrr]ict)ttee: :éi Z:de li/?/zr];jl-etgt-rl\()/l:- have assumed that the Mn ion is the Mrvalence state. For
9 = the Mr?* state, thep-d exchange interaction should be an-

2 .
transferred state ai’L”. We used Racah parameters to IN- tiferromagnetic, consistent with the MCD restfitt® If we

corporate multiplet effect¥ The relation pdo)/(pdm)= 355umed the M valence stateA would be negative and
—2.17 was assumed. The Mn 3d partial DOS was fitted the calculated spectrum would be similar to that of?Ninas
using nearly the same parameters as those used for the fittigg,,q in the previous core-level stufiyAlthough the MCD

of the Mn 2p core-level spectra. We have assumed the waveagit is in favor of the MA" state and the photoemission
function of the ground state as a linear combination ofyegyits are consistent with M, we need further experimen-
d°,d®L,d’L?, ..., configurations. Namely, we have as- ta| confirmation of the Mn valence state by, e.g., core-level
sumed that the valence state of Mn i$ 2and the additional MCD experimen]?_o In the present spectra, the DOS@I is
hole goes into the top of the valence band of GaAs. The besimall and no clear Fermi edge is observed in spite of the
fit result is shown in Fig. 3 with parameter valuAs=1.5  metallic conductivity in thex=0.035 sample, although the
*leV, U=35*f1leV and @do)=1.0+0.1eV. This pand-structure calculation for GaMn,As has shown a
charge-transfer energy is generally smaller than that of II-Viclear Fermi edgé® This may be attributed to the low carrier
based DMS; wherd, U, and (pdo) are 2.0, 4.0, and 1.1 for concentration and the poor metallic conductivity in
Cd;_,Mn,Te; 3.0, 4.0, and 1.2 for Gd,Mn,Se; and 4.0, Ga _,Mn,As. In order to understand the low DOS &,

4.0, and 1.3 for Cd ,Mn,S.** From the coefficients of the electron correlation and disorder would also have to be taken
d®,deL,d’L?, ..., configurations for the ground-state wave into account. Whether the doped holes in,GaMn,As has

Binding Energy (eV)

FIG. 3. Cluster-model analysis of the Mrd artial density of

function, the Mn 3 counts were found to be 5:30.1. As
shown in Fig. 3, the main peak largely consistsiek final
states and the satellite consists dff final states because

Mn 3d character or not is not obvious but the high Md 3
partial DOS near the top of the valence band found in the
present study suggests that a significant amount of Mn 3
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character is mixed in the doped holes. sumed to be Mfi", and the Mn & counts is found to be as
In conclusion, the resonant photoemission and subsequelarge as 5.3 0.1.

cluster-model analysis have revealed strong hybridization The authors would like to thank M. Shirai for valuable
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