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A concentration of Manganese as high as 8% was successfully diluted into Zinc Oxide epitaxial

films deposited by pulsed laser deposition. The films showed strong ferromagnetism with a large

coercivity. Low temperature X-ray absorption spectroscopy measurements indicated that all

the Manganese ions substitute for Zinc sites of the wurtzite lattice in the valency of þ2.

Photoluminescence measurements excluded the presence of Zinc vacancies, as well as Zn

interstitials. All the magnetic moments measured were to ascribe to the formation of bound

magnetic polarons, with no other contribution due to Manganese-secondary phases or Zinc

vacancy-mediated double exchange interaction. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4871759]

INTRODUCTION

The growing number of demands for multifunctional

devices in the field of information technology supports the

development of wide band-gap semiconductors with com-

bined, and possibly correlated, optical and magnetic proper-

ties. Direct, wide band-gap semiconductors, which are of

fundamental importance for optoelectronics, can be engi-

neered to provide multifunctional magneto-optical materials

by doping with magnetic elements.1 In this perspective,

diluted magnetic semiconductors (DMS) could pave the way

for a new generation of spin-optoelectronic devices.

Despite the controversies about the origin of the ferro-

magnetic moment in Manganese-substituted Zinc oxide

(Mn:ZnO), this DMS remains a major candidate, particularly

after the recent discovery that optical properties in this com-

pound can be tuned by changing the magnetic moment.2 As

compared to other transition-metal diluted semiconductors,

Mn:ZnO has several advantages. Since substitutional Mn

ions are isovalent to Zn, the concentration of charge carriers

is independent on the concentration of spins.3 As predicted

by the bound magnetic polaron (BMP) model, which allows

for ferromagnetism in n-type ZnO, the magnetic moment of

Mn:ZnO can be increased by either increasing the concentra-

tion of Mn or the amount of carriers, through introduction of

oxygen vacancies.3,4 This allows ferromagnetism at room

temperature in ZnO diluted with small concentration of Mn.

A major limitation of this material is its negligible coercivity

and remanence at room temperature. This behavior is prob-

ably intrinsic in the BMP mechanism, in which isolated

BMPs need to be aligned by applying a magnetic field.

Remanence and coercivity require a significant overlapping

of BMPs that can only be achieved by raising up the concen-

tration of magnetic ions, without introducing lattice defects.

In the present work, we have successfully fabricated

films of n-type Mn substituted ZnO with concentration of

Mn as high as 8% by pulsed laser deposition on h001i sap-

phire substrates. Detailed description of the structural, chem-

ical, and magnetic properties of these films were achieved by

employing several techniques, i.e., X-ray Diffraction (XRD),

Photoluminescence (PL), X-ray Photoelectron Spectroscopy

(XPS), and X-ray Absorption Spectroscopy (XAS). As a

result, we can exclude the presence of Zn vacancies and in-

terstitial Zn in the films, as well as, any significant presence

of Mn ions with valence different from þ2. The films

showed an hysteretic magnetization loop at room tempera-

ture, thereby demonstrating the feasibility of increasing the

ferromagnetic coupling through a significant concentration

of Mn ions and/or oxygen vacancies, without introducing Zn

vacancies and other lattice defects.

EXPERIMENTAL DETAILS

A single phase dense Zn1�xMnxO (x¼ 0.08) target was

prepared via a conventional solid state reaction.3,5 Briefly,

the precursor highly pure ZnO powder (99.999% from

Aldrich) and MnO2 (99.99% from Aldrich) were mixed

according to the desired atomic ratio. The powders were

grinded by ball milling for 10 hours and then annealed at
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600 �C for 12 h. Zn0.92Mn0.08O films with a thickness of

�100 nm were deposited by pulse laser deposition (PLD) on

h001i sapphire substrates. The base pressure in the chamber

was better than 10�5 millibar. During the PLD deposition, a

pulsed KrF excimer laser (k¼ 247 nm) with an energy of

300 mJ operated at a repetition rate of 10 Hz. The substrate

was kept at 400 �C. This assures high crystal order and large

magnetic moment while preventing the formation of second-

ary Mn phases.3 The stoichiometry of both target and films

was checked by energy-dispersive X-ray spectroscopy

(EDS), which also excluded contamination by unintentional

dopants. The crystal structure of the films was investigated

by XRD using a Philps X’Pert with Cu Ka radiation source

(kCu¼ 0.15406 nm). Photoluminescence (PL) was used to

exclude the presence of Zn interstitial or Zn vacancies. The

fourth harmonic of a Nb:yttrium-aluminum-garnet laser

(k¼ 266 nm) and 6 ns pulse width was used as the excitation

source. Light emission was detected using a 0.5 m spectrom-

eter equipped with a 150 ln/mm grating and an intensified

CCD camera (PI-MAX2). The surface of the films was char-

acterized by using a Scanning Tunneling Microscope (STM)

operated at room temperature under ultra-high vacuum con-

ditions with a PtIr tip. Scanning Tunneling Spectroscopy

(STS) was carried out to verify uniformity of local electrical

properties. Electrical characterization was carried out by

measuring the four point sheet resistance in magnetic field

with a Hall measurement system. XPS measurements were

carried out with a 1486.6 eV Al Ka source. Calibration of the

energy scale of the spectrometer was obtained by using the

adventitious C 1s peak at 284.5 eV. X-ray Absorption spectra

of the Mn L2,3-edges were measured in Total Electron

Yield (TEY) mode at the Advanced Photoelectric-effect

Experiments (APE) beamline of the Elettra Synchrotron

source, in a temperature range of 20–300 K and a base

vacuum better than 2 � 10�10 millibar.6 The incidence angle

of the x-ray beam was set at 45� from the surface, with

energy resolution of about 0.1 eV. All spectra were normal-

ized by the intensity of the incident beam, which is given by

the TEY of a gold mesh. The magnetic properties of the

grown films were studied by using a Physical Property

Measurement System (PPMS Quantum Design). The hyster-

esis loops shown in the following are corrected by subtract-

ing the measured linear contribution of the substrate.

RESULTS AND DISCUSSION

Fig. 1 shows the XRD pattern of our films. No detecta-

ble traces of secondary MnxOy phase are observed, indicat-

ing that all Mn ions are diluted into the host ZnO lattice. The

pattern can be indexed by the wurtzite structure of ZnO

(JCPDS Card No. 36-1451). Only the diffraction peaks (002)

and (004) from the ZnO wurtzite structure can be observed,

indicating high texturization of the films along the c-axis.

By using the sapphire (006) peak as a reference, we could

precisely locate the strongest peak (002) of ZnO film at

2h¼ 34.26�, whereas the same peak for the pure ZnO bulk is

expected to be at 2h¼ 34.42�. A shift of Dh¼ 0.16� corre-

sponds to an increase 0.0012 nm of the lattice constant along

the c-axis, owing to the larger ionic radius of Mn2þ

(0.066 nm) as compared to that of Zn2þ (0.060 nm). The size of

the crystal grains was estimated to be�45 nm, as calculated by

using Debye–Scherrer formula Dhkl¼ 0.9 kCu/b cos h, with

b¼ 0.826 full-width half-maximum of the (002) peak.

The STM topographic scan (Fig. 1, inset) confirmed a

polycrystalline morphology, with a grain size that matches

well with that calculated by Debye–Scherrer formula. The

root-mean-square roughness estimated on a 2� 2 lm2 scan

was 0.65 nm, with a maximum peak-to-peak roughness of

4 nm. Tunnel conductivity maps (not shown here) did not

show recognizable spatial patterns, suggesting that local

spectroscopic properties are highly uniform and not affected

by topographic features. The current-voltage curves showed

a metallic-like behavior, suggesting a high concentration of

charge carriers induced by oxygen vacancies.

According to the BMP model, magnetism in Mn-

substituted ZnO is carrier mediated, whereas Dietl’s model

predicts room temperature magnetism only in p-type ZnO. It

is therefore important to determine the type of conduction

and the carrier concentration in the films. Fig. 2(a) shows the

resistivity and carrier density measured in the temperature

range of 10–260 K by using the Hall effect in van der Pauw

geometry. The films present n-type character with a carrier

density of 4.25� 1017 cm�3 at 260 K. It is important to

notice that if Mn is isovalent to Zn in the wurtzite ZnO, no

effect of Mn substitution in the conductivity of such films is

expected to occur. On the opposite, oxygen vacancies are

double donors and, in films grown under the conditions used

in this work, they would become the dominant carriers.3

A large concentration of native oxygen-vacancy (VO)

donors can mask the presence of deep acceptors due to Zn

interstitial (Znin) or Zn vacancies (VZn). It is particularly

important to exclude the presence of VZn’s because they can

mediate double-exchange interaction between Mn2þ ions.7

For this reason, room temperature PL measurements were

carried out in a wide range of wavelength (Fig. 2(b)). It is

generally known that luminescence peaks at green-yellow

band are easily produced in ZnO film due to deep level tran-

sitions between shallow donors (oxygen vacancies) and deep

acceptors (Zn vacancies),8,9 as well as the recombination of

shallow donors with residual acceptors (interstitial Zn or

impurities).10 We only detect the near band emission peak of

FIG. 1. XRD of an 8% Mn substituted ZnO film grown on sapphire sub-

strate. Inset shows a STM topographic image of the film surface.
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ZnO, denoting the absence of Zn vacancies and interstitial

Zn in the films.

In order to obtain a deeper understanding of the compo-

sition and chemical states of the films, XPS and XAS were

carried out. Fig. 3(a) shows a typical XPS survey scan of the

films. We could detect only the presence of the expected ele-

ments, Zn, O and Mn. The positions of the peaks match well

with the literature values.11 The energy distributions of the

emitted core-level electrons observed by XPS of Zn in the

prepared samples are shown in Fig. 3(b). The double spectral

lines of Zn 2p3/2 and Zn 2p1/2 are located at 1021.44 eV and

1044.60 eV, respectively, corresponding to the binding

energy of Zn2þ in ZnO.12 The O 1s peak, shown in Fig. 3(c),

presents many spectral contributions that were successfully

disentangled by fitting analysis, resulting in three nearly

Gaussian components centered at 530.2 eV (Oa), 531.4 eV

(Ob), and 532.6 eV (Oc) and having a standard deviation of

0.42, 0.44, and 0.57, respectively. The strongest Oa peak of

the O 1s spectrum is attributed to the Zn-O bonds in ZnO lat-

tice, while the Ob peak at medium binding energy is usually

attributed to oxygen vacancies, and the weakest Oc peak

concerns surface chemisorbed or dissociated oxygen or OH

species, such as adsorbed O2.13,14 The ratio of the Oa/Ob

integrated intensities is 2.5, therefore a large number of

oxygen vacancies have been introduced into the film during

growth under the chosen conditions.

Considering that the binding energy of Mn 2p3/2 in

Mn metal (Mn0), Mn2þ in MnO, Mn3þ in Mn2O3, Mn3þ in

Mn3O4, and Mn4þ in MnO2 are located at 638.8 eV,

641.0 eV, 641.4 eV, 641.2 eV, and 642.4 eV, respectively,

the peak positions of the Mn 2p spectrum shown in

Fig. 3(d) allows us to reliably exclude the presence of Mn

in valence 0 and þ4 in our sample.15 The relative low

quality of the Mn spectrum, which is mostly influenced by

the small photoionization cross section of the Mn 2p core

levels, as well as, by the relatively low amount of the ions

in the material, hinders us from reliably exclude the

presence of Mn in valence þ3. More reliable information

FIG. 2. (a) Temperature dependence of resistivity and carrier density of a

typical sample; (b) Room temperature PL spectrum of a typical film.

FIG. 3. (a) A typical wide-scan spec-

trum of a film; (b) XPS spectra of the

Zn 2p peaks; (c) XPS spectra of the O

1s peaks; (d) XPS spectra of the Mn 2p

peaks.
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about the electronic structure and valence state of the Mn

ions has been obtanied by soft XAS.

The XAS spectra of the Mn L2,3-edges measured at 20 K

and 300 K are shown in Fig. 4. The structured lineshape of

the spectra is directly correlated to the chemical state, and

the local coordination symmetry of the Mn ions dispersed in

the ZnO lattice. The spectra are basically identical, hence the

chemical state of the Mn in the ZnO is stable across this tem-

perature range. The experimental spectra are compared to

atomic multiplet calculations performed in intermediate cou-

pling for different Mn ground-state valence configurations,

namely with with 3d5 (2þ), 3d4 (3þ), and 3d3 (4þ) orbital

occupancy, using the codes developed by R. D. Cowan et al.
and modified by Thole.16 The theoretical Mn L2,3 XAS spec-

tra were obtained from the electric-dipole-allowed transi-

tions between the ground-state 3dn and the final-state

2p53dnþ1 configurations including crystal field effects for

local tetrahedral symmetry with 10Dq(Td)¼ 0.45 eV. The

Slater and spin-orbit parameters were chosen as in Ref. 17.

The calculated spectra include a Lorentzian FWHM of 0.2

(0.4) eV for the L3 (L2) edge to account for intrinsic line-

width broadening, and a Gaussian FWHM of 0.1 eV for

instrumental broadening. To easily compare the lineshapes,

both experimental and theoretical spectra are aligned in

energy with respect to the peak with maximum intensity. It

looks evident that the shoulder at about 640 eV in the vicin-

ity of the L3 edge and the double peak structure of the L2

edge around 650 eV are clear signatures of Mn2þ valence

state, confirming that substitution at the Zn sites is the lead-

ing mechanism for the distribution of the Mn ions within the

ZnO host, in close agreement with previous XAS studies for

lower Mn concentrations.18

Fig. 5 shows the magnetization loops taken at various

temperatures with magnetic field applied in the film plane.

The magnetization shows a clear hysteresis even at 300 K

with a coercive field of about 130 Oe. The coercive field

increases to 254 Oe at 20 K. The saturation magnetic moment

per Mn atom at 300 K is 0.23 lB/Mn2þ and increase up to

0.35 lB/Mn2þ at 10 K. The values of the magnetic moments

that we report here are of particular importance and can be

considered as a reliable reference for future studies. Values

reported in literature tend to vary significantly, even between

samples prepared with the same method. This is because

Mn-related secondary phases and VZn-mediated exchange

interaction between Mn2þ ions can give a significant contri-

bution at low temperatures. This contribution is not trivial to

estimate because the same Mn-secondary phase can show

either antiferromagnetic or ferromagnetic behavior depend-

ing on the temperature (for a review, see Ref. 19) and on the

concentration of VO’s. Moreover, while the presence of VZn

can reliably be excluded by using PL measurements, it is not

trivial to estimate the concentration of VZn’s, in case they are

present. We have carried out extensive characterization of

our films to reliably exclude any secondary contribution to

the magnetic moment at low temperature. The entire moment

we measure must be due to overlapping of BMPs.4 Such

overlapping requires the existence of an impurity band and

delocalization of the carriers in the impurity band on the

magnetic ions. A significant concentration of double donor

VO’s provides an impurity band that overlaps (hybridization)

with unoccupied d-levels of the magnetic dopant, hence

favoring a ferromagnetic alignment.

CONCLUSION

We successfully grew high quality 8%-Mn-substituted

ZnO films by PLD on single phase (001) sapphire substrates.

The films present an hysteretic magnetization loop at room

temperature which can be ascribed to formation of BMPs,

due to the presence of a significant concentration of oxygen

vacancies in the film. Ferromagnetism in this compound is

genuine, and the material could find use in magneto-optics.

FIG. 4. (a) Mn L2,3 XAS measurements at 20 K and 300 K, and (b) multiplet

calculations for different valence ground-states in Td symmetry

(10Dq¼ 0.45 eV). Spectra are aligned to the position of the maximum peak

intensity.

FIG. 5. M vs H loops measured at different T. Inset shows the expanded

low-field region of the same loop.
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XRD and EDS results exclude the presence of unintentional

magnetic dopants, while photoluminescence measurements

exclude the presence of Zn vacancies, and hence of Mn-O-

Mn double-exchange interaction. Most of the Mn ions were

found with dominant 2þ valence state character, thus

excluding precipitation of Mn-secondary phases. The chal-

lenge is to increase the ferromagnetic coupling by increasing

the concentration of Mn ions, as well as the concentration of

oxygen vacancies, without introducing Zn vacancies and

other lattice defects.
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