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Core-level photoemission study of Ga_,Mn,As
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We have studied the electronic structure of Mn impurities in GaAs by Mnc@re-level photoemission
spectroscopy. From cluster-model analysis assuming the neutrdl"{Mnnegatively ionized (Mfi") ground
state, electronic structure parameters have been obtained. In either case,dtedddimon number is evaluated
to be ~5 using the obtained parameters, meaning that the neutrdit Mpurity, if it exists, consists of the
Mn 3d°® configuration and a valence hole bound to it throyghl hybridization and/or Coulomb interaction.
We discuss the exchange interaction between the Mn local spin and the valence hole as well as the stability of
the neutral impurity against the ionization of the valence hi@#8163-18208)52532-5

The recent success of doping IlI-V semiconductors withtion of the electronic structure of solids, especially of
magnetic impurities using the molecular-beam epitaxy techeorrelated-electron systems such asg &ansition-metal
nique has opened up, to the best of our knowledge, a newompounds? Indeed, the electronic structure of I1-VI based
field in the research of diluted magnetic semiconductor©MS, including Cd_,Mn,Te, has been studied by photo-
(DMS).22 Because one can introduce both magnetic moemission spectroscopy combined with configuration-
ments and charge carriers in DMS, they have the possibilitynteraction (Cl) cluster-model calculation and their optical
of combining magnetics and electronics. So far, 1l-VI basedoropertiesp-d exchange interactions and donor and accep-
DMS such as Cd_,Mn,Te, in which magnetic ions, particu- tor ionization energies have been explained on a unified
larly Mn2*, can be doped up to high concentration, haveground®*>2°In this paper, we present a study of the elec-
been extensively studietf. Cd,_,Mn,Te is now used as op- tronic structure of the Mn impurity in Ga,Mn,As by core-
tical isolators because of their strong magneto-opticalevel photoemission spectroscopy and subsequent cluster-
effects? In 11-VI based DMS, Mn impurities substitutingi2 ~ model calculations. We discuss thed exchange interaction
cations are stable ast+2ions and therefore there are few between the Mn impurity and the host semiconductor as well
carriers, making them insulators. Owing to the presence ofs the stability of the neutral impurig® (Mn®*) against the
conducting carriers, l1-V based DMS show “carrier-induced negatively ionized statd~ (Mn?").
ferromagnetism” inp-type sample&’ In recent years, a  The sample was prepared by molecular-beam epitaxy at
lI-V based DMS system Ga ,Mn,As has attracted consid- low growth temperature as follows. We grew a,GgVin,As
erable interest because of its relatively high Curie tempera001) single-crystal thin film on the GaA&O01) surface at
ture (T.~110 K) 2 Also, magnetotransport properties suchthe growth temperature of 250°C. The Mn concentration
as anomalous Hall effect and large magnetorewas estimated to be=0.074 by x-ray diffraction. We esti-
sistance&:l% as well as photoinduced ferromagnetihhave  mated the Curie temperature to Bg.=55-60K from
been reported for the GaAs-based DMS. anomalous Hall effect, the details of which are reported in

In order to understand those anomalous properties assodrefs. 17 and 18.
ated with the strong coupling between the magnetism and the We performed x-ray photoemission spectroscolPS)
charge transport in the 11I-V based DMS, we must first char-experiments using a VG CLAM hemispherical analyzer and
acterize their electronic structure, especially interaction bea Mg x-ray source. The measurements were made in an ul-
tween the localized Mul electrons and the delocalized band trahigh vacuum of 10 Torr at room temperature. The
electrons of the host semiconductor. In order to understantesolution of XPS was estimated to be).7 eV from the Au
such a system, theoretical framework beyond a one-electroff core-level spectrum. For sample cleaning, we repeated Ar
band picture is necessary because electron correlation at tiegn sputtering(1 kV) and annealing at 200°C. It is known
Mn site should be quite substantial. Different models havehat if Ga _,Mn,As samples are heated above 400°C after
been suggested for the IlI-V based DNfS and there has the growth, ferromagnetic MnAs clusters appear. Therefore,
been no consensus on their electronic structure. Photoemigte took caution by controlling the annealing temperature
sion spectroscopy is a powerful technique in the investigabelow 240 °C so that MnAs did not appear. We obtained an
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FIG. 1. Photoemission spectrum of the Mp 2ore level(doty
hybridization=0 hybridization0

and its cluster-model analysisolid curve$ assuming the nega-
tively ionized Mrf™ (a) and neutral MA" (b) ground states. The

vertical bars are unbroadened spectra. The calculated background.is FlG.' 2 Schematic energy-leyel dl_agr_ams of the Mpakuister
in the initial states for the negatively ionized Rin(a) and neutral
shown by dashed curves.

Mn3* (b) models.

ordered surface as confirmed by a cleat11low-energy

electron diffraction(LEED) pattern. We presume that on the | the analysis, we have assumed the ground state of for-
energy scale of the core-level photoemission spectroscopypajly Mn2* or Mn®* configuration. For the M, i.e., neu-

the spectra are not affected by magnetic ordering and thergz,| impurity ground state, the wave function is expanded by
fore that they do not depend on the temperature appreciably, |inear combinatiord®. d°L. déL2. ... configuration as

Figure 1 shows the XPS spectrum of the M @re level 00 in Fig. 2. We also consider the case where the Mn

I Gay oMo oAS. The spectrum shows a spin-orbit dOUbIGtimpurity is negatively ionized4 ™) and becomes Mi as in

(j=3,3), each component of which shows a charge-transfefne |j.y| compounds. In this case, the ground state is given
satellite on the higher binding energy side of the main peakby a linear combination od®, d°L, . . ., configurations. We
The broaq p.eak at 667 eV is QUe to the MaMy3Mas  have fitted the XPS spectrum by varyidg(pdo) andU, as
Auger emission and is not considered here. The presence Qhown by solid curves in Fig. 1. The Coulomb interact®n

the satellite structure indicates strong Coulomb imeraCtiorbetween the core hole and toeelectron is assumed to be
between the Mn 8 electrons and hybridization between the Q=1.280 as usual® The Gaussian and Lorentzian broaden-

Mn 3d and other valence orbitals. One can see from Fig. ng was applied with full width at half maximurtFWHM)
that the satellite intensity is weak compared with those of theOf 1.5 and 1.0 eV, respectively, to simulate the measured

”'\./I based DMS.® We have analy;ed the satellit(_a StrUCturespectra. The integral background is shown by dashed curves
using the CI cluster model to obtain the electronic structure Fig. 1. Thej=2 part of the spectrum was used for the
. L 5

parlﬁnt]ﬁ(taercsl arl)?c(tjuersecriﬁzdwt;?/lgv}/ﬁnctions are given as Iinearﬁt'[ing because thg= part is broadened by a Coster-Kronig
, . C_ 3 ) .
combinations ofd", d"*1L, d"*2L2, ..., configurations, decay into thg =35 and is also obscured by the overlapping

. . . Auger feature and the high background level.
wher_el__ stands for a hole n the ligand orbitals. We have The parameters thus obtained are listed in Table | and are
con3|dgred a MnAscluster W'th t_he central Mn atom, con- compared with those of 11-VI based DMS.The U value
centrating on energy levels arising from the hybridized Mn
3d and ligand As 4 orbitals. The cluster contains the fol-
lowing parameters: The ligand-tad3harge-transfer energy
is defined byA=E(d""1)—E(d"). The on-site &-3d Cou-
lomb interaction energy is defined by =E(d"?1)
+E(d"*)—2E(d"), whereE(d"L™) is the center of grav-

TABLE I. Electronic structure parameters for substitutional Mn
impurities in semiconductord, U, and (pdo) are given in units of
eV. Error bars are-0.5 eV forA andU and=0.1 eV for (pdo).

ity of the d"L™ multiplet. The multiplet splitting is expressed Material A U (pdo) Mg

using Racah paramete® and C, which are fixed at the Cd,_,Mn,Te 20 40 11 Ref. 15
values of the free Mn iof®> One-electron transfer integrals Cd,_ Mn,Se 25 40 1.2 Ref. 15
between the Mn @ and As ligandp orbitals are expressed in Cd,_,Mn,S 30 40 13 Ref. 15

terms of Slater-Koster parameterpdo) and (pdw). We  Ga,_,Mn,As (A~: Mn®") 15 35 11 53
have utilized the relationship betweepds) and (pdw): Ga_,MnAs (A% Mn®") —-15 35 10 5.1
(pdo)=—2(pdm).?
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hybridization = 0 hybridization ¥ 0 Here,A ¢ andU ;¢ are defined with the respect tioe lowest
term of each multipletActual energies for the processa’s
®) —d"L and d"+d"—d""1+d"" ! are given by Ag
' o and Uy, respectively, rather than and U.*?22 5, is
5 obtained by subtracting the valence-band width from
;Qd4————/— 2 Agfi. To deduceAgss and Ug¢; from A and U, we have
o used Kanamori parametejs j’, andu evaluated from Ra-
A-Q é cah parameterB=0.1_19 eV andC=0.4_12 eV as_desqribed
satellite elsewheré? The details of the calculation are given in Ref.
pdLy+—" 22. The value thus evaluated 38=—1.2+0.2 eV (for S
6021 A-Q+U main peak =3). This means that the-d interaction is antiferromag-
Lt ————— netic, consistent with the recent magnetic circular dichroism
hybridization = 0 hybridization X0 (MCD) measurement of the interband transition for

. . x=0.074%° In another MCD study of very dilute
. FIG. 3. Schematic energy-level dla_lgram_s qf the MpAlister  (x<0.001%) samples, howeveX,3 has been estimated to
with a Mnﬁgp core hole for the negatively ionized M¥ih (a) and be positive and large} 2.5 eV22 |t has also been reported
neutral M (b) models. that|N| is 3.0 eV from magnetotransport measureménts.
It should be noted here that thégB value depends on
(=35 eV) is a little smaller than those of the 1I-VI com- Whether the Mn impurity is 2 or 3+. For the Mrf"* state,
pounds, probably due to the stronger screening effect in thé1€ Spin-up states are fully occupied and only the valence
Il-V compound. For the MA* (A”) state,A was found to electrons which have spins antiparallel to the Mapins can
be positive[see Fig. 23)]. For the M+ (A?) state, on the be transferred to the empty Mnd3states, so that thp-d
other handA is found to be negative. The negatiiemeans exchange interaction becomes antiferromagnetic. In the case
. 3 i .
that the ground state is not dominated by dieonfiguration of Mn™", valence electron.s with pqrallel Spin can .also be
but by thed®L configuration[Fig. 2(b)]. That is, the stable transferred_ to the _Mn<$orb_|tals, making ferromagnet;m—o!
dSL state is formed by charge transfer from the ligand As 4 exchange |nteract|qn poss@le. Unfortugnatel)i, our expr%:lmen-
orbitals to the impurity Mn 8 orbitals. This is analogous to tal results are consistent with both the Mr(A ") and M

A® d stat d t make a definit dicti
the case of CH in the “negativeA insulator” NaCuQ, gbo)u?:ﬁgnSigsnaoisﬁan one cannot maxe a definite prediction
where the ground state is dominated by ti¥& configura- Whether the ground state of the Mn ion is-3or 2+

tion rather than thel® configuratior? The Mn 3d electron depends on whether the Finion binds a hole to form a
count from the present analysis is found to be 5.3 in the casgeytral impurityA° or is ionized to becom@& ™. In order to
of the Mr’* and 5.1 in the case of the Mhground states. It answer this question, the Anderson impurity model was used
is not clear, however, whether the Mn(A°) state is stable, to see whether a bound state exists within the energy gap due
i.e., whether the hole created on the As drbitals behaves to the p-d hybridization. Using the parameter set obtained
as a bound hole around the Rnimpurity to form the M3 from the ClI cluster calculation, we found that a bound state
state or is extended throughout the crystal leaving thé*Mn s not formed for theA° state. However, the limitation of this
state. The great similarity between the two calculated spectrmodel is the absence of the long-range Coulomb interaction
is attributed to the fact that the Mn impurity has fideelec-  between electrons. If the long-range Coulomb interaction
trons in either case because the difference betutddmn?") were introduced, it may lead to a bound state within the
andA(Mn®") nearly equals the-d Coulomb interactiod.  energy gap. If the origin of the bound state formation in the
Figure 3 shows the energy diagram of the XPS final state ivery dilute sampl¥%is the long-range Coulomb interac-
the ClI picture. Because of the core-hole potential, 2pd®L  tion, then it will be screened out in samples with higher Mn,
state is pulled down below tHigpd® state with the separation and hence hole concentrations. This may explain why neutral
A—Q, where2p denotes a hole in thecore level. The impurities (A°) exist only in the very dilute samplé3.The
main peak is composed @fpd®L in the Mr?* state and same proposal was made in Ref. 25.
2pd°L? in the MP" state. Excited states, which correspond  In summary, we have studied the electronic structure of
to the satellite, consist &pd® and2pd°L configurations for  Ga,_,Mn,As (x=0.074) by core-level photoemission spec-
the Mr?* and Mr** cases, respectively. troscopy and analyzed the spectrum using the CI cluster
Using the above parameter values, one can estimate theodel and the Anderson impurity model. Using the esti-
exchange constam 3 between the Mfi" ion and the elec- mated electronic structure parameters,dfedectron count of
tron at the top of the valence band of the hostMn inthe GaAs is found to be 5, so that if the Mn impurity
semiconductof? We treated the hybridization as a perturba-is in the A° state, it does not havé* configuration butd®
tion in the CI picture. In the second-order perturbation, withplus a valence hole. The hole induces the ferromagnetism
respect to the charge transfer, tR@ is given by and drives the remarkable magnetotransport properties. We
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