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Abstract. Extended x-ray absorption fine-structure measurements at the Zn, Mn and Te K edges
of the diluted magnetic semiconductorsZpMn,Te (x < 0.65) have been performed to
investigate the local coordination around each of the atoms. The nearest-neighbour and next-
nearest-neighbour interatomic distances are found to be almost unchanged on changing the Mn
concentration X). These results indicate that the tetrahedral Z2nded MnTe clusters are
embedded in the alloys with a well-preserved form, in agreement withx{inelependent Mn

3d partial density of states derived from resonant photoemission measurements.

1. Introduction

Ternary Zn_,Mn,Te alloys belong to a group of materials known as diluted magnetic
semiconductors (DMSs), where the cations Zn are randomly replaced by substitutional
magnetic M&* ions in zinc-blende structure for the Mn compositiar) (p to 0.86 [1, 2].
DMSs have attracted considerable attention because of their striking magnetic [3—-8] and
magneto-optical properties [9-17]. In such phenomena, a hybridization of the Mn 3d states
with the sp-band states plays an important role. The degree of the hybridization is strongly
affected by the local coordination around the Mn atom.

Resonant photoemission measurements in the Mn 3p—3d excitation region have revealed
that the Mn 3d partial density of states (DOS) ingZNIng3Te is very similar to that in
CdygMngTe [18]. From the configuration interaction (Cl) theory with the MpThuster
model [19], the similarity of the Mn 3d partial DOS suggests that the bond distances of
tetrahedral MnTg clusters in Zg7Mng3Te and CggMng,Te are almost equal to each
other, though x-ray diffraction (XRD) measurements [20] show that the lattice constant of
Zng7Mng3Te is somewhat shorter than that of giing > Te.

Recently, we have performed resonant photoemission measurements, foMzanTe
(0.08 < x < 0.65) and found that the Mn 3d partial DOS remains almost unchanged as
x changes [21]. These results suggest that the local coordination around the Mn atoms in
Zn;_,Mn,Te is well preserved over the rangeofrom 0.08 to 0.65.

In the light of results on the electronic structure ofZyMn, Te, we have made extended
x-ray absorption fine-structure (EXAFS) measurements to investigate the local structure.
EXAFS is an ideal structural probe for disordered systems such as random alloys. We
report the results for the Zn-Te, Mn—-Te and Te—Te interatomic distances, and the bond
angles of ZnTg and MnTa clusters derived from the Zn, Mn and Te K-edge EXAFS
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spectra. We discuss the relation between the local coordination around the Mn atom and
the Mn 3d states.

2. Experimental procedures

Zn_,Mn,Te (x = 0.16, 0.24, 0.32, 0.47, 0.60 and 0.65) single crystals were grown by the
Bridgeman method. We confirmed that the samples formed a homogeneous crystal phase
of zinc-blende type by XRD. The-value was determined by electron-probe microanalysis
(EPMA). The well-ground powder of the sample was mixed with BN and pressed into a
pellet with a diameter of 10 mm. The Zn K-edge (9660.7 eV) and Mn K-edge (6537.6 eV)
EXAFS spectra were measured at BL-7C of the Photon Factory in the National Laboratory
for High Energy Physics (KEK-PF). The Te K-edge (31 81#&V) spectra were measured

at BL-14A of KEK-PF. The storage ring was operated with a ring energy of 2.5 GeV and

a ring current of 360-250 mA. Si(111) and Si(553) crystals were used as double-crystal
monochromators for measurements of the Zn and Mn, and Te K-edge spectra, respectively.
All spectra were measured in the transmission mode. The intensities of the incident and
transmitted x-ray beamdyand I) were monitored using two ionization chambers. As the
detector gases introduced into the chambers for measigiagd I, we used pure Nand
N2(90%)—Ar(10%) for the Zn, He(90%)-4{L0%) and pure Mfor the Mn, and pure Kr and

pure Kr for the Te K-edge EXAFS measurements, respectively. In the case of the Mn K-edge
measurements, higher-harmonic x-rays were minimized by detuning the monochromator to
50% of the fundamental intensity. All of the measurements were performed at 60 K, since
it is difficult to obtain information on next-nearest-neighbour distances at 300 K due to the
thermal vibration, which reduces the amplitude of the EXAFS oscillations.

Table 1. R-ranges of Fourier filterings ankiranges of curve fittings of the Zn, Mn and Te
K-edge EXAFS analysis.

Zn K edge Mn K edge Te K edge
R-range
(main peak) 1.9-2.A 2.0-2.8A 1.5-2.7A
(second peak) 3.4-4A
k-range 3.0-18.A-! 3.0-14.0A-! 3.0-12.5A°!

3. Data analysis

The EXAFS function,x (k), was obtained by the standard procedure [22]: pre-edge and
post-edge background subtraction and subsequent normalization with the atomic absorption
coefficients. The values of (k) multiplied by k%> and the Hanning window function were
Fourier transformed intR-space. The magnitude of the Fourier transfofii(R)|, was
filtered around the first or second peaks and inverse Fourier transformeftépece. The
resulting Fourier-filtered spectrum,*(k), was curve fitted with the following conventional
EXAFS formula:

x*(k) = N B(k) exp[—202k?] sin[2k R + ¢ (k)] / k R?. (1)

Here B(k) and¢ (k) are the backscattering amplitude and the total phase shift between the
absorber and scatterer, respectivel,. R ando? are the coordination number, interatomic
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Figure 1. (a) The EXAFS functionk?y (k), and (b) Figure 2. (a) The EXAFS functionk?x (k), and (b)
the magnitude of the Fourier transforn#;(R)|, for the the magnitude of the Fourier transforfi#;(R)|, for the
Zn K-edge data for Zp .Mn,Te (x = 0.24, 0.47 and Mn K-edge data for Zpn_,Mn,Te (x = 0.24, 0.47 and
0.65) measured at 60 K. 0.65) measured at 60 K.

distance and mean square relative displacement (MSRD) of each shell atom surrounding
the absorber, respectively.

Figures 1(a), 2(a) and 3(a) shay (k) for Zn, Mn and Te K-edge EXAFS spectra of
Zn;_.Mn,Te (x = 0.24, 0.47 and 0.65), respectively. Figures 1(b), 2(b) and 3(b) show the
respective| F(R)| (absolute values only). The main peaks at aroundARa&nd 2.6 A of
|F(R)| in figure 1(b) and 2(b) are attributed to nearest-neighbour Te atoms around Zn and
Mn, respectively. The main peak at around 23f |F(R)] in figure 3(b) originates from
nearest-neighbour Zn and Mn atoms around Te atoms, and the second peak at afound 4
is ascribed to next-nearest-neighbour Te atoms. In the data analysiR;rameges of the
Fourier filterings and th&-ranges of the curve fittings are shown in table 1.

B(k) and¢ (k) were derived from standard materials. We used a zinc-blende-type ZnTe
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of the Fourier transform|F(R)|, for the Te K-edge spectra of
Zn;_yMn, Te (x = 0.24, 0.47 and 0.65) measured at 60 K.

and an NiAs-type MnTe for the nearest-neighbour analysis as standards.

The multiple-scattering (MS) effect has to be considered for deriving the structure
beyond the nearest-neighbour analysis. Zabiretigl have reported that the mean curved-
wave amplitude of triangular paths of next-nearest neighbours (second shgl{k)irfor
metallic Cu is nearly equal to that of single-scattering paths from the MS calculation using
the FEFF program (version 6) [23]. The calculation was, however, performed over the
range 0< k& < 20 AL, It is known that the MS effect is very large in the lowvalue
region.

On the other hand, Diop and Grisenti have reported that the MS contribution is evaluated
to be less than 5% fok > 3 A~! from the MS calculation using the MSXAS code for
ZnSe with the zinc-blende structure. Thus, the conventional method can be used without
significant loss of accuracy for the second-shell analysiskfor 3 A1 [24]. We curve
fitted x*(k) over the range B < k < 125 A~1 in case of Te K-edge analysis, as shown in
table 1.

x (k) with the MS effect is different to equation (1). The MS effect is approximately
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incorporated into theB(k) and¢ (k) of the standard, as long as the parameters are derived
from the standard with the same structure as the sample, because the MS effect of the
sample can be assumed to be almost equal to that of the standard.

It is expected that two kinds of bond, Te-Zn-Te and Te—Mn-Te, exist in the second
shell around Te atoms in Zn.Mn,Te. In order to obtain theB(k) and ¢ (k) in the case
where the Mn atom locates between the Te atoms, we have to use a zinc-blende MnTe as
the standard. However, the structure of MnTe is generally of NiAs type under the thermal
equilibrium. Thus, in the case of second-shell analysis, we used only zinc-blende-type ZnTe
[25] as the standard. Here, we assumed thatBtie and¢ (k) including the MS effect of
the hypothetical zinc-blende MnTe are nearly equal to those of ZnTe.

In order to decrease the parameter and to make the curve-fitting analysis accurate, we
fixed N-values, which are related to-values obtained from EPMA measurements [26].
For the first shells of Zn and Mn K edges/[Zn-Te] and N[Mn-Te] were fixed to be
4, while for the Te K edgeN[Te-Zn] and N[Te—Mn] were fixed to be @ — x) and 4,
respectively. HerelN[Zn-Te] indicates the coordination number of nearest-neighbouring Te
atoms around Zn. SimilarlyN[Te-Zn—Te] andN[Te—Mn—Te] were fixed to be 12 — x)
and 12, respectively, whereV[Te-Zn-Te] is the coordination number of next-nearest-
neighbouring Te atoms around Te in the case where the Zn atom locates between the Te
atoms.
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Figure 4. (a) R[Zn-Te] (closed circles) an&k[Mn-Te] (open circles) for Zp ,Mn, Te as
functions ofx obtained from the Zn and Mn K-edge EXAFS data. fife—Zn] (open circles)

and R[Te—Mn] (closed circles) obtained from the Te K-edge EXAFS data. The solid lines show
the cation—anion distances obtained from XRD measurements [20] under the VCA.

4. Results and discussion

All of the results for the interatomic distances are shown in table 2. In figure 4(a), the
Zn-Te and Mn—Te bond length®[Zn—-Te] and R[Mn-Te]) in Zm_,Mn, Te as functions

of x are indicated by closed and open circles, respectively [27]. The solid lines represent
the averaged cation—anion bond lengths derived from XRD measurements [20] under the
virtual-crystal approximation (VCA). One notices theZn-Te] andR[Mn-Te] are almost
unchanged when changes, and are nearly equal to the values for pure ZnTe (A)p&6d
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Table 2. Interatomic distances (if\) derived from the Zn, Mn and Te K-edge EXAFS analysis.
Errors given for the values in the top line apply to all of the values in the column.

X R[Zn-Te] R[Mn-Te] R[Te-Zn] R[Te-Mn]  R[Te-Zn-Te] R[Te-Mn-Te]

0.16 2644+0.01 271+0.01 264+0.015 2744+0.015 433+0.02 449+0.025

0.24 2.64 2.72 2.64 2.76 4.33 4.45
0.36 2.64 2.72 2.64 2.73 4.32 4.44
0.47 2.65 2.72 2.64 2.75 4.34 4.46
0.60 2.65 2.72 2.64 2.74 4.32 4.42
0.65 2.65 2.73 2.64 2.76 4.33 4.46

the hypothetical zinc-blende MnTe«2.74,&), respectively.

We show the results for nearest-neighbour distances from Te K-edge data in figure 4(b).
The R[Te—Zn] (open circles) an®[Te—Mn] (closed circles) are consistent with those from
the Zn and Mn K-edge spectra. The present results reveal that the VCA is inadequate
for Zn;_,Mn,Te. Instead it is Pauling’s concept [28] of constant ionic radii that explains
the experimental results. Such phenomena have also been reported for the other DMSs,
Cdy_,Mn,Te [29], Zn_,Mn,Se [30] and Hg_,Mn,Te [31].
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Figure 5. R[Te-Zn-Te] (closed circles) ank[Te-Mn—  Figure 6. 60[ZnTey] (closed circles) andd[MnTey]
Te] (open circles) for Zp_ ,Mn, Te as functions ofc  (open circles) for Zp_,Mn, Te as functions ok calc-
obtained from the analysis for the second peaks of thelated from R[Zn-Te] and R[Te—Zn-Te], andR[Mn—
Te K-edge|F(R)|. The solid line shows the Te-Te Te] and R[Te—Mn-Te], respectively. The dashed line
distances obtained from XRD measurements [20] undeshows the angle of a pure tetrahedron (10p.8

the VCA.

In contrast to the case for nearest neighbours, there is little information of the next-
nearest-neighbour of DMSs except for in the case of ZMn,Se [30]. Te-Te interatomic
distances determined from the second peaks of the Te K-edge spectra are shown in figure
5. A solid line shows Te-Te distances obtained from XRD measurements [20]. It should
be noticed that there are two kinds of almasindependent Te—Te distance of about 4.33
and 4;,45A in Zn;_.Mn,Te. The shorter distance is nearly equal to that of pure ZnTe
(4.31A), while the other distance is nearly equal to that of the hypothetical zinc-blende
MnTe (4.47A). Therefore, we assume the short value to be the Te—Te interatomic distance
in the case where the Zn atom locates between the Te at@ffie{Zn—Te]). The long
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distance, on the other hand, correspond® foe—Mn—Te].

The bond angles of the Znjeand MnTeg clusters ¢[ZnTes] and 6[MnTey))
were calculated fromR[Zn—Te] and R[Te-Zn-Te], andR[Mn-Te] and R[Te-Mn-Te],
respectively. The results are shown in figure 6. As expected from the derived bond lengths,
the bond angles of the clusters are almost independentanfd nearly equal to the value
109.8 of a pure tetrahedron. Thus, we conclude that the £rafedl MnTq clusters are
embedded in Zn ,Mn, Te with a well-preserved form as a result of the strong covalency
of the bond between the cation and four-coordinated Te atoms.

The present EXAFS results are in contrast to the VCA results, though the long-range
order is still preserved as indicated by XRD [20]. Mikkelsen and Boyce reported that the
cation—anion and anion—anion distances of Ghn,As derived from EXAFS measurements
are almost equal to those in pure GaAs and InAs; however, the cation—cation distances
approach those derived from XRD [32]. According to the result, Balzaetttil assumed
that the cation sublattice remains undistorted fof CWn, Te as the structural model [29],
for which the results of EXAFS are consistent with those of XRD. The second-shell analysis
was, however, not performed.

In order to confirm the validity of the Balzarotti's model, the cation—cation distances,
R[Zn-Zn], R[Zn-Mn] and R[Mn-Mn], should be analysed. It was, however, difficult to
analyse the cation-edge spectra, because of the weak EXAFS oscillations disturbed by the
heavy intermediate Te atoms. We have tentatively analysed the second pe&ak® xafof
cation-edge spectra under the assumption that the cation—cation distances obey the VCA.
The curve fitting of the experimental data was, however, not satisfactory.

Wu et al have commented on the following in the EXAFS studies on G&As. [33].

The regular tetrahedra obeying the VCA can be obtained by averaging the five tetrahedra,
GaAsg, GaAgP, GaAsP,, GaAsR, GaR, though atoms deviate from the ideal lattice
positions. Therefore, long-range order is still preserved as in the XRD. EXAFS results
are for the average effect over the different coordinations, and XRD reflects the averaged
EXAFS results.

Recently, resonant photoemission measurements have revealed the Mn 3d states in the
valence bands of Zn,Mn, Te [21]. The Mn 3d partial DOSs exhibit a characteristic feature
consisting of three structures: a main peak at 3.75 eV, valence bands at 0-2.5 eV, and a
multielectron satellite structure at around 7 eV below the valence band maximum. We have
found that the intensities of the valence bands and satellite relative to that of the main peak
remain almost unchanged whenis changed. According to a CI theory [19], the spectral
shape of the Mn 3d partial DOSs can be reproduced using parameters-of, + U and
pdr, wheree,; ande, are energies of unhybridized Mn 3d and Te 5p orbitals, respectively,
andU is almost the intra-atomic Coulomb correlation energy of Mn 3d electrons. The value
of e,—¢,+U is unchanged whenis changed, while the p—d transfer integralgpdtrongly
depends on features of the local structure, such as the bond length and bond angle of the
MnTey cluster. We believe that the-independence originates from the well-preserved form
of the tetrahedral MnTgecluster.

Finally, we discuss the MSRD. The differences betweénfor the Zn-Te bonds in
Zn;_,Mn, Te and that for standard ZnT&§2[Zn—Te]) obtained from the Zn K-edge spectra
are shown in table 3. The values Ab2[Mn-Te] are also shown in table 3:2 is the sum
of a static and thermal component with the following formula:

o%(T) =0+ o5 (T) ()

where the subscripts ‘s’ and ‘th’ indicate the static and thermal parts, respectively [30]. The
structural disordes? is essentially independent of temperature, whf¢T) arises from the
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Table 3. Ao (in 10~ A2) derived from the Zn and Mn K-edge EXAFS analysis. Errors given
for the values in the bottom line apply to all of the values in the column.

x Ao?[Zn-Te] Ao?[Mn-Te]
0.16 0.3 —-2.2

0.24 23 —-1.4

0.36 24 -1.0

047 19 -1.1

0.60 2.7 0.3

0.65 594+0.5 34+05

thermal vibration. Since we measured the EXAFS spectra at a fixed temperature, we mainly
attribute Ao to o2-components. The\o?[Zn-Te] are positive, which means thaf for

the Zn-Te bonds in Zn,Mn, Te are larger than that in ZnTe, and increase with increasing
x. The results indicate that the replacement of Zn with Mn atoms produces distortion in
the Zn_,Mn, Te lattice and the distortion becomes larger with increasin@n the other

hand, the values oho?[Mn—-Te] are negative fox < 0.47, which suggests that the Mn-Te
bond in the alloys is stronger than that of the Mg Btuster in the NiAs-type MnTe. The
increase ofAc?[Mn-Te] with x is in agreement with the tendency afo?[Zn-Te]. For

x > 0.6, Ac?[Zn-Te] andAo?[Mn-Te] increase remarkably. We believe that the increase

of MSRD is related to the limit of the Mn concentration £ 0.86) [1, 2].

5. Conclusion

We have performed EXAFS measurements at the Zn, Mn and Te K edges;faim Te

(0.08 < x < 0.65). The nearest-neighbour interatomic distanédZn—Te] andR[Mn—Te],
obtained from the Zn and Mn K-edge EXAFS spectra, are found to remain almost unchanged
asx is changed, and to be nearly equal to those of the pure ZnTe and the hypothetical zinc-
blende MnTe, respectively. The nearest-neighbour results for the Te K edge support those
of the Zn and Mn K-edge analysis.

The next-nearest-neighbour interatomic distances around the Te Rfdex;Zn—Te] and
R[Te-Mn-Te], are found to be almost constant as functions, @nd to be nearly equal to
those of the pure ZnTe and the hypothetical zinc-blende MnTe, respectively.

We conclude that the ZnJeand MnTq clusters embed in Zn,.Mn, Te with a well-
preserved form as a result of the strong covalency of the bond between the cation and
four-coordinated Te atoms. These results are fully consistent withrdhdependent Mn
3d electronic states in Zn,Mn,Te estimated from resonant photoemission measurements
in support of the CI theory.

The increases oAo?[Zn-Te] andAc?[Mn—Te] with x suggest that the replacement of
Zn with Mn atoms produces a distortion of the,ZpMn, Te lattice.
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