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Correlated substitution in paramagnetic Mn?*-doped ZnO epitaxial films

T. C. Droubay,"* D. J. Keavney,” T. C. Kaspar,! S. M. Heald,> C. M. Wang,? C. A. Johnson,* K. M. Whitaker,*
D. R. Gamelin,* and S. A. Chambers!
Fundamental and Computational Sciences Directorate, Pacific Northwest National Laboratory, Richland, Washington 99352, USA
2Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439, USA

3Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland, Washington 99352, USA
“Department of Chemistry, University of Washington, Seattle, Washington 98195, USA
(Received 8 December 2008; revised manuscript received 26 February 2009; published 13 April 2009)

Epitaxial films of Mn?*-doped ZnO were deposited by pulsed laser deposition on a-Al,05(0001) using
targets created from Mn?**-doped ZnO nanoparticles. Using x-ray absorption spectroscopy and x-ray magnetic
circular dichroism, Mn(Il) was found to substitute for Zn(II) in the wiirtzite ZnO lattice with only a paramag-
netic dichroic component from the Mn and no magnetic component from either the O or Zn. The dichroism
reveals that, while substitutional, the Mn?* distribution in the ZnO lattice is not stochastic. Rather, Mn2* has a
tendency to substitute with higher effective local concentrations than anticipated from a stochastic doping

model.
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I. INTRODUCTION

Zn0O, a wide band-gap semiconductor, has been exten-
sively studied mainly due to its technological potential for
UV optoelectronic applications.! ZnO has also been of inter-
est because of predictions by Dietl et al? and Sato and
Katayama-Yoshida® of ferromagnetism in p-type Mn?*:ZnO
at temperatures above ambient. Using a mean-field approach,
these authors predicted a hole-Mn?* spin interaction of suf-
ficient strength to render this material a candidate high-T.
diluted magnetic semiconductor (DMS). Since these predic-
tions were made in 2000, there has been extensive research
carried out on doping ZnO with not only Mn?*, but with
several other transition metals as well.*> While ferromag-
netism has been observed in some of these materials, con-
sensus has not been reached as to the physical cause of the
ferromagnetism and debate continues in the literature as to
whether the ferromagnetism is intrinsic at all or instead re-
sults from magnetic precipitates, contamination, or otherwise
hidden ferromagnetic secondary phases.®~

Both the theoretical work of Dietl and co-workers>!? and
ab initio calculations by Sato and Katayama-Yoshida'' sug-
gest that robust room-temperature ferromagnetism will occur
through carrier-mediated exchange in Mn?*:ZnO, but only
for p-type material. If electrons are introduced rather than
holes, antiparallel spin coupling is favored over parallel spin
alignment. An exceedingly wide range of experimental re-
sults has been reported, ranging from intrinsic room-
temperature ferromagnetic ordering>'?2?° to nonferromag-
netic (paramagnetic or antiferromagnetic) (Refs. 21-28) or
spin-glass behavior.?>3! Despite the fact that Mn has a high
solubility in ZnO (Ref. 32) and the most likely secondary
phases (Mn metal, MnO, Mn,0;, MnO,, and Mn;0,) are
either antiferromagnetic or ferromagnetic with a low Curie
temperature (~40 K),3* several groups have reported extrin-
sic sources of room-temperature ferromagnetism in
Mn:Zn0.3*-4 The solid solubility of Mn?* in ZnO exceeds
15% (cation percent) under typical growth conditions.*!#?
While not all studies agree on the identity of the ferromag-

1098-0121/2009/79(15)/155203(9)

155203-1

PACS number(s): 75.50.Pp, 81.15.Hi, 75.50.Gg, 75.25.+z

netic secondary phase, most suggest a metastable ferromag-
netic phase, Mn,_,Zn O;_gs formed by Zn** diffusion into
Mn3* oxide (Mn,O5) during low to modest temperature pro-
cessing as originally proposed by Kundaliya e al.” These
authors deduce that heating this metastable phase to tempera-
tures above the nominal Curie temperature (~980 K) elimi-
nates the ferromagnetic ordering by phase transformation.
In light of the possibility of extrinsic ferromagnetism
due to magnetic contamination’ or secondary phase
formation,®3*3% the need for definitive materials character-
ization is clear.

Other literature points to the possibility that Mn-doped
ZnO shows intrinsic DMS ferromagnetism when doped p
type. In experimental studies of polycrystalline Mn?*:ZnO
films prepared by spin-coat processing of colloidal
Mn?*:ZnO nanocrystals,?>#3#* experimental trends were
found that agreed with many of the theoretical
predictions>!%114346 with respect to the influence of added
nitrogen. Using a chemical approach that allowed the intro-
duction of nitrogen, a p-type dopant in ZnO, these authors
showed that N-doped Mn?*:ZnO displayed strong ferromag-
netism even when starting with 0.2% Mn?*:ZnO colloidal
nanocrystals and using conditions where there is insufficient
Mn?*  mobility to form enriched phases such as
Mn,_,Zn,O5_s Polycrystalline films made from the same
colloidal Mn?*: ZnO nanocrystals without addition of a nitro-
gen source were paramagnetic. Similar trends have been re-
ported for Mn:ZnO thin films codoped with N for p-type
conductivity.*”-4

The lack of consensus and the claims of extrinsic ferro-
magnetism arising from ferromagnetic precipitates or sec-
ondary phases demonstrate the need for discriminating ma-
terials characterization and magnetic measurements that can
distinguish between intrinsic and extrinsic sources of the fer-
romagnetism. In this work, we have used such probes to
investigate Mn?*:ZnO epitaxial films grown by pulsed laser
deposition (PLD). We have made our PLD targets with col-
loidal Mn?**:ZnO nanoparticles rather than mixed ZnO and
Mn oxide powder as is typical. Previous work indicated that
starting target materials that are compositionally uniform on
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the nanoscale may ablate more congruently than materials
that are heterogeneous over ~1 um length scale.”® We have
compared the properties of epitaxial Mn,Zn,_,O films and
the Mn?*:ZnO nanoparticles from which the PLD targets
were made. Both the epitaxial films and nanoparticles were
found to be of very high structural quality. The magnetic
properties of these films were investigated for a range of Mn
concentrations by Xx-ray magnetic circular dichroism
(XMCD), which provides atom-specific information for each
species in the lattice.

II. EXPERIMENT

Pulsed laser deposition was used to deposit epitaxial thin
films of Mn,Zn;_,O onto a-Al,05(0001) (c-plane sapphire)
substrates. In order to eliminate the deposition of molten
droplets or constituent phase particles onto the substrate
during the laser ablation process, an off-axis growth
configuration’! and nanoparticle targets are used. The laser
spot from a KrF laser (248 nm) was rastered across a rotating
target while the substrate was also rotating, allowing for uni-
form deposition across the substrate. Several separate targets
were used in this study, depending upon the desired dop-
ant(s) and concentration(s). These include Mny5Zn 950
nanoparticles, Mny 4,Zn, 93O nanoparticles, pure (99.999%)
ZnO powder, and combustion-synthesized>?> Al-doped ZnO
nanoparticles. Each starting material was mixed with small
amounts of deionized water and polyethylene glycol binder,
cold pressed, and sintered for 8§ h at ~1000 °C in O,. To
remove any residual surface contamination, the targets were
ablated in 10 mTorr of O, prior to every deposition. Carbon
is predicted by Pan et al.>® to be an electronic and magnetic
dopant within ZnO. X-ray photoemission spectroscopy
(XPS) and the high resistivity of undoped ZnO confirm the
lack of carbon within the films. When a stoichiometry other
than that of the targets was sought, the film composition was
varied by combining laser pulses from the different targets in
various proportions under computer control. In a typical two-
target growth, a few laser pulses would be incident on one
target. The laser shutter would then be closed and a second
target would be moved into position, followed by reopening
of the shutter and laser pulses directed onto the second tar-
get. The process would then be repeated as many times as
necessary to achieve the desired film thickness. Films with
dopant concentrations of up to 5% were routinely grown in
this way.

The Mn,Zn;_,O nanocrystalline target materials were
synthesized at room temperature by addition of 1.7 equiva-
lents of an ethanolic solution of 0.55 M tetramethylammo-
nium hydroxide [N(Me),OH-5H,0] to a 0.10 M solution
of xMn(OAc),-4H,0/(1-x)Zn(OAc),-2H,0O dissolved in
ethanol under constant stirring.’* Excess reactants were
removed from the nanocrystals by iterative washing and re-
suspension in heptanes and ethanol, respectively. The nano-
crystals were then calcined at 550 °C for 1-2 h and ground
into a fine powder. Detailed description of the synthesis and
characterization of colloidal Mn**:ZnO quantum dots can be
found elsewhere.’*

Double-sided epipolished 10X 5X0.5 mm?
a-Al,05(0001) substrates from Crystec were used for all
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growths. To ensure that the substrates were free from ferro-
magnetic contamination, each substrate was screened prior to
growth with vibrating sample magnetometry (VSM) at room
temperature. If the substrates exhibited ferromagnetism, the
back and edges would be selectively etched in concentrated
HNO; and rechecked with VSM.>> The substrates were ul-
trasonically washed in methanol and isopropanol before in-
troduction into the vacuum chamber. After sample introduc-
tion and prior to growth, the substrates were heated up to
550 °C in 10 mTorr O, to eliminate adventitious carbon
from the growth surface.

All Mn,Zn;_,O film growths were carried out in 10 mTorr
O, and at a substrate temperature of 550 °C. The single
target Mny y5Zn( 95O films were grown at a laser repetition
rate of 1-5 Hz, the mixed-target Mn (>5Zn( ¢750 films were
grown at 2 Hz, and the Mn (,Zn 99gO film was grown at 10
Hz. No significant differences in structural quality or Mn
incorporation were observed in films deposited at different
laser repetition rates (=10 Hz) or for different film thick-
nesses which ranged from 50-1000 nm. The Mng osZng 95O
and Mn y(»,Zn( 9930 films were grown using single targets
whereas the Mng 570, 9750 films were grown by toggling
between the Mn ¢sZn ¢sO and pure ZnO target, as described
above. To investigate the influence of donors on the magnetic
properties of Mn?*:ZnO films, (Mn,Al) codoped ZnO films
were grown by toggling between the Mny jsZn;qosO and
A10_01Zn0_990 targets.

The whole-sample magnetic properties of the films were
measured at room temperature by VSM with the magnetic
field applied in the plane of the film. High-resolution x-ray
diffraction (HRXRD) and high-resolution transmission elec-
tron microscopy (TEM) were used to investigate the crystal-
linity and detailed microstructure of the films. A four-point
probe in linear geometry was used to determine room-
temperature resistivities. XPS was performed in a
Gammadata/Scienta SES 200 photoelectron spectrometer
with monochromatic Al-Ka x-ray source.

X-ray absorption near-edge spectroscopy (XANES) and
extended x-ray absorption fine structure (EXAFS) were per-
formed on the PNC-CAT bending magnet (20-BM) and in-
sertion device (20-ID) beamlines at the Advanced Photon
Source located at Argonne National Laboratory. The K-edge
XANES and EXAFS in fluorescence mode are sensitive
probes of the Mn dopant valence state and lattice location.
Sample rotation about the surface normal was used to mini-
mize Bragg diffraction effects and spectra collected with
crossed (perpendicular and parallel) polarizations, relative to
the sample surface, were appropriately averaged such that
the XANES and EXAFS of the epitaxial films could be di-
rectly compared to those measured for the Mn?*:ZnO nano-
particles and pure ZnO powder standard. L-edge XANES
and XMCD were also performed at the Advanced Photon
Source using beamline 4-ID-C to probe the spin dependent
densities of states associated with Mn, Zn, and O. The
samples were placed on a split-coil superconducting solenoid
mounted on a liquid He cryostat with the magnetic field par-
allel to the beam propagation direction (Faraday geometry)
and with a ~10° incident angle with respect to the plane of
the film. Circularly polarized x-rays were generated using a
helical undulator. XANES scans were taken down to 4.2 K in
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fields up to 5 T in total fluorescence yield (TFY) using a Ge
solid-state detector. The dichroism spectra were generated by
reversing the polarization of the incident x-rays at each en-
ergy point of the XANES spectra (TFY) for better back-
ground matching. For clarity, the XMCD or dichroism signal
is defined as oxycp=(0*—07), where ot (o) is the TFY
intensity measured using right (left) circularly polarized pho-
tons, defined as viewed from source to detector. The normal-
ization procedure, described in detail later, compensates for
the total amount of Mn atoms such that a comparison can
be made between samples and doping levels, i.e., oy,
=(o"-07)/ (0'L3).

III. RESULTS
A. Film crystallinity and microstructure

Under the deposition conditions of 10 mTorr O, and
550 °C, epitaxial films with good crystallinity and a sharp
interface were deposited on c-plane sapphire substrates.
XRD (not shown) reveals (0001) oriented films with good
crystallinity and little mosaic spread. Pole figures for pure
ZnO grown by PLD under similar conditions confirm a 30°
rotation of the ZnO a axis relative to that of the substrate.>!
Glancing-incidence measurements, which exhibit enhanced
sensitivity to the film, do not reveal any secondary phases.
Moreover, the lattice parameters remain unchanged within
experimental error as the Mn concentration increases from
x=0 to x=0.05 despite clear evidence from XANES and EX-
AFS that Mn?* substitutes for Zn>* as discussed below. Other
mechanisms which induce strain in Mn?*:ZnO (such as lat-
tice mismatch) or reduce strain (such as misfit dislocations)
dominate over Mn?* incorporation in dictating the lattice pa-
rameters in the epitaxial films, especially considering the
relatively low Mn?* concentrations used. The TEM micro-
graphs shown in Fig. 1 reveal a smooth epitaxial film com-
prised of columnar grains with sharp interfaces to the sub-
strate. The diameters of the columnar grains range from ~20
to >150 nm, with an average diameter of ~75 nm, as
judged by several low-magnification images. Selected-area
diffraction patterns (not shown) from adjacent oriented co-
lumnar grains reveal a slight in-plane rotation of ~1°-2°.
The columnar growth and in-plane rotational variation of the
grains is presumably a result of the 18% lattice mismatch
between ZnO(0001) and a-Al,05(0001). The interface be-
tween the sapphire substrate and the Mn>*:ZnO film [Fig.
1(c)] within each grain is sharp as a result of domain match-
ing epitaxy,”® with little evidence of interdiffusion between
the ZnO and Al,O5. No evidence of Mn segregation or sec-
ondary phases was found in Mng 4sZng 95O films grown by
PLD.

B. Mn charge state and local structure

The insensitivity of laboratory-based XRD and the small
volume sampled by TEM make these probes inadequate for
comprehensive secondary phase detection. In contrast, spec-
troscopic techniques such as x-ray absorption in fluorescence
detection mode are more effective because these methods are
element specific and probe the entire film depth. Mn and
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Zn K-edge XANES and EXAFS were used to investigate the
dopant speciation, probe for secondary phases, and provide
information on the detailed structural environment of the Mn
dopants. Mn K-edge XANES spectra are shown in Fig. 2 for
a PLD grown Mny y5Zn 50/ Al1,05(0001) film along with
the Mn?*:ZnO nanoparticle target material. The similarity of
the Mn K-edge XANES energy positions and line shapes for
the Mn?*:ZnO film and Mn”*:ZnO nanoparticles indicates
that neither the oxidation state nor the local environment of
the Mn ions changes appreciably during the laser ablation
process. Moreover, the location and shape of the Mn pre-
edge feature at ~6539 eV are identical for the nanoparticle
target material and the PLD-grown film, further corroborat-
ing that the formal oxidation state of the Mn ions does not
change as a result of the ablation process.

Figure 2 also contains Mn K-edge XANES from reference
standards of Mn metal, Mn?>* (rthodochrosite), Mn>* (Mn fer-
rite), and Mn** (todorokite). Based on overall shape and the
Mn absorption edge inflection point, the presence of minority
species containing Mn(0) and Mn(IV) in the films and nano-
particles can be eliminated. However, lacking a tetrahedrally
coordinated Mn oxide standard with one pure valence state,
it was not possible to discriminate between Mn(Il) and
Mn(IMI) in the films based on edge position, as discussed by
Farges.’” This was particularly true for Mn(II) compounds, in
which the edge position varied by as much as 6 eV. However,
previous work by Titov et al’® using Mn XANES in
(Ga,Mn)N showed that the pre-edge peak is sensitive to the
Mn charge state in tetrahedrally coordinated Mn compounds.
A single pre-edge absorption peak indicates d°>(Mn”*), as
seen in the Mn XANES of (Zn,Mn)Te, whereas a double
peaked pre-edge structure indicates d*(Mn3*).’® The single
Mn pre-edge absorption peak observed here allows us to un-
equivocally assign the formal oxidation state in both the
Mn?*:ZnO nanoparticles and Mn?*:ZnO PLD films as +2.
This distinct pre-edge feature also indicates that Mn(II) ions
are tetrahedrally coordinated within the material because the
pre-edge features in octahedrally coordinated Mn(II) com-
pounds are weak or nonexistent due to parity selection rules.

Figure 3 shows the Fourier transforms of the Mn K-shell
EXAFS for a representative PLD grown Mn:ZnO film (red
dotted line), the Mn:ZnO nanoparticles (blue dashed-dot),
and the Zn K-shell EXAFS of ZnO powder (solid black line).
Comparison of the spectra confirms that Mn has substituted
for Zn within the ZnO lattice in both the colloidal Mn?*: ZnO
nanoparticles and the Mn?*:Zn0O/Al,04(0001) epitaxial
film. The Mn-O bonds are about 0.05 A longer than the
Zn-0 bonds in ZnO. This is consistent with the ionic radii of
fourfold coordinated Mn?* (0.66 A) and Zn?* (0.60 A),
which gives further confirmation of Mn?* substitution. The
small differences that arise between the film(s) and the nano-
particles most likely result from the single crystalline orien-
tation of the epitaxial films. The EXAFS measurements pro-
vide further evidence that there is no secondary phase
formation in either the Mn?**:ZnO thin films or the
Mn?*:ZnO nanoparticles. These data support previous find-
ings that Mn substitutes for Zn in Mn?*:ZnO nanoparticles
obtained from a combination of electron-paramagnetic reso-
nance, optical magnetic circular dichroism (MCD), elec-
tronic absorption, and magnetic-susceptibility data.?0:434454
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FIG. 1. TEM of Mny sZng 5O/ Al,05(0001) deposited from colloidal Mn>*:ZnO nanoparticle target. (a) Low magnification micrograph
showing a smooth film comprised of (b) columnar grains labeled nanol, nano2, and nano3. (c) High-resolution micrograph of

MHO.OSZUOQS 0/ A1203 interface.

C. Magnetic measurements

The resistivity of Mn (sZng¢sO films grown by PLD in
10 mTorr of O, is typically >10* () cm. As mentioned pre-
viously, Mn?*:ZnO is predicted to be ferromagnetic when
doped p type. As a general rule, n-type doping of ZnO is
relatively easy whereas p-type doping has proven to be much
more difficult. In order to investigate the ferromagnetic be-
havior of Mn?*:ZnO films in both regimes, Mn?*:ZnO films
were codoped with Al for n-type conduction and grown in 10
mTorr of N, or N,O within the PLD system to attempt
p-type doping. Neither of these doping schemes has a mea-
surable effect on the Mn K-shell XANES and EXAFS, re-
vealing that Mn dopants remain in the +2 formal charge state
and at Zn sites, with no evidence of secondary phase forma-
tion. Doping with Al reduces the resistivity of the films by

several orders of magnitude. Preliminary results provide no
evidence of N incorporation or p-type conductivity for films
deposited in N, or N,O. Moreover, films at all dopant levels
and resistivities remain paramagnetic at room temperature as
measured by VSM.

Low signals from dilute dopants, riding atop a
paramagnetic/diamagnetic background from the host and
substrate, present an inherent difficulty in attributing any ob-
served ferromagnetism to either intrinsic or extrinsic origins
from whole-sample magnetization measurements. The el-
emental and chemical specificities of x-ray absorption and
XMCD, however, provide a sound test of the origin of the
individual spin polarization and whether it is consistent with
the bulk magnetization.

Figure 4(a) shows the in-plane Mn L; absorption (TFY)
and dichroism in a magnetic field for films with different Mn
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FIG. 2. (Color online) Mn K-shell XANES showing similarity
between representative PLD grown Mn:ZnO film (thick red)
and Mn:ZnO nanoparticles (thick blue) along with Mn standards.
Near-edge spectra from bottom to top are todorokite
[(Mn,Mg,Ca,Ba,K,Na),Mn;0,,-3H,0], Mn ferrite (MnFe,0,),
Mn:ZnO nanoparticles, Mn:ZnO film, rhodochrosite (MnCO3), and
Mn metal. Curves have been offset for clarity.

concentrations measured at 4 K. The x-ray absorption spectra
have been normalized on a per-Mn basis such that the edge
jump is unity. The three L5 features at 635, 636.5, and 638.6
eV are present in all samples and are consistent with Mn(II)
in a tetrahedral environment.®® A small shoulder or peak
on the lower energy side of the L; peak maximum
(~634.5 €V) can also be seen in the more heavily doped
samples, which is also consistent with tetrahedral Mn(II).
The small signal-to-noise ratio in the measurements for the
lower Mn?* concentrations prevents clear identification of
this feature at 634.5 eV. It should be noted that these mea-
surements were taken in the more bulk-sensitive but less ef-
ficient TFY mode in order to probe the Mn throughout the
film, rather than the more surface-sensitive total electron
yield (TEY) mode. TEY data were also collected, but charg-
ing of the samples due to their high resistivity precluded
getting good data. At in-plane magnetic field values of 5 T
and a temperature of 5 K, the dichroism for the three main
features is clearly seen at all three concentrations.

Figure 4(b) shows Mn L; x-ray absorption and XMCD
spectra for the 5% Mn>*-doped ZnO film collected at 5 K as
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FIG. 3. (Color online) Fourier transform of the Mn K-shell
EXAFS of a PLD grown MngysZngesO film (red dotted),
Mny ¢5Zng 95O nanoparticles (blue dashed-dot), and the Zn K-shell
EXAFS of ZnO powder showing substantial Mn substitution within
the ZnO lattice.

a function of magnetic field. As the strength of the magnetic
field increases from O to 5 T the dichroism magnitude also
increases. The absence of circular dichroism at zero field
indicates that the sample is either paramagnetic, superpara-
magnetic, or a soft ferromagnet with little remanence at 5 K.
The field dependence of the XMCD is similar for all three
concentrations, establishing that the Mn?* ions within the
Mn,Zn,_,O films are paramagnetic. The lack of a blocking
temperature or critical point in the Curie-like temperature
dependence of the Mn XMCD intensity (Fig. 5) rules out
superparamagnetism or spin-glass behavior in all films ex-
amined. Both the O K and Zn L edges were investigated to
check for spin polarization on the O and Zn atoms in the 5%
Mn:ZnO film. No XMCD signal was seen for either element
at fields up to 5 T.

The Mn** XMCD intensities are expressed using a rela-
tive scale as follows. First, the Mn Ly XMCD peak area after
linear background subtraction was divided by the total area
under the Ly XAS peak to eliminate the Mn?** concentration
dependence. Second, the dichroism per Mn?** was normal-
ized by defining a maximum magnetic moment per dopant of
unity at 5 K and at a field of 5 T in the dilute limit. By dilute
limit we mean Mn concentrations sufficiently low such that
100% of the dopants are mutually isolated (i.e., have no
other dopants in the adjacent cation coordination sphere).
The experimental data for the most dilute sample examined
here (Mng (,Zng.9930) were then fit to a Brillouin function
with J=5/2 and were scaled such that the dichroism from
the Brillouin function is ~0.98 at 5K in a field of 5 T. The
rationale for the value 0.98 is given in Sec. III. Data for
Mn 0r5Z1n( 9750 and Mng g5Zny9sO were analyzed in the
same way and fits to Brillouin functions (J=5/2, g=1.998,
T=5 K) were carried out. The results are shown in Fig. 6,
with the Brillouin functions shown as solid curves.

The statistical probability of forming dopant pairs and
clusters that align antiferromagnetically implies that the ap-
parent magnetic moment per Mn?* will decrease as the Mn?*
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FIG. 4. (Color online) (a) Low-temperature in-field x-ray ab-
sorption (solid) and dichroism (dashed) at the Mn L; edge for
Mny 05Zng 95O (blue), Mnyg 025Zng 9750 (red), and Mng ggoZng 9950
(green) at 5 Tesla. (b) Low-temperature x-ray absorption (solid) and
dichroism (dashed) for 5% Mn-doped ZnO film. The in-plane mag-
netic field values range from O T (bottom) to 5 T (top) in steps of
1 T. The dichroism spectra have been scaled by a factor of 10 with
respect to the x-ray absorption spectra.

concentration increases. Significantly, the normalized mo-
ment from the Brillouin fits to the data decreases from 0.98
for Mnoloozzl’lo_gggo to 0.53 for Mn0_0252n0.9750 and to ~0.26
for Mn ¢sZng 95O. As discussed in detail below, this rate of
falloff in the normalized Mn moment with increasing con-
centration is substantially higher than expected based on
probability predictions®"-%?> of dopant cluster formation in
which a stochastic dopant distribution is assumed.

IV. DISCUSSION

Pairs of dopants separated by an intervening oxygen atom
usually couple antiferromagnetically due to super-
exchange in both the wiirtzite and zinc-blende
structures.>% For nearest-neighbor cations in Mn?*:ZnO,
the values for the two largest exchange constants have been
experimentally determined to favor antiparallel alignment
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FIG. 5. (Color online) Temperature dependence of the

maximum of the Mn L3 dichroism on a per-Mn basis for the
0.2% Mn:ZnO (triangles), 2.5% Mn:ZnO (squares), and 5%
Mn:ZnO (circles) thin films. Lines are drawn to guide the eyes.

(antiferromagnetic).9>% Interestingly, however, the simula-
tions performed by Gratens et al.%® to determine the ex-
change constants assumed a random Mn?* distribution. The
normalized magnetic moment per dopant depends on the
population distribution for the various dopant cluster sizes
and bonding configurations.®>%” In order to treat the problem
quantitatively, we describe dopant clusters in terms of an
“n-mer,” which is defined as n dopant cations directly con-
nected through intervening oxygen atoms in a wiirtzite clus-
ter. In this approach, we define the normalized total magnetic
moment of an isolated dopant atom to be unity. Due to su-
perexchange, pairs of dopant atoms couple antiferromagneti-
cally, resulting in a normalized moment of zero for all
n-mers with even n. Trimers and all higher-order odd n-mers
are approximated to yield a normalized magnetic moment
per dopant of 1/n. In these dilute systems where superex-
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FIG. 6. (Color online) Brillouin fits (solid) and expected nor-
malized Mn magnetization (dashed) assuming stochastic distribu-
tion of Mn ions for MnggpZngggO (green triangles),
Mn 5p57Z1 9750 (red squares), and Mny (sZn ;0 (blue circles).
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change is the dominant short-range interaction, the magnetic
moment is dominated by isolated dopants and trimers. For
simplicity, we neglect the contributions of closed trimers and
other “frustrated spin” bonding configurations for which this
even/odd n-mer generalization does not hold. For the Mn
concentrations experimentally explored, these configurations
occur relatively infrequently. Thus, the anticipated error re-
sulting from their neglect is small.

We have shown elsewhere that the dopant distribution in
structures with a high surface-to-volume ratio can deviate
significantly from the predictions of probabilistic expressions
for infinite bulk lattices and higher dopant concentrations.%”
Our Monte Carlo (MC) simulations for cation doping of ZnO
at x=0.002 agree with the predictions of Behringer®! which
are based on infinite bulk lattices and show that at x=0.002
approximately 98% of the dopants are isolated and the re-
mainder are dimers. Hence, the normalized magnetic mo-
ment per Mn?* should be ~0.98 at x=0.002. However, the
same MC simulations for model grain shapes like those seen
in TEM micrographs (Fig. 1) predict a moment per Mn>* that
is greater than the bulk-lattice prediction for x=0.025 and
0.05 due to the finite surface-to-volume ratio of the columnar
grains.

Using dopant distributions from our MC simulations, the
field dependence of the expected average magnetic moment
per dopant is plotted for the higher Mn>* concentrations as
dashed lines in Fig. 6. The expected moments derived from
the MC simulations differ significantly from the measured
values. The normalized moments per Mn?** from MC are
""074 fOr Mn0‘0252n0.9750 and ""055 fOr Mn0.052n0.950 at 5
K and a field of 5 T compared to 0.53 and 0.26 from experi-
ment, respectively. These differences in moment per Mn>*
between experiment and MC predictions at x=0.025 and
0.05 reveal that the Mn?* dopants are not stochastically dis-
tributed throughout the lattice, but rather tend to cluster to-
gether. This clustering does not imply secondary phase for-
mation nor does it represent material decomposition. Rather,
the Mn?* concentration varies from one volume element to
another although all Mn>* dopants are located at wiirtzite
cation sites. This process, which might be described as cor-
related substitution,% is presumably driven by a lowering of
the total free energy driven by smaller Mn-Mn separations in
the lattice. This correlated substitution of Mn?** in
Mn,Zn,_,O epitaxial films does not result in ferromagnetic
interaction in semi-insulating or n-type material. Based on
comparison of the normalized XMCD field dependence with
the MC simulations, the effective Mn** concentrations (x;,.)
are 0.002, 0.044, and 0.22 for the x=0.002, 0.025, and 0.05
samples, respectively.

Clustering of dopants into regions of high local dopant
concentration does not preclude the material from being a
useful DMS. Various groups have argued that ferromagnetic
semiconductors with Curie temperatures well-above room
temperature may in fact result from structures characterized
by correlated substitution or spinodal decomposition.%!3.68-71
However, White et al.”* found that neither correlated substi-
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tution nor spinodal decomposition in wiirtzite Co,Zn;_O
nanoparticles results in ferromagnetism in that DMS. This
finding implies that structural imperfections such as grain
boundaries or other defects may be crucial, a conclusion
drawn previously from various oxide DMS microstructure/
magnetism correlations.”>’37® These structural imperfec-
tions may lead to increased dopant mobility within the lat-
tice, to carrier introduction, to polaron stabilization through
carrier binding, or to the introduction of some other ferro-
magnetic coupling mechanisms. The results clearly show that
structurally excellent Mn?**-doped ZnO thin films are para-
magnetic, at least in the absence of a high concentration of
holes from a secondary dopant such as N. The absence of
intrinsic ferromagnetism is in agreement with previous re-
sults for structurally excellent Co’*-doped TiO, anatase,”
Cr’*-doped TiO, anatase,”® and Co”**-doped ZnO® thin
films.

V. CONCLUSION

Epitaxial films of Mn?*-doped ZnO were grown on
c-sapphire substrates by off-axis PLD using targets made
from Mn?*:ZnO nanoparticles. The resultant epitaxial films
were of high structural quality, possessed volume-averaged
Mn/Zn ratios that were close to those of the PLD target ma-
terials, and had no detectable Mn-containing secondary
phases or precipitates. The Mn(IT) dopants were found to
substitute for Zn in the wiirtzite ZnO lattice. All films were
paramagnetic with the measured magnetic moment associ-
ated exclusively with Mn?*; no paramagnetism was detected
by either Zn or O L-edge XMCD. The substitutional Mn?**
ions showed a propensity to cluster, yielding higher effective
concentrations than anticipated from the volume-averaged
Mn/Zn ratios. The correlated substitution revealed by x-ray
absorption spectroscopy is not detected in the TEM micro-
graphs. It remains to be determined if such correlated substi-
tution is advantageous in stabilizing a ferromagnetic ground
state for p-type Mn?>*:ZnO films.
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