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Abstract Experimental studies of x-ray absorption edges have been carried out in ZnSe, 
Znl,Mn,Se (xd.05 and 0.1) and Zn,Fe,Se (.z=O.zZ) for the Kedges of Se, Zn, Mn and 
Fe. A comparison is made for a zincblende (m) crystalline s t m a w  of ZnSe, ZnMnSe and 
ZnFeSe with calculated results from electxon densities of states in the conduction band of these 
materials obtained from a band calculation of the ferromagnetic phase of Znl-,Mn,Se ( ~ 0 . 5 )  
and Znl,Fe,Se (x=0.25) using the LMIO method. The agreement between the theoretid x-ray 
absorption edges and experimental data is satislactory. Further, a comparison based on the 
density of states for ferromagnetic and antiferromagnetic ordering has been carried out in the 
case of ZnFeSe. Using the Virmal crystal model for ZnFeSe and ZnMnSe, the Se K edges of 
the hypothetical dncblende structure of FeSe and MnSe as well as a hybridized contribution 
of FeSe and MnSe in ZnFeSe and ZnMnSe have been extracted. Comparing the data with 
the conduction band of pure ZnSe. taken as a standard compound, these show a maximum of 
the p-like contribution in ZnFeSe situated at about 1.7 eV (maximum A) below, and 9.6 eV 
(maximum B) above, the corresponding energy of the conduction band minimum for ZnSe, and 
at about 0.65 eV below and 11.8 eV above it for ZnMnSe. 

1. Introduction 

ZnSe, Znl,Fe,Se (0 < x < 0.22) and Znl,-xMn,Se (0 < x < 0.15) crystallizing 
in the zincblende structure possess many interesting semiconducting properties which 
have recently been increasingly studied. A band structure study of ZnSe has shown 
that this semiconducting compound is characterized by a large and direct energy gap 
[l]. Such theoretical band structure studies which have been made by the pseudo- 
potential method have been verified by optical as well as by photo-emission [Z] and 
bremsstrahlung isochromat spectroscopy (BE) [3] measurements. Recently, there have been 
more complete band structure calculations for pure ZnSe using self-consistent, relativistic 
LMTO methods [4]. These have been used to make a comparison with experimental optical 
and photoemission data using non-constant matrix elements of the optical transitions. The 
agreement between the experimental data and the theoretical single-particle calculations is 
found to be good [4]. In comparison with the well known band structure of pure ZnSe, 
the information about the band structure of the ZnSe ternary compounds with Mn and Fe 
is less well understood. ZnFeSe and ZnMnSe belong to a class of materials often referred 
to as dilute magnetic semiconductors (DMSs) since they exhibit properties that are unique 
from both the semiconducting and magnetic points of view [5]. Recently, 11-VI DMSs have 
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attracted considerable attention as a result of the large exchange interaction between the band 
elecfmns and Fe d or Mn d ions, the so called spd super-exchange interaction [6, 71. The 
Fe and Mn 3d states are split into two groups of sublevels by an exchange interaction (Slater 
splitting). In the tetrahedral crystalline field, the occupied spin-up states are localized in the 
valence band region similar to the case of CdFeSe; Fe ion occupied states also create in the 
gap so called ‘deep donor’ states [8,9]. Data on the unoccupied spin-down states suggests 
that they are either located in the conduction band or are situated below the conduction 
band minimum [IO, 111. These 3d stam can hybridize with Se as well as with cation s and 
p states so that a further distortion of the band structure and modification of the density of 
states (DOS) is likely to occur. The aim of this paper is to present the experimental XAMS 
studies and LMTO theoretical analysis of the conduction bands for ZnMnSe and ZnFeSe 
and for comparison purposes those of pure ZnSe. These calculations consider a crystalline 
system rather than a random distribution of Fe or Mn and Zn atoms in the cation sublattice, 
but some general features of the results and an interpretation using the virtual crystal model 
allow us to compare these theoretical results with experiment. The effect of Fe or Mn 
on the conduction bands is not yet clear and to date can only be inferred from the recent 
fundamental reflectivity studies of ZnFeSe and ZnMnSe in a wide energy range from 1 to 
30 eV [12]. The maximum contribution of Fe or Mn 3d unoccupied states to the conduction 
band of ZnFeSe or ZnMnSe, respectively, can be estimated from x-ray absorption analysis 
of the K edges. Also recent studies have shown that XAMS for binary [I31 and several 
ternary semiconducting compounds [14-171 can be described satisfactorily by a one electron 
approximation. Additionally [14-171 it has been shown that a virtual crystal model can be 
applied consistently to extract, from the experimental data for ZnFeSe and ZnMnSe, the 
x-ray absorption edges of the hypothetical zincblende structure, FeSe and MnSe. The layout 
of the paper is as follows: section 2 describes experimental details, experimental results and 
the method of interpreting the experimental data; in section 3 an outline of the theoretical 
calculations is presented; section 4 contains conclusions. 
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Figwe 1. Experimental x-ray absorption Se K edgcs (a) and their first derivatives (b) for ZnSe. 
ZnMnSe and ZnFeSe. 
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Figure 2. Experimental x 4 y  absorption Zn Kedges (a) and their first derivatives (b)  for ZnSe. 
ZnMnSe and ZnFeSe. 

0 

Figure 3. F.xpimental x-ray absorption for Ule Mn K edge and its lint derivative for ZnMtiSe 
(a) and the Fe K edge and its lint derivative for ZRFeSe (b). 

2. Experiment and results 

X-ray absorption measurements have been carried out with the use of synchrotron radiation 
at the Adone Wiggler facility in Frascati utilizing the Si(l11) and Si(220) channel-cut 
crystal monochromators 1181. The original samples were high-purity monocrystalline ZnSe, 
Znl,Mn,Se (x = 0.05 and 0.1) and Znl-,Fe,Se (x = 0.22) produced by a high-pressure 
Bridgman method [19]. To obtain thin specimens of a controlled thickness and homogeneity 
as required by x-ray absorption techniques, the samples were finely powdered and deposited 
on polyacetate films. XAS measurements have been carried out on the Se as well as Zn 
and Fe K edges. The energy resolution of an experimental set-up of the type used by 
us is limited by the finite vertical divergence of the photon beam and the finite width 
of the rocking curve of the monochromating crystal. The resulting instrumental Gaussian 
broadening of the natural width of all measured edges has been estimated to be. about 1.81 
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Figure 4. (Conrimed opposite.) 
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Figure 4. (Codinued.) Density of States (DOS) for Zno.#e+zSe around the (a) Fe and (b) Se 
atoms for the upper valence and lower conduction bands. 4(c) illustrates the same features for 
FeSe. The full line represents the p states. the dotted line the s states and the broken line the d 
states. Note th5 values for the d slates in (a) and p states in (b) and (c) are sealed as indicated. 

eV for Fe and 1.57 eV for Mn K edges and 2.04 eV for Zn and 2.44 eV for Se K edges. The 
contribution of each edge to the absorption coefficient has been isolated by extrapolating the 
pre-edge region to higher energies by a Victoreen-lie fit and by subtracting the fitted curve 
from the remaining experimental spectrum [ZO]. Figure 1, figure 2 and figure 3 present 
the experimental data for Se, Zn and Fe or Mn K edges (after subtraction of the pre-edge 
contribution and normalization of the energy scale to the first inflection point at the edge) 
and their first derivatives for ZnSe, ZnFeSe and ZnMnSe. We have applied the procedure 
of the experimentf data reduction reported earlier 1141. This approach provides a direct 
comparison of the experimental data with results derived from the projected density of states 
calculated in a limited energy range (up to cut-off energy E ) .  Table 1 contains values of all 
the parameters necessary for the experimental data reduction. 

3. Calculated results 

As previously [14, U], calculations of the energy states in an ordered lattice have been 
used to obtain results for absorption coefficients to compare with the experimental data. 
These have been obtained for ZnSe, Zno,7sF~&e, Zno.sFeo.sSe, Zno.sMno.sSe and FeSe 
(zincblende structure). The LMTO method was used in the calculation of the energy levels 
and densities of states. The &VI compounds (and the alloys considered here) have open 
smctures which require empty spheres in addition to the atomic spheres for Zn, Fe, Mn and 
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Figure 5. 
antiferromagnetic states of ZnFeSe with 50% content of Fe. 

Comparison of the x-ray K edge for Fe calculated for the ferromagnetic and 

Table 1. Values of the lifetime parameters in eV used in calculating the absorption Mefficient 
for a range of energies up to a cut-off value E = 17 eV. 

rL (eV) rG (ev) ArG (ev) 
Se  1.98 2.44 2.99 
Zn 1.40 204 2.26 
Fe 1.0 1.81 2.26 
Mn 1.05 1.57 2.26 

Se within the unit cell. For the ordered temary alloys, a simple cubic cell was used with 
16 atomic spheres in total consisting of eight atoms and eight empty spheres. For the 25% 
alloys a ferromagnetic structure was calculated but for the 50% case both ferromagnetic 
and antiferromagnetic cases were obtained. Using the angular-resolved density of states, 
N { ( E )  with 1 = 0, 1,2, obtained from the calculations for the different species in the lattice, 
the absorption due to the electrons in the conduction bands can be calculated 114, 151. 
In carrying out these calculations the m a ~ x  elements for the transitions are taken to be 
constant, independent of the energy. Lifetime and other effects are also treated similarly as 
before. The hybridization effects between the Fe d states and the states at the bottom of the 
conduction bands are an important feature in the alloys. This pd hybridization gives rise to 
the states at the x-ray edge which are shown in the graphs of densities of states in figures 4(a), 
b and c. The position of such states on the energy scale is at E = 0 and the relevant peaks 
are shown in the p state contribution in both the Fe and Se cells at and just above E = 0 in 
the spin-up bands. Figures 4(a) and 4(b) illustrate this and present the DOS for ferromagnetic 
ZnFeSe around Fe and Se atoms in the energy range covering the top of the valence band 
and the lower conduction bands. Figure 4(c) shows the corresponding feature in FeSe. In 
all three figures, scaling of either d or p values has been used to indicate the full range on 
a single scale. I n  order to see the effect of ferromagnetic as opposed to antiferromagnetic 
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Figure 6. Comparison of ihe experimental (solid line) and theoretical (broken line) Kedges of 
Se (a), Zn(b) and Fe.@) in ZnFfSe. 

ordering on the calculated absorptions results for both cases for Zno.sFe&e are shown in 
figure 5. Differences expected because of the different positions in energy of the d states 
in the two cases are seen to be small. 

Results comparing the calculated absorptions for ZnFeSe and ZnMnSe with experimental 
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Figure 7. Comparison of the experimental (solid line) and uleoretical (broken line) K edges for 
Se (U), Zn (b) and Mn (c) in ZnMnSe. 

data, reduced to an energy cut-off 17 eV above the conduction band edge, are shown in 
figures 6 and 7. In including the lifetime effects in the calculations, the values of r used 
due to core hole lifetimes (rL), instrumental width (rc) and conduction band state lifetimes 
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Figure 8. Viual crystal model analysis of the experimental x-ray absorption Se. K edges for 
ZnMnSe. Curve a (dotted line)-absorption coefficient for ZnMnSe on reduced energy scale, 
curve b-ZnSe for comparison. c w e  oabsorption edge of the hypothetical zincblende MnSe 
extracted with use of the virtual crystal model, C U N ~  d-a contribution of the hybridized Mn 
3d and 4s electronic states in ZnMnSe. 

E-E. [ e V I  

Figure 9. V I  crystal model analysis of the experimental x-ray absorption Se K edges for 
ZnFeSe. Curve a (dotted line)-absorption coefficient for ZDFeSe on reduced energy scale, 
curve b Z n S e  for comparison, curve c-absorption edge of the hypothetical zincblende €&e 
exmcted with use of the virmal crystal model, C U N ~  &a conbibution of the hybridized Fe 3d 
and 4s electronic states in ZnFeSe. 

(Ahr,) are given in table 1. The sources of these values are given in [14]. Normalization of 
the two sets of data is achieved by matching the calculated results to the experimental data 
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Figure 10. Comparison of the calcu!ated Kedge for Se for the hypothetical nncblende M e .  
dashed line, with that extracted from redueed experimental data (solid line). 

at the energy where the maximum value of the derivative with respect to energy occurs in 
both cases. The zero of the energy scale is then moved to that point. 

The K absorption for Fe, as calculated, relies entirely on the p state density in the atomic 
sphere around the Fe atom at energies close to the bottom of the conduction band. This in 
tum derives very much from the hybridization between Fe and Se atoms, with additional 
influence from the Zn atom. This p-d hybridization gives a peak in the DOS matching 
the peak in the p state DOS of the Fe atom as seen in figure 4(0). This shows up in the 
absorption as a small feature in the leading edge. This small feature exists also in the Se 
(see figures 4(b) and 6) and Zn calculated edges since the p-d hybridization effect works 
both ways as indicated above. Using both the experimental data and the calculated values 
we can apply a virtual crystal model in the form of the equation 

Znl-,FelSel, = xEeSe 

to determine the properties of the x-ray absorption edge of zincblende FeSe. 
This has been done for x = 0.22 for the calculated case of the Se edge to extract a result 

and compare it with the one directly calculated for x = 0.25. The result shown in figures 
8 and 9 indicates an enhancement of the feature mentioned due to the contribution of the 
Zn hybridization. Figure 10 shows a~comparison of the calculated K Se absorption edge 
of hypothetical zincblende FeSe with the corresponding absorption edge of FeSe extracted 
from the experimental data using the virtual crystal model. The two curves in figure 10 are 
similar and both show features at ahout 0.0, 5.0 and 15.0 eV. The rather broader shape of 
the experimental curve arises from the greater errors implicit in the extraction process. 

4. Conclusions 

A XANES analysis shows that the x-ray absorption edges of ZnSe, ZnMnSe and ZnFeSe 
differ significantly. A comparison of the experimental data with calculated values based on 
theoretical LMTO band structures shows satisfactory agreement, particularly in the position 
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of the main maxima of the experimental spectra. In addition, results for the calculated 
Fe absorption edges with ferromagnetic and antiferromagnetic ordering of spins localized 
on Fe do not differ significantly in comparison with the experimental data, and therefore 
either may be used in the comparison of the data. A hypothetical zincblende FeSe obtained 
from experimental data by use of the virtual crystal model also shows good agreement with 
calculated zincblende FeSe. A maximum contribution of the Fe 4s and 3d hybridized states 
in ZnFeSe can be identified at about 1.7 eV below the conduction band minimum and also 
at 9.6 eV above this minimum. For ZnMnSe maximum contributions of the Mn 3d and 4s 
hybridized states are found at about 0.65 eV below the conduction band minimum and 11.8 
eV above it. 
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