
PHYSICAL REVIEW B 15 APRIL 2000-IIVOLUME 61, NUMBER 16
Electronic structure of zinc-blende MnTe investigated by photoemission
and inverse-photoemission spectroscopies
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Valence-band and conduction-band electronic structure of zinc-blende MnTe~111! epitaxial film has been
investigated by ultraviolet photoemission and inverse-photoemission spectroscopies~UPS and IPES!. The UPS
and IPES spectra exhibit peak structures at21.5, 23.4, and24.3 eV, and at 3.5 and 6.7 eV relative to the
valence-band maximum, respectively. Based on a one-electron band-structure calculation, peaks at23.4 and
3.5 eV are assigned to emissions from the occupied Mn 3d↑ and unoccupied Mn 3d↓ states with nearly
localized character. From their energy positions, a Mn 3d exchange splitting energy is estimated to be 6.9
60.2 eV, which is close to that of Cd12xMnxTe (7.060.2 eV! and is slightly larger than that of NiAs-type
MnTe (6.660.2 eV!.
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I. INTRODUCTION

A stable phase of MnTe is a hexagonal NiAs-type str
ture below 1040 °C.1 The cubic zinc-blende~ZB!-MnTe had
been considered to be only a hypothetical compound
1989, Durbin et al.2 succeeded in a growth of ZB-MnT
single crystal film and the quantum well by molecular-be
epitaxy~MBE!. Anno, Koyanagi, and Matsubara3 applied an
ionized cluster beam deposition technique4 to grow ZB-
MnTe film. Several magnetic and optical measurements s
as the magnetic susceptibility and optical absorption3,5–7

have been performed for ZB-MnTe.
Recently, II-VI diluted magnetic semiconductors~DMS’s!

have attracted considerable attention as new-t
semiconductors.8–10 The DMS’s are mixed crystals whos
lattice is made up in part of substitutional magnetic ions. O
of the most extensively studied and most thoroughly und
stood materials of this type is a Cd12xMnxTe mixed crystal
with ZB-type structure. In the alloy, a fraction of the C
sublattice of CdTe is replaced by Mn atoms randomly w
the Mn concentration ofx up to 0.77. The distribution of the
Mn ions over the cation sublattice leads to the magnetic
magneto-optical phenomena such as giant Faraday rota
These phenomena stem from thesp-band–Mn 3d, and
Mn-Mn exchange interactions through the hybridization b
tween thesp-band and Mn 3d states.

ZB-MnTe is an endpoint material of Cd12xMnxTe. For
example, with increasingx, a lattice constantd of
Cd12xMnxTe decreases while its energy gapEg increases,
and they obey the virtual crystal approximation.8 Rough ex-
trapolations of the experimental data ofd andEg as a func-
tion of x to thex51 limit provide 6.30 Å and 3.1 eV, which
are close to the data of 6.34 Å and 2.92 eV for ZB-MnT3

Similar extrapolation for Zn12xTe also gives similar values
Accordingly, knowledge of the electronic structure of ZB
MnTe plays an important role in understanding t
PRB 610163-1829/2000/61~16!/10622~6!/$15.00
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magnetic and magneto-optical phenomena taking place
Cd12xMnxTe.

A Mn 3d-derived partial density of states~DOS! in the
valence bands of ZB-MnTe epitaxial film grown on CdT
~100! by MBE has been obtained by resonant photoemiss
experiments in the Mn 3p-3d excitation region using syn
chrotron radiation.11 The Mn 3d DOS is similar to those of
Cd12xMnxTe ~Refs. 12–14! and Zn12xMnxTe ~Ref. 15! with
respect to three structures at 0;22.5,;23.5, and around
28 eV relative to the valence-band maximum~VBM !. On
the other hand, there has been no information on
conduction-band electronic structure of ZB-MnTe so far.

In this paper, we present the valence-band a
conduction-band spectra of ZB-MnTe~111! epitaxial film
grown onto a GaAs~100! substrate, by means ofin situ
ultraviolet photoemission and inverse-photoemission sp
troscopies ~UPS and IPES!. We attribute the prominen
structures at23.4 and 3.5 eV relative to the VBM, to emis
sions from the occupied Mn 3d↑ and unoccupied Mn 3d↓
states with nearly localized character. A Mn 3d exchange
splitting energy (Ueff), which is defined as the energy ne
essary to add one 3d electron to a Mn21 ion,16,17is estimated
to be 6.960.2 eV. TheUeff value of ZB-MnTe is similar to
that of Cd12xMnxTe (7.060.2 eV),18 and slightly larger
than 6.660.2 eV of NiAs-type MnTe.19,20

II. EXPERIMENT

The apparatus used for the present UPS and IPES ex
ments is composed of three ultrahigh vacuum chamber
sample preparation chamber, an UPS chamber, and an
chamber. These three chambers are connected through
valves and their base pressures are 1310210, 7310210, and
5310210 Torr, respectively. A schematic illustration of th
present experiments is presented in Fig. 1 of Ref. 21.

The UPS spectrometer is made up of a He discharge la
(hn521.2 and 40.8 eV! and a double-stage cylindrica
10 622 ©2000 The American Physical Society
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mirror analyzer~DCMA! to measure angle-integrated spe
tra. A kinetic energy of photoelectrons passing through
DCMA was fixed at 16.0 eV and its corresponding ener
resolution was 0.2 eV. Under operating the He discha
lamp, the pressure of the UPS chamber was 331029 Torr.

The IPES spectra were measured using a combination
low-energy electron gun of Erdmann–Zipf type with a Ba
cathode and a band-pass-type photon detector.22,23 The ther-
mal energy spread of the electron gun is 0.25 eV. Light em
ted from the samples is reflected by an Al mirror coated w
a MgF2 film and focused onto the first dynode covered by
1000-Å thick KC1 film, after passing through a SrF2 en-
trance window. The maximum response of the photon de
tor is centered at 9.43 eV with a full width at half maximu
~FWHM! of 0.47 eV. The total energy resolution of the IPE
spectrometer is 0.56 eV. The electron beam was injec
normal to sample surface. The UPS and IPES spectra wein
situ measured at room temperautre, and connected at
Fermi level (EF).

The sample used for the present experiments was
MnTe ~111! epitaxial film grown onto Si-dopedn-type GaAs
~100! wafer with misorientation of 2° toward the next@110#
direction. The impurity concentration of the substrate
(1.0–2.5)31018 cm23 and its resistivity is (1.5–2.8)
31023 V cm. Prior to the sample growth, the substrate w
chemically etched in a 5:1:1 solution of H2SO4:H2O2:H2O.

The sample growth was performed using a modified
wall epitaxy ~HWE! system. Polycrystalline NiAs-type
MnTe, which was prepared by quenching an equal amoun
Mn and Te elements in an evacuated quartz ampoule f
1000 °C to room temperature, was put into the furnace a
source material. All components of the HWE system
mounted in an ultrahigh vacuum chamber with a base p
sure of 331029 Torr and the HWE chamber is connected
the sample preparation chamber through a gate valve
schematic illustration of the HWE system is also shown
Fig. 2 of Ref. 21.

First, the GaAs~100! substrate was heated at 600 °C f
30 min to remove the oxide layer. After the preheating p
cess, the temperature of the substrate was decreased an
kept at 250–320 °C during the growth. The furnace w
NiAs-type MnTe was operated at 860 °C and the source
terial was evaporated in the range of around 0.3 Å /s. A
the growth, the sample was immediately transferred into
analysis chambers for UPS and IPES. In this way, a cl
surface of the ZB-MnTe epitaxial film was successfully o
tained.

It is well known that ZB-MnTe epitaxial films with~100!
or ~111! orientations grow on the GaAs~100! substrates de
pending on the growth condtion.24,25 The crystal structure
and~111! orientation were confirmed by x-ray diffraction fo
the thick films of around 3000 Å . No other phase such a
NiAs-type crystal structure was detected. To avoid an e
trostatic charging effect in the UPS and, in particular, IP
measurements, we reduced the film thickness until the IP
spectrum exhibited no charging effect. The~111! orientation
was also confirmed by low-energy electron-diffracti
~LEED! just before starting the UPS and IPES measu
ments. The typical thickness value of the film was arou
100 Å .

The obtained UPS spectrum athn540.8 eV is consisten
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with the spectra measured near the Mn 3p-3d absorption
region (;50 eV! of ZB-MnTe film, which was prepared by
MBE and characterized by Auger electron spectroscop11

Therefore the composition of the grown film in the prese
experiments is expected to be close to 1:1 in Mn:Te wit
the characterizations by x-ray diffraction and LEED, and
believe that the slight deviation does not change the spe
features essentially. The features of the UPS and IPES s
tra including the peak structures are clearly observed
shown below, and the features were unchanged during
experiments. These results show that the present spectr
free from contamination of the sample surface.

III. RESULTS AND DISCUSSION

Figure 1~a! shows the valence-band UPS spectra m
sured athn521.2 and 40.8 eV and conduction-band IPE
spectrum of ZB-MnTe. The energy is referred to the VB
determined by extrapolating the steep leading edge of
highest valence-band peak to the baseline.

The UPS spectrum athn521.2 eV shows the structures a
21.5, 23.4, and 24.3 eV, while the spectrum athn
540.8 eV exhibits the prominent peak at23.4 eV with a
FWHM of 1.3 eV. Two broad structures at 0;22.5 and
around28 eV are also observed. On the other hand,
IPES spectrum shows a prominent peak at 3.5 eV wit
FWHM of 1.1 eV and a broad structure around 6.7 eV. T
energy separation between the prominent peaks in the
and IPES spectra are estimated to be 6.960.2 eV.

Figure 1~b! shows the total DOS of ZB-MnTe derive
from spin-polarized, self-consistent local-spin density tot
energy band-structure calculations by Wei and Zunge26

Here, to the best of our knowledge, the first kind of antife
romagnetic order is assumed as the magnetic phase of
MnTe ~see Fig. 13 in Ref. 26!. In the theoretical result, the
p-d hybridization bands spread over the top 4 eV region
the valence bands and the DOS located around211 eV

FIG. 1. ~a! The UPS spectra measured athn521.2 and 40.8 eV
and IPES spectrum of ZB-MnTe. Energy is referred to the VB
The Mn 3d↑ and 3d↓ states will nearly localized character a
observed at23.5 and 3.4 eV, respectively.~b! The theoretical total
DOS derived from the band-structure calculation~Ref. 26!.
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10 624 PRB 61HITOSHI SATO et al.
comes from the Te 5s states. A high DOS just above th
conduction-band minimum is dominantly due to the unoc
pied Mn 3d↓ states. From centers of gravity of the occupi
Mn 3d↑ and unoccupied Mn 3d↓ bands, theUeff value is
estimated to be 4.7 eV.26

The whole feature of the theoretical DOS is in qualitati
agreement with the experimental spectrum except for
broad structure around28 eV in the UPS spectrum athn
540.8 eV. It is also noted that the conduction band DOS
located at a considerably lower energy side compared w
the experimental spectrum.

The photoionization cross sections of the Mn 3d and Te
5p states are almost equal athn521.2 eV, and the ratio~Mn
3d/Te5p) is ;1.1.27 The UPS spectrum athn521.2 eV,
thus provides information on the Te 5p states as well as th
Mn 3d states. As seen from Fig. 1~a!, we find thep-d hy-
bridization bands spread over the top 5.2 eV region in
valence bands, which is wider in comparison with 4 eV d
rived from the band-structure calculation.

The UPS spectrum of CdTe athn521.2 eV exhibits
structures at21.5 and24.4 eV~Ref. 18! and the two struc-
tures are assigned to maxima in the DOS of valence ba
derived mainly from flat regions around theX andL symme-
try points.28,29 Assuming the band structures of thesp-band
states in II-VI and II12xMnxVI semiconductors are almos
common to the compounds as the first-ord
approximation,8,30 the structures at21.5 and24.4 eV in the
UPS spectrum of ZB-MnTe are also ascribed to come fr
flat regions around these symmetry points.

On the other hand, the photoionization cross section of
Mn 3d states is much larger than that of the Te 5p states at
hn540.8 eV~Mn 3d/Te 5p5;15.4).27 The UPS spectrum
at hn540.8 eV thus can be regarded as coming mainly fr
the Mn 3d states. In fact, the feature of the spectrum is v
similar to that of the resonant photoemission spectrum in
Mn 3p-3d excitation region using synchrotron radiation11

where the spectrum provides information selectively on
Mn 3d states. The prominent peak at23.4 eV is attributed
to the nearly localized Mn 3d↑ states. The broad structur
around 28 eV, which cannot be explained by the ban
structure calculation, is also related to the Mn 3d states. This
structure shows up due to the electron-electron correla
effect as described below.

As concerns the conduction bands the prominent pea
3.5 eV in the IPES spectrum is attributed to the Mn 3d↓
states with nearly localized character, based on the ba
structure calculation.26 The band-structure calculations b
Podgórny31 also support this assignment. The theoreti
DOS corresponding to the broad structure at 6.7 eV is
shown in Refs. 26 and 31. The broad structure is assume
be due to the higher-lying Mn 4p, Te 5d, and Te 6s states.
The IPES spectra of CdTe~Ref. 18! and ZnTe~Ref. 21! also
show the structures around 6.4 and 6.7 eV, respectively,
are attributed to the DOS features around the L andL sym-
metry points in comparison with the theoretical DOS’s.32–34

The broad structure at 6.7 eV in the IPES spectrum of Z
MnTe would also be ascribed to come from flat regio
around these symmetry points.

From the energy positions of the prominent peaks
23.4 and 3.5 eV attributed to the Mn 3d↑ and Mn 3d↓
states, respectively, theUeff value is estimated to be 6.
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60.2 eV. Here it should again be emphasized thatin situ
measurements of the UPS and IPES spectra realize a con
tion of these spectra atEF in the band gap of ZB-MnTe and
make it possible to estimate the accurateUeff value experi-
mentally. The experimental result is considerably larger th
the theoretical result of 4.7 eV, which shows that t
electron-electron correlation effect is essentially import
for ZB-MnTe like the other 3d transition-metal compounds

Recently, we have measured the UPS spectra athn
521.2 eV and IPES spectra of Cd12xMnxTe (0<x<0.7)
~Ref. 18! and Zn12xMnxTe (0<x<0.7) ~Ref. 21! films. The
UPS spectra of Cd12xMnxTe exhibit the structure due to th
occupied Mn 3d↑ states at23.4 eV with respect to the
VBM. On the other hand, with increasingx, the spectral rise
at the threshold and the width of the first peak in the IP
spectra become steep and narrow, respectively, while the
ergy of the first peak remains almost unchanged at 3.6 eV
addition, the first peak is assumed to exhibit a slight incre
in intensity withx.

With these results, we have assigned the peak at 3.6 e
the Mn 3d↓ states and estimated theUeff value to be 7.0 eV.
The band-structure calculations for CdTe and Cd0.4Mn0.6Te
~Ref. 16! also show that the contribution of the Mn 3d↓
states shows up just at the first DOS peak of CdTe. T
present experimental results of ZB-MnTe support our pre
ous assignment of the first peak in the IPES spectra
Cd12xMnxTe to the unoccupied Mn 3d↓ states and theUeff
value of 7.0 eV.

In the case of Zn12xMnxTe (0<x<0.7), the structure
due to the occupied Mn 3d↑ states is observed at23.7 eV in
the UPS spectra.21 On the other hand, with increasingx up to
0.3, the unoccupied Mn 3d↓ states appear as a shoulder
the lower energy side of the first peak at 4.0 eV in the IP
spectrum of ZnTe. At and abovex50.6, the spectral shap
of the first peak becomes a clear single peak at 3.5 eV. Th
the energy position of the Mn 3d↓ states was estimated to b
3.5 eV by taking directly the peak position, and theUeff
value of Zn12xMnxTe was derived to be 7.260.2 eV.21

Previously, we paid little attention to the difference b
tween theUeff values of 7.0 eV for Cd12xMnxTe and 7.2 eV
for Zn12xMnxTe, and regarded them as almost the same
ues within the experimental accuracy. Our view of theUeff
values was consistent with the result of the local coordi
tion around a Mn atom in Cd12xMnxTe and Zn12xMnxTe
obtained by means of the extended x-ray absorption fi
structure ~EXAFS! spectroscopy.35,36 The EXAFS experi-
ments revealed that a MnTe4 tetrahedron is embedded i
these alloys with a well-preserved form and the Mn-Te d
tance and the bond angle of the MnTe4 cluster are almost
independent ofx.

The present experiments for ZB-MnTe show that itsUeff
value is 6.9 eV and only theUeff value of Zn12xMnxTe is
slightly larger among those of Cd12xMnxTe, Zn12xMnxTe,
and ZB-MnTe. The Mn-Te distance and the bond angle
the MnTe4 cluster in Cd12xMnxTe ~Ref. 35! and
Zn12xMnxTe ~Ref. 36! are, on the other hand, almost th
same as those of ZB-MnTe.3 These facts bring up a possibi
ity of the smallerUeff value for Zn12xMnxTe, passed unno
ticed so far; the structure due to the Mn 3d↓ states in the
IPES spectra of Zn12xMnxTe is actually at a lower energ
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than 3.5 eV, though the peak looks experimentally at 3.5
lower energy by 0.5 eV than the first peak in the IPES sp
trum of ZnTe.

To examine the possibility, we compare the IPES spe
of Zn12xMnxTe ~Ref. 21! with the spectra constructed usin
those of ZnTe~Ref. 21! and ZB-MnTe in Fig. 2. Before the
construction, we tentatively place the first peak of ZB-Mn
at 3.2 eV, assuming that theUeff value of Zn12xMnxTe is 6.9
ev, and normalize the intensities of the first peaks of Zn
and ZB-MnTe to unity.

The first peaks in the IPES spectra of ZnTe and ZB-Mn
are composed of thesp-band states, the Mn 3d states, and
the background due to incident electrons scattered inel
cally before emitting photons. To evaluate the ratio of t
inverse-photoemission intensities for the first peaks, inform
tion on the cross sections of each state and contributio
the background is required. However, it is generally diffic
at present. In particular, the method to deduce the ba
ground of the IPES spectra has not been established
though attempts using electron-energy-loss spectra h
been carried out.37

In the present paper, for simplicity, we have construc
the IPES spectra of Zn12xMnxTe using those of ZnTe an
ZB-MnTe with just the molar ratio. The results are shown
Fig. 2 by solid curves together with the IPES spectra of Zn
and ZB-MnTe. It should be noticed that the spectra c
structed with just the molar ratios~ZnTe/ZB-MnTe! of 0.3/
0.7 and 0.6/0.4, comparatively well reproduce the features
particular, peak positions of the IPES spectra
Zn12xMnxTe with x50.3 and x50.6,21 shown by dotted
curves, respectively. This suggests that the inve
photoemission intensities of the first peaks are accident
almost the same for ZnTe and ZB-MnTe and the ene

FIG. 2. Comparison between the IPES spectra of Zn12xMnxTe
for x50.3 and 0.6~Ref. 21, dotted curves! and the spectra con
structed using those of ZnTe~Ref. 21! and ZB-MnTe with molar
ratios ~solid curves!. The IPES spectra of Zn12xMnxTe ~Ref. 21!
are comparatively well reproduced by the constructed spectra.
IPES spectra of ZnTe and ZB-MnTe are also shown.
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position of the Mn 3d↓ states in Zn12xMnxTe is around
3.2 eV.

Based on the discussion above, we change our view
the previous result~Ref. 21! and again assume theUeff value
of Zn12xMnxTe to be 6.960.2 eV, which is close to those o
Cd12xMnxTe and ZB-MnTe. The present results for ZB
MnTe provide us with the unified picture for the electron
structure of the Cd12xMnxTe, Zn12xMnxTe, and ZB-MnTe.
To derive the more accurate energy position of the Mn 3d↓
states of Zn12xMnxTe, the resonant IPES experiments in t
Mn 3p-3d excitation region, which provide information se
lectively on the unoccupied Mn 3d↓ states, are required.

Next we compare the UPS and IPES spectra of ZB-Mn
with those of NiAs-type MnTe.19,20 Figure 3~a! shows the
UPS spectrum athn521.2 eV and IPES spectrum of NiAs
type MnTe ~Refs. 19 and 20! together with those of ZB-
MnTe. The energy is referred to the VBM of the respecti
samples. The UPS spectrum athn521.2 eV of NiAs-type
MnTe shows three structures at22.4, 23.8, and25.0 eV,
and thep-d hybridization bands spread over the top 6.5 e
region in the valence bands, which is wider than 5.2 eV
ZB-MnTe. The IPES spectrum of NiAs-type MnTe exhibi
a prominent peak at 2.9 eV and a broad structure around
eV.

The UPS spectra athn540.8 eV and again the IPES
spectra of both phases are compared in Fig. 3~b!. The whole
feature of their spectra is similar. The prominent peaks
23.7 and 2.9 eV of NiAs-type MnTe are due to the occup
Mn 3d↑ and unoccupied Mn 3d↓ states with nearly local-
ized character, respectively. This provides theUeff value of

he FIG. 3. The UPS spectra measured athn521.2 and 40.8 eV and
IPES spectrum of NiAs-type MnTe~Refs. 19 and 20! together with
those of ZB-MnTe. Energy is referred to the VBM. TheUeff value
is smaller and the bandwidth of thep-d hybridization band is wider
in NiAs-type MnTe. The differences of each spectra are summ
rized in Table I.
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10 626 PRB 61HITOSHI SATO et al.
6.6 eV, which is slightly smaller than 6.9 eV of ZB-MnTe
The broad structure around28 eV is also observed in th
UPS spectrum athn540.8 eV of NiAs-type MnTe.

The Mn-Te distances in NiAs-type MnTe and ZB-MnT
are 2.92 and 2.74 Å , respectively~see Table I!. Taking into
account only the Mn-Te distance, the degree of thep-d hy-
bridization of NiAs-type MnTe should be lower than that
ZB-MnTe and therefore its bandwidth of thep-d hybridiza-
tion band is expected to be narrower, which is in contrad
tion to the present experimental result. However, as poin
out by Podgo´rny,31 it is important to take into account als
the Mn-Mn and Te-Te distances in both phases for a co
parison. They are 3.36 and 4.12 Å in NiAs-type MnTe a
4.47 and 4.47 Å in ZB-MnTe, respectively~see Table I!.
Much smaller values of the Mn-Mn and Te-Te distances
NiAs-type MnTe cause a wider Mn 3d–Te 5p bandwidth in
comparison with ZB-MnTe. Furthermore, an atomic volum
of ZB-MnTe is also larger by;27% than NiAs-type MnTe
and we expect a denser system to exhibit more delocal
states.31

The p-d bandwidths for both phases are, thus, explain
by taking into account the distances of the second nea
neighbor and the atomic volume. The smallerUeff value of
NiAs-type MnTe is also described from the viewpoint of t
more delocalized Mn 3d states due to the shorter Mn-M
distance, and this leads to the weaker Mn 3d-3d Coulomb
interaction with the Mn atom.

The differences between ZB- and NiAs-type MnTe su
as thep-d bandwidth, theUeff value, and energy positions o
the occupied Mn 3d↑ and unoccupied Mn 3d↓ states rela-
tive to the VBM are qualititvely reproduced by the ban
structure calculations.26 The experimental results for bot
phases as well as the interatomic distances are summa
in Table I.

Finally, we comment on the broad structure around28
eV in the UPS spectrum of ZB-MnTe measured athn

TABLE I. Experimental results of ZB-MnTe and NiAs-typ
MnTe ~Refs. 19 and 20!. Ueff , Mn 3d exchange splitting energy
Wp-d , bandwidth of UPS spectrum athn521.2 eV;E3d↑ , energy
position of main peak in UPS spectrum athn540.8 eV; E3d↓ ,
energy position of main peak in IPES spectrum. All values are
eV units. The bond lengths are also shown in Å units asR.

ZB-MnTe NiAs-type MnTe

Symmetry Cubic Hexagonal
Ueff 6.9 6.6
Wp-d 5.2 6.5
E3d↑ 23.4 23.7
E3d↓ 3.5 2.9
R@Mn-Te# 2.74 2.92
R@Mn-Mn# 4.47 3.36
R@Te-Te# 4.47 4.12
g

,

-
d

-

n

ed

d
st

ed

540.8 eV. This structure cannot be explained by the ba
structure calculations based on the one-electron picture.
whole feature of the Mn 3d partial DOS of ZB-MnTe~Ref.
11! is similar to those of Cd12xMnxTe ~Refs. 12–14! and
Zn12xMnxTe ~Ref. 15! with respect to three characterist
structures: valence bands at 0;22.5 eV, a main peak a
;23.5 eV, and a satellite structure around28 eV. The Mn
3d spectrum has been explained by a configuration inte
tion ~CI! theory with a multielectron picture.38,39 In compari-
son with the CI theory applied to the Mn 3d spectrum of
Cd12xMnxTe,13,39 the satellite structure around28 eV is
attributed to transition intod4 final states. On the other hand
the structure at 0;25 including the main peak is assigne
to d5L final states, whereL represents a ligand hole.40

IV. SUMMARY

The valence-band and conduction-band electronic st
ture of ZB-MnTe ~111! epitaxial film grown on the GaAs
~100! substrate has been investigated byin situ measure-
ments of the UPS and IPES spectra. On the basis of
one-electron band-theory,28,29,32–34 peaks structures a
24.3, 21.5, and 6.7 eV are ascribed to the DOS maxim
derived mainly from the flat regions around the X, L, and
andL symmetry points, respectively, assuming common f
tures in II-VI and II12xMnxVI compounds as the first-orde
approximation.8 In addition, the prominent peaks at23.4
and 3.5 eV are attributed to the occupied Mn 3d↑ and unoc-
cupied 3d↓ states with nearly localized character, respe
tively, and theUeff value is derived to be 6.960.2 eV.

The whole feature of the UPS and IPES spectra of Z
MnTe is similar to that of Cd12xMnxTe, and theUeff value
of ZB-MnTe is also close to 7.0 eV of Cd12xMnxTe.18 Com-
parison of the IPES spectra of Zn12xMnxTe ~Ref. 21! with
the spectra constructed using those of ZnTe~Ref. 21! and
ZB-MnTe, led us to change the previous estimation for
Ueff value of Zn12xMnxTe and again assume it to be 6.9 e
The present results for ZB-MnTe provide us the unifi
picture for the electronic structure of the Cd12xMnxTe,
Zn12xMnxTe, and ZB-MnTe.

On the other hand, theUeff value and the bandwidth of th
p-d hybridization band of ZB-MnTe is slightly larger an
narrower in comparison with those of NiAs-type MnTe,19,20

respectively. These experimental results are explained
taking into account the second nearest neighbor and
atomic volume.31
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