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Abstract 

Valence-band and conduction-band densities of states (DOS's) of Cd l-xMnx Te epitaxial 

films (0 ~ x ~ 0.7) have been investigated by means of in situ measurements of ultraviolet 

photoemission and inverse-photoemission spectroscopies (UPS and IPES). 

Based on one-electron band theory, features observed at -3.4 and 3.6 e V relative to the 

valence-band maximum (VBM) are ascribed to emission from the Mn 3dJ, and 3di' states with 

eg symmetry, respectively, providing a Mn 3d spin-exchange splitting energy eVeff) of 7.0±0.2 

e V. This value compares well with the value predicted in the theoretical investigation of 

electronic structures and magnetic properties of Cd l-xMnx Te. With increasing Mn 

concentration, the energy position of the conduction-band minimum shifts almost linearly 

toward higher energy relative to the VBM as a result of an increasing contribution of the higher­

lying Mn 4s level relative to the Cd 5s level. 

Mn 3d partial DOS's in the valence-band region of Cdl-xMnxTe have been determined 

from resonant photoemission spectroscopy in the Mn 3p-3d core excitation region. The partial 

DOS's reveal an appreciable contribution of the Mn 3d states to the top 9 e V of valence bands 

with three structures; valence bands at 0--2.5 eV, a main peak at -3.4 eV and a multielectron 

satellite at -5--9 e V. These features are almost independent of the Mn concentration. Apart 

from one-electron band theory, the whole spectrum including the multielectron satellite is found 

to be well reproduced in terms of the configuration interaction theory using a Mn2+(Te2-)4 

model cluster. 

Electronic structures of zinc-blende MnTe epitaxial films have also been investigated by 

means of UPS and IPES. The Ueff-value of zinc-blende MnTe is in good agreement with those 

ofCdl_xMnxTe and Znl_xMnxTe. The width of valence bands and Ueffare by 1.3 eV narrower 

and by 0.3 eV larger than those of NiAs-type MnTe, respectively. 



Chapter 1. 
Introduction 
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Diluted magnetic semiconductors (DMS's) are ternary alloys where magnetic atoms such 

as Mn and Fe randomly replace some of the cations in the lattice of host semiconductor crystals. 

Most of these materials are based on AIlBvI compounds (All = Zn, Cd, Hg; BVI = S, Se, Te), 

with a fraction of the group-II constituent replaced by Mn. 

The entire family of ternary Al~xMnxB VI alloys can schematically be represented, as 

shown in Fig. 1-1 . The thick lines in the figure show the Mn concentration (x) ranges in which 

ternary alloys can be formed [1 , 2]. "Cub" and "Hex" indicate zinc-blende and wurtzite crystal 

CdTe 

HgSe HgS 

MnSe MnS 
o.f)<{ 

0.60 
CdSe 0.50 

Hex 
CdS 

0.35 Hex 
Cub 0.10 

Cub 

ZnSe ZnS 

Fig.l-1. A schematic overview of the alloys and their crystal structures 

[1]. The thick lines indicate ranges of the Mn concentration (x) for which 

homogeneous crystal phases form. "Cub" and "Hex" indicate zinc-blende and 

wurtzite structure, respectively. 
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structure of the stable phase, respectively. For example, Cdl-xMnxTe, which is the material 

investigated in the present study, forms a ternary alloy of zinc-blende structure (as shown in Fig. 

1-2) with x up to 0.77 , while Zn l_xMnxSe exhibits zinc-blende structure for x < 0.30 and 

wurtzite structure for 0.30 < x < 0.55 . At values of x indicated by the thin lines, mixed phases 

occur. 

The ternary Al~xMnxB VI alloys have attracted much attention for several reasons . 

Firstly, their semiconducting and structural properties , such as the energy gap, the lattice 

constant and so on, can controllably be varied by varying the x. For example, the energy band 

gap and the lattice constant of Cdl-xMnxTe change linearly from 1.528 to 2.541 eV and from 

6.481 to 6.368 A, respectively , with the increase of x from 0 to 0.77 [1 , 2]. Secondly, these 

materials are of interest for their magnetic and magneto-optical properties, e.g. , the spin-glass 

transition [3,4], antiferromagnetic cluster formation [5] , magnon excitations [6] , extremely 

large Faraday rotation [7], giant negative magneto-resistance [8] , the magnetic polaron [9, 10], 

and so on. Such phenomena stem from the sp-band-Mn 3d and Mn-Mn exchange interactions 

through the hybridization between the sp band and Mn 3d states. 

o Cd 

• Mn 

o Te 

Fig. 1-2. Crystal structure of Cdl-xMnxTe. Cdl-xMnxTe exhibits zinc­

blende structure of single phase in the range of 0 ~ x ~ 0.77. 
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The band structure and magnetic properties of Mn substituted DMS's have been 

theoretically investigated [11-20] based on a local-spin-density augmented-spherical-wave 

method [11, 12], a combination of ab initio spin-polarized band calculations, a semiempirical 

tight binding model containing available experimental data and consideration of alloying 

effects [13-16], self-consistent spin-polarized spin-density functional band-structure 

calculations [17], spin-polarized, self-consistent local-spin density total-energy and band­

structure calculations [18, 19], and self-consistent local-density pseudofunction theory [20, 21]. 

The theoretical sp-band-Mn 3d and Mn-Mn exchange constants [13-16] are in fairly good 

agreement with the results from the enhanced Zeeman splittings of free-exciton lines in 

magneto-optical experiments [22], and those from magnetization [23, 24] and neutron 

scattering [25] experiments, respectively. 

In recent years, the contribution of the Mn 3d states to the valence-band density of states 

(DOS) has been investigated experimentally to study the hybridization between the sp-band and 

Mn 3d states [20, 21, 26-30]. Resonant photoemission experiments using tunable synchrotron 

radiation (SR) provided a successful measure of the Mn 3d partial DOS of Cd l-xMnxTe with x 

= 0.65 [27]. The spectral features have been analyzed in terms of a configuration-interaction 

(CI) calculation using a Mn2+(Te2-)4 model cluster [27, 28]. The Mn 3d photoemission 

spectrum has also been reproduced on the basis of the Anderson impurity model with 

parameters by ab initio calculations, including multiplet effect [31]. Very recently, the 

electronic structures of substitutional 3d transition-metal impurities in II-VI semiconductors 

have been investigated by means of the CI calculation using the cluster and Anderson impurity 

models [32]. The Mn 3d photoemission [27, 28] and inverse-photoemission [20] spectra, d-d* 

optical-absorption spectra [33], sp-band-Mn 3d exchange constants [34], and donor and 

acceptor ionization energies [35] were calculated with the same set of parameters [32]. These 

theoretical investigations for Cdl-xMnxTe [27,28,31,32] confirm a significant Mn 3d-Te 5p 

hybridization which allows for sufficient screening of the 3d excitations by the ligand to d-hole 

charge transfer in the valence bands. In that sense, the spectral density at the top 5 e V of the 

valence bands can be assumed to be a good approximation for a measure of the valence-band 
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DOS [27]. 

The first attempt to investigate directly the conduction-band states of CdI-xMnxTe has 

been made by Franciosi et al. using bremsstrahlung isochromat spectroscopy (BIS) at the 

photon energy of 1486.6 eV with a spectrometer resolution ofO.7 eV [20,21]. The Mn-derived 

feature was observed at 4.8 e V above the valence-band maximum (VBM) and the Mn 3d spin­

exchange splitting energy (Ueff) was estimated to be 8.3±OA e V. From a comparison with 

electronic structures of anti ferromagnetic zinc-blende MnTe based on a local-density functional 

model calculation [20, 21] , these authors have claimed that the ground-state configuration of the 

Mn is primarily (d1')S(s i)(p i) rather than (di)Ss2. The BIS measurements, however, suffered 

from experimental difficulties such as an electron-beam induced sample damage and a serious 

electrostatic charging effect, because the spectra were obtained as the sum of 20 quantitatively 

consistent spectra from different cleavage surfaces, which corresponds to a total of some 150 

hours of data integration with a primary electron beam current of about 200 JlA. The 

unoccupied states of Cdo.sMno.sTe have also been investigated by Kisiel et al. using X-ray 

absorption near edge structure (XANES) spectroscopy [36]. The Te Ll and L3 edge XANES 

spectra were analyzed in combination with the electronic structure calculation in terms of a 

localized muffin-tin orbital method with local-spin-density approximation. The best agreement 

between the experiment and theory was obtained in the case for which the Mn 3d states were 

placed approximately at 3.3±O.5 e V above the VBM. 

In the present study, we report valence-band and conduction-band spectra ofCdl-xMnxTe 

films (0 ~ x ~ 0.7) grown epitaxially on GaAs( 100) substrates, measured in situ by means of 

ultraviolet photoemission and inverse-photoemission spectroscopies (UPS and IPES). The 

IPES spectra have successfully been obtained by preparing thin epitaxial films on GaAs( 100) 

substrates with very low resistivity using a hot wall epitaxy (HWE) reactor specially 

constructed for this purpose, to overcome the electrostatic charging effect. In addition, in order 

to investigate the Mn 3d states in Cd I _xMnx Te in detail, resonant photoemission spectroscopy 

(RPES) measurements in the Mn 3p-3d core excitation region have been performed for bulk 

CdI-xMnxTe samples (0 ~ x ~ 0.69). In situ measurements of UPS and IPES spectra make it 



6 

possible to connect these spectra at the Fermi level (see Chap. 4-1) and make it possible to 

determine directly the Ueff-value to be 7.0±0.2 eV. We shall discuss the UPS and IPES spectra, 

and a measure of Mn 3d partial density of states evaluated from the RPES spectra in comparison 

with the results of band-structure calculation in terms of the tight-binding semiempirical 

coherent potential approximation for CdI-xMnxTe [13], and also with those of the CI 

calculation using a Mn2+(Te2-)4 model cluster [32] in distinction from the one-electron band 

picture. 

We also report electronic structures of zinc-blende MnTe, as an end point material of 

CdI-xMnxTe (x = 1), by means of UPS and IPES. The Ueff-value of zinc-blende MnTe is in 

good agreement with those of Cdl-xMnxTe and Znl-xMnxTe [37-39]. We discuss the UPS and 

IPES spectra of zinc-blende MnTe in comparison with the results of band structure calculation 

in terms of the spin-polarized, self-consistent local-spin-density total-energy and band-structure 

calculation [19], and the UPS and IPES spectra of NiAs-type MnTe [40]. 

The construction of this thesis is as follows. In Chapter 2, we give a general description of 

photoemission and inverse-photoernission spectroscopy. In Chapter 3, fundamental aspects of 

the HWE are described, and the constitution of the HWE system constructed in the present 

study for the UPS and IPES measurements of DMS's is presented in detail. The experimental 

procedure for the UPS and IPES measurements of Cd l-xMnx Te epitaxial films (0 ::; x ::; 0.7) and 

zinc-blende MnTe epitaxial film (x = 1) is described in Chapter 4. The experimental procedure 

for the RPES measurements of bulk Cdl-xMnx Te samples (0 ::; x::; 0.69) is described in Chapter 

5. In Chapter 6, we introduce UPS, IPES and RPES spectra of Cdl-xMnxTe (0::; x::; 1), and 

discuss them in comparison with not only the one-electron band picture but also with the CI 

calculation. Finally, we summarize our work in Chapter 7. 
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Chapter 2. 
General description of photoemission and inverse­
photoemission spectroscopy 

2-1. Photoemission spectroscopy 

10 

Photoemission spectroscopy (PES) is a direct experimental method to investigate 

electronic states in solids and an old experimental technique still in extensive use. A schematic 

drawing of PES experiments and the principle of the PES process are illustrated in Fig. 2-1 and 

Fig. 2-2 [1 , 2] , respectively. In the PES experiments, the light impinges on the sample, and the 

electrons excited by photoelectric effect are then analyzed with respect to their kinetic energy 

and their momentum in an energy analyzer. The phenomenon of photoemission was detected by 

sample I energy analyzer 
n ___ ~lll __ _ 
U e- '" I I I - " " , 

\ 

\ 

\ 

Fig. 2-1. Schematic drawing of a photoemission experiment. 



11 

E 

Intensity 

C.L. 

Density of states 

Fig. 2-2. Schematic diagram of the process of photoemission spectroscopy. 

Hertz in 1887. In 1905, Einstein was able to explain their systematics by invoking the quantum 

nature of light. The basic equation governing this experiment is, 

Ekin , max = nm - ¢ , (2. 1) 

where Ekin, max, nm and ¢ indicate the maximum electron kinetic energy, the energy of incident 

photon and the work function of a solid, respectively. In order to extend this equation to 

electrons with lower kinetic energies (Ek), we define the binding energy (EB) as follows, 

(2.2) 

By using eq. (2. 1) and eq. (2. 2), one can determine the binding energy of the electrons in the 

sample from the following equation, 

(2.3) 
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In the number of the photoelectrons is plotted as a function of the binding energy, the obtained 

, energy distribution curve (EDC) can be viewed as a replica of the electron energy distribution in 

the solids (see Fig. 2-2). The electron escape depth, which is mainly detennined by plasmon 

energy losses in solid, is ranging from 2 to 20 A in the electron kinetic energy range of PES [2]. 

Therefore, special care has to be taken to avoid surface contamination or degradation. 

Measurements have to be done under ultra-high vacuum and we have to make effort to obtain a 

fresh surface. 

When use is mode of a synchrotron radiation (SR), nO) can also experimentally be 

changed using a monochromator. The photoelectron yield in the constant Ek mode is called 

constant-final-state (CFS) spectrum. In case of the constant (nO) - Ek)-value mode , the 

spectrum is called constant-initial-state (CIS) spectrum. It is possible to know the detailed nm-

dependence of photoemission intensities at EB = nO) - Ek - ¢. 

Furthermore , in the case of PES experiments for Cd l-xMnxTe using synchrotron 

radiation, a resonance takes place over a specific energy range as a results of the interference 

between the direct excitation process of Mn 3d electrons, 

(2.4) 

and the discrete Mn 3p-3d core-excitation process followed by a super-Coster-Kronig decay, 

3p63d5+nm ---) 3p53d6, 

3p53d6 ---) 6 4 
3p 3d +£j' (2.5) 

where £ f denotes a photoelectron. Since only the Mn 3d states are resonantly enhanced for nO) 

near the Mn 3p-3d core excitation, one can quantitatively estimate the contribution to the 

valence-band density of states by comparing the spectra taken just on resonance and 

antiresonance [3, 4]. The cross sections of other valence-band states, such as the Te 5p and Cd 

5s states, do not very appreciably over a small energy range (-2.5 e V) around the resonance. 
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2-2. Inverse-photoemission spectroscopy 

Inverse photoemission spectroscopy (IPES) has been recognized as a new and powerful 

technique to directly probe unoccupied electronic states of solids [5-15]. The physical basis of 

the spectroscopy may be viewed as the inverse of the PES process [9]. An incoming electron 

couples with an unoccupied state of the crystal and then decays radiatively into another lower 

lying unoccupied state. By monitoring the intensity of the emitted photon flux as a function of 

incident electron energy, one can map out features of the unoccupied states such as the density 

of states of conduction bands, as shown in Fig. 2-3. Similarly to the PES process, the IPES 

process can be followed as, 

(2.6) 

where nOJ, Ek and Ec indicate the energy of the emitted photon, the energy of the incident 

E 

C.L. 

Density of states 

- - - - - - - - - EF 

Intensity 

Fig. 2-3. Schematic diagram of the process of inverse-photoemission 

spectroscopy. 
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electron and the energy of the unoccupied state, respectively. 

We can roughly define the IPES process as the inverse of the PES process, as described 

above. The relation of both processes, however, cannot be defined as a complete inverse 

process, because of the difference of electron number for initial and final states between both 

processes. Furthermore, the yield of the photoelectron or the photon between both processes is 

very different [9, 14]. Here, the ratio R of the cross sections for the PES and IPES process is 

or 

R - da da _~_ 2/k2 
( J /( J 

2 

- - 2 2 -q 
dO. inverse dO. photoemission C k 

R = ( Aelectron J2, 
Aphoton 

(2.7) 

where dO. is the solid angle of emission. That is, the ratio of the inverse photoemission cross 

section to that of photoemission is the ratio of the square of the wavelength of the electron to that 

of the photon [9 , 14]. At energies characteristic of the ultraviolet range, for instance 10 e V, the 

IPES cross section is smaller by a factor of -lOS than the PES cross section. At higher energies, 

of the order of 1000 eV, characteristic of X-ray photoelectron spectroscopy or bremsstrahlung 

isochromat spectroscopy, the cross sections bigger by a factor of 103. The number of emitted 

photons is about 10-8 per incident electron into a l-e V energy interval and 2n steradians (sr), 

and is much smaller than that corresponding to the electron yield in photoemission [9, 14]. 

Therefore, an electron source capable of delivering high current and a photon detector with high 

sensitivity are required in IPES experiments. In our laboratory, the performance of the bandpass 

photon detector for the IPES spectrometer has been improved. The sensitivity of the IPES 

spectrometer is improved by about one order of magnitude in comparison with that before the 

improvement (see Chap. 4-1). 

Spectrometers for IPES are classified into two types, depending on the method of photon 

detection, those that operate in an isochromat or fixed photon-energy mode [6,7, 10 and 11] and 
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those that work in a tunable mode [12, 13]. In the measurements of the fonner type, photons 

with a specific energy are selected using a bandpass photon detector, as shown in Fig. 2-4. A 

spectrometer of this type fundamentally consists of an electron gun, a mirror, and a bandpass 

photon detector. This type introduced by Dose et al. [6, 7] includes a Geiger-Muller counter 

with a CaF2 entrance window. Babbe et aI., on the other hand, presented a bandpass photon 

detector using a commercial photomultiplier in stead of the Geiger-Muller counter [10]. They 

obtained a photon detector with a full width at half maximum (FWHM) of 0.6 e V centered at the 

photon energy of 9.8 e V. Their detector has advantages of high stability, no dead time and 

electron beam 

Bandpass 
Photon Detector 

Energy Electron Energy 

unoccupied 
states 

~---====nroo--------+-__ ~ 
~~=F=====nroO ________ ~ __ ~ 

Density of States Intensity 

Fig. 2-4. Schematic diagram of the isochromat mode IPES. 
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compatibility with ultra high vacuum in comparison with the Geiger-Muller counter. Schafer et 

al. reported an improvement of the sensitivity of the photon detector by a factor of 3.5, by 

coating the CuBe first photocathode with a KEr film of about 700 A thickness [11]. 

In the later type, photons are detected by scaning the monochromator energy, providing 

the energy distribution to be obtained, as shown in Fig. 2-5. A spectrometer of this type is 

fundamentally composed of an electron gun, a monochromator, and a two-dimensional 

detector. This type allows detection at different photon energies and has a higher energy 

resolution (18 A.). The monochromator is, however, very complex, expensive to build, and 

suffers from a very low counting rate [12, 13]. 

electron beam 

Grating 

Electron Energy Photon Intensity 

00 
e-

unoccupied 
states 

~~~====nro1------+-----~ 

~--~======nro2----__ ~ ____ ~ 
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Fig. 2-5. Schematic diagram of the tunable photon energy mode IPES. 
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Chapter 3. 
Hot wall epitaxy (HWE) 

3-1. HWE method 

The HWE technique has been extensively applied to the growth of II-VI semiconductors 

[1-8] and DMS's such as Cdl-xMnxTe [9, 10], Znl-xMnxTe [11] and Znl_xMnxSe [12] 

epitaxial films . This technique has been also tried successfully for the growth of III-V and IV -VI 

compound films [13-15]. HWE is one of the thermal deposition techniques for thin films [13]. 

The HWE system fundamentally consists of four independent sections with heaters: a head, a 

wall , a source and a reservoir section. The thermal equilibrium condition is obtainable by an 

appropriate choice of temperatures. Each part takes a different role in growing the crystal, so it 

is easy to control various crystal properties. For example, the control of the stoichiometry by use 

of a reservoir has been reported to be an effective method of controlling the conduction carrier 

in PbTe or PbSnTe [13]. We present for comparison the features of the HWE method and those 

of a typical evaporator for thin film growth, as follows. 

Figure 3-1 shows (a) a simplified schematic diagram of a HWE system with (b) that of a 

typical evaporating system. In conventional evaporation, the source is contained into the heated 

effusion cell. The substrate is also heated and is usually maintained at a distance of 5-15 cm 

from the top of cell. In this manner, the growth is taking place under conditions very far from 

thermodynamic equilibrium. Furthermore, if the deposition of compounds with different vapor 

pressures for each element is carried out, the composition of the vapor is not usually the same as 

that of the source material. On the other hand, the HWE method is considered as a vacuum film 

deposition technique whose main characteristics is the growth of epitaxial layers under 

conditions as near as possible to thermodynamic equilibrium and with a minimum loss of 

material. The main feature of HWE is the use of an another heated section ("hot wall" or "wall") 

which serves to enclose and direct the vapor from the source to the substrate. Thus, the HWE 

method can be considered as a variant of the vapor transport method in a closed tube, shown in 



Fig. 3-2 [13]. 
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Fig.3-1. (a) A simplified schematic diagram of a HWE system. (b) A 

schematic diagram of a typical evaporating system for thin film growth. 
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Fig. 3-2. A schematic diagram of a closed-tube vapor transport system. 
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3-2. Details of the HWE apparatus for DMS 

3-2-1. HWE reactor 

Figures 3-3 and 3-4 show schematic front and side views of a HWE system constructed in 

the present study, respectively. The HWE reactor consists of two furnaces (hot wall 1; HW 1 and 
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Fig. 3-3. Front view of the hot wall reactor, consisting of the HW 1 and 

HW2 furnaces and of a head section. The thickness was controlled by the 

repetition number of the flip-flop motion, and x by the amount of time spent 

by the substrate over the HWl and HW2 furnaces. 
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hot wall 2; HW2) and a head section in which a substrate is mounted. Stainless steel cylinders 

were used as thermal radiation shields to avoid thermal interference between HWl and HW2. 

All components are mounted in an ultra high vacuum chamber with a base pressure below 

3xlo-9 Torr. Figure 3-5 shows a block diagram for the vacuum system. 
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Fig. 3-5. Brock diagram of the vacuum system of the HWE system. The 

base pressure is below 3xlo-9 Torr. A turbomolecular pomp has been used as 

the main evacuati ve pomp. If the only epitaxial growth is carried out, transfer 

rod I and gate valve (OV) are removed. 
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3-2-2. HWI 

HW 1 is composed of three independent heater sections where tantalum (Ta) wire with a 

diameter of 0.4 mm are attached: a wall, a source to set host II-VI semiconductor source (II-VI), 

and a reservoir section to set an additional anion source (A.S.) for compensation of the 

vacancies, as shown in Fig. 3-6. The method attachment shown in Fig. 3-6 provided a better 

thermal stability than spiral winding. Furthermore, because it is possible to separate the HW 1 

inner 
tube 

outer I 
tube , 

holes for 
insertion of 

the thermocouples 

insulators 
(1.2 mm</> x 

0.8 mm</» 

Ta wire (0.4 mm</» 

WALL 

SOURCE 

Fig. 3-6. Schematic illustration of the HW 1 furnace, consisting of a wall, a 

source and a reservoir section. Tantalum wire passed though insulator tubes 

was attached to the outer quartz tube. The height of the outer quartz tube is 

about 220 mm. 
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furnace into an outer quartz tube, where the heaters are attached, and an inner quartz tube 

containing the source materials, source materials can easily be exchanged by using the inner 

tube as a cartridge. A1ume1-chrome1 thermocouples for each section were independently 

directed into narrow gaps with a width of about 0.5 mm between the outer and inner tube. 

3-2-3. HW2 

HW2 is composed of two independent heater sections: a wall and a source section to set 

transition metal (T.M.), as shown in Fig. 3-7. In order to reduce thermal radiation and to avoid 

overload of the heaters when the transition metal was vaporized at high temperature, the size of 

the HW2 furnace was made smaller than that of the HW 1 furnace. The other details of HW2 are 

almost same as those of HW I. 

inner 
tube 

outer 
tube 

WALL 

SOURCE 

Fig. 3-7. Schematic illustration of the HW2 furnace, consisting of a wall 

and a source section. The size of HW2 furnace was made smaller than that of 

HW 1 furnace. The height of the outer quartz tube is about 110 mm. 
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3-2-4. Head section 

Figure 3-8 shows schematically the head section. It consists of a heater using tantalum 

wire and a water cooling chamber to avoid interference of thermal radiation from HW 1 and 

HW2, and to provide thermal stability. In order to improve thermal efficiency, blocks under the 

heater have been made of Cu or CuBe. Two bellows were used to introduce water from the 

outside of the vacuum chamber to the water cooling chamber, as shown in Fig. 3-4. An alumel-
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Fig. 3-8. Schematic illustration of the head section consisting of a heater 

and a water cooling chamber: (a) front view, (b) right side view and (c) base 

view. Water is introduced through the bellows from the outside of the vacuum 

chamber. 
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chromel thermocouple was inserted in a hole of the substrate-holding block. The head section 

can be moved in the horizontal direction between HW 1 and HW2 by using a stepping motor 

controlled by a microcomputer. Thus, a flip-flop method [9, 14], moving the head section from 

HW 1 to HW2, is employed to vary thickness and concentration (x) of DMS films. The thickness 

is controlled by the repetition number of the flip-flop motion, and x by the amount of time spent 

by the substrate over the HW 1 and HW2 furnaces. 

3-2-5. Temperature control 

Figure 3-9 displays a block diagram of the temperature controller. The heaters of all 

sections are independently connected to temperature controller systems of the phase-controlled 

type (Shimaden, SR35 and PAC15P series) to achieve the stability within ±1 °C. 
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Chapter 4. 

Experimental details I: ultraviolet photoemission and 
inverse-photoemission study 

4-1. Ultraviolet photoemission and inverse-photoemission spectrometers 

Figure 4-1 shows schematically the apparatus used in the present experiments. The UPS 

spectrometer is composed of a He discharge lamp (Jim = 21.2 and 40.8 e V) and a double-stage 

cylindrical-mirror analyzer (DeMA) to obtain angle-integrated spectra. The energy resolution 

He Discharge 
Lamp\ 

Double-Stage 
Cylindrical-Mirror Analyzer 

UPS Chamber 

Bandpass 
Photon Detector 

IPES Chamber 

Preparation Chamber 

Transfer Rod II 
L-;::===IL. __ _ 

Hot Wall Epitaxy 
Chamber 

Fig. 4-1. A schematic illustration of the UPS and IPES spectrometer. The 

UPS spectrometer is composed of a He discharge lamp and a double-stage 

cylindrical-mirror analyzer to obtain angle-integrated spectra. The IPES 

spectrometer consists of an electron gun, an Al reflection mirror coated with a 

MgF2 film, and the bandpass photon detector. 
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was set to be 0.2 eV by setting the pass energy of DCMA at 16 eV. The working pressure of the 

UPS chamber was 3xlO-9 Torr under the operation of the discharge lamp, though the base 

pressure was 4xlO- 10 Torr. 

The IPES spectrometer connected with the UPS apparatus consists of an electron gun of 

the Erdman-Zipf type [1] with a BaO cathode, an Al reflection mirror coated with a MgF2 film 

of 200 A thickness, and the bandpass photon detector with a pure SrF2 crystal entrance window 

of l-mm thickness (high-cut filter) and a commercial Cu-BeO photomultiplier having a 

sensitive cathode area of l2xlO mm2 (low-cut filter) (Hamamatsu R-595: 0-5 kV). Light 

emitted from the sample is focused onto the first dynode of the photomultiplier, after passing 

through the SrF2 entrance window. The acceptance angle of the light is about 0.8n Sf. All 

components are mounted in an ultra high vacuum chamber under the base pressure below 

7x10- 11 Torr. 

In order to improve both the resolution and the sensitivity of the photon detector of the 

IPES spectrometer, a KCI film of Iooo-A thickness has been evaporated onto the Cu-BeO first 

dynode of the photomultiplier. Figure 4-2 shows the characteristics of the detector [2]. The 

dashed curve (a) shows the characteristics of the photon detector with the SrF2 entrance window 

and Cu-BeO photomultiplier, while curve (b) exhibits the output characteristics of the detector 

with a combination of the SrF2 entrance window and photomultiplier with the first dynode 

coated with a KCI film of looo-A thickness. In this figure, the peak height is normalized to that 

of curve (a) for comparison of the FWHM. Curve (a'), corresponding to curve (a) in the same 

figure, is redrawn to compare output intensities from detectors with and without the KCI film on 

the Cu-BeO first dynode of the photomultiplier. One notices that the FWHM is reduced from 

0.69 to 0.47 e V by the presence of the KCl film on the first dynode. In addition, the peak 

intensity at 9.43 eV increases dramatically by a factor of 13.6. The sensitivity of the curve (b), 

defined as the signal intensity integrated over the photon energy range form 7 to 10 e V, is by 

about one order of magnitude higher than that of the curve (a'). The overall resolution of the 

IPES spectrometer evaluated from the convolution of the energy spread of the incident electron 

beam (typically 0.25 e V) and the characteristic of the photon detector (FWHM = 0.47 e V) is 
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0.56 e V, as shown in Fig. 4-3. The typical counting rate for unoccupied states of polycrystalline 

Au near the Fermi level is 102-103 counts / (JlA·s) at acceptance angle of 0.8n sr for operation 

voltages of the photomultiplier in the range of 2.5-4 kV. Details of the characterization of the 

new bandpass photon detector have been described in Refs. 3 and 4. 

Energy calibrations of the IPES and UPS spectra were experimentally made using the 

spectra of a fresh film of polycrystalline Au [4]. The position of the Fermi level in the band gap 

of semiconductors depends significantly upon the individual samples, while energies of UPS 

and IPES spectra can be defined experimentally with respect to the Fermi level. The connection 

of the UPS and IPES spectra at the Fermi level by means of in situ measurements for the same 

sample surface is essential to evaluate accurately the energy separation between the peak in the 

UPS spectrum and that in the IPES spectrum. 
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All measurements of IPES and UPS spectra were carried out at room temperature. The 

energy was referred to the VBM determined by extrapolating the steep leading edge of the 

highest valence-band peak to the baseline. 
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4-2. Sample preparation 

4-2-1. Preparation of substrates 

The choice of substrate material is very important in achieving the growth of the highest 

quality single-phase crystal. In the present study, we used (100) oriented Si-doped n-type GaAs 

substrates with a misorientation of 2° toward the next [110] direction [5] , and with impurity 

concentration of (l .0-2.5)xI0- 18 cm- 3 or resistivity of (1.5-2.8)xIO-3 Q·cm. We cut our 

substrates from commercial GaAs wafers (Mitsubishi material Co. Ltd.) in a typical size of 6x8 

mm2, as shown in Fig. 4-4. Prior to crystal growth, the substrates were prepared by the 

following etching process: (1) trichloroethylene degrease for 10 minutes; (2) acetone and 

311 
<t> n-type GaAs (100) 

(011 ) 

n 

-0.6 mm 

Fig. 4-4. (lOO)-oriented Si-doped n-type GaAs substrate for the growth of 

Cdl-xMnx Te film by HWE. A GaAs wafer with a diameter of 3 inches was cut 

in a typical size of 6x8 mm2. 



34 

ethanol rinse for 10 minutes ; (3) H2S04f'H2021H20 (5 : 1: 1) etch for 1 minute ; (4) bidistilled 

H20 rinse ; (5) storage in ethanol. 

Figure 4-5 shows details of the sample holder for the UPS and IPES measurements. 

Special care was paid to achieve reliable Ohmic contacts, which were alloyed onto the back of 

the substrate using Sn to avoid uncontrolled voltage drop at the GaAs substrate - Mo foil 

interface. The Mo foil was used to prevent reaction between the GaAs substrate and CuBe 

sample-holder during the heating process made at 580 °C for 2 min and 600 °C for 30 min, for 

the crystal growth of Cdl-xMnxTe (0 ~ x ~ 0.7) and that of zinc-blende MnTe, respectively. 

I 

n-type GaAs(1 00) 
Substrate 

Sn 

~ MoFoil 

CuBe 
Sample Holder 

Ta Wire 

Fig. 4-5. Details of the sample holder used for the UPS and IPES 

measurements. Sn has not been used in the case of crystal growth of sample 

used only for X-ray diffraction measurement. 
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4-2-2. Epitaxial growth of thin films for ultraviolet photoemission and 

inverse-photoemission experiments 

(1) Cdl-xMnxTe (0 ~x ~0.7) 

CdTe, Te, and Mn source materials were set into the source and reservoir section of 

HW 1, and the source section of HW2. The etched substrate loaded at the head section in the 

vacuum chamber was preheated at 580 DC for 2 min to remove the oxide layer. After the 

preheating process, the temperature of the substrate dropped down to 300 DC, and CdTe and Mn 

source temperatures were increased to 520 and 860 DC, respectively. The Te reservoir 

temperature was varied between 350 and 365°C depending of x. After confirming the 

temperature stability of all sections and of the flow rate of the Mn source in the range of -0.1 

Ns, crystal growth was started by sliding the head onto the center positions of the HW 1 and 

HW2. During the growth, the substrate temperature was kept constant at 300 DC, and the 

vacuum was (l-5)xlO-8 Torr under the operation of the HWI and HW2. After the growth of the 

film, the vacuum chamber was immediately evacuated into the middle of 10-9 Torr, keeping the 

substrate temperature above 250 DC, and the sample was transferred into the UPS chamber. In 

this way, a clean surface of the Cdl-xMnxTe epitaxial film was successfully obtained. The 

crystal orientation and x-value of the epitaxial film as well as the thickness of (0.5-1) flm were 

checked by X-ray diffraction (XRD) [6]. 

In comparison with UPS spectra, IPES spectra are much more sensitive to electrostatic 

charging effect. To avoid such an effect, the thickness of the film was reduced by decreasing 

only the repetition number of the flip-flop motion without changing any other parameters in the 

growth condition for the thick Cdl-xMnxTe(IOO) film until the IPES spectrum exhibited no 

electrostatic charging effect. The thickness of samples used for the UPS and IPES experiments 

was measured using a surface profiler (High precision optical stylus surface measuring 

instrument, Kosaka Ltd.). The typical value of the thickness was about 300 A. 

In general, CdTe epitaxial films can grow on GaAs(100) substrates with (100) and (111) 

orientation, depending on the growth conditions [7], and often mixed films are obtained. In the 

present experiments, it can reasonably be assumed that the thin films used for the UPS and IPES 
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measurements would be (lOO)-oriented films , because Cd l _xMnx Te epitaxial films with the 

(100) orientation grew steadily under suitable parameters above mentioned. The UPS spectra 

for thin Cdl_xMnxTe films , which exhibited no electrostatic charging effect in the IPES 

measurements, were fully consistent with those for the thick Cdl-xMnxTe(lOO) films. The UPS 

spectra for thick Cdl - xMnxTe(100) films thick enough for determining the orientation by XRD 

were free from the electrostatic charging effect and consistent with those for bulk alloys. 

Residual strain is known to be important and affect, for example, the band-gap energy of 

CdTe. The amount of the strain-induced change in the band-gap energy is , however, estimated 

to be -lOme V [8 , 9] and negligible in comparison with the energy resolution of 0.2 and 0.56 e V 

in the UPS and IPES measurements, respectively . 

The x-values of the thin epitaxial films were again evaluated by X-ray photoemission 

spectroscopy (XPS ; ESCA 54()(), Perkin Elmer) using integrated emission-intensities of the Cd 

3d, Mn 2p and Te 3d core levels of the epitaxial films , after the UPS and IPES measurements. 

The XPS spectra from bulk Cdl -xMnxTe specimens were used as a reference. 

(2) zioc-bleode MoTe (x = 1) 

Zinc-bIen de MnTe had been considered to be a hypothetical compound. Recently , 

metastable zinc-blende MnTe epitaxial films have been fabricated on substrates or buffer layers 

with zinc-blende structure, by using thermal nonequilibrium growth techniques like molecular 

beam epitaxy (MBE) [10-16] and ionized cluster beam (ICB) deposition [17, 18]. It is noted 

that the stable phase of MnTe is of a NiAs-type structure, and that HWE is a thermodynamic 

equilibrium growth technique [19]. In order to overcome this difficulty , the growth of zinc­

blende MnTe epitaxial films using the HWE system was carried out as follows. 

For the growth of zinc-blende MnTe, we used the HW2 furnace and not the HWI furnace. 

NiAs-type MnTe source material was set into the source section of HW2. The etched substrate 

loaded at the head section in the vacuum chamber was preheated at 600°C for 30 min to remove 

the oxide layer. After the preheating process , the temperature of the substrate dropped until 

250-320 °C, and the NiAs-type MnTe source was heated up to 860 °C, while the wall section of 
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HW2 was not heated. In this way, the growth was carried out under conditions out of 

thermodynamic equilibrium, because of the increased temperature between the head and source 

of HW2. After confirming the stability of the furnace temperature of all sections (except for 

HW 1) and of the flow rate of the MnTe source in the range of -0.3 Ns, crystal growth was 

started by sliding the head to the center positions of HW2. During the growth, the substrate 

temperature was kept constant at 250-320 °C, and the vacuum was 2xlO-8 Torr under the 

operation of the HW2. After the growth of the film, the sample was immediately transferred into 

the IPES chamber. In this way, a clean surface of the zinc-blende MnTe epitaxial film was 

successfully obtained. The crystal orientation of the epitaxial film with a thickness of about 

3000 A. was checked by XRD. 

To avoid electrostatic charging effects in the UPS and, especially, IPES measurements, 

the thickness of film was reduced by decreasing only the repetition number of the flip-flop 

motion without changing any other parameters in the growth condition for the thick zinc-blende 

MnTe film until the IPES spectrum exhibited no electrostatic charging effect anymore. The 

typical value of the thickness was about 100 A.. 

In general, zinc-blende MnTe epitaxial films can grow on GaAs(lOO) substrates with 

(100) and (111) orientation, depending on the growth conditions [14, 15]. In the present 

experiments, we confirmed the orientation of the thin films used for the UPS and IPES 

measurements using low-energy electron diffraction (LEED) fixed in the IPES chamber, as 

shown in Fig. 4-6. 



UPS Chamber IPES Chamber Preparation Chamber 

Fig. 4-6. Schematic illustration of UPS, IPES and LEED apparatuses used 

for the experiments of zinc-blende MnTe epitaxial film. This illustration is a 

cross section of the line connected form UPS to preparation chambers in Fig. 

4-1. 
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4-2-3. Characterization of thin films 

' (1) Cdt_xMnxTe (0 ::;x::; 0.7) 

Figure 4-7 shows the XRD pattern of a thick CdTe epitaxial film grown on GaAs(lOO) 

substrate with the 2 () range from 20 to 80 deg. One notices that a (1 OO)-oriented CdTe epitaxial 

film has been successfully grown, because we can find no diffract lines except for the (400) and 

(200) diffraction lines from the GaAs substrate and the thick CdTe film. In addition, the 

CdTe( 400) diffraction line resolves the Cu Kat and K a2 doublet in the same way as the 

GaAs( 400) diffraction line, as shown in Fig. 4-8. Figure 4-9 shows a series of XRD spectra of 

thick Cdl-xMnxTe epitaxial films with x = 0, 0.3, 0.7. With increasing x, the (400) diffraction 

line shifts toward higher 2() as shown by vertical arrows in Fig. 4-9. This shift is caused by the 

decrease of lattice constant with x [6]. 
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Fig. 4-7. ()-2 () XRD pattern of thick CdTe film grown epitaxially on 

GaAs( 100) substrate. 
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Fig. 4-8. CdTe( 400) and GaAs( 400) diffraction lines of a thick CdTe film 

grown epitaxially on GaAs( 100) substrate. 
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Figure 4-10 shows the XPS spectra of the (a) Cd 3d, (b) Mn 2p and (c) Te 3d core levels 

of a CdO.3MnO.7Te thin film used for the UPS and IPES measurements. After the subtraction of 

the secondary electrons background, integrated emission-intensities of each spectrum were 

evaluated for the shaded areas indicated in Fig. 4-10. The x-value was calculated by using the 

evaluated intensities corrected by each cross section. The x-values of the otherCdl-xMnxTe thin 

films used for the UPS and IPES measurements were also evaluated by the same procedure. The 

x-values evaluated from the XPS measurements for thin epitaxial films were in good agreement 

with those for thick films estimated from the XRD within x = ±O.OS. 
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Fig. 4-9. A series of (400)-diffraction lines of thick Cd l_xMnx Te films 

grown eppitaxially on GaAs(lOO) substrates with x = 0, 0.3 and 0.7. Vertical 

arrows indicate the positions of (400)-diffraction lines. 
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Fig. 4-10. XPS spectra of (a) Cd 3d, (b) Mn 2p and (c) Te 3d core levels of 

CdO.3MnO.7Te thin film used for the UPS and IPES measurements. XPS 

measurements were performed again after the UPS and IPES measurements. 

These spectra were used for the evaluation of Mn concentration (x). 
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(2) zinc-blende MnTe (x = 1) 

Figure 4-11 shows the XRD pattern of a thick MnTe film grown on a GaAs( 100) substrate 

with the 28 range from 20 to 80 deg. The diffraction peaks can be identified as corresponding 

only to the zinc-blende phase of MnTe; no hexagonal NiAs-type phase of MnTe is observed. 

The XRD peaks observed in this film indicate a lattice constant of -6.34 A for zinc-blende 

MnTe which is in good agreement with the value of calculated fonn linear extrapolation of the 

Mn concentration dependence of lattice constant for Cdl-xMnxTe [6]. 

~ ......, 
CJ) 
C 
Q) 
+-' 
C 

MnTe/GaAs(100) 

MnTe(111 ) 

GaAs(200) 

20 30 40 

GaAs(400) 

K~ 1 

50 60 
28 (deg.) 

GaAs(400) 

70 80 

Fig. 4-11. 8-28 XRD pattern of thick zinc-blende MnTe film grown 

epitaxially on GaAs( 100) substrate. 

Figure 4-12 shows a LEED pattern of a MnTe film used for the UPS and IPES 

measurements. One notices that a well-defined LEED pattern of an unconstructed zinc-blende 

MnTe( Ill) epitaxial film was successfully obtained. 



Fig. 4-12. LEED pattern of MnTe epitaxial film grown on GaAs substrate 

used for the UPS and IPES measurements. 
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Chapter 5. 
Experimental details II: Resonant photoemission 
spectroscopy 

5-1. Photoemission measurements at SOR-RING 

47 

Resonant photoemission (RPES) measurements in the Mn 3p-3d core excitation region 

were performed at BL-2 of Institute for Solid State Physics (ISSP-SOR) of The University of 

Tokyo [1]. Radiation from a 380 Me V electron storage ring (SOR-RING) was monochromized 

by a 2 m grating incidence monochromator of the modified Rowland mount type. A double-

stage cylindrical mirror analyzer (DCMA) mounted on an analyzer chamber was used to the 

measurements of angle-integrated photoemission spectra. A preparation chamber is connected 

to the analyzer chamber separated by a gate valve. An airlock which accommodates a sample 

bank was attached to the preparation chamber. We could change the sample without breaking 

the vacuum of the analyzer chamber. All photoemission measurements were performed at room 

temperature with the energy resolution of -0.3 e V without any electrostatic charging effect. 

Intensities of resonant photoemission spectra were normalized to the monochromator output 

using a photoelectron yield from a Au film, taking its quantum yield [2] into account. The base 

pressure of the analyzer and preparation chambers was 7xlo-1l and lxlO-10 Torr, respectively. 

5-2. Sample preparation 

Bulk Cd l_xMnx Te samples used for the resonant photoemission measurements were 

grown by a Bridgeman furnace arranged in the Taniguchi laboratory. Suitable amounts of Cd 

(purity 99.999 %), Mn (purity 99.99 %), and Te (purity 99.9999 %) metals were enclosed in 

quartz ampoules under vacuum better than lxlO-5 Torr. Then this ampoule was set in the 

Bridgeman furnace . The temperature gradient in the furnace was about 1 °C/mm and the descent 
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speed of the ample was 3 mmJhr. The starting temperature at the bottom of ample was 1200 °C. 

The crystal structure for the obtained bulk samples was checked by X-ray diffraction (XRD) 

with the Cu Kal line (1.540562 A wave length). The x-values were evaluated by means of 

electron-probe micro-analysis (EPMA). Table 5-J shows x-values determined by EPMA in 

comparison with those in the starting point. The clean surface of samples for the measurements 

were prepared in situ by cleavage in the sample preparation chamber under the base pressure of 

lxlo-10 Torr. Details for the Bridgeman furnace and the growth of DMS's have been already 

described in Ref. 3. 

Table 5-1. x-values of bulk Cd l_xMnx Te samples detennined by EPMA 

x-values in starting point 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

x-values 0.10 0.18 0.30 0.40 0.48 0.60 0.69 
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Chapter 6. 
Results and discussion 

6-1. Photoemission and inverse-photoemission study of Cdl-xMnxTe 

6-1-1. Ultraviolet photoemission and inverse-photoemission spectra of 

Cdl-xMnxTe 

Figure 6- 1 shows a series of valence-band UPS and conduction-band IPES spectra of 

Cdl _xMnxTe films grown epitaxially on conductive GaAs(lOO) substrates with x = 0, 0.2, 0.3, 

0.5 and 0.7. Intensities of the UPS and IPES spectra are tentatively normalized at -1.5 and 12 

eV, respectively . The energy scale is referred to the valence-band maximum (VBM). The UPS 

spectrum of pure CdTe has been previously reported by several authors and discussed in detail. 

We recall here that the features at -1 .0, -1.5 , -2.5 and -4.4 e V indicated by vertical bars reflect 

maxima in the DOS of valence bands mainly derived from flat regions around the L3, Xs , 

W2- LI Jn and L I symmetry points , respectively [1 , 2]. The valence-band DOS is primarily 

composed of the Te 5p states. With increasing x from 0 to 0.3 , we find no discernible change in 

the shape of the valence bands, except for a slight blurring of fine structures. For x above 0.5, 

however, new emission shows up clearly between the two prominent peaks at -1 .5 and -4.4 e V. 

The shapes of the UPS spectra are consistent with those measured for Cd l_xMnx Te (0 s x S 

0.65) at excitation-photon energy of 22 e V by means of photoemission using synchrotron 

radiation [3]. An increasing spectral density between -1.5 and --4.4 eV with x is predominantly 

due to the Mn 3d emission with a main peak at -3.4 e V [3 , 4]. Although the positions of the Cd 

4d core levels have been reported to be almost independent of x in the earlier experiment [3] , 

energies of the 4ds12 and 4d312 relative to the VBM are found to shift almost linearly from 

- 10.10 and - 10.75 eV (x = 0) to -10.30 and -10.95 eV (x = 0.7), respectively , in the present 

study. In addition , we have found that the energies of the Cd 4d core levels measured at -50 e V 
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Fig. 6-1. A series of the valence-band UPS and conduction-band IPES 

spectra ofCdl-xMnxTe films grown epitaxially on GaAs(100) substrates with 

x of 0, 0.2 , 0.3 , 0.5 and 0.7. Intensities of the UPS and IPES spectra are 

tentatively normalized at -l.5 and 12 eV, respectively. Vertical bars indicate 

the position of structures and arrows indicate the thresholds of the IPES 

spectra. Energies are referred to the VBM. 
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in the bulk Cd l-xMnx Te alloys shift also almost linearly with x. The origin of these energy shifts 

is discussed below, in terms of the band-structure calculation [5]. 

On the other hand , The IPES spectrum of pure CdTe exhibits peak structures at 3.7, 5.4, 

6.4 and 9.0 eV above the VBM (vertical bars). From a comparison with the results of band-
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structure calculation based on the nonlocal semiempirical pseudopotential method by 

Chelikowsky and Cohen shown in Fig. 6-2 [6], the first peak at 3.7 eV is attributed to the DOS 

feature due to flat regions of conduction bands around the X6 and X7 symmetry points. The weak 

second peak at 5.4 eV, the third one at 6.4 eV, and the forth one at 9.0 eV are ascribed to those 

around the r7 and rs, the L4,S and L6, and the A symmetry points, respectively. 

r. 

-12 

L r X U.K r 
Wove Vtclor ~ 

Fig. 6-2. Band structure for CdTe calculated by Cherikowsky and Cohen 

[6]. The VBM is taken as the zero of energy. 

As regards the energy positions of structures, the spectrum is quantitatively consistent 

with the ultraviolet IPES spectrum for the CdTe(l1 0) cleaved surface measured at normal 

incidence using tunable-photon anergy mode [7], except for the surface-resonance peak on 

CdTe( 110) at 2.8 e V above the VBM. On the basis of the band-structure calculation by Chadi et 

al. [8], features observed at 3.7 and 6.4 eV above the VBM were attributed to the X6 and rs 

symmetry points of the conduction bands, respectively [7]. The BIS spectrum at a photon 

energy of 1486.6 e V on CdTe(l1 0) cleaved surface has been also reported, emphasizing 

structures at 4.1,6.7,9.6,11.3,12.5 and 15 eV above the VBM [9]. From a comparison with the 

results of nonlocal semiempirical-pseudopotential calculation [6], peaks at 4.1 and 6.7 e V were 
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ascribed to the DOS feature of conduction bands originating from states around the ~ and X 

symmetry points, and that derived from states in low symmetry directions of the Brillouin zone 

[9], respectively. We find that the peak structures at 4.1 , 6.7 and 9.6 eV in the BIS spectrum 

correspond to those at 3.7 , 6.4 and 9.0 eV in the present IPES spectrum, respectively, after the 

shift of the peaks in the BIS spectrum by 0.3-0.6 e V toward lower energy. 

The energy position of the conduction-band minimum (CBM) can be roughly evaluated 

by extrapolating the leading edge of the lowest conduction-band peak to the baseline. One 

notices the threshold energy of the IPES spectrum of CdTe to be 1.5 e V in good agreement with 

the direct band-gap energy of 1.53 e V. With the increase of x, the threshold shifts almost linearly 

toward higher energy as shown by vertical arrows in Fig. 6-1. At x=0.7, the spectral rise at the 

threshold and the width of the main peak becomes steep and narrow, respectively, while the 

energy of the main peak remains almost unchanged at 3.6 e V. In addition, the main peak is 

assumed to exhibit a slight increase in intensity with x , if the spectra of Cd l-xMnx Te (0.2 ~ x ~ 

0.7) are tentatively normalized to the intensity at 12 e V in the spectrum of pure CdTe. The 

energy of the narrow main-peak is almost independent of the incidence angle of the electron 

beam. 

The higher-energy shift of the threshold with x is consistent with the variation of the 

fundamental band-gap energy determined by optical absorption [10] and ellipsometry 

measurements [11] , and can be understood as a result of an increasing contribution of the higher 

lying Mn 45 level relative to the Cd 55 level [5, 10, 11]. The shift at x = 0.7 is, however, by about 

0.2 eV smaller than that obtained from the experiments on interband transitions [10, 11]. These 

shifts are mainly due to the characteristics of the IPES spectrometer with an overall energy­

resolution of 0.56 e V, therefore, spectral broadening due to such an instrumental resolution is 

significant for measurements of the intense and steep edge. 

The narrowing, constant energy-position and a slight increase in intensity of the main 

peak with x suggest the Mn derived states with fairly localized character at 3.6 e V above the 

YBM. The energy position is in agreement with 3.3±0.S e V predicted for the Mn 3dJ, states 

from the analysis of the Te LJ and L3 XANES spectra [12]. A constant energy of the narrow 



54 

main-peak for the incidence angle of the electron beam is also consistent with the localized 

character. 

While the Mn 3d features in the UPS spectra are clearly observed as an increase in 

intensity at -3.4 e V with x, those in the IPES spectra can be recognized only in the form of a 

narrowing of the main peak at constant energy of 3.6 eV, and as a slight increase in intensity of 

the main peak under the tentati ve normalization of the spectra. We assume that the main reasons 

why the Mn 3d features are less pronounced in the IPES spectra in comparison with those in the 

UPS spectra in Fig. 6-1 are that: (l) The photoabsorption cross-section of the Mn 3d states [13] 

at 9.43 eV (IPES)-is smaller by a factor of about 3 than that at 21.2 eV (UPS). (2) The Mn 3d 

features in the IPES spectra show up at an energy just overlapping with the first peak in the 

spectrum of CdTe, whereas those in the UPS spectra appear at an energy between the two 

prominent DOS peaks. 

6-1-2. Resonant photoemission spectra of Cdl-xMnxTe 

Figure 6-3 shows a series of valence-band photoemission spectra of CdO.31MnO_69Te for 

photon energy (nm) near the Mn 3p-3d core excitation region (-50 e V). Energy is referred to the 

VBM. In Fig. 6-3, we can compare the spectra not only with respect to their shape but also in 

terms of their relati ve intensities, because the spectral intensities are normalized to the 

monochromator output One notices that the prominent peak at -3.4 eV is remarkably enhanced. 

With increasing nm from 43 to 60 e V, the intensity of this peak decreases gradually until its 

minimum at nm = 47.4 eV and reaches to the maximum at nm = 49.9 eV. The other states in the 

valence bands except for the peak at -3.4 e V are also enhanced, and, in particular, states 

between -6 and -9 eV appears near the resonance. 

In order to investigate the resonant profile in detail, we measured constant-initial state 

(CIS) spectra which trace the photoernission cross sections of selected valence-band features as 

a function of nm. Figure 6-4 shows the CIS spectra of CdO.3! MnO.69 Te at the initial energy (Ei) 

with respect to the VBM. One can see that the spectrum for Ei = -3.4 eV shows a prominent 
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Fig. 6-3. A series of valence-band spectra of CdO.31MnO.69Te for hm near 

the Mn 3p-3d core excitation. The peak at -3.4 e V indicates a prominent 

resonance. 
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Fano-type resonance. With increasing hm, the intensity of this structure first decreases gradually 

to a minimum at 47.4 eV, and then increases sharply to reach a maximum at 49.9 eV, reflecting 

the same a tendency seen in Fig. 6-3. The spectra for Ei = -0.8 and -1.8 eV also exhibit a 
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remarkable resonance. The amount of enhancement is as much as about one-third of that for the 

spectrum for Ei = -3.4 eV. The Ei = -4.3 and -6.8 eV spectra have contributions in the 

background due to inelastic secondary electrons. 

-C/) 0 +-I 

C 
::::J 

.0 
~ 

ctS -
~ 

+-I 

C/) 0 c: 
0,) 

+-I 

c: 

o 

o 

CdO.31 MnO.69 Te 
\ ., · \ · , 
· "" ~~ E· 

.... I 

", (eV) 

'-6.8 

45 50 55 60 
Photon Energy (eV) 

Fig. 6-4. CIS spectra of Cdo.31 MnO.69 Te for selected valence-band regions 

that are identified by binding energy Ei. 
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Figure 6-5 shows the valence-band photoemission spectra of Cdl-xMnxTe with x = 0, 

0.10, 0.18 , 0.30,0.40, 0.48, 0.60 and 0.69. In this figure, upper curves and lower curves indicate 

the spectra measured just on resonance (Ii OJ = 49.9 and 49.5 eV) and at antiresonance (Ii OJ = 47.4 
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Fig. 6-5. Valence-band photoemission spectra of Cdl-xMnxTe alloys with 

x = 0, 0.10, 0.18, 0.30, 0.40, 0.48, 0.60 and 0.69. For each Mn concentrations, 

upper and lower curves indicate the spectra measured just on resonance and at 

antiresonance, respectively. 
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and 47.0 e V), respectively. For Cdo.31 MnO.69 Te only, the energy positions of the resonance and 

antiresonance shift by 0.4 e V toward the higher lim values due to the influence of the 

adjustments of the monochromator with the difference of the measurement time. We can 

recognize that all spectra recorded just on resonance, except for that of x = 0, are remarkably 

enhanced. Intense peaks at about 10 e V originate from the Cd 3d core emission. 

In order to deduce a measure of the Mn 3d contribution to the valence-band DOS in 

Cdl-xMnxTe, we subtract the spectrum measured at antiresonance from that taken just on 

resonance, after the normalization the spectral intensities to the monochromator output. Here, 

the backgrounds in the subtraction spectra due to inelastic secondary electrons were removed 

from the spectra, assuming [14] that the intensity of secondary electrons Is(E) at binding energy 

E is given by 

(6. 1) 

where I(E'), EO, and k represent the total emission intensity at binding E', the binding energy 

corresponding to the highest kinetic energy fo the emitted electrons, and a constant, 

respectively. The constant k can be determined by applying above formula to the emission 

intensity at binding energy Ea where the entire contribution is only from secondary electrons. 

Then, k satisfies the following relation: 

(6.2) 

Figure 6-6 shows a Mn 3d-derived partial DOS of CdO.31MnO.69Te. The Mn 3d partial 

DOS exhibits characteristic features: a main peak at -3.4 eV, valence bands from 0 to -2.5 eV 

and a broad satellite structure around -7 e V. These three fundamental features are observed for 

spectra corresponding to all Mn concentrations (0.10 S; x S; 0.69) . 
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Figure 6-7 shows intensities of the satellite at -7 e V indicated by open circles and valence 

band at -1 .2 e V by closed circles relative to that of the main peak at -3.4 e V in the Mn 3d partial 

DOS 's for Cd l_xMnx Te alloys as a function of x (0.10 ::;; x ::;; 0.69). One notices that the satellite 

and valence-band intensities are almost independent of x . These intensities are almost 

unchanged within the range of 0.48 ± 0.03 and 0.23 ± 0.03, respectively, for x = 0.10-0.69. This 

independence of the relative intensity with respect to x is discussed bellow, using the 

configuration interaction theory . 
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6-1-3. Comparison with band-structure calculation 

The energy diagram of Cdl-xMnxTe according to one-electron picture is schematically 

shown in Fig. 6-8 [15, 16]. The Mn 3d states are splitted into 3di and 3dJ.. states by an intra­

atomic spin exchange interaction. Furthermore, the Mn 3di and 3dJ.. states split into states with 

t20 and eo symmetry as a result of sp-d hybridization. Under the tetrahedral environment, the Mn 
/:) /:) 

3d states with t2g symmetry hybridize strongly with Te 5p states and spread into valence and 

conduction bands, while those with eg symmetry hardly hybridize with Te 5p states and remain 

as sharp peaks in the UPS and IPES spectra. 
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I ........ _ ...... ~\ 

I 

I 
I 

, 
'---

.>-+-+-:!~ "- T e 5 p 6 
:::: ..... 

1--iIF--i-";- / 

Fig. 6-8. Schematic energy diagram of Cd l-xMnx Te according to one­

electron picture [15,16]. 

Figure 6-9-(a) shows the valence-band UPS and conduction-band IPES spectra of 

CdO.3MnO.7Te and CdTe films. The valence-band photoemission spectrum of Cdo.31MnO.69Te 

measured at a photon-energy of 49.9 e V (on resonance) is also shown to demonstrate the Mn 3d 

emission. One notices again a main peak at 3.6 eV and a broad and weak structure around 6.5 eV 
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in the IPES spectrum, and valence-band structure between 0 and -2.5 e V, a main peak at -3.4 

e V in the UPS spectrum, and also a broad satellite between -5 and -9 e V in the spectrum 

measured at 49.9 eV, respectively. 
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Fig. 6-9. (a) Valence-band UPS and conduction-band IPES spectra of 

CdO.3MnO.7Te and CdTe films. To demonstrate the Mn 3d emission, the 

valence-band spectrum of Cdo .3 JMnO.69Te measured at 49.9 eV (on 

resonance) is also shown. (b) Total and Mn 3d partial (shaded area) DOS's of 

CdOAMnO.6Te and (c) total DOS of CdTe based on the tight binding 

calculations [5]. 
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First, we compare Fig. 6-9-(a) with the theoretical total and Mn 3d partial DOS's of 

Cd0.4Mno.6Te calculated by Ehrenreich et al. [5] in Fig. 6-9-(b). The total DOS of CdTe is also 

shown in Fig. 6-9-( c) for the convenience of discussion. The zero of energy in the theoretical 

DOS's is referred to the VBM of CdTe. In Fig. 6-9-(b), the occupied Mn 3d! states split into 

two peaks as a result of sp-d hybridization. The lower states with t2g symmetry hybridize more 

strongly than the higher states with eg symmetry in the tetrahedral environment and shift to 

lower energy due to a repulsion from the upper Te 5p valence bands. The corresponding 3d 

admixture in the upper valence-band region is responsible for the Mn 3d DOS in the energy 

region between 0 and -2 eV and the slight shift of the VBM toward higher energy. Such a shift 

of the VBM is, in fact, observed in a form of an increase in energy separations between the 

VBM and Cd 4d core levels in Fig. 6-1. On the other hand, a prominent DOS peak due to the 

unoccupied Mn 3d-i states with the eg symmetry is placed at 3.6 eV. Energy position of this 

peak is coincident with that of the first DOS peak of CdTe. 

The Ueff-value, defined as the energy necessary to add one 3d electron to a Mn2+ ion [5, 

17-19], is taken to be 7.0 eV. The connections between the electronic structure in Fig. 6-9-(b) 

and the sp-band-Mn 3d and Mn-Mn exchange interactions have been extensively investigated 

[17, 18]. In particular, the Mn-Mn exchange constant has been calculated quantitatively and 

shown to result primarily from hybridization-induced anti ferromagnetic super exchange. Then, 

authors developed a physically transparent model of both the sp-band-Mn 3d and Mn-Mn 

exchange using only four parameters; valence-band-edge energy Ev, energy of occupied Mn 3d 

states Ed, p-d hybridization parameter Vpd, and Ueff. For numerical results, the principal 

uncertainty lies in the parameters of Vpd, and Ueff [17]. 

One notices that the Mn-derived features in the UPS and IPES spectra in Fig. 6-9-(a) are in 

good agreement with those in the calculated DOS curves. Taking into account the experimental 

features observed for the narrow main-peak at 3.6 e V in the IPES spectrum as well as the 

comparison between experiment and theory in Fig. 6-9, we assign the peak at 3.6 eV to the Mn 

3dJ, states, and evaluate the Ueff-value to be 7.0±O.2 eV from Fig. 6-9-(a). The new splitting­

energy of 7.0±0.2 e V is in quantitative agreement with the predicted U eff-value and supports the 

electronic structure model for the estimation of the nearest neighbor Mn-Mn exchange constant 
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(Jdd) of Cdl-xMnxTe, using input parameters such as Ev-Ed = 3.4 eV taken from photoemission 

experiments [3,4], Veff = 7.0 eV, Vpd = 0.219 eV estimated from experimental sp-d exchange 

constant [20] and the Mn-Te bond length of 2.759 A determined by extended X-ray absorption 

fine-structure (EXAFS) experiments [21]. Authors calculated further a chemical trend of Jdd in 

Cdl-xMnxY (Y = Te, Se, S). The predicted increase in Jdd from the telluride to the selenide is in 

reasonable agreement with the increase observed experimentally. The larger predicted increase 

in Jdd from selenide to sulfide overestimates the experimental trend, which may be corrected 

when more accurate input parameters become available. 

Recent first principle calculations for Cdl-xMnxTe by Wei and Zunger predicted the Veff 

of 4.9 eV [15, 16]. Calculations for paramagnetic zinc-blende MnTe by Masek et al. provided a 

value of 5.5 eV [22] and those for anti ferromagnetic zinc-blende MnTe by Podg6my suggested 

a value of about 4 e V for the splitting energy [23]. All calculated values are substantially smaller 

than our experimental value of 7.0±0.2 e V. On the other hand, the earlier experimental value 

determined from the BIS measurements is 8.3±0.4 e V [24] and substantially larger than the 

present value. For this discrepancy, it should be noted that the photoemission and BIS 

measurements were made for different cleaved surfaces of Cdo.8Mno.2Te alloy [24], though the 

position of the Fermi level in the band-gap depends significantly on the cleaved faces of 

crystals. In situ measurements of the UPS and IPES spectra in the present study rule out such 

irreversible shift of the Fermi level. 

With respect to the Mn derived feature at 4.6 e V in the reflectivity [25J and ellipsometry 

[11] measurements of Cd l_xMnx Te, Kendelewicz interpreted tentatively the structure as 

coming from interband transitions from the sp-valence band to the unoccupied Mn 3d states 

[25]. The initial states were related to the maximum in the valence-band DOS at 1.8 eV below 

the VBM; the states around the Xs symmetry point. This places the unoccupied Mn 3d states at 

2.8 e V above the VBM. On the other hand, Franciosi et al. attributed the structure to optical 

transitions from the top of the sp-valence band states to the unoccupied Mn 3d states at 4.8±O.3 

eV above the YBM on the basis of their experimental result [24]. Both values of2.8 and 4.8 eV 

are rather in poor agreement with the present result of 3.6 eV. 

The location of the unoccupied Mn 3d states at 3.6 e V above the VBM in the present study 
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provides a plausible interpretation. We remember that the valence-band spectrum of pure CdTe 

exhibits the DOS structure at -1.0 e V, which is primarily derived from the flat region of valence 

bands around the L3 symmetry point. In addition, the shape of the sp part of the valence-band 

spectrum would not change appreciably when Mn is added [3]. The location of the unoccupied 

Mn 3d states at 3.6 e V above the VBM in the present study, thus, suggests that the optical 

transition at 4.6 e V is most probably due to transitions from the states around the L3 symmetry 

point at -1.0 e V to the unoccupied Mn 3d states, in agreement with the assignment by Larson et 

al. [17]. 

6-1-4. Comparison with configuration-interaction calculation 

In spite of the good correspondence between the experiment and energy-band theory, the 

theory cannot interpret the multielectron satellite in the energy region between -5 and -9 e V. 

Nor can it explain the intra-atomic d-d* optical absorption observed at about 2.2 e V for 

Cdl_xMnxTe with x ~ 0.4 [26]. Gunnarsson et al. have presented the results of ab initio 

calculations for the parameters in the Anderson model, such as the energy-dependent p-d 

hybridization parameters and the Mn 3d Coulomb correlation energy of 7.3 e V [27]. Without 

any empirical parameters, the Mn 3d photoemission spectrum was fairly well reproduced 

including the multielectron satellites. 

Very recently, the CI calculation using a Mn2+(Te2-)4 model cluster reported by 

Mizokawa and Fujimori has been extended to interpret not only the Mn 3d photoemission 

spectrum, but also the Mn 3d IPES spectrum and the d-d* optical absorption spectra, using the 

same set of parameters [28]. Figure 6-10 exhibits (a) the valence-band photoemission spectrum 

of CdO.31MnO.69Te measured at 49.9 eV (on resonance), a measure of the Mn 3d partial DOS 

evaluated from resonant photoemission experiments in the Mn 3p-3d core excitation region 

(dotted curves) and the conduction-band IPES spectrum of CdO.3MnO.7Te film, and (b) the 

calculated spectra (solid curves) [28]. In the calculation, d5, d6L., d7L.2 and d4 , d5L., d6L.2 

configurations are taken into account for the initial and final states, respectively, where L 
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represents a ligand hole. The line spectra are calculated using parameters of U = 4.0 e V, .1= 2.0 

e V and (pda) = -1.1 e V. Here, U is the Coulomb correlation energy of the Mn 3d electrons and 

.1 is the ligand-to-metal charge-transfer energy. In addition, (pda) represents the p-d transfer 

integral and (pda)/(pdn) is fixed at -2.16 [29]. The solid curves are constructed by a 

convolution of the line spectra with Gaussian and Lorentzian functions for the sake of 
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Fig. 6-10. (a) Conduction-band IPES spectrum of CdO.3MnO.7Te film, 

valence-band photoemission spectrum of Cdo.31 MnO.69Te measured at 49.9 

e V (on resonance) and a measure of the Mn 3d partial DOS evaluated from 

resonant photoemission experiment in the Mn 3p-3d core excitation region 

(dotted curves). (b) Mn 3d-derived photoemission and inverse-photoemission 

spectra of Cd l-xMnx Te calculated on the basis of the configuration 

interaction theory [28]. 
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comparison. The CI analysis revealed that the feature between 0 and -5 eV with a main peak at 

-3.4 e V is predominantly due to transitions into the d5L. final states , whereas the satellite 

between -5 and -9 e V is ascribed to transitions into the d4 final states. The d5L denotes the states 

screened by charge transfer from the Te-derived valence-band states and the d4 represents the 

final states produced by emission of a 3d electron from the d5 ground state, as shown in Fig. 6-

ll-(a). On the same line of argument, the main peak at 3.6 e V in the Mn 3d inverse­

photoemission spectrum is attributed to transitions into the d6 final states. The d6 denotes the 

flro 

'-----> 

n charge 'V transfer 

Fig. 6-11. The MnTe4 cluster model of d-electron excitation process 

indicated by d4 , d5 Land d6 final states in Cd l_xMnx Te. 
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states added one 3d electron to the d5 ground state, as shown in Fig. 6-11-(b). 

Previous analysis for the Mn 3d partial DOS of Cd] _xMnx Te provided a Mn 3d Coulomb 

correlation energy of 7.5 e V [4, 30] [U == E( 3d4 )+E( 3d6 )-2E(3d5), where E(3dn) is the center­

of-gravity afthe 3dn muLtiplet], different from the value of 4.0 eV from Ref. 28. The discrepancy 

in U originates mainly from the fact that the relevant optical and magnetic properties and 

impurity states have been interpreted consistently using the same set of parameters. Besides, the 

previous analysis was perfonned using only the d5, d6L and d4, d5L configurations as initial and 

final states, respectively, while the recent analysis takes further account of the cf7 L2 and d61} 

configurations for· the initial and final states. The inclusion of the cf7 L2 and d6L2 configurations 

has an influence upon the number and energy positions of the structures in the spectra. 

Next, we discuss the x-independence of the Mn 3d partial DOS in the valence-band region 

of Cd l-xMnx Te. In terms of the CI theory, the Mn 3d partial DOS is reproduced using 

parameters such as U, L1 and (pda), as described above. Here, the value of U and L1 are almost 

unchanged with x, while that of (pda) depends on the local structure around an Mn atom (bond 

length and bond angle) of MnTe4 culster. The close similarity of the Mn 3d partial DOS with x, 

thus, suggests almost equal Mn-Te bond lengths, or (pda) values. 

Recently, the EXAFS experiments on Cdl-xMnxTe performed by Balzarotti et al. have 

revealed that the Cd-Te and Mn-Te bond lengths remain almost unchanged for 0 ~ x ~ 0.4 [21]. 

The Cd-Te bond length is approximately constant with its value for pure CdTe, and, in 

particular, the Mn-Te bond length is approximately equal to that predicted for the hypothetical 

zinc-blende MnTe. Thus, the values of (pda) are assumed to be almost equal to each x of 

Cdl-xMnx Te. We believe that this is the reason why the spectral shape of the Mn 3d partial DOS 

of Cdl-xMnxTe is almost unchanged with x. 

In a recent publication on bulk and surface Cdl-:xMnxTe alloys by Wall et al. [31], results 

were reported on features of the Mn 3d partial DOS. The intensity of the satellite at -8.0 eV 

relati ve to that of the main peak at -3.6 e V in the Mn 3d partial DOS for bulk (surface) alloys 

increases remarkably from 0.19 to 0.37 (form 0.15 to 0.47) with the increase of x from 0.20 to 

0.60 (from 0.29 to 0.94), whereas the relative intensity of the valence bands at -1.5 eV remains 

almost unchanged around 0.3 for the bulk and surface alloys, as shown in Fig. 6-12. All 
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intensities were defined relative to a linearly interpolated secondary background between 0 and 

- 16 to -17 e V in the spectra measured just on resonance. Authors have claimed that the 

concentration dependence of the satellite intensity is in conflict with the results of CI analysis, 

and concluded that the un screened d4 identification of the many-body final states responsible 

for the satellite should be reexamined [31]. 

On the other hand, we should find again that the satellite and the valence-band intensity 

relative to the main peak indicate x-independence in our evaluated method, and are almost 

unchanged within the range of 0.48±O.03 and 0 .23±O.03, respectively, as described in Chapter 

6-2-3 (Fig. 6-7) . We find that the inconsistency on the x dependence of the satellite intensity 

between our and Wall ' s groups would be mainly due to the data analysis method employed, and 

also to discrepancy of raw data in the low-concentration region below x = -0.4 

Here, we reiterate the following: (1) For pure CdTe, the emission intensity of the sp band 
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at -l.2 eV is about three times stronger than that at -3.4 eV, judging from the photoemission 

spectra of CdTe measured at liro = 47.0 or 49.5 eV and those of Cd]_xMnxTe taken at 

antiresonance (tiro = 47.0 or 47.4 eV) in Fig. 6-5. (2) The Mn 3d emission intensity of 

Cdl-xMnxTe at -3.4 eV is about four times stronger than that at -l.2 eV, as one can recognize 

from the spectral shape of the Mn 3d partial DOS shown in Fig. 6-6. (3) The satellite intensity at 

-7 eV does not overlap at all with the sp valence bands [4]. 

Taking into account the items above, the results of analysis of our data based on the 

method in Ref. 31 can be understood as follows. The shape of the on-resonance spectra for x ~ 

-0.4 are reasonably assumed to be almost independent of x as a result of the dominant 

contribution of the Mn 3d emission to the spectra, since the cross section of the Mn 3d states at 

nO) = 50 eV is about 30 times larger than that of the Te 5p states [13]. The decrease of x brings 

the decrease of the Mn 3d contribution and the relative increase of the contribution of the sp 

valence-band emission to the total valence-band spectra. Thus, if we normalize the peak 

intensities at -1.2 and -7 e V relative to that at -3.4 e V in the on-resonance spectra, the intensity 

at -1.2 e V would increase rapidly with the decrease of x from 0.4 to 0.1 as a result of an 

increasing contribution of the sp valence bands, while that at -7 e V would exhibit a slight 

decreases or no remarkable x dependence, in agreements with our results by the analysis based 

on Ref. 31. 

Then, we believe that the present results in Fig. 6-7 are quite reasonable and support the d4 

identification for the satellite in the Mn 3d partial DOS. 
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6-2. Photoemission and inverse-photoemission study of zinc-blende MnTe 

6-2-1. Ultraviolet photoemission and inverse-photoemission spectra of zinc­

blende MnTe 

Figure 6-13-( a) shows the valence-band UPS spectra measured at nill = 21.2 and 40.8 e V, 

and the conduction-band IPES spectrum of zinc-blende MnTe(l11) epitaxial film, as an end 

point material of Cd'_xMnxTe , grown on GaAs(lOO) substrate. Energy is referred to the VBM. 

The energy separation between the VBM and CBM evaluated by extrapolating the leading edge 

of the lowest conduction-band peak to the baseline is estimated to be about 2.0 e V. This value is 

smaller than the optical band gap of 2.92 e V at 300 K estimated from the optical absorption 

measurements [32] and determined as the peak energy of the magnetic circular dichroism 

spectra [33], mainly due to the characteristics of the overall energy resolution of the IPES 

spectrometer, as described above. 

The UPS spectrum measured at 40.8 eV exhibits a peak at -1.5 eV, a narrow peak at -3.4 

e V, a broad structure around -7.5 e V, and a peak at -11.4 e V, while the spectrum at 21.2 e V 

exhibits three peaks at -1.5, -3.4 and -4.3 e V with a shoulder at -1.0 e V. These fundamental 

features in the top 10 e V region of valence-bands are in agreement with results obtained by XPS 

[32] and synchrotron-radiation photoemission [34, 35] measurements. On the other hand, the 

IPES spectrum emphasizes a sharp peak at 3.5 eV and a broad structure around 7 eV. 

6-2-2. Comparison with band-structure calculation 

In order to compare the spectra obtained in the experiments with that by the band-structure 

calculation, Fig. 6-13-(b) shows the theoretical total DOS of antiferromagnetic zinc-blende 

MnTe based on the spin-polarized, self-consistent local-spin density total-energy and band­

structure calculation reported by Wei and Zunger [16]. One can recognize that the whole feature 

of the experimental spectra except for the broad structure around -7.5 e V in the UPS spectrum 



72 

at 40.8 e V is qualitatively consistent with the theoretical DOS. The theoretical DOS of valence-

bands can be divided into two parts: the Te Ss bands centered at -10.S eV and the upper Te Sp 

and Mn 3d hybridization bands in the energy region from 0 to -4 e V. The prominent peak due to 

occupied Mn 3d states is placed at - 2.S eV. The theoretical DOS of conduction-bands, on the 

other hand, consists of almost dispersionless bands due to mainly Mn 3d states between 1 and 
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Fig. 6-13. (a) Valence-band UPS spectra measured at 40.8 and 21.2 eV, and 

conduction-band IPES spectrum of zinc-blende MnTe(lll) epitaxial film 

grown on GaAs( 100) substrate. Energy is referred to the VBM. Vertical 

arrows indicate peaks due to Mn 3d states with fairly localized character. (b) 

Total DOS of anti ferromagnetic zinc-blende MnTe calculated by Wei and 

Zunger [16] . 
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2.S eV and sp-band states around 4.5 eV. The unoccupied Mn 3d states with high DOS are 

located at 2.2 eV. Theory predicts a Veff-value of 4.7 eV. 

At tun = 40.8 e V, the photoemission cross section of Mn 3d states is much larger than 

those of the Te 5s and 5p states [13]. Especially, the features of the UPS spectrum measured at 

40.8 e V is very similar to those of the Mn 3d partial DOS of zinc-blende MnTe film evaluated 

from a resonant photoemission experiment in the Mn 3p-3d core excitation region [35]. 

Therefore, we ascribe the narrow peak at -3.4 e V to the Mn 3d states with fairly localized 

character. The broad structure around -7.5 e V which can not be explained by the one-electron 

band picture is ascribed to emission due to multielectron satellite discussed above [4, 28, 30, 

35]. 

The UPS spectrum at 21.2 e V is used to identify features due to hybridization between Te 

Sp and Mn 3d states because of the approximate equality of the photoemission cross sections of 

Te Sp and Mn 3d states [13]. From the spectrum in Fig. 6-13-(a), the hybridization bands 

between Te Sp and Mn 3d states spread over the top 5.2 e V of the valence bands. In Chapter 

6-2-3 , we discuss the band width of valence bands in zinc-blende MnTe in comparison with that 

of NiAs-type MnTe. 

Based on the comparison with band theory [16], the prominent peaks at -3.4 and 3.5 eV in 

the UPS and IPES spectra are ascribed to emission from the Mn 3di' and Mn 3dt states with eg 

symmetry of fairly localized character [16, 17], providing a Veff-value of 6.9±O.2 eV. This Veff­

value is in good agreement with those of 7 .0±0.2 and 7.2±0.2 e V evaluated from our 

experiments for Cdl-xMnxTe and Znl_xMnxTe [36-38], respectively. 

Calculations for paramagnetic zinc-blende MnTe by Masek et al. provided a value of 5.5 

eV [22] and those for antiferromagnetic zinc-blende MnTe by Podgorny suggested a value of 

about 4 e V for the splitting energy [23]. All of the calculated values [17, 22, 23] are substantially 

smaller than our experimental values of 6.9±O.2 e V. The Veff-value of S.7 e V for zinc-blende 

MnTe estimated by Bressler and Gumlich [39] seems to be at variance with the present value. 

There is, however, no inconsistency, since the value reported for zinc-blende MnTe [39] is only 

a measure of the lower limit of the exchange energy. 



74 

6-2-3. Comparison of the spectra of zinc-blende MnTe with those of NiAs­

type MnTe 

Finally, we discuss in comparison of the UPS and IPES spectra of zinc-blende MnTe with 

those of stable NiAs-type MnTe. The UPS and IPES spectra of NiAs-type MnTe have been 

reported by Sato et al. [40]. The UPS and IPES apparatuses used for the measurements were the 

same as those in the present study, and clean surfaces of samples were obtained by scraping with 

a diamond file. 

Figure 6-14 shows the UPS at 21.2 e V and IPES spectra of zinc-blende and NiAs-type 

MnTe. The UPS and IPES spectra of NiAs-type MnTe exhibit three peaks with a shoulder and a 

main peak with a broad structure, respectively , as same as those of zinc-blende MnTe. We find 

that in the both UPS spectra the p-d hybridization bandwidth of 5.2 eV in the valence bands for 
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zinc-bIen de MnTe is 1.3 e V smaller than that of 6.5 e V for NiAs-type. Moreover, the energy 

band gap between the VBM and the CBM decreases from 2.0 (zinc-blende MnTe) to 0.8 eV 

(NiAs-type MnTe). 

In order to discuss properly the strength of different covalent interactions in hexagonal 

(NiAs-type MnTe) and cubic (zinc-blende MnTe) environments, Podgomy insists that one has 

to consider apart from the Mn-Te nearest neighbor (NN) distance, also the Mn-Mn and Te-Te 

next NN distances in both phases [23]. Accordingly, one notes the following: the Mn-Te, Mn­

Mn and Te-Te distances are 2.74, 4.47 and 4.47 A (cubic phase) and 2.92,3.36 and 4.12 A 

(hexagonal phase}. It means that much smaller Mn-Mn and Te-Te distances in the hexagonal 

phase are expected to cause larger Mn 3d and Te 5p bandwidths due to increase of the overlap 

between the Mn 3d orbitals, and that between the Te 5p orbitals, respectively, in comparison to 

the cubic phase. That this is indeed the case is shown Fig. 6-14 where both spectra are 

compared. The width of the p-d hybridization bands is narrower by 1.3 e V in zinc-blende MnTe 

and this very fact causes the energy gap in this phase to be much larger. 

Figure 6-15 shows the UPS at 40.8 e V and again IPES spectra of zinc-blende and NiAs­

type MnTe. Energy is referred to the VBM. Differences of the UPS spectral features between 

zinc-blende and NiAs-type MnTe are hardly recognized except for the clear peak of Te 5s states 

exhibited at -11.4 e V in the UPS spectrum of zinc-blende MnTe. In the spectra of NiAs-type 

MnTe, one can recognize the prominent peaks at -3.7 and 2.9 e V to nearly localized Mn 3di 

and 3dJ., respectively, providing the Ueff-value to be 6.6±O.2 eV [40]. Therefore, the Ueff-value 

of 6.9 e V evaluated for zinc-blende MnTe is slightly larger by 0.3 e V than that of 6.6 e V for 

NiAs-type MnTe,due to decrease of the degree of hybridization between the Mn 3d states of 

zinc-blende MnTe in comparison with that of NiAs-type MnTe. 
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We have in situ measured the valence-band UPS and conduction-band IPES spectra of 

Cd l-xMnx Te films (0 ~ x ~ 0.7) grown epitaxially on GaAs( 100) substrates. In order to 

overcome the electrostatic charging effects in measurements of IPES spectra, we have 

constructed an HWE reactor. The IPES spectrum of pure CdTe shows peak structures at 3.7, 

5.4, 6.4 and 9.0 e V above the VBM. On the basis of the results of band-structure calculation, 

these structures are interpreted to be associated with the DOS features due to particular flat 

regions of conduction bands around the X6 and X7, r7 and r8 , L4,5 and 4, and the A symmetry 

points, respectively. With increasing x, the energy position of the CBM relative to the VBM 

shifts linearly toward higher energy as a result of an increasing contribution of the Mn 4s states 

to the conduction bands. 

We have perfonned the Mn 3p-3d RPES experiments for bulk Cdl-xMnxTe (0.10 ~ x ~ 

0.69) , in order to investigate the Mn 3d contribution in Cdl-xMnx Te in detail. A prominent 

resonance for the peak at -3.4 e V relative to the VBM has been observed. The resonance does 

not only take place around the peak at -3.4 eV, but also over all regions of valence bands, and 

anathor states between -5 and -9 e V is also resonantly enhanced. Furthermore, relative 

intensities of the valence band at -1.2 e V and the multielectron satellite at -7 e V to the main 

peak at -3.4 eV, evaluated from the Mn 3d derived partial DOS, are almost independent ofMn 

concentration. 

The energy position of the Mn 3d~states at 3.6 eV above the VBM in the present study is 

in good agreement with that predicted from the analysis of the Te Ll and L3 edge XANES 

spectra combined with the electronic structure calculation. The U eff-value is directly estimated 

to be 7.0±0.2 e V. This value compares well with the predicted spin-exchange splitting energy of 

7.0 e V in support of the electronic structure model, though the present result is substantially 

smaller than the earlier experimental value of 8.3±0.4 e V from the photoemission and BIS 
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measurements. 

For the initial states of transitions responsible for the Mn derived feature at 4.6 e V in the 

reflectivity spectra, the valence-band states around the Xs symmetry points are assumed to be 

the most probable candidate based on the location of the Mn 3dJ, states at 3.6 eV. 

Aside from energy-band theory, the peak at 3.6 eV, features between 0 and -5 eV with a 

main peak at -3.4 eV, and those between -5 and -9 eV are assigned to the d6, dSL and d4 final 

states, respectively, on the basis of the CI calculations using the cluster and Anderson impurity 

models. 

We have also measured the UPS and IPS spectra of zinc-blende MnTe( 111) epitaxial film 

on GaAs(lOO) substrate grown using the HWE reactor. We have directly estimated the Ueff­

value of 6.9±0.2 eV. This value is in good agreement wiht those of Cdl-xMnxTe (7.0±0.2 eV) 

and Zn l_xMnx Te (7.2±O.2 e V). In addition, we compared the valence-band UPS and 

conduction-band IPES spectra of zinc-blende MnTe with those of stable NiAs-type MnTe. The 

band width in the valence-band region and U eff-value of zinc-blende MnTe are narrower by 1.3 

e V and larger by 0.3 e V than those of NiAs-type, respectively. A decrease in the band width 

from NiAs-type MnTe to zinc-blende MnTe is tentatively ascribed to the reduced overlap 

between the Mn 3d orbitals or the Te 5p orbitals with the increase of Mn-Mn and Te-Te next 

nearest neighbor distances, while an increase in the Ueff-value would be ascribed to the 

decrease of the degree of hybridization between the Mn 3d states. 
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