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Electronic structure of In;_,Mn,As studied by photoemission spectroscopy:
Comparison with Ga;_,Mn,As
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We have investigated the electronic structure ofpitgpe diluted magnetic semiconductor, InMn,As by
photoemission spectroscopy. The Md Bartial density of states is found to be basically similar to that of
Ga, _,Mn,As. However, the impurity-band-like states near the top of the valence band have not been observed
by angle-resolved photoemission spectroscopy unlike @an,As. This difference would explain the differ-
ence in transport, magnetic and optical properties of JNn,As and Ga_,Mn,As. The different electronic
structures are attributed to the weaker MirBs4p hybridization in In _,Mn,As than in Ga_,Mn,As.
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Diluted magnetic semiconductof®MS) have attracted magnetic ions, as well as the magnetic coupling between the
much attention because of the combination of magnetic anthagnetic ions, would give us a useful guideline for further
semiconducting properties and hence high potential for newlevelopment in functional matene;ls de3|grg. Although several
device applications. Recently DMS based on IlI-V com- theoretical models have been discussed® there are few

pounds have been extensively studied because of the succéperimental investigations to clarify the electronic structure
in doping high concentrations of transition-metal ions byand the mechanism of carrier-induced ferromagnetism. The

molecular beam epitaxfMBE).: Most remarkably, Mn dop- purpose of this paper is to clarify the electronic structure of
ing in InAs and GaAs leads to ferromagnetism and interesti!1-xMNxAS by resonant photoemission Spectroscopy

ing magneto-transport propertie3.This behavior is gener- (RPES, which yields the Mn @ partial density of states
g mag . port prop ) S 9 (DOS), and by angle-resolved photoemission spectroscopy
ally called “carrier-induced ferromagnetism” because hole

iers introduced into th ¢ diate the f 0 ARPES, which measures the energy-band dispersions. We
carriers introguced into the sysiem mediate the ferromagnety ompare the present results with those of GMn,As.5’
coupling between the Mn iofisalthough its microscopic

4 : ) A p-type In,_,Mn,As/GaSb sample of 30 nm thickness
meghanlsm has b_een controver_5|a! until now. The key tQuas grown by MBEL"4The sample had a Curie temperature
clarify the mechanism of the carrier-induced ferromagnetisnys 35 k and the Mn content was estimated to Yoe 0.09
is to understand the nature of the doped hole carriers as Wellssed on the calibration of beam fluxes during MBE growth.
as the exchange interaction between the holes in host ValenE‘$<periments were performed at beamline BL 18-A of Photon
band and the localized orbitals of the magnetic ions, so- Factory, H|gh Energy Accelerator Research Organiza‘[ion, us-
calledp-d exchange interaction. For @aMn,As, previous  ing an ADES-500 analyzer for ARPES and a CLAM-II ana-
investigations including photoemission studiésave re-  lyzer for angle-integrated RPES. The total energy resolution
vealed that the basically localized Mrd3lectrons interact was set to 100 meV, comparable to the thermal broadening at
with the doped holes through the-d hybridization which  the room temperature where all experiments were carried
causes th@-d exchange interactioh. out. The angular resolution of the ADES-500 and CLAM-II

As for the closely related system,InMn,As, there are analyzers were-1°, =4°, respectively. To remove oxidized
several differences from Ga,Mn,As.* (1) The Curie tem- surface layers and other contamination, we made repeated
perature is relatively lowT,<55 K. (2) Optical absorption Ar-ion sputtering(1 kV) and annealing. The annealing tem-
measurements have indicated thag_lfMn,As shows a perature was limited to 200°C to avoid the segregation of
Drude-like behavior due to free carriér§or Gg_,Mn,As, MnAs clusters® The cleaned surface showed &1 low
on the other hand, a broad peak was observed around 2@hergy electron diffraction pattern. We checked the chemical
meV and there was no clear Drude comporieSb far, no  composition of the sample by measuring x-ray photoemis-
photoemission study has been reported for_jiMn,As.  sion spectra of In, As, and Mn core levels. For angle-
Comparative studies of Ga,Mn,As and In_,Mn,As integrated RPES in the Mngto 3d absorption region, pho-
would provide us with useful information to elucidate the tons ofhv=46—55 eV were used. In the case of ARPES,
origin of the ferromagnetism in these systems. The electronielectrons emitted in the direction normal to the surface,
structure of In_,Mn,As itself is also interesting because it which come from thd”— A — X line in the Brillouin zone,
has been reported that;InMn,As grown on GaSb substrate were collected. We compared the; IgMn,As spectra with
exhibits photo carrier-induced ferromagneti§htand field-  those of the referencg-type InAs. The identical procedure
induced ferromagnetisi?. Investigation of the electronic of surface cleaning was performed also for the InAs sample.
structure, especially of the hybridization and the exchang®inding energies are referenced to the Fermi edge of Ta
interaction between the host valence band and the localizespectra in electrical contact with the sample.
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T T T T TABLE I. Electronic structure parameteAs U, and (pdo) and
’In0 oiMn, 09Asl o . o . .
: : et the exchange coupling constawB for substitutional Mn impurities
. f‘*m,.,ff M,.w«_f"\ in InAs and GaAs in units of eV. Error bars from the line-shape

W
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, =60 Material A U (pdo) NB

Ry e ‘\\‘\\“‘55 Ga,_,Mn,As 15 35 -1.0 -1.0 Ref. 6
/ \\

analyses are-0.5 eV forA andU, and+0.1 eV for (pdo).

. \%”""“"*’«_M ﬁ::.._.\ \:\:231 In;_ Mn,As 1.0 35 -08 —0.7 This work
g ‘M—nr*‘-\':&“ﬂ-«"#/ oy »"N\ \.\\-—50
- RN has been reproduced using parameters with a smaltds)
"N 8 s p gp : :
difference \\‘-\_48 value compared to that for Ga,Mn,As as summarized in
(50 - 48 €V ) umeet Kt 3 Table I. According to the cluster-model calculations, the
™ s . ~46 ~2 eV feature predominantly consists dfL final states,
moetif B M AS‘”:\** Whllt_a the _satelllte structure comes from té flnal—st_ate
0917 0.09 e configuration becausde(d*)—E(d°L)~U—A>0. Using

Gaosleno.owés/
e the above parameters, we have estimatedptileexchange
....................... interaction in In_,Mn,As to beNBS=—0.7 eV. This value

Cluster-model calculation \ is smaller than that of Ga,Mn,As (NB=—1.0 eV)® The
: ; : ; ; ; . ' depressed intensity & in the difference spectrum com-
14 12 10 8 6 4 2 0 -2 . . )

Binding Energy (eV) pared to the valence-band intensityEt for various photon

energies both for Ip ,Mn,As and Ga_,Mn,As indicates
FIG. 1. A series of photoemission spectra of dMngodAs at  that the Mn 21 DOS are not dominant & and suggests
various photon energies in the Mip3d core excitation threshold.  that hole carriers of As @ character contribute to the trans-
The difference spectra between the on-resonamt=50 eV) and  port,
off-resonant(48 eV) spectra, which is a measure of the Mud 3 The difference spectrum between, IgMn,As and pure
partial density of states, is shown at the bottom and is comparegh g taken athr=70 eV has also been used to obtain the
e cona, S oo ot 3 patl DOS as shown i Fig. 2 The specta have
for Ga, lan As (Ref. 6 9 : P been normalized to .t_he In.d4core—level peaks taking into
X e account the composition difference between In and Mn. Be-
cause of the Cooper minimum of the Ap &tates athw
Figure 1 shows RPES spectra recorded using photon en-70 eV, the ionization cross section of A 4eaches a
ergies ofhv=46—55 eV. The spectra have been normalizedminimum, and the Mn @& component is relatively
to the photon flux. Resonant enhancement occurreldvat enhanced? The line shape of the difference spectrum is al-
=50 eV and off-resonance spectra were takenhat mostthe same as thatin Fig. 1, which guarantees that the Mn
=48 eV. The difference between the two curves yields the3d density of states deduced from RPES is valid to discuss
Mn 3d-derived spectra as in the case of,GaMn,As® The  the electronic structure.
difference spectrum shows a sharp peak-d eV binding To obtain more information about the electronic structure
energy as well as a broad peak-a¥ eV binding energy. aroundEg, we have measured ARPES spectra alonglthe
There is little intensity at the Fermi leveEf). Such a spec- —A—X line for both In_,Mn,As and InAs. As shown in
tral line shape is almost identical to that of GaMn,As, Fig. 3, by changing the photon energy in the normal emission
which has been interpreted in terms of configuration-set up from the001) surface?® the energy band dispersions
interaction cluster-model calculations. From that analysisalong thel’—A—X line were observed. According to the
the ground state has been found to be dominated by dfie 3 direct-transition model for ARPES with an appropriate inner
configuratior® These spectra also indicate strong hybridiza-potential (10 eV),?* the T' point is measured dir~10 eV
tion between the Mn @ electrons and the Asptderived and theX point is measured &tv~32 eV. The peaks in Fig.
valence band. 3(a) correspond to thed; band (split-off bang and Aj
As shown at the bottom of Fig. 1, we compare the experi-+ A, band(heavy- and light-hole bands, respectiyedyong
mental Mn 31 partial DOS of In_,MnAs with  thel'—A—Xline. The clear dispersion curves are almost the
configuration-interaction cluster-model calculations. Forsame as those for GaAs and InAs. Due to the M»3l
comparison, we also show the result for,GgMn,As. The resonant effect, the line shape changes drastically around
parameters for the cluster-model calculations are the chargév=50 eV, almost in the same way as in the RPES result.
transfer energyd from the ligandp level to the transition- Comparison of the spectra ne&¢ between Ip_,Mn,As and
metal d level, the on-site Coulomb enerdy between two InAs shown in Fig. 8o) reveals no clear differences in spite
Mn 3d electrons, and the hybridization strengindg) be-  of Mn doping. This is quite different from the case of
tween the ligang orbital and the transition-metalorbitals  Ga_,Mn,As and GaAs, where impurity-band-like new
defined by Slater-Koster parameters. The details of the caktates were found to form near the valence-band maximum
culations are given in Ref. 21. The Mrd3lerived spectrum (VBM) by Mn doping as shown in Fig.(8). Although Mn
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w=70ev|] ' ' ' tended x-ray-absorption fine-structure measurements were
" performed and the Mn-As distance was reported to be 2.44 A
_ W\\ for Ga_,MnAs (Ref. 25 and 2.54-258 A for
£ In;_,Mn,As.?® The longer Mn-As distance in jn,Mn,As
s \ would lead to a decrease in tiped hybridization strength.
:% M\/\/\h Second, because of the smaller band gap in (A4 eV)
= InAs - than that in GaA$1.5 e\), the In 5 states in the unoccupied
gz -*\‘. part is more strongly mixed with the Aspdstates in the
21 Y valence band than in the case of Ga dtates in GaAs.
- W/ N Through the mixing with the In § states, the As g weight
Nl in the valence band is reduced and hence the hybridization
' ' . : . . between the valence band and the Ma &tate would de-

12 10 8 6 4 2 0

Binding Energy (V) crease. Due to the weaker hybridization between the host

valence band and Mnd3 the acceptor levels in jn,Mn,As

FIG. 2. Angle-integrated photoemission spectra  of &€ not so strongly split off from the valence band maximum
INg.9MNg oAS and InAs athv=70 eV, where the Mn & cross (VBM) and the Mn ions find it difficult to bind holes. The
section is large compared with Ap4and their difference spectrum bound hole piCthG(Mn2+ + bound holg is therefore less
representing the Mn @ partial density of states. appropriate for Ip_,Mn,As than for Ga_,Mn,As, and

holes in In_,Mn,As behave as free carriers. This would

doping in GaAs induces split-off states above the VBMnaturally explain the difference in the optical properties of
through hybridization with As ¢ and forms the impurity-  In;_,Mn,As and Ga_,Mn,As8?°
band-like states, Mn in InAs does not induce such states, The formation of the impurity-band-like states aroufd
probably because of the weaker hybridization strengttwould be important for the magneto-transport properties of
(pdo) than in GaAs. In fact, in the dilute limit of Mn in the Mn doped DMS. According to the electron paramagnetic
InAs (Mn:8x10'® cm™3), Mn doping leads to the forma- resonance(EPR measurements, the Mnd3signals of
tion of an acceptor level of primarily Aspicharacter at 30 Ga _,Mn,As (Ref. 27 showed that the Mn impurities in this
meV above the VBM; which is much smaller than that for system were predominantly in the ionized state ¢M@ ™).
Mn in GaAs (100 me\}.%° Similar picture was also obtained fartype In,_,Mn,As

Now we discuss the origin of the differences between thgRef. 28 in which incorporated Mn is ionized by the excess
electronic structure of In. ,Mn,As and Ga_,Mn,As. Com-  donors. From the view point of photoemission spectroscopy,
paring Mn 3 spectral features in in,Mn,As and the Mn 3d spectrum in Fig. 1 is analyzed using the cluster
Ga,_,Mn,As, we find that the main peak inJn,Mn,As has  model with the MA" ground state as in the case of
a lower binding energy compared to that in,GgMn,As,  Ga,_,Mn,As. These results support that the Mul 2lec-
suggesting a lowed in In,_,Mn,As. There are two possible tronic configuration is similar comparing GaMn,As and
reasons for the decrease of the hybridization strengthr{ In,_,Mn,As. However, it is difficult to distinguish between
in In, _,Mn,As compared to that in Ga,Mn,As. One isthe the Mr¢* states with a weakly bound hole and with a free
differences in the Mn-As distance in these two systems. Exhole. In both In_,Mn,As and Ga_,Mn,As, the itinerant

(a) (b) (c)
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FIG. 3. Angle-resolved photoemission spectra
of In,_,Mn,As along thel'— A — X direction.(a)
Wide-range spectra. Vertical bars show peak or
shoulder positiongb) Narrow-range spectra near
the Fermi level for IgqMng odAs (solid curve$
and InAs (dashed curvegs (c) Corresponding
spectra for Ga_,Mn,As and GaAs taken from
Ref. 7.
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holes obviously mediate the ferromagnetic ofti€he ferro- In conclusion, we have investigated the electronic struc-
magnetism in the double-perovskite compoundFeMoQCy ture of In,_,Mn,As using ARPES and RPES and compared
is also considered to be caused by the same mechanism #gvith Ga;_,Mn,As. Although the Mn 3 states are in the
the Mn-doped DMS in the sense that the @ @oped hole Mn®" configuration in both systems, impurity-band-like
mediates the ferromagnetism through the gain in kinetic enStates are not observed in; InMn,As unlike Gg _,Mn,As.
ergy in the ferromagnetic staté’® The peculiar feature in Vr\]/e attribute this to thf] weaker hyk;fr]d.lzauon |qlmh¢fnxAs
Ga,_,Mn,As is that impurity-band-like states are split off ]E an 't?] G\%MMPX'?S’ L fr;[ Is not S.tu _Lc'egt_lag sptltto states
from the VBM, suggesting virtually bound holes rather than rom the o form the impurity-band-like states.

simple free carriers of n.,Mn,As. The formation of these  Thijs work was performed under the approval of the Pho-
states may help to increase thgof Ga,_,Mn,As compared ton Factory Program Advisory Committe@roposal No.

to In._,Mn,As but more studies are necessary to clarify the99G140Q. J.0. acknowledges support from the Japan Society
mechanism for this. for the Promotion of Science for Young Scientists.
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