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Local environment of Mn dopant in ZnO by near-edge x-ray absorption
fine structure analysis
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High-resolution near-edge x-ray absorption fine structBieXAFS) at Mn K edge is employed to
probe the local environment of Mn dopant in ZnO. First-principles supercell calculations are
systematically made to obtain theoretical NEXAFS. Mn is found to substitute for Zn up to
5 at.% Mn in polycrystalline samples sintered at 1623 K in air. Presence gDMg apparent for
samples with higher Mn content. The NEXAFS does not change in the range of Mn concentration
from 0.01 to 5 at. %, indicating the absence of Mn precipitates. The results are confirmed by
examining the polarization dependence of the NEXAFS for a 5 at. %-doped ZnO thin fizA0®
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Semiconductors doped with dilute magnetic elementsstirrer until they dried up. All of these powders were isostati-
now referred to as diluted magnetic semiconduc(biglSs), cally pressed into a pellet at 100 MPa, sintered in air at
have been extensively studied since the discovery of carriett623 K for 3 h, and cooled at 225 K/h. The Mn-doped ZnO
induced ferromagnetism in JnMn,As® and Ga_Mn,As?  thin film was prepared by a pulsed laser depositiBhD)
Effort has been devoted to explore systems with higher Curigising an excimer KrFlaser sourcgA=248 nm, 7=25 ns,
temperature by changing both dopants and matrix semicori-ambda Physik COMPex2005The laser power was-3
ducting materials. Recent calculations based on the Zenex 10* J m2. Al,04(0001) single crystal was used for the
model of ferromagnetism predicted that Mn-doped GaN andubstrate, which was kept at 873 K during the deposition.
ZnO can have &, higher than room temperatu?eSupport— 1 Hz laser was irradiated for 5000 shots, which yielded ap-
ing this prediction, higiT. above room temperature has beenproximately ZnO:Mn thin film with 100 nm thickness. A
attained in Mn-doped ZnG.° However, ferromagnetism PLD target with 5 at.%Mn was fabricated in the same man-
with T, below room temperatureparamagnetisfiand spin-  ner as the above polycrystalline specimens.
glass behaviSrwere also reported in this system. Addition- The NEXAFS measurements were carried out at
ally, a recent report on Mn-doped ZnO indicates that theBLO1B1 in SPring8, Harima, Japan. The polycrystalline
precipitation of Mn may result in the disappearance ofspecimens with the dopant concentrations above 1 at.% were
ferromagnetisnél.For the detailed understanding of the mag-measured in the transmission mode. On the other hand, the
netic properties, it is essential to know the environment oftotal fluorescence yieldTFY) mode using the 19 elements
the doped transition elements on an atomic scale. In thiSe solid-state detector was chosen for the polycrystalline
letter we report the local environment of Mn dopant in ZnOspecimens with the dopant concentrations of 1 at.% or less
polycrystals and a thin film determined from near-edge x-rayand a thin film sample. The x-rays were monochromatized by
absorption fine structureNEXAFS) at Mn K edge in con- the S{111) double-crystal monochrometer and irradiated
junction with first-principles calculations. We have previ- perpendicularly onto the sample surface in the case of trans-
ously shown that this approach can reveal the local environmission mode and 45° normal to the sample surface in the
ment of ultra dilute dopants at a concentration level ofcase of TFY measurements of polycrystalline specimens. For
several at.p.p.m In order to investigate Mn dopants in a thin film sample, TFY mode was chosen for efficiency, in
ZnO, the NEXAFS at MrL-edge has so far been us€dut  which two kinds of geometries were used to see the polar-
to our best knowledge there is no report on Mredge ization dependence of the spectra. The method is identical to
NEXAFS of Mn doped ZnO. that we previously used for rock-salt structuredMg,_O

Polycrystalline specimens of ZnO:Mn were fabricatedthin films with slight tetragonal distortioff, i.e., EIT and
by mixing commercially available high-purity powder of E | T, whereE is the electric field vector and is the vector
MnO, (Soekawa Chemical Co. Lidwith ZnO powder(Rare  perpendicular to the surface of the thin film. NEXAFS spec-
Metallic Co. Ltd) when the Mn concentrations of 3, 5, 10, tra of commercially available high-purity powders of MnO
and 20 at.%. For the dilute specimens with Mn concentratiorand Mn,O, diluted by mixing with BN powders were also
of 0.01, 0.1, and 1 at.%, Mn nitrate hexahydré®&mekawa measured for reference.

Chemical Co. Ltd.was mixed with ZnO powde(Rare Me- Prior to the NEXAFS measurements all the samples
tallic Co. Ltd) in ethanol using a Teflon-coated magnetic were characterized by the x-ray diffracti®dRD) technique
with #-26 scan, in which ClKa x-rays was employed. The

dAuthor to whom correspondence should be addressed; electronic mair.esuns_ are shown in Fig_. 1 for the Mn-doped ZnO polycrys-
isao.tanaka@materials.mbox.media.kyoto-u.ac.jp tals with Mn concentrations of 5, 10, and 20 at.% and the
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S5 = nized. The spectrum can be described by the sum of the
103 e o spectra of a reference M@, and ZnO:Mn with a lower
N < concentration, indicating a significant amount of Mn is
10" . present as M§O,.
PO, T AN The NEXAFS spectrum has not been reported for the
30 40 50 ZnO:Mn system at MrK-edge. Hence, first-principles spin-
20 (CuKo. deg) polarized density functional theofpFT) calculations were

. carried out to confirm that the NEXAFS spectra of ZnO:Mn
Z:s ; 'th>i(,$ 3561\3;;“; Z[.'(\)ﬁon,\'ﬂc:fped polycrystals with 5, 10, and 20 alt'O/Olwn(at Mn K-edge originated from the substitutional Mn at Zn
sites in ZnO. The full-potential augmented plane wave plus
local orbitals(APW+lo) packagewiENzk,*> was employed
thin film. No diffraction peaks can be found except for thosewith the generalized gradient approximation proposed by
of the wurtzite structured ZnO in the XRD pattern of Perdewet al* The muffin-tin radii,Ryy, of Zn, Mn, and O
ZnO:Mn polycrystals at the Mn concentration of 5 at.%. were set to 1.75 a.u., and the producRgf; andK,., Which
Similar patterns were obtained for Mn concentrations lesgorresponds to the plane wave cutoff, was set to
than 5 at.%. On the other hand, some additional diffractior6.0(a.u. Ry’? for all calculations. In these calculations,
peaks originating from MyO, are present in the case of core-hole effects were fully introduced by removing one
ZnO:Mn with 10 at.%Mn. At 20 at.%Mn, additional dif- electron from the MrK shell of our interest and putting ad-
fraction peaks of MgO, are clearly seen. It is noted that no ditional electron in the conduction band, which approxi-
peaks of MnO and Mn®were found at all Mn concentra- mately corresponds to the final state of the x-ray absorption
tions. These XRD results suggest that the maximum solubilprocess. A supercell consisting of 108 atoms was constructed
ity of Mn in ZnO via our processing is between 5 and by expanding the unit cell of ZnO by three times along each
10 at.%. In the XRD pattern of the thin film, only one peak axis (3 X 3 X 3), respectively, in which one Zn atom was re-
originating from the wurtzite structured Zn@002 is rec-  placed by a Mn atom. Geometry change due to the substitu-
ognized except for the diffraction from the substrate oftion of Mn was not taken into consideratibhTheoretical
Al,05(0006, which suggests that this thin film is highly ori- NEXAFS spectrum of MgO, was also obtained by using a
ented along the-axis of wurtzite structured ZnO. However, 112-atom supercell in the same manner, where experimen-
it is not possible to know how Mn dopants are present withintally reported ferrimagnetic orderiﬁ%was assumed. A theo-
ZnO crystals only from these XRD results. retical spectrum was obtained as a product of dipole allowed
Observed NEXAFS spectra of polycrystalline ZnO:Mn radial matrix element and the corresponding projected partial
specimens at MiK-edge are shown in Fig. 2. The density of states, which was broadened with the Gaussian
Mn K-edge NEXAFS profiles show almost the same featuregunction ofI'=1.0 eV full width at half maximum. Transition
at the Mn concentrations between 0.01 and 5 at.%. Thenergy was obtained as a difference in the total electronic
NEXAFS feature of ZnO:Mn with 10 at.%Mn is also very energies of the core-holéfinal) and the ground(initial)
similar to the ones with lesser concentrations, whereas a vestates. The resultant theoretical NEXAFS spectra of®in
small amount of MgO, was found in XRD pattern when and ZnO:Mn at MnK-edge are compared with experimental
plotted in a logarithmic scale. These results suggest that Mones in Fig. 8) and 3b), respectively. The experimental
dopants are mostly dissolved in ZnO and a minor portiorspectral fine structures for ZnO:Mn system up to the solute

exists as MgO, at 10 at.% Mn. At a higher Mn concentra- concentrations of 5 at.% are well reproduced by the present
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pared with the experiments in Fig(c3. Both of the experi-
mental spectra are satisfactory reproduced by assumiisg
parallel to thec axis of ZnO. These agreements in the spec-
tral shape clearly confirm that Mn is located at Zn site in the
wurtzite structured ZnO thin film.

In conclusion, we have investigated the local environ-
ments of Mn dopant in ZnO polycrystals and a thin film by
combining the high-resolution NEXAFS technique and first-
principles calculations. The spectral fine structures indicate
that Mn is located at Zn site up to the concentrations of
5 at.% in polycrystalline ZnO:Mn. Polarization dependence
of the NEXAFS spectra from the PLD thin film with
5 at.% Mn is quantitatively reproduced by the present calcu-
lations. This suggests that Mn substitutes for Zn in ZnO and
no significant precipitation takes place. This type of combi-
nation of the experimental and theoretical NEXAFS analysis
with the assistance of XRD must be a powerful tool to in-

vestigate the local environment of transition metal dopants in
E|T
DMSs.
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FIG. 3. Comparison of NEXAFS spectra between calculations and experi-4
ments for(a) Mn;O,, Mn-doped ZnO(b) polycrystal, andc) thin film. E

andT are the electric field vector and the vector perpendicular to the surface
of the thin film, respectively. Thick and thin solid curves are experiments g
and calculations, respectively. Absolute transition energies of all theoretical
spectra were shifted by -20 eME/E=0.3%.



