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Abstract

Here we report investigation of valence band electronic states of ferromagnetic Ga0.96Mn0.04N by bulk-sensitive X-

ray photoemission, which is realized at high flux X-ray undulator beamline BL29XU of SPring-8, at photon energy of

5.95 keV. We have observed that Mn doping introduces a new structure in the band gap region near the top of the

valence band, and also a broader structure in deeper valence band region. Basing upon the first principle calculation,

these structures are assigned as Ga 4s originated states, which are raised by hybridization between 3d orbitals of Mn

with GaN host orbitals. The present result evidences the second nearest Ga bonds are affected by that Mn–N bond

formation, suggesting the long-range interaction of Mn in this host material.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In the spintronics, two degrees of freedom, namely,

charge of electron and spin of it, have been explored to

look into the possibility of realizing new functionalities.

The discovery of the carrier-induced ferromagnetism in

InMnAs and GaMnAs have been of much interest in

this point of view [1]. However, the highest Curie

temperature (Tc) reported is 110K for GaMnAs, being

far from room temperature. Recently, Dietl et al. have

calculated Tc using the Zener model for 5% Mn in

various II/VI and III/V compound semiconductors and

predicted that GaMnN has a Tc above room tempera-
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ture [2, 3] and Sato et al. have suggested that the V-, Cr-,

Mn-doped GaN are promising candidates as room

temperature ferromagnetic diluted magnetic semicon-

ductor (DMS) by first principle calculation [4]. These

predictions led to recent flurry of investigations on

ferromagnetism in GaMnN. Various Tc which scatters

in the wide range from 10 to 940K [5–9] has been

reported by measurements of magnetic property in this

material. Meanwhile, it is argued that the observed

ferromagnetism arose from ferromagnetic GaMn clus-

ters [10]. Recent progress in the first principle calcula-

tions of valence band structure enables us to predict the

magnetism in the DMSs. Thus the valence band

structure is the most basic and necessary information

to understand the magnetic and transport properties

basing upon these calculations to solve the controversial
d.
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situation mentioned above. Photoemission spectroscopy

is one of the most powerful tools to investigate the

electronic structure of a material. In this work, we report

on the result of bulk sensitive high-resolution XPS at

5.95 keV photon energy performed at X-ray undulator

beamline BL29XU [11,12] of SPring-8. The valence

band spectra obtained in Ga0.96Mn0.04N and GaN are

real bulk sensitive, and also almost free from distortion

due to inelastic scattering in this high-energy region

[13,14]. Thus we are able to give precise analysis of the

difference spectra between the doped and non-doped

GaN based upon the theoretical calculation results.
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Fig. 1. Normalized valence EDC for the GaN and

Ga0.96Mn0.04N. The solid curve, in the EDC of GaN, is fitted

value by linear combination of pDOS [14]. There was the

binding energy difference between them about 1.24 eV caused

by band bending to the surface.
2. Experiment

GaN and Ga0.96Mn0.04N films were grown by N2
plasma-assisted MBE on c-axis oriented Al2O3 sub-

strate. Details about growth process, structural, and

magnetic properties will be published, elsewhere [15].

The photoemission spectra of Ga0.96Mn0.04N and

GaN grown by MBE have been measured using

synchrotron radiation from SPring-8. High-energy

X-ray of 5.95 keV with an energy spread of 75meV

was used. The very large escape depth at high energy

(above 5 nm at 5.95 keV) would allow determination of

bulk electronic states with high preciseness owing to very

small contribution from surface. Therefore, no surface

cleaning was done. Photoelectrons were collected using

the SCIENTA hemispherical analyzer. The energy

resolution was estimated to be 240meV from the Fermi

edge of gold (Au) plates.
3. Results and discussion

Fig. 1 shows the valence band spectra for the GaN

and Ga0.96Mn0.04N. Intensity of the spectra has been

normalized to Ga 3d core level peaks. Because GaN is

intrinsic n-type semiconductor, the energy difference

between Fermi energy (EF) and valence band maximum

(VBM) is nearly the same with band gap energy. Fig. 1

shows the difference between the top of valence energy

distribution curve (EDC) and the EF of Au is 3.39 eV

and this corresponds to band gap energy of GaN

(Eg=3.39 eV). However, in case of Ga0.96Mn0.04N, the

top of valence EDC is shifted to 1.24 eV lower binding

energy. This shift is attributed to the EF pinning by Mn

transition metal impurity state in band gap. In

Ga0.96Mn0.04N, the energy difference between the top

of valence EDC and the EF of Au is 2.15 eV and this

value coincides with the energy difference between the

VBM and EF of Ga0.94Mn0.06N density of states (DOS),

which are calculated by first principle calculation (Fig.

3(b)). Measured valence EDC of GaN is well fitted by a

linear combination of partial DOS [14], as shown by
solid curve in Fig. 1. Main contribution of the resultant

calculated EDC comes from the Ga 4s partial DOS. This

can be explained in terms of the atomic subshell

photoionization cross sections as functions of the

photon energy [16]. We depicted photon energy depen-

dence of Ga 4s, N 2p, N 2s, and Mn 3d subshell cross

sections in Fig. 2, to show that the Mn 3d and N 2p

contributions are negligible at 5.95 keV.

To compare the electronic structure difference be-

tween Ga0.96Mn0.04N and GaN, GaN valence EDC was

shifted to the low binding energy 1.24 eV. Fig. 3(a)

shows the valence EDC of Ga0.96Mn0.04N, GaN and the

difference spectra between them. One can clearly see the

difference between the valence EDC of GaN and that of

Ga0.96Mn0.04N from 5.5 to 7.5 eV and about 1.5 eV.

In order to elucidate the different electronic structure

between Ga0.96Mn0.04N and pure GaN, we have

obtained the theoretical DOS by first principle calcula-

tion, which suggests that Ga0.94Mn0.06N is ferromag-

netic. The details of calculation will be discussed,

elsewhere. Fig. 3(b) shows these calculated total DOS

of Ga0.94Mn0.06N and Mn 3d partial DOS of it. The t
b
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state means the bonding state comes from the hybridiza-

tion between Mn 3de orbitals which are consisting of
dxy, dyz, and dzx orbitals and 2p orbitals of four N

atoms close to the Mn atom and the ta state means
Fig. 3. (a) Valence EDC of shifted GaN to the lower binding energ

between them. (b) Total DOS of Ga0.94Mn0.06N (Solid line) and M

calculation. tb means bonding state, ta means anti-bonding state, e m
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Fig. 2. Atomic subshell photoionization cross sections accord-

ing to photon energy calculated by Yeh and Lindau [16]. The

data between 1486.6 and 8047.8 eV was interpolated using

y=Axb equation.
anti-bonding state corresponds to the bonding state. The

e state means non-bonding state caused by Mn 3dg
orbitals which are consisting of dx2�y2 and dz2 orbitals.

In the tetrahedral symmetry, de orbitals with T2
symmetry can be only hybridized with the ligand

orbitals. Therefore, Mn de orbitals can make bonding
state and anti-bonding state by hybridization with the 2p

orbitals of four N atoms close to the Mn. Because the

symmetry, E, of Mn dg orbitals do not coincide with the
symmetry, A1 and T2, of the ligand group orbitals, Mn

dg orbitals weakly interact with the N atoms described
above, making a non-bonding energy state.

Now we discuss the origin of the difference between

the electronic structure of Ga0.96Mn0.04N, which showed

ferromagnetism up to 200K [15], and pure GaN by

comparison with theoretically calculated DOS. In

difference spectrum (Fig. 3(a)) between Ga0.96Mn0.04N

and GaN valence EDC, the broad state range from 5.5

to 7.5 eV is similar to tb state of calculated DOS (Fig.

3(b)) and the state about 1.5 eV is similar to e state of

calculated one. Because the measured valence EDC is

dominated by Ga 4s contribution as mentioned above at

this high photon energy, structures in the difference

spectrum cannot be attributed to Mn 3d states. Simple

and direct interpretation of the present result is that

second nearest neighbor Ga bonding with nearest N is

also affected by the Mn–N bond formation.

Okabayashi et al. [17] reported the different electro-

nic structure between In1�xMnxAs (Tcp55K) and
Ga1�xMnxAs (Tcp110K) at valence band maximum
by angle-resolved photoemission spectroscopy in

the 46–55 eV photon energy region where Mn 3d
y about 1.24 eV and Ga0.96Mn0.04N and the difference spectra

n 3d pDOS (Gray region) calculated by first principle band

eans non-bonding state, EF means Fermi energy.
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photoionization cross section dominates but surface

sensitivity is very high. In case of Ga1�xMnxAs, there

were new states near the valence band maximum by Mn

doping. Although Mn doping in GaAs induced split-off

states above the VBM through hybridization with As 4p

and forms the impurity-band like states, Mn in InAs did

not induce such states, probably because of the weaker

hybridization strength caused by longer Mn–As bond

length in In1�xMnxAs (0.254–0.258 nm [18]) than that in

GaAs (0.244 nm [19]), and smaller band gap of InAs

compared to those of GaAs.

In case of Ga1�xMnxN, Mn–N distance was estimated

to bep0.2 nm [20] by EXAFS analysis. This means that
Mn–N hybridization is to be much stronger than that in

Ga1�xMnxAs. The hybridization gives rise to Mn

induced states as already discussed in the text. The

larger GaN band gap (3.39 eV) tends to localize the Mn

induced states. Thus main part of the states appears in

the band gap region. Stronger hybridization also causes

indirect hybridization of Ga 4s and Ga 4p through

Ga–N bond. Our first principle local density of state

calculation showed that spin polarized band gap states

appears in the nearest N and second nearest Ga bonds.

The present results evidence the long-range effect of the

Mn on the chemical bonding of matrix, which is

expected to be a key to understand high Tc in

Ga1�xMnxN. It should be noticed that we measured

the spectra of the samples without surface cleaning

procedure because of high bulk sensitivity of the high-

energy XPS. Therefore, the present spectra are free from

spurious effects such as surface segregation and surface

defects, which might be introduced during surface

cleaning procedure.
4. Conclusion

We have investigated the electronic structure of

Ga0.96Mn0.04N using high-energy bulk sensitive hard

X-ray photoemission spectroscopy using synchrotron

radiation. We have observed the new electronic states

just above valence band maximum and in valence band

by Mn doping in GaN host. This is attributed to Ga 4s

originated state raised by the hybridization between Mn

3d and the valence electrons of GaN host, which may

play a significant role in the observed ferromagnetism in

Ga0.96Mn0.04N.
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