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Abstract. Electrunic structures of Zni-,Mn,Te films (0 < x < 0.7) grown epitaxially on 
GaAs(100) substrates have been investigated by means of in sinr measurements of conduction 
band inverse photoemission and valence band photoemission specba. The inverse photoemission 
s p e d ”  of pure ZnTe exhibits clear peak structures at 4.0 and 6.7 eV above the valence band 
maximum, resecting maxim of density of states of conduction bands. Wtth increasing Mn 
composition. new peaks show UP at 3.5 eV in the inverse photoemission spectra and at -3.7 eV 
in the photoemission specha. These peaks ax ascribed to emission from the Mn 3 d t  and 
3d4 states with e, symmetry. respectively, and provide a spin exchange splitting energy of 
7.2 i0 .2  eV. The Mn 3d-derived features are very similar to those in Cdi-,Mn,Te, as a result 
of the close Similarity of the local environment around the Mn atom. 

1. Introduction 

Znl-,Mn,Te mixed crystals belong to the family of diluted magnetic semiconductors (DMSS), 
in which Mn atoms replace Zn atoms in the zincblende structure for Mn composition ( x )  
up to 0.86 [1,2]. This system displays many properties analogous with those of the typical 
DMS of Cdl-,Mn,Te with identical crystal structure, and has attracted much attention as a 
new class of semiconductors with novel magnetic [3-8] and optical properties 19-17], Such 
phenomena stem from the sp band-Mn 3d and Mn-Mn exchange interactions through the 
hybridization between the sp band and the Mn 3d states. 

Reflectivity spectra of Znl-,Mn,Te have been measured as a function of x in 
the fundamental optical absorption region. Non-linear dependence of the band gap of 
Znl-,Mn,Te on x was interpreted within the framework of sp band-Mn 3d exchange 
interaction [15]. An x-ray absorption near-edge structure (XANES) study on Zno.,MQ.sTe 
has been performed for the L edge of Te and K edges of Zn and Mn [18]. From the 
experimental data, values for the Te LI and Lm x-ray absorption edges for a hypothetical 
zincblende MuTe were extracted and compared with the theoretical result. The maximum 
conhibutions of the hybridized unoccupied Mn 3d states have been estimated at about 3.8 
and 3.0 eV above the valence band maximum (VBM) for p-projected and s, d-projected 
densities of states (nos), respectively. Energy positions of unoccupied Mn 3d l  states in 
Zn-,Mn,Y (Y = Te, Se, S )  were inferred from the energy level scheme including energies 
of Zn 3d core levels, fundamental band gap, main peak of the valence bands, Mn 3p3d 
resonance, and Mn 3p core levels [19]. The chemical trend of the Mn 3d spin exchange 
splitting energy (L&; the energy necessary to add one electron to a MnZf ion) has been 
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discussed for Zn,-,Mn,Y (Y = Te, Se, S). However, no direct identification of the Mn 3dJ. 
states has been reported for Znl,Mn,Te so far. 

The contribution of the Mn 3d states to the valence band DOS of Zno,7Mno.sTe has been 
evaluated by means of resonant enhancement of the Mn 3d photionization cross-section near 
the Mn 3 p 3 d  core excitation using tunable synchrotron radiation [20]. The Mn 3d-derived 
partial DOS of ZnO.TMno.3Te was found to be very similar to that of C&.sMno.zTe. Assuming 
the local environment around Mn atoms in Zn-,Mn,Te, the close similarity between the 
Mn 3d DOSS of Znl-,Mn,Te and Cdl,Mn,Te was discussed mainly on the basis of the 
configuration interaction (CI) calculation using an MnZt(TeZ-)4 model cluster [21,22]. The 
CI analysis confirms a significant Mn 3d-Te 5p hybridization, which allows for sufficient 
screening of the 3d excitations by the ligand to d hole charge transfer over the top 5 eV 
region of valence bands. In that sense, the spectral density in the corresponding energy 
region of valence bands can be assumed to be a good approximation for a measure. of the 
valence band DOS. 

The band shcture and magnetic properties of Mn-substituted DMSS have been 
theoretically investigated [23-271 based on a combination of ab initio spin-polarized 
band calculations, a semiempirical tight-binding model containing available experimental 
data and consideration of alloying effects [23,24], self-consistent spin-polarized spin 
density functional band structure calculations 1251. spin-polarized, self-consistent local spin 
density total-energy and band shxcture calculations 1261, and a self-consistent local density 
pseudofunction theory 1271. 

In this paper, we present conduction band and valence band spectra of Znl-,Mn,Te films 
(0 < x < 0.7) grown epitaxially on GaAs(100) substrates, measured by means of ultraviolet 
inverse photoemission and photoemission specboscopies (IPES and Ups). The IPES spectra 
have been successfully obtained, for the first time, by preparing thin epitaxial films on 
GaAs(100) substrates with very low resistivity to overcome the difficulty of the electrostatic 
charging effect. In siru measurements of IPES and UPS spectra realize a connection of these 
spectra at the Fermi level [28] and make it possible to determine directly the Uefi value to 
be 7.25~0.2 eV. We discuss the Mn 3d states in Znl-,Mn,Te in comparison with the results 
of band structure calculation in terms of the tight-binding semiempirical coherent potential 
approximation for Cdl-,Mn,Te [23], and also with those of the CI calculation using an 
Mn2+(Te2-)4 model cluster [29] in distinction from the one-electron band picture. 

2. Experimental details 

Figure I shows schematically the apparatus used in the present experiments. The IPES 
spectrometer L30.311 consists of a low-energy electron gun of Erdman-Zipf type with an 
energy spread of 0.25 eV, an A1 reflection mirror coated with an MgFz film, and the 
bandpass photon detector with a full width at half maximum of 0.47 eV and a maximum 
response at 9.43 eV. All components are mounted in an ultr&igh-vacuum chamber under a 
base pressure below 7 x lo-" Torr. The overall energy resolution of the spectrometer was 
0.56 eV. The electron beam was injected normal to the sample surfaces. 

The UPS spectrometer connected to the [PES apparatus is composed of an He discharge 
lamp (hw = 21.2 eV) and a double-stage cylindrical mirror analyser to obtain angle- 
integrated spectra. The energy resolution was set to be 0 2  eV. The working pressure 
of the UPS chamber was 3 x IOd9 Torr under the operation of the discharge lamp, though 
the base pressure was 4 x IO-" Torr. Energy calibration of the IPES and UPS spectra were 
experimentally made using the spectra for a fresh film of polycrystalline Au [31]. The IPES 
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-re 1. ?he apparahls used for the ms and UPS measuremenol. The ]PES specmmeter consists 
of a low-energy electron gun, an AI reflection minor coated with an MgF2 film, the bandpass 
photon detector with an SrFz window and a photomultiplier with the Cu-Be0 b t  dynode 
coaled with a KCI film The overall energy resolution is 0.56 eV with a maximum response 
at 9.37 eV. The UPS spectrometer is composed of  an He discharge lamp and a double-stage 
cylindrical minor analyser. 

and UPS spectra measured in situ for the same sample surface were connected at the Fermi 
level. 

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. 

Samples used for IPES and UPS experiments were Znt-,Mn,Te films ( x  = 0, 0.2, 
0.3, 0.4, 0.6 and 0.7) grown by the hot-wall epitaxy (HWE) technique on (100)-oriented 
Si-doped n-type GaAs substrates [32] with a misorientation of 2" toward the next [110] 
direction, and with an impurity concentration of (1.0-2.5) x 10" C I I - ~  or a resistivity of 
(1.5-2.8) x Q cm. The HWE reactor consists of a ZnTe furnace with an additional 
Te source for compensation of the vacancies (hot wall 1) and Mn furnace (hot wall 2), as 
shown in figure Z(a). A flip-flop method [33] was employed to obtain various thickness and 
x of films. The thickness was con&olled by the repetition number of the flip-flop motion, 
and x by periods during the stay of substrates over the ZnTe and Mn furnaces operated at 
540 and 84OoC, respectively. 

Prior to the crystal growth, the substrates were chemically etched in a 5:l:l solution 
of H2S04:HzOz:HzO. The substrate, loaded into a vacuum chamber, was heated at 600°C 
for 10 min to remove the oxide layer. During the growth, the substrate temperature was 
kept constant at 350-390°C depending on x ,  and the vacuum was (1-5) x lo-' Torr under 
the operation of the ZnTe and Mn furnaces. After the growth, the sample was transferred 
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Figure 2. (a) A schematic illustration of the hot-wall reactor, consisting of P ZnTe fumace with 
an additional Te sources for compensation of the vacancies and am Mn fumace. The thickness of 
films is cnnvolled by a reptition number of flip-flop motion of the subsuate, and x by periods 
during the stay of the substrate over the ZnTe and Mn fumaces [b) Details of the sample holder 
used for the IPES and ups measurements. 

immediately into the preparation chamber under a base pressure below 4 x Torr, 
keeping the substrate temperature above 25OoC, and then introduced into the UPS chamber. 
In this way, clean surfaces of Znl-,Mn,Te epitaxial films were successfully obtained. The 
crystal smcture and x values of epitaxial films with thickness of 0.5-1 pm were checked 
by x-ray diffraction [341. 

The I P S  spectra are much more sensitive to an electrostatic charging effect than the UPS 
spectra [35]. 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 conditions for the thick Zni-,Mn,Te(100) film, until the IPES spectrum 
exhibited no electrostatic charging effect. The thickness of samples used for the PES and 
UPS experiments was measured using a surface profiler (high-precision optical stylus surface 
measuring instrument, Kosaka Ltd). The typical value of the thickness was about 10-20 nm. 

In the present experiments, it is reasonably assumed that the thin films used for the 
IPES and ups measurements are (100)-oriented films, since Znl-,Mn,Te epitaxial films 
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with the (lOO)-orientation grew steadily under suitable parameters mentioned above. The 
UPS spectra for thin Znl-,Mn,Te films, which exhibited no electrostatic charging effect in 
the [PES measurements, were fully consistent with those for the thick Znl-,Mn,Te(lOO) 
films. The UPS spectra for thick Znl-,Mn,Te(lOO) films with large enough thickness for 
determination of orientation using x-ray diffraction were free from the electrostatic charging 
effect and consistent with those for bulk alloys. 

Residual strain is known to be important and affect the electronic structure of ZnTe. 
The amount of.the strain-induced change in energy is, however, estimated to be several tens 
of millielectronvolts [36,37] and can be neglected in comparison with the energy resolution 
of 0.56 and 0.2 eV in the IPES and UPS measurements, respectively. 

The x values of the thin epitaxial films were evaluated by x-ray photoemission 
spectroscopy (XPS; ESCA 5400, Perkin Elmer) using integrated emission intensities of 
the Zn 2p, Mn Zp, and Te 3d core levels of the epitaxial films, after the IPES and 
UPS measurements. The XPS spectra for the bulk Znl-,Mn,Te specimens with x values 
determined already by an electron probe microanalysis were used as a reference. The x 
values evaluated by the XPS measurements for thii epitaxial films were in good agreement 
\*.ith those for thick films estimated from the x-ray diffraction within x = k0.05. 

Figure 2(b) shows details of the sample holder for the IPES and UPS measurements. 
Special care was paid to reliable ohmic contacts, which were alloyed onto the back surface 
of substrate using Sn to avoid an uncontrolled voltage drop at the GaAs wafer-MO sheet 
interface. The MO sheet was used to prevent reaction between the GaAs substrate and CuBe 
sample holder during the heating process at 600°C for 10 min. 

3. Results and discussion 

Figure 3(a) shows the conduction band IPES and valence band UPS spectra of pure ZnTe 
epitaxial film grown epitaxially on GaAs(100) substrate. These spectra exhibit peak 
structures at 4.0 and 6.7 eV, and at -1.0, -1.7, -3.2, and -5.1 eV relative to the VBM 
(vertical bars). In figure 3@), band structures of ZnTe calculated by Cohen and Bergstresser 
using the empirical pseudopotential method (thick solid curves) [38], and by Kurganskii 
and co-workers on the basis of the modified orthogonalized plane wave method (thin solid 
curves) 1391 are presented for the sake of comparison. Energies are referred to the VBM. The 
direct fundamental band gap is located at the r point. The calculated band gap energies of 
2.4 [38] and 2.6 eV [39] are slightly larger than the experimental value of 2.3 eV 112,131. 

For the conduction bands, one can recognize flat regions of Conduction bands around 
the L1. XI, L3, and A symmetry points, which are located at 3.7, 4.0, 6.8, and 6.5-7.1 eV 
in the thick solid curves, and 3.5, 3.8.7.3, and 6.5 eV in the thin solid curves, respectively. 
These flat regions would make a significant contribution to the DOS peaks of the conduction 
bands. Thus, we attribute the first peak at 4.0 eV and the second one at 6.7 eV in the IPES 
spectrum to the ws features due to flat regions of conduction bands around the LI and XI, 
and L and A symmetry points, respectively. 

The valence bands of ZnTe have been previously discussed by several authors in detail. 
The valence band Dos is primarily composed of the Te 5p states. We recall here that 
the features at -1.0, -1.7, -3.2, and -5.1 eV (vertical bars) reflect maxima in the DOS 
of valence bands mainly derived from flat regions around the L3, Xg. W z - X p  and WI 
symmetry points, respectively [40,41]. One notices that features in a pair of IPFS and UPS 
spectra of ZnTe compare well with the results of band structure calculations. 

Figure 4 exhibits a series of conduction band PES and valence band UPS spectra of 
Znl-,Mn,Te films with x of 0, 0.2, 0.3, 0.4, 0.6, and 0.7 [42]. The valence band 
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Rw=21.2 eV hw=9.43 eV 

Figure 3. (a) Conduction band ]PES and valence band ups spectra of pure ZnTe epitaxial film 
grown epitaxially on GaAs(1W) substrate. Energies are referrcd to the VBM. Vertical bars 
indicate the positions of stmc&s. @) Energy band "hues of ZnTe calculated by Cohen 
and BergsVeSSer using the empirical pseudopotential method (thick solid curves) 1381, and by 
Kwganskii and mworkers using the modified onhogondized plane wave method (thin solid 
curves 1391). 

photoemission spectrum of Zno.~Mno.ssTe measured at the excitation photon energy of 
49.5 eV (on resonance for the Mn 3p3d  core excitation) is also shown to demonstrate 
the Mn 3d emission with a main peak at -3.7 eV [43]. On increasing x from 0 to 0.3, 
the width of the first main peak in the PES spectra increases as a result of an increasing 
contribution on the lower-energy side of the main peak. For x above 0.4, one notices that 
a new emission peak shows up clearly at 3.5 eV (vertical solid line), that is, 0.5 eV below 
the first main peak of ZnTe at 4.0 eV (vertical broken line). 

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. We 
find the threshold energy of the IPES specbum of ZnTe to be 2.3 eV. in good agreement with 
the band gap energy from experiments on the interband optical transition. The fundamental 
band gap energy of Znl-,Mn,Te is known to increase with x [12,13], as a result of an 
increasing contribution o f  the higher-lying Mn 4s level relative to the Zn 4s level. At 
x = 0.7, the amount of the increase is expected to be about 0.35 eV. Such an increase in 
the band gap energy is expected to be observed in the form of a higher-energy shift of the 
threshold with x .  One cannot recognize, however, any discernible shift in the experimental 
spectra. This is probably due to an increasing contribution of the new emission peak at 
0.5 eV below the first main peak of ZnTe at 4.0 eV, and also to the characteristics of the 
overall energy resolution of the IPES spectrometer [44]. 
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Figure 4. A series of the conduction band PES and valence band UPS spectra of Znl-,Mn,Te 
films with x values of 0, 0.2, 0.3, 0.4, 0.6. and 0.7. Intensities of the IPES and ups specua 
at tentatively normalized at 12 and -1.7 eV, respectively. "he valence band photwmission 
spechum of Zno.&no.s6Te measured at the excitation photon energy of 49.5 eV (on resonance) 
is also shown to demonstrate the Mn 3d emission (431. Vertical solid Unes indicate the positions 
of Mn-derived new emission peaks, while the vertical broken line represents the pasition of the 
main peak in the PES specmm of ZnTe. 

As concerns the valence band UPS specaa for Zn,-,Mn,Te with x from 0 to 0.3 [45], 
we find no remarkable change with respect to energy positions of structures, except for an 
increasing contribution between -1.7 and -5.1 eV with increasing x .  For x above 0.4, 
however, a new emission peak can be recognized clearly at -3.7 eV. From comparison 
of these spectra with the valence band spectrum of Zno.44Mm.56Te measured at 49.5 eV 
(on resonance) in figure 4, an increasing spectral density between -1.7 and -5.1 eV with 
increasing x is found to correspond to the main peak of the spectrum measured at 49.5 eV. 

While the Mn 3d features in the UPS spectra are observed as an appreciable increase in 
intensity at -3.7 eV with x ,  those in the IPES spectra can be recognized only in the form 
of an increasing contribution of the new peak 0.5 eV below the main peak of ZnTe. The 
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Mn 3d features are less pronounced in the IPES spectra than in the U P S  spectra We assume 
that this is due to the photoabsorption cross-section of the Mn 3d states [46] at 9.43 eV 
(IPES), smaller by a factor of about three than that at 21.2 eV (UPS). 

Very recently, extended x-ray absorption fine-structure (EXAFS) experiments on 
Znl-,Mn,Te performed by Happo et ~l have revealed that the Zn-Te and Mn-Te bond 
lengths remain almost unchanged for 0 < x < 0.65 [43,47]. The Zn-Te bond length 
is approximately constant with its value for pure ZnTe, and the Mn-Te bond length is 
approximately equal to that predicted for the hypothetical zincblende MnTe. In addition, 
the bond angles of ZnTe4 and MnTe4 clusters are almost independent of x and nearly equal 
to the 109.8" of a pure tetrahedron, as a result of the strong covalency of the bond between 
the cation and four coordinated Te. On the Cd-Te and Mn-Te bond lengths, similar results 
have been previously reported for Cdl-,Mn,Te by Balzarotti etal [48]. That is, the local 
environment around the Mn atom is very similar between Znl,Mn,Te and Cdl,Mn,Te. 
Therefore, we discuss the P E S  and UPS spectra of Znl-,Mn,Te in comparison with those 
of Cdl-,Mn,Te, assuming a close similarity between Mn 3d states in Znl-,Mn,Te and 
Cdl-,Mn,Te alloys. 

Figure 5(a) shows the conduction band IPES and valence band UPS spectra of 
Zno.3Mno.7Te and ZnTe films, and the valence band spectrum of Zno.&n0,56Te measured 
at 49.5 eV (on resonance) [43]. One notices again a main peak at 3.5 eV and a broad and 
weak structure around 6.5 eV in the IPES spechum, and valence band structure between 
0 and -5 eV with a peak at -3.7 eV in the UPS spectrum, and also a broad satellite 
between -5 and -9 eV in the spechum measured at 49.5 eV [43]. For convenience of 
discussion, an equivalent set of [PES and UPS spectra for C&.JMno.TTe and CdTe films [49], 
and the valence band spechum of C&..roMno.mTe measured at 49.5 eV (on resonance) [49] 
is displayed in figure 5(h). In addition, the theoretical total and Mn 3d partial DOSS of CdTe 
and C&.&ino.sTe calculated by Ehrenreich et al [U] are presented in figure 5(c). The zero 
of energy in the theoretical DOSS is referred to the VBM of CdTe. 

The occupied Mn 3 d t  states in figure S(c) split into two peaks as a result of s p d  
hybridization. The lower states with t y  symmetry hybridize more strongly than the higher 
states with eb symmetry in the tetrahedral environment and shift toward 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. The unoccupied Mn 3d4 states with the ea symmetry is placed at 3.6 eV above 
the VBM, just overlapping with the first DOS peak of pure CdTe. The U.a value is taken to 
be 7.0 eV [23]. 

For Cdl-,Mn,Te, the main peak at 3.6 eV in the [PES spectra has been assigned to the 
Mn 3dJ states with eg symmetry based on the experimental features of the main peak as 
well as the comparison between the experiment and theory [49]. Then, the U ,  value was 
estimated to be 7.0 & 0.2 eV from energy positions of the main peaks in the IPES and UPS 
spectra (3.6 and -3.4 eV, respectively), in support of the basic validity of the electronic 
structure model [23,24] for the estimation of the nearest-neighbour Mn-Mn exchange 
constant (Jdd) of Cdl-,Mn,Te, using input parameters such as an energy of occupied 
Mn 3d states of 3.4 eV taken from photoemission experiments 121,501, U e ~  = 7.0 eV, 
a pd hybridization parameter of V,, = 0.219 eV estimated from the experimental s p d  
exchange constant [51], and the Mn-Te bond length of 2.759 A determined from EMS 
experiments [48]. 

On the same line of argument on Cdl-,Mn,Te, we assign the main peak at 3.5 eV in 
the PES spectrum of Zno.3Mn0.7Te to the Mn 3dJ states with e, symmetry, and evaluate the 
iJea value to he 7.2 i 0.2 eV, in combination with the energy position of -3.7 eV for the 
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F i y e  5. (a) Conduction band PES and valence band ups speara of Zn0.3Mno.rTe and ZnTe 
fih, and the valence band spechum of Zno.uMmisTe measured al 49.5 eV (on resonance) 
[43]. (b) Conduction band PES and valence band ups specha of Cdo.rMno.?Te and CdTe films, 
and the valence band spechum of C&.&tno..wTe measured at 49.5 eV (on resonulce) 1491. 
(c) Total and Mn 3d m a l  (shaded ma) m s  of C&.rMno.sTe and ¶he total WS of CdTe based 
on the tight-binding calculations [23]. 

emission due to the Mn 3dt  states with e, symmetry in the valence band UPS spechum. One 
notices that the U,g value evaluated for Znl-,Mn,Te is very close to that for Cdl-,Mn,Te 
1491. 

Recent first-principles calculations for Cdl,Mn,Te by Wei and Zunger predicted the 
UEe of 4.9 eV [26]. Calculations for paramagnetic zincblende MnTe by Masek etal provided 
a value of 5.5 eV 1521 and those for antiferromagnetic zincblende MnTe by Podg6my 
suggested a value of about 4 eV for the splitting energy [Z]. All of the calculated values 
are substantially smaller than our experimental values of 7.2+0.2 eV for Znl-,Mn,Te 1531 
and 7.0k0.2 eV for Cdl-,Mn,Te [49]. The value of 5.1 eV for Znl-,Mn,Te estimated 
by Weidemann et al 1191 seems to be at variance with the present value. There is, however, 
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no inconsistency, since the value reported for Znl-,Mn,Te [19] is only a measure of the 
lower limit of the exchange energy. 

Although there appears a good correspondence between the experiment and energy band 
theory, the theory can not interpret the multielectron satellite in the energy region between 
-5 and -9 eV. Nor can it explain the intra-atomic d-d* optical absorption observed at 
about 2.2 eV for Znl,Mn,Te [9] and Cdl-,Mn,Te 1541. 

Recently, the Mn 3d-derived inverse photoemission and photoemission spectra of 
Cdl-,Mn,Te have been calculated in terms of the CI theory using an Mn2+(Te2-)4 model 
cluster [29]. Results of the CI calculation for Cd-,Mn,Te can be compared to the 
experimental spectra of Znl-,Mn,Te without any change of theoretical parameters, since 
the local environments around the Mn atom are almost the same [43,47,48] as mentioned 
above. 

UPS IPES (a) 
A W  = 49.5 eV A W  = 9.43 eV -** 

1 
I i .:?./ 

.? x = 0.56 .c: x = 0.7 
h I . '  .. 

-1 0 -5 0 5 10 
Energy (eV) 

Figure 6. (a) The Conduction band IPES spectrum of Zna.,Mno,,Te film, the valence band 
spectrum of Zno.uMno.lsTe measured at 49.5 eV 1431, and a measure of the Mn 3d p a h l  DOS 
of Zw,d,Mno.sTe evaluated from a resonant photoemission experiment in the Mn 3p3d  core 
excitation region (dotted curves). (b) Mn 3d-derived inverse photoemission and photoemission 
speevaof Cdj-,MnsTe calculxcd on the basis of he CI theory [29]. 

Figure 6 exhibits (a) the conduction band  PES spectrum of Zm.3Mno.7Te film, the valence 
band photoemission spectrum of Zm.dvfm.56Te measured at 49.5 eV, and a measure of the 
Mn 3d partial DOS of Zno.aMno.56Te evaluated from resonant photoemission experiments 
in the Mn 3 p 3 d  core excitation region [43] (dotted curves), and (b) the Mn 3d-derived 
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inverse photoemission and photoemission spectra calculated on the basis of the CI theory 
(solid curves) [29]. 

For the theoretical Mn 3d photoemission, d5, d6L, d7L' and @, d5L, d6L2 configurations 
are taken into account for the initial and final states, respectively. Here, t denotes a ligand 
hole. The line spectra in figure 6(b) are calculated using parameters of U = 4.0 eV, 
A = 2.0 eV, and @du) = -1.1 eV. Here, U is an averaged Coulomb correlation energy 
of the Mn 3d electrons (U E E(3d4) + E(3d6) - 2E(3d5), where E(3d") is the centre 
of gravity of the 3d" multiplet) and A is the ligand to metal charge transfer energy. J.n 
addition, (pdo) represents a p-d transfer integral and (pdu)/@dx) is fixed at -2.16 [55].  
The solid curves in figure 6@) are constructed by a convolution of the line spectra with 
Gaussian and Lorentzian functions for the sake of comparison. 

One can recognize a reasonable agreement between experiment and theory, including 
the satellite structure between -5 and -9 eV. The comparison reveals that the feature 
between 0 and -5 eV with a main peak at -3.7 eV is predominantly due to transitions 
into the d5L final states, whereas the photoemission between -5 and -9 eV is ascribed to 
transitions into the d4 final states. In addition, the main peak at 3.5 eV in the Mn 3d inverse 
photoemission spectrum is attributed to transitions into the d6 final states. 

4. Conclusions 

We have measured the conduction band IPES and valence band UPS spectra of Znl-,Mn,Te 
films (0 < x < 0.7) grown epitaxially on GaAs(100) substrates. The IPES spectrum of pure 
ZnTe shows peak structures at 4.0 and 6.7 eV with respect to the VBM. On the basis of 
the results of band slructure calculations [38,391, these smctures are ascribed to the DOS 
features due to particular flat regions of conduction bands around the L1 and XI, and L3 and 
A symmetry points, respectively. The emission observed at 3.5 eV for Znl-,Mn,Te films 
is attributed to the Mn 3dJ states with eg symmetry. The .Yea value is directly estimated 
to be 7.2 0.2 eV. This value is very close to the 7.0 & 0.2 eV reported for Cdl-,Mn,Te 
[23,491. 

The CI calculations using the MnZ+(Te2-)4 model cluster [29] compare well with the 
Mn 3d-derived features in the [PES and UPS spectra of Znl-,Mn,Te films, including the 
multielectron satellite. The peak at 3.5 eV, features between 0 and -5 eV with a main peak 
at -3.7 eV, and those between -5 and -9 eV in the Mn 3d partial DOS are assigned to the 
d6, d5L and d4 final states, respectively. 
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