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M Zimnal-Starnawska†, W Giriat‖, A Ho lda† and R Markowski†¶
† Instytut Fizyki, Uniwersytet Jagiellónski, Kraḱow, Poland
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Abstract. The optical properties of the semiconducting compounds Zn1−xMexSe (Me= Ti,
V, Cr, Mn, Fe, Co, and Ni) crystallizing in the zinc-blende structure have been investigated.
Reflectivity spectra of these materials have been taken at room and liquid nitrogen temperatures.
The measurements have been performed in the 4–25 eV energy range using synchrotron radiation
from the ADONE storage ring in Frascati. Comparisons between the reflectivity spectra of the
ternary systems and those of the host crystal ZnSe have been made, and models explaining the
influence of the transition metal ions on the electronic structure of the host crystal ZnSe have
been discussed.

1. Introduction

Semimagnetic semiconductors, also known as diluted magnetic semiconductors (DMSs),
are alloys of the II–VI family of semiconductors, in which the group-II-element cations
are randomly replaced by transition metal (TM) cations, while the crystal structure of the
host crystal is maintained. TM-doped II–VI semimagnetic semiconductors have attracted
considerable attention in the last fifteen years [1]. Besides the well-known changes in the
electronic band structure of ordinary ternary semiconducting compounds due to changes in
composition, the DMSs show novel magneto-optical and magneto-transport properties. In
this context the interaction between the TM 3d electrons and the electronic states of the host
crystal is of special interest. The introduction of ions with large magnetic moments leads
to a number of magnetic phenomena, which have been the focus of many studies (see for
instance reference [2]). Since the 4s2 electrons of the magnetic ion contribute to bonding in
the same fashion as the two outer s electrons of the group-II element, the crystal-field-split
manifold of d levels plays a major role in the optical and electronic properties of DMSs.
The existence of a large exchange interaction between the valence band electrons and the
TM-ion 3d electrons, the so-called s, p–d interaction, leads to the d-electron wavefunctions
being more extended. As is evident from the impurity spin moment, the 3d ions have a
strong intra-ion Coulomb correlation [3]. Thus correlations, together with the high degree
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of spatial disorder introduced by the random substitution of 3d ions, can lead to some
localized electronic states. Hence, in contrast to the shallow-donor case, the insulator-to-
metal transition will be inhibited even when impurity band formation occurs.

Recently some optical studies [4–9] as well as photoemission [10, 11] and magnetic
measurements [12] of ZnMeSe (Me= Mn, Fe, Co, Cr) have been performed in order to
work out the influence of the presence of TM on the host crystal properties. Hence in this
field there is a growing interest in ZnSe materials doped with TMs such as Ti, V, Cr, Co,
and Ti, because of their sometimes extraordinary properties.

The aim of this paper is to present in a systematic way fundamental reflectivity studies
which are a probe of the interaction of the different TMs with ZnSe band structure. For these
purposes we performed reflectivity studies on ZnMeSe ternary compounds with Me= Mn,
Fe, Co, Ni, Cr, V, and Ti. This type of study allows us to develop and analyse models of the
interaction of the 3d open-shell electrons of the TMs, and their effect on the valence band
and conduction band structure of ZnSe. It is important to discuss the variation in the relative
intensities as well as the shifts in energy position of the main reflectivity structures that occur
on adding different TMs. Such systematic optical and photoemission studies have been
reported for cadmium tellurides and selenides with Mn [13–17] and Fe [18–22], and some
work has been done also on zinc selenide ternary compounds [4–11]. Work to date on these
DMS systems has been largely concentrated on the Mn-, Fe-, and Co-doped semiconductors,
and the results are summarized in several reviews [2, 23]. For these compounds some
magnetic and optical results have been obtained using optical methods, which give some
information about d–d intra-gap transitions. Some near- and far-IR absorption spectra [24]
as well as absorption measurements of Ni-based ZnSe [6] have been obtained, confirming
the expected d–d nickel transitions. In the case of ZnTiSe, some optical and electro-optical
properties have been examined near the optical gap region, and the observed structures
have been identified on the basis of theoretical calculations as Ti2+ multiplet transitions [8].
Also comprehensive photoacoustic studies have been performed on Fe- and Co-based ZnSe,
providing information on d–d transitions [25, 26]. Almost no magnetic data are available
and very little optical research has been done for ZnVSe [7], ZnNiSe [6, 24], and ZnTiSe [8].
However, in the case of Cr-doped ZnSe, quite a lot of magnetic measurements have
been performed [12, 27, 28] with the aim of explaining the extraordinary ferromagnetic
behaviour, compared with that of the other antiferromagnetically ordered TM-doped ZnSe
compounds. Valence band splitting of ZnCrSe which is reversed relative to that of the
antiferromagnetically ordered materials containing Mn, Co, or Fe has been observed,
indicating the ferromagnetic p–d exchange in this material. On the other hand, Fe-based
ZnMeSe shows the Van Vleck type of paramagnetism, and Mn- and Co-doped ZnSe exhibit
the Brillouin type of paramagnetism [2].

2. Experiment

The reflectivity measurements were performed at room temperature (RT) and liquid nitrogen
temperature at the vacuum ultraviolet beamline of PULS Laboratories at the INFN Frascati
National Laboratories. Synchrotron radiation coming from the ADONE storage ring was
focused onto the entrance slit of a 1 m near-normal-incidence monochromator equipped
with two interchangeable gratings under vacuum conditions. A 1440 lines mm−1 gold-
coated grating was used in the 10–30 eV photon energy range, and a 600 lines mm−1

(Al + MgF2)-coated grating was used to cover the 4–10 eV photon energy range. The
average energy resolution1E/E used for these measurements was better than 1× 10−3

over the entire spectral range. Good-quality Zn1−xMexSe (Me= Mn, Fe, Co, Ni, Cr, V, and
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Ti) single crystals with different nominal concentrations of transition metals were cleaved
before being mounted inside the reflectometer from ingots grown using chemical vapour
transport (CVT) with I2 as a carrier medium [29]. The quality of the samples was checked
by x-ray analysis.

The solubility of TM in pure ZnSe varies within wide limits. The monophase zinc-
blende structure of ZnMeSe can be preserved even up to 35% of Mn, 13% of Fe, and about
2% in the case of Co [30]. The solubilities of Co could reach about 5% and, in the case
of V, Cr, and Ni, they do not exceed 1% and are in fact even less than 1% in the case of
Ti [31]. Therefore the reflectivity measurements for ternary compounds of ZnSe with V,
Cr, Ni, and Ti were limited to just one composition.

The samples were attached to the cold finger of a liquid nitrogen temperature (LNT)
cryostat. The reflected beam was collected either with a Bendix M306 electron multiplier
in the 10–30 eV energy range or with a solar-blind photomultiplier equipped with a LiF
window in the 4–10 eV energy range. Data acquisition was done by means of a lock-in
amplifier whose output was digitized and fed into the control computer of the set-up. The
reflectivity spectra were reproducible over the entire energy range. Some uncertainty in
the fine structure of the broad reflectivity band between 8 and 10 eV was noticed, and
this was attributed to the very weak intensity of the detected signal near the cut-off of the
grating–detector system.

3. Results and discussion

The analysis of the reflectivity spectra of the ternary compounds Zn1−xMexSe (Me= Ti,
V, Cr, Mn, Fe, Co, and Ni) was performed from the point of view of the changes in shape
and energy position of the characteristic maxima of pure ZnSe. The differences between
the spectra of the binary ZnSe and ternary ZnMeSe compounds show the influence of the
TM on the electronic band structure of the ZnSe host crystal. The reflectivity spectrum of
pure ZnSe, measured and discussed by several research groups [32, 33], is rich in structure.
Below, we list the main structures, following the commonly used Cardona notation, and
summarize their assignment following the recent work by Markowskiet al [33]. The
reported energies are listed for LNT measurements:

(i) theE1 (4.88 eV) andE1+11 (5.13 eV) structures arise from transitions between the
spin–orbit-split highest valence band and the lowest conduction band along the3 direction
near the L point of the Brillouin zone (BZ), and are well resolved both at RT and LNT;

(ii) the structure corresponding toE2 arises from a number of critical points of low
symmetry in the BZ, and exhibits even more structure at LNT (at 6.40 eV, 6.54 eV, and
6.81 eV);

(iii) the E′0 andE′0+1′0 (7.24 eV and 7.45 eV) structures correspond to band transitions
near0 and along the3 and6 directions, with final states in the second conduction band;

(iv) the E′1 andE′1 + 1′1 (8.40 eV and 9.06 eV) structures originate from transitions
near the L point, between the highest spin–orbit-split valence band and the second group of
conduction bands;

(v) the structures above 11 eV arise mostly from transitions from the Zn 3d and Se 4s
core states to the conduction bands;

(vi) the structure at 11.40 eV corresponds to a Zn 3d core exciton at the0 point, the
structure at 11.98 eV being its spin–orbit partner;

(vii) the maxima at 12.20 eV, 12.55 eV, 12.87 eV, and 13.20 eV are assigned to core
excitons at the L point, where the degeneracy of the Zn 3d states is completely removed
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(a)

(b)

Figure 1. The reflectivity spectra of Zn1−xMnxSe at room temperature (RT): (a) the 4–10 eV
energy range; and (b) the 10–25 eV energy range.

(the theory suggests that excitonic transitions at the X point also contribute to the latter two
maxima [33]);

(viii) the broad bands with maxima at 15.8 eV, 16.9 eV, 20.5 eV, and 25 eV are
attributed to transitions in a large BZ region with initial states in the Zn 3d bands;

(ix) the weaker maxima at about 19 eV and 23 eV are attributed to the contribution
from the Se 4s bands.
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(a)

(b)

Figure 2. The reflectivity spectra of Zn1−xMnxSe at liquid nitrogen temperature (LNT): (a) the
4–10 eV energy range; and (b) the 10–25 eV energy range.

3.1. Zn1−xMnxSe

Figures 1 and 2 present the experimental reflectivity spectra for Zn1−xMnxSe (x = 0.10 and
0.30) for two different energy ranges at room and liquid nitrogen temperatures, respectively.
The ZnSe reflectivity spectra are presented for comparison in each figure. The reflectivity
spectra measured at LNT have been presented by us in a preliminary report [34], and
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are reported here to make the discussion more complete. In the reflectivity spectra of
Zn1−xMnxSe, with increasing Mn content, the two groups of sharp ZnSe structuresE1 and
E1+11 as well asE′1 andE′1+1′1 are almost completely smeared, and shift to higher and
lower energies, respectively. The intensity of theE2-peak decreases rapidly withx, and
for the Mn concentrationx = 0.30 it has completely disappeared both at room and liquid
nitrogen temperatures. In the 10–25 eV energy range, the influence of the increasing Mn
content is not so strong as in the low-energy range.

In order to discuss the behaviour of the Zn1−xMnxSe reflectivity spectra, we completed
and applied to ZnMnSe the one-electron model developed for CdMnTe by Taniguchiet al
[17]. The degenerate Mn 3d atomic states are split by exchange interaction into spin-up
and spin-down states. In the high-spin configuration of the Mn atom(S = 5/2), the five
3d electrons fully occupy the spin-up states, whereas the spin-down states are not occupied.
Both groups of states in the CdTe tetrahedral crystal field are further split into e and t2

multiplets. Taniguchiet al [17] suggested that the e state, for symmetry reasons, does not
hybridize with the p-like CdTe states (at the0 point) responsible for the top of the valence
band (VB). The additional maximum at about 3.5 eV binding energy, seen in the electron
photoemission of the CdMnTe spectra, has been assigned to the occupied e spin-up states,
whereas the t2 state can hybridize with the VB states of CdTe, and it causes an increase
of the global electron photoemission response. The 3d spin-down unoccupied states can
interact with the s, p, and d-like CdTe conduction band states.

In bremsstrahlung isochromat spectroscopy (BIS) for CdMnTe, Franciosiet al [35]
found an additional structure at about 2.0 and 3.5 eV above the conduction band minimum
(CBM), attributed to the empty Mn 3d spin-down contribution, and have estimated the
exchange splitting between the spin-up and spin-down electrons in CdMnTe as 8.3 eV. In
support of these BIS data, Oleszkiewiczet al [36] and Kisielet al [37] showed an additional
contribution of Mn unoccupied states in the conduction-band- (CB-) projected p-like and s,
d-like DOS around the Te atoms, on the basis of XANES data analysis for CdMnTe. The
maximum contributions have been estimated to be at 2.0 eV and 3.5 eV above the CBM,
respectively.

The energy separation between the additional Mn contribution found in the conduction
bands and the e spin-up photoemission structure at 3.5 eV binding energy has been taken by
all of these groups as a measure of the exchange splitting of the Mn 3d states in CdMnTe.
Therefore, the experimentally estimated value of the spin-up–spin-down exchange splitting
in CdMnTe is between 7.2 and 8.7 eV. This value is much larger than those estimated in
the LSD calculation of Zunger and co-workers [38, 44] for Mn2+ free ions (about 4.5 eV)
and by Slater and co-workers [39] for Mn free atoms (about 6 eV).

The above discussion concerning CdMnTe can be directly applied to ZnMnSe ternary
compounds. A schematic energy diagram—constructed on the basis of the assumption
that the spin-up–spin-down exchange splitting for Mn in CdMnTe and ZnMnSe does not
change very much—including the expected bonding and antibonding interactions of the
Mn2+ states with the ZnSe band structure, is shown in figure 3. Resonant photoemission
studies performed for ZnMnSe [10, 11] show a broad peak due to the Mn d states at about
4.0 eV below the VBM (valence band maximum). Assigning this peak to the Mn2+ e2

spin-up states, taking into account the fact thatEg = 2.8 eV [2] for Zn0.9Mn0.1Se and an
experimental exchange splitting of 8.3 eV [35], as was estimated in the case of CdMnTe,
we can expect for ZnMnSe the maximum contribution of the unoccupied 3d states of Mn2+

at about 1.5 eV above the CBM. A similar result has been obtained by Weidemannet al
[10], who estimated the exchange splitting for ZnMnSe to be equal to 7.6 eV. The analysis
of the XANES spectra of ZnMnSe also supports this estimation [40]. It shows that Mn s
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Figure 3. A schematic energy diagram of the s, p–d coupling for ZnMnSe.

and d hybridized states contribute predominantly to the p-like DOS of ZnMnSe very close
to the CBM.

According to the above analysis and the ZnMnSe energy diagram presented in figure
3, the Mn2+ 3d states have a substantial influence on the whole VB structure and on the
lowest CB at0c6–Lc6–Xc6 and the second lowest CB at the X point (Xc

7). The influence of
Mn2+ states on the higher CBs should be weaker. Therefore, becauseE1, E1 + 11, and
E′1, E

′
1+1′1 are transitions from the highest spin–orbit-split VB in the3 direction, nearly

at the L point, to3c
6 and3c

6, 3c
4,5 at the first and second conduction band critical points of

the BZ, a steady smearing of those structures with increase of the Mn content is related to a
strong interaction of the Mn2+-ion states with the band structure of the ZnSe matrix. Also,
the optical transitions in the 10–25 eV energy range from the Zn 4d10 core states to the
lowest conduction bands at the L,0, X points, which are strongly modified by the influence
of the Mn2+ states, show a strong sensitivity to the increase of Mn concentration. For the
Mn concentrationx = 0.30, the maximumE2 completely disappears both at room and liquid
nitrogen temperatures. This implies a severe local distortion of the crystal lattice, which
could be associated with a strong local stress. TheE2-maximum derives from transitions
occurring at a large number of low-symmetry critical points in the volume of the BZ, which
are well known to be affected by stress [41] and topological disorder, which can cause the
decrease of the symmetry of the crystal and therefore have a substantial influence on the
optical transitions, mainly at low-symmetry critical points in the BZ.

3.2. Zn1−xFexSe

Figures 4 and 5 present the fundamental reflectivity spectra of Zn1−xFexSe (x = 0.01,
0.05, and 0.10) measured at RT and LNT in the 4–10 eV and 10–25 eV energy ranges,
respectively. The LNT experimental data have also been reported in a preliminary form
elsewhere [34]. A general analysis of the ZnFeSe reflectivity spectra shows large similarities
between their shape and that of the spectrum of the host crystal. The observed structures
are fairly smeared, and some of them (E1 andE1+11) are slightly shifted towards higher
energies at both temperatures. The spectra at RT are smeared to a much greater degree than
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(a)

(b)

Figure 4. The reflectivity spectra of Zn1−xFexSe at room temperature (RT): (a) the 4–10 eV
energy range; and (b) the 10–25 eV energy range.

the LNT ones. A similar behaviour is observed also for the structuresE′1 andE′1 + 1′1.
The E2-maximum loses its fine structure, but its energy position remains unchanged. In
the 10–25 eV energy range, the broad band with a maximum at about 13.5 eV is shifted
to higher energies while the iron content increases, as was already noticed for the ternary
compounds containing manganese.

The differences observed in the ZnFeSe reflectivity spectra can be explained by
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(a)

(b)

Figure 5. The reflectivity spectra of Zn1−xFexSe at liquid nitrogen temperature (LNT): (a) the
4–10 eV energy range; and (b) the 10–25 eV energy range.

considering the influence of Fe-ion states on the band structure of the ZnSe host crystal.
As the necessary basis for the analysis of the ZnFeSe reflectivity spectra, we have applied
the models proposed at first for CdFeSe by Kisielet al [19], and subsequently developed
by Saremet al [21] and Taniguchiet al [22]. Like the Mn2+ 3d states, the Fe2+ 3d states
are first split by the exchange interaction into spin-up and spin-down states. Each of these
states is further split by the tetrahedral crystal field into e and t2 states. In the Fe2+ high-
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Figure 6. A schematic energy diagram of the s, p–d coupling for ZnFeSe.

spin configuration(S = 2), the five spin-up electrons fill a non-hybridizing doublet of e
symmetry, and the t2 triplet hybridizes with p-like VB wave functions at the0 point. The
sixth Fe 3d electron half fills the spin-down e state, that should be localized inside the
forbidden gap as a deep donor, like the Fe2+ contribution in CdFeSe [19–21, 42]. The t2

spin-down unoccupied states should hybridize with the conduction bands.
Using a more sophisticated mean-field approximation, the multielectron ground-state

term 5E of the Fe2+ (e3t32) electron configuration creates a deep donor state inside the
forbidden gap of ZnFeSe [43, 44], which is consistent with the less precise, but more
pictorial schematic one-electron energy diagram proposed in figure 6. In this energy diagram,
bonding and antibonding interactions between the Fe d states and the band structure of the
ZnSe host crystal have been considered. Resonant photoemission measurements performed
on ZnFeSe show two Fe-related structures at 3.4 eV and 0.9 eV below the VBM and a third
structure at about 0.2 eV above the ZnSe VBM [11]. The last feature could be identified
as a deep donor state situated inside the forbidden energy gap. The energy position of this
feature is in general agreement with the analysis of photoacoustic measurements, in which
the Fe2+ ground state has been located at 0.6 eV above the VBM [26]. Poor agreement is
found with the position of the deep donor state, reported by Zunger [44] after Dielemanet al
[45], at about 1.1–1.3 eV above the VBM. Whereas in both photoemission and photoacoustic
spectroscopy one electron is removed from the Fe2+ 3d6 ground state and transferred to
the ZnSe CB, the value reported by Dielemanet al [45] corresponds to the photon energy
required to excite an electron from the VB to the Fe3+ (d5) state. The charge states of the
Fe ion are different in the two cases, and the ionization values are not comparable, since
the relaxation energy should be considered (see p 352 of [44] and references therein). The
energy position of the 3.4 eV maximum reported by Lamaet al [11], which is related to non-
hybridizing e-symmetry spin-up electrons, is in very good agreement with photoemission
results obtained for CdFeSe [22, 46].

The energy positions of the non-hybridized e2 spin-up states for Fe2+ are also almost
equal to values obtained for Mn2+ in zinc sulphides, selenides, and tellurides [10, 11, 47].
This behaviour of the e2 states of Mn2+ and Fe2+ is also confirmed by calculations [44, 48].
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Table 1. The basic properties of the transition metal ions in zinc-blende ZnMeSe ternary
compounds. The average energy of the deep-donor position is referred to the top of the VBM of
ZnSe. The column headings on the right-hand side have the following meanings: (a) the values
given by Slateret al [39], which have been calculated for free atoms; (b) the values given by
Zunger [44], which have been calculated, for free ions, using the LSD method; (c) the values
given by Ho lda et al [48], which have been calculated for Zn0.5Me0.5Se compounds using the
LMTO method; (d) the values taken from table VII in [44]; (e) the values given by Feliciet al
[26]; (f ) the values given by Langer and Heinrich [43]; (g) the energy position of the e2 spin-up
electrons (below the VBM): (α) the values given by [10, 11]; (β) the values given by [11]; and
(γ ) the values given by Langer and Heinrich [43].

Exchange Deep-donor
splitting (eV) position (eV)

Element Electronic Spin Ground
Me configuration configuration state (a) (b) (c) (d) (e) (f ) (g)

Ti2+ e2 1 3A2 1.8 0.06 1.75 1.76

V2+ e2t12 3/2 4T1 2.97 2.4 1.96 Gap 1.73

Cr2+ e2t22 2 5T2 4.91 3.4 3.27 0.46 0.70

Mn2+ e2t32 5/2 6A1 5.8 4.5 3.96 VB 3.8–4.0 (α)

Fe2+ e3t32 2 5E 4.95 3.6 2.96 1.1–1.3 0.6 0.89 3.5 (β)

Co2+ e4t32 3/2 4A2 3.95 2.8 1.94 0.3 0.5 0.37 3.4 (γ )

Ni2+ e4t42 1 3T1 2.78 1.95 0.76 0.5 1.1 0.36

The Fe2+ unoccupied states, which hybridize with the CB of host crystal, can be seen in
XANES spectra of the Se K edge [40], as a p-like contribution at about 1.7 eV below
the CBM of pure ZnSe. Because the chemical shift of the Se K edge for ZnFeSe is less
than 1 eV, the contribution of the Fe d states lies about 1 eV below the ZnFeSe CBM.
The theoretical LMTO calculations of the p-like DOS contribution of the Fe d states in
Zn0.5Fe0.5Se indicate p-like states localized at about 0.6 eV above the Fermi level [49].
Together with known experimental and theoretical evidence, this information is shown in
figure 6. According to the above analysis, it is easy to ascertain that the t2 spin-up electrons
of Fe2+ interact strongly with the upper part of the VB of the ZnSe host crystal. Creation
by the sixth spin-down electron of the deep donor state in the forbidden energy gap and
the∼25% smaller spin-up–spin-down interaction splitting in Fe2+ [40, 44, 48, 49] (see also
table 1) makes the influence of unoccupied Fe states on the CBs weaker. This can be seen
on comparing ZnMnSe and ZnFeSe reflectivity spectra (10% Mn and Fe compositions).
The influence of Fe2+ seems to be smaller around the Lc

4,5 second CB than it is in the case
of Mn2+, because the structuresE′1 andE′1 +1′1 are less blurred for 10% Fe content than
for 10% Mn content. Because the spin-up and spin-down splitting in Fe2+ free ions is about
25% lower than for Mn2+, the contribution of the hybridized states of Fe2+ should be more
significant in the lowest part of the CB. In the case of the maximaE1 andE1+11, which
are assigned to the transitions from the VB to the lowest CB in the3 direction, as well as
in the case of core transitions from Zn 4d and Se 4s to the lowest CB, the smearing of the
structures discussed caused by Fe is comparable with that caused by the presence of Mn in
the ZnSe host crystal.

In general, the one-electron approximation cannot represent a complicated picture of
a many-electron interaction system. An analysis of the mean-field approach presented by
Zunger [44], as has been mentioned above, leads to results for ZnMnSe and ZnFeSe which
were confirmed by experiment. For the other TMs, i.e. Co, Ni, Cr, V, and Ti, the general
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(a)

(b)

Figure 7. The reflectivity spectra of Zn1−xCoxSe at room temperature (RT): (a) the 4–10 eV
energy range; and (b) the 10–25 eV energy range.

features of the energy diagram presented for ZnFeSe (figure 6), which presents the tendencies
of the hybridization of occupied and unoccupied d states of TM, can be adapted to each TM,
according to the number of electrons in the 3d sub-shell and to the decrease of the spin-up–
spin-down exchange splitting. Therefore, in the model analysis of the contribution of the
3d TM to the band structure of ZnMeSe ternary compounds, several important distinctive
features should be taken into consideration:
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(a)

(b)

Figure 8. The reflectivity spectra of Zn1−xCoxSe at liquid nitrogen temperature (LNT): (a) the
4–10 eV energy range; and (b) the 10–25 eV energy range.

(1) the ground state for each 3dn configuration should be defined in terms of many-
electron configurations [44];

(2) in the case of ZnMeSe ternary compounds, the ground state is, with the exclusion
of the case for Mn, situated inside the forbidden gap of ZnSe, and is identified as a deep
donor state; the experimental energy positions of the deep donor levels with respect to the
VBM are listed in table 1;
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(3) the spin-up–spin-down exchange splitting of the 3d states is at its maximum for the
Mn2+ ion, and decreases monotonically for the other TMs in the sequences Mn, Fe, Co,
Ni, and Mn, Cr, V, Ti [44, 48].

On the basis of the above remarks and the estimated spin-up–spin-down electron exchange
splitting listed in table 1, as well as at the energy positions of deep donors created by TMs in
ZnSe host crystal, we can deduce the influence of the 3d states of TMs on the fundamental
reflectivity spectra.

3.3. Zn1−xCoxSe

The reflectivity spectra of ZnCoSe, shown in figures 7 and 8, were measured in the 4–10 eV
and 10–25 eV energy ranges at LNT and RT, respectively. The experimental data have been
reported in a preliminary form elsewhere [4]. The spectra taken at RT are less structured in
comparison with LNT spectra, showing the normal behaviour of semiconducting compounds.
Generally, the presence of Co ions in Zn1−xCoxSe (nominal contentx = 0.01, 0.03, and
0.05) leads to some changes in the relative intensities of the reflectivity structures as well
as to some shifts of the energy positions of the observed maxima, but these changes are
quite small in comparison with those caused by the presence of Mn or Fe. In addition,
the influence of the presence of Co is much more visible in the low-energy range than in
the high-energy region, where the transitions from core levels to conduction bands occur.
At both RT and LNT the maximaE1 andE1+11 become less pronounced, smeared, and
slightly shifted towards higher energies with increase of the Co content. TheE2-maximum,
split at LNT, does not seem to move in energy when Co ions replace Zn ones in the cation
sublattice. TheE′0-shoulder is clearly visible even for the highest concentration, whereas
the structuresE′1 andE′1+1′1 are blurred.

In the tetrahedral crystal field, Co2+ ions in high-spin configurations(S = 3/2) have
e4t32 electron configurations. The multiplet ground-state term4A2 is localized inside the
ZnCoSe forbidden gap as a deep donor state lying very close to the VBM. In fact, Noreset
al [50] and Feliciet al [26] localized it at 0.62 eV and 0.5 eV, respectively, but according
to Zunger [44] this donor state is situated at 0.3 eV above the VBM.

From the values reported in table 1, it is evident that the exchange splitting for Co2+

ions is much smaller than in the case of Mn2+ and Fe2+ ions. Therefore, the contribution of
Co2+ occupied states to the VB should be significant, but the hybridization of unoccupied
Co2+ 3d states with the CB should be weaker. XANES analysis and LMTO calculations [49]
suggest that the contribution of the Co 3d empty states to the p-like CB DOS is situated
close to the CBM, i.e. about 0.5 eV below the CBM of the host crystal and 0.37 eV above
the Fermi energy, respectively.

The energy positions of the reflectivity structures above 10 eV do not change signif-
icantly on increasing the Co concentration, but their relative intensities decrease, which is
evidently correlated with the increase of topological disorder. It could be also caused by
small changes in the conduction band state distribution associated with the presence of Co
states, in support of the statement made above concerning the much weaker influence of
Co2+ unoccupied states in the CB region on the band structure of the ZnSe host crystal.

3.4. Zn1−xNixSe

The reflectivity spectrum of Zn0.99Ni0.01Se, taken at LNT in the 4–10 eV energy range, is
shown in figure 9. The main shape remains the same as for pure ZnSe; however, the energy
positions of all of the maxima, characteristic for pure ZnSe, are shifted to lower energies.
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(a)

(b)

Figure 9. The reflectivity spectra for Zn1−xCrxSe, Zn1−xVxSe, and Zn1−xTixSe at room
temperature (RT): (a) the 4–10 eV energy range; and (b) the 10–25 eV energy range.

TheE2-maximum does not lose its fine structure, but its intensity is relatively lower. As
was expected, the reflectivity structures are slightly blurred. On the basis of this behaviour
we can suggest that Ni ions cause some changes in the valence bands of pure ZnSe near
and at the L point in the BZ, and that the influence of the Ni 3d empty states on the CBs
should be smaller. This suggestion is understandable on the basis of the model developed
for ZnFeSe (figure 6) and ZnCoSe using experimental and theoretical data concerning the
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spin-up and spin-down electron energy positions and their exchange splitting. The mean
energy position of five spin-up electrons, which are immersed and partially hybridized in
the valence band of the ZnSe host crystal, is situated about 3.5 eV below the VBM [9].
Ho lda et al [51], on the basis of LMTO calculations, have estimated a mean value for the
spin-up electron energy position of 1.51 eV below the Fermi level. The multielectron3T1

ground state of the Ni 3d8 electrons is situated 0.5 above the VBM as a deep donor [44]
(see table 1). The spin-up–spin-down exchange splitting calculated using the LDA method
is 1.95 eV, and that calculated using the LMTO method is 0.76 eV [48]. These data suggest
a significant influence of spin-up electrons on the VB of the ZnSe host crystal, and a rather
small contribution of Ni unoccupied 3d states to the conduction bands of ZnSe.

Figure 10. The reflectivity spectra of Zn1−xNixSe, Zn1−xCrxSe, Zn1−xVxSe, and Zn1−xTixSe
at liquid nitrogen temperature in the 4–10 eV energy range.

3.5. Zn1−xCrxSe

The fundamental reflectivity measurements of Zn1−xCrxSe (x = 0.01) were performed in
the 4–10 eV and 10–25 eV energy ranges at RT and LNT, respectively (see figures 9 and
10). Apart from the expected blurring found at both temperatures, very small differences
between the reflectivity spectra of the ternary compound and the host crystal are noticed.
The energy positions of the maxima are the same as for pure ZnSe over the entire energy
range, other than those of the group of the structuresE′1 andE′1+1′1, which shift to lower
energies.

In the tetrahedral crystal field, Cr2+ ions in the high-spin configuration(S = 2) have
the e2t22 electron configuration. The multiplet ground-state term5T2 is localized inside
the ZnCrSe forbidden gap at 0.46 eV above the VBM [44] as a deep donor. The energy
position of the the Cr2+ deep donor state and the exchange splitting energy are close to the
respective values for Fe2+ [44, 48]. Therefore, the contribution of the occupied Cr2+ 3d4

spin-up electron states and 3d6 unoccupied states should affect the valence and conduction
bands of the host ZnSe crystal in a similar way to what is seen for ZnFeSe. This behaviour



The influence of transition metals on ZnSe 8783

can be observed on comparing the ZnCrSe and ZnFeSe reflectivity spectra. These spectra
present similar tendencies, i.e. smearing of the spectrum in the 4–10 eV energy region,
particularly the maximaE′1 andE′1 + 1′1, and in the 10–25 eV range, where transitions
from Zn 3d10 states to the first CB are observed. Therefore, one can assume a significant
contribution of Cr-ion states in the upper part of the conduction bands, particularly at the
Lc4,5 point of the BZ, which causes the observed smearing of the reflectivity spectrum.

3.6. Zn1−xVxSe

In the tetrahedral crystal field the V2+ ions in the high-spin configuration(S = 3/2) have
the e2t12 electron configuration. As has been reported by Zunger [44], the ground state
4T1 is localized in the ZnSe forbidden energy gap as a deep donor. Unfortunately, the
energy position of this deep donor is not directly known, but it can be estimated as 1.73 eV
above the VBM from the paper by Langer and Heinrich [43] and recently obtained electron
paramagnetic resonance results for CdTe:V [52]. The mean energy position of the occupied
and empty spin-up electron states is about 0.2 eV belowEF [48]; therefore a limited
influence of the spin-up occupied states on the valence band of ZnSe should be expected.
A spin-up–spin-down exchange splitting of 1.96 eV has been estimated by Markowskiet al
[53] for Zn0.5V0.5Se; therefore the influence of V2+ ions on the conduction band structure
should be higher than that for the valence band.

Figures 9 and 10 show ZnVSe reflectivity spectra in comparison with reflectivity spectra
for pure ZnSe and other ternary compounds composed of a transition metal and ZnSe. This
comparison supports the above suggestion. In the ZnVSe reflectivity spectrum, in the 10–
25 eV energy range (figure 10), the fine structures observed for pure ZnSe crystal are
preserved, but only the relative intensities for ZnVSe are lower. This suggests a poorer
quality of the ZnVSe sample in comparison with the ZnSe. In the fundamental reflectivity
spectrum in the energy range 4–10 eV, the structuresE1 andE1 + 11 partially disappear
at RT (figure 9(a)), while at LNT (figure 10) they show rather slight blurring.

3.7. Zn1−xTixSe

In the tetrahedral crystal field the Ti2+ ions in the high-spin configuration(S= 1) have the
e2 electron configuration, which creates a multiplet ground state3A2 localized in the ZnSe
forbidden energy gap as a deep donor at about 1.75 eV above the VBM [44]. In the e2

electron configuration, for symmetry reasons, both spin-up electrons cannot interact with the
VB p states; therefore we expect very weak hybridization of the Ti 3d occupied states with
the valence band states. The spin-up–spin-down exchange splitting, as has been reported
by Slateret al [39] for Ti atoms, equals 1.8 eV, but according to LMTO calculations for
Zn0.5Ti0.5Se made by Ho lda et al [48], this splitting is extremely small and is equal to
0.06 eV. Thus the influence of the spin-up and spin-down empty states on the conduction
bands should be very small.

The reflectivity spectra of Zn1−xTixSe (for x less than 0.01) were taken at RT and
LNT in the 4–10 eV (figures 9(a) and 10(a)) and 10–25 eV (figures 9(b) and 10(b)) energy
ranges. The analysis of the reflectivity structures shows very slight changes in energy
positions of the main maxima. The shapes of both the RT and the LNT spectra remain
almost unchanged. The only observed differences appear in the low-energy range at both
temperatures. The group of maximaE′1 andE′1 + 1′1 shift slightly towards lower energy
while the energy positions of the peaksE1 andE1 + 11 remain the same. The intensity
of theE2-maximum decreases in comparison with that for pure ZnSe, but its fine structure
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is preserved. Moreover, theE′0-shoulder is very clearly pronounced. The observed small
changes of the reflectivity spectra suggest that the influence of Ti2+ ions appears more
strongly in the conduction bands of the ZnSe host crystal.

4. Conclusions

In this paper, the fundamental reflectivity spectra for ZnMeSe solid solutions with several
transition metals (Ti, V, Cr, Mn, Fe, Co, and Ni) have been presented. The influence
of the 3dn subshell of the transition metals on the valence and conduction bands of the
ZnSe host crystal was discussed. Using known experimental and theoretical data and taking
into account the data collected together in table 1, we have suggested consistent models
of the influence of various transition metals on the valence and conduction bands of ZnSe
which can explain the behaviour of the fundamental reflectivity spectra of ZnMeSe solid
solutions with the transition metals. It has been shown that a significant influence on the
fundamental reflectivity spectra is observed for almost all TMs, and this influence decreases
in the sequences Mn, Fe, Co, and Ni as well as Mn, Cr, V, and Ti. This influence is the
smallest for Ni and Ti particularly, because of very small exchange splitting for Ti (see
table 1). The contribution of Ti 3d states to the valence and conduction bands of ZnSe host
crystal seems to be rather small.
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