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Abstract

Bulk single crystals of Sn-doped ZnO were implanted with Co or Mn at doses designed to produce transition metal

concentrations of 3–5 at.% in the near-surface (�2000 �AA) region. The implantation was performed at �350 �C to

promote dynamic annealing of ion-induced damage. Following annealing at 700 �C, temperature-dependent magne-

tization measurements showed ordering temperatures of �300 K for Co- and �250 K for Mn-implanted ZnO. Clear

hysteresis loops were obtained at these temperatures. The coercive fields were 6 100 Oe for all measurement temper-

atures. X-ray diffraction showed no detectable second phases in the Mn-implanted material. One plausible origin for the

ferromagnetism in this case is a carrier-induced mechanism. By sharp contrast, the Co-implanted material showed

evidence for the presence of Co precipitates with hexagonal symmetry, which is the cause of the room temperature

ferromagnetism. Our results are consistent with the stabilization of ferromagnetic states by electron doping in transition

metal-doped ZnO predicted by Sato and Katayama–Yoshida [Jpn. J. Appl. Phys. 40 (2001) L334]. This work shows the

excellent promise of Mn-doped ZnO for potential room temperature spintronic applications.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

ZnO is a direct band gap semiconductor with

Eg ¼ 3:35 eV and a large exciton bonding energy (60

meV) relative to its III-N counterparts (125 meV) [1,2].

The room temperature Hall mobility in ZnO single

crystals is on the order of 200 cm2 v�1 s�1 [3]. ZnO nor-

mally has a hexagonal (wurtzite) crystal structure with

a ¼ 3:25 �AA and c ¼ 5:12 �AA. Electron doping via defects

originates from Zn interstitials in the ZnO lattice [3]. The
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intrinsic defect levels that lead to n-type doping lie ap-

proximately 0.05 eV below the conduction band. High

electron carrier density can also be realized via group III

substitutional doping. While n-type ZnO is easily real-

ized via excess Zn or with Al, Ga or In doping, p-type

doping has proven difficult to achieve. Minegishi et al.

reported the growth of p-type ZnO by the simultaneous

addition of NH3 in hydrogen carrier gas with excess Zn

[4]. However, the resistivity of these films was high with

q � 100 X cm, suggesting that the mobile hole concen-

tration was very low. Work by Rouleau et al. [5] on N-

doped ZnO films shows that N incorporation does not

necessarily yield p-type behavior. In this case, nitrogen

doping in epitaxial ZnO films was achieved using a RF

nitrogen plasma source in conjunction with pulsed-laser
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deposition. However, they showed no p-type behavior as

determined by Hall measurements. Ab initio electronic

band structure calculations for ZnO based on the local

density approximation show that the Madelung energy

decreases with n-type doping, consistent with experi-

mental results for electron doping with Al, Ga or In [6].

With N doping for holes, the Madelung energy increases,

with significant localization of the N states. The theory

does predict that co-doping N with Ga to form an N–

Ga–N complex can decrease the Madelung energy and

delocalize the N states, thus facilitating hole doping.

Using pulsed-laser deposition, Joseph et al. has reported

p-type behavior in ZnO thin films prepared by co-doping

Ga and N [7]. Electrically active N was achieved by

passing N2O gas through an electron cyclotron reso-

nance plasma source. The authors reported low resis-

tivity (q ¼ 2X cm, carrier density� 4� 1019 cm�3) p-type

ZnO co-doped with Ga and N in which the Ga concen-

tration ranged from 0.1% to 5%. Unfortunately, these

results have proven highly sensitive to processing con-

ditions, and have been difficult to reproduce.

While there have been significant efforts focusing on

nitrogen doping, almost no reported work exists for ei-

ther As or P doping. However, p–n junction-like be-

havior was reported for n-type ZnO in which the surface

was heavily doped with phosphorus [8]. Laser annealing

of a zinc phosphide-coated ZnO single crystal surface

achieved the doping. A related result was reported for

epitaxial ZnO films on GaAs subjected to annealing [9].

In this case, a p-type layer was produced at the GaAs/

ZnO interface. Both of these reports are promising, but

present several unresolved issues related to the solid

solubility of the dopant (ionic radii of As, P much larger

than that for O) and possible secondary phase formation

in the doped region.

ZnO is also promising for potential spintronic ap-

plications. Dietl et al. [10] predicted a Curie temperature

of P 300 K for Mn-doped ZnO, while electron-doping

of Fe, Co or Ni-doped ZnO was predicted to stabilize

high Curie temperature ferromagnetism [11,12]. Carrier-

induced ferromagnetism was predicted for the case of

hole doping of ZnO(Mn) [13,14], while methods for

improving p-type doping have also been suggested [15].

Numerous reports of the magnetic properties of transi-

tion metal-doped ZnO have appeared recently [1,16–20].

Veda et al. [20] reported Curie temperatures above 300

K for Co-doped ZnO, Jung et al. [19] a TC of 45 K for

Mn-doped ZnO and Wakano et al. [17] a TC of �2 K for

Ni-doped ZnO.

In this paper, we report on the magnetic properties of

bulk, Sn-doped ZnO crystals implanted with Co or Mn.

In both cases we observe magnetization up to at least

250 K, although in the case of the Co-implanted mate-

rial the ferromagnetism appears to arise from the pres-

ence of Co precipitates. These results show the potential

of Mn-doped ZnO for spintronic applications.
2. Experimental

Bulk single-crystals of ZnO doped with Sn to pro-

duce an electron concentration of �1018 cm�3 were di-

rectly implanted with 250 keV Mnþ or Coþ ions at doses

of 3 or 5� 1016 cm�2 into the (1 1 0) growth face. The

samples were held at �350 �C during the implantation

step to avoid amorphization of the ZnO lattice. The

projected range of the implanted ions is �2000 �AA, pro-

ducing an average transition metal concentration of �3

or 5 at.%. The samples were subsequently annealed at

700�C for 5 min under flowing N2 gas to repair implant

damage. The magnetic properties were examined using a

Quantum Design SQUID magnetometer, while the for-

mation of second phases was examined by high resolu-

tion X-ray diffraction (XRD).
3. Results and discussion

3.1. Co-implantation

Fig. 1 shows magnetization loops at 5 K (top) and

300 K (bottom) from samples implanted with the 3 at.%

dose of Co. Hysteresis is observed at both temperatures

(figure inset), with coercivities <300 Oe. Fig. 2 shows the

temperature dependence of the magnetization from a 3

at.% Co-implanted sample. The magnetization does not

show the expected Brillouin-like dependence on tem-

perature, but is consistent with the disorder model of

Bhatt and co-workers [21–25]. Their model takes into

account the effects of positional disorder of the magnetic

impurities, in which the carriers are allowed to hop only

between the transition metal dopants. The interaction

between the carriers and the magnetic ions is an antif-

erromagnetic Heisenberg exchange type. The shape of

the M–T plot is a function of the wide distribution of

exchange couplings because some transition metal atoms

do not order until lower temperatures.

Fig. 3 shows magnetization loops at 5 K (top) and

300 K (bottom) from the 5 at.% Co-implanted samples.

Note that hysteresis is still observed under these condi-

tions, in contrast to the system SrTiO3 where we ob-

served a very strong decrease of magnetization at high

transition metal doping concentrations [26]. X-ray dif-

fraction of the samples showed the presence of weak,

broad peaks along the normal at d ¼ 1:258 A in the

theta–2 theta scans, as shown in Fig. 4. This peak is near

the value expected for hexagonal Co precipitates ori-

ented in the (1 1 0) direction or possibly cubic

Co(2 2 0).We believe it is the former, since in other ox-

ides the Co structure is controlled by the substrate

structure. It is clear that the Co precipitates would have

a strong influence on the magnetic properties since Co

has a Curie temperature of 1382 K. It is still possible
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Fig. 1. Normalized magnetization loops at 5 K (top) and 300 K

(bottom) for field applied parallel to the plane of a ZnO sample

implanted with 3 at.% Co.
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Fig. 2. Temperature dependence of magnetization at a field of

1000 G for a ZnO sample implanted with 3 at.% Co.
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that some of the magnetism comes from a DMS host in

addition to the Co precipitates. The final origin of the

ferromagnetism in most transition-metal systems is not

totally clear at this point and there are numerous models

in the literature, none of which reproduce all of the ex-

perimental data, including the carrier-induced Zener

ferromagnetism [10] and bound magnetic polarons [24].

3.2. Mn-implantation

Fig. 5 shows magnetization loops (top) and the

temperature dependence of the difference in field-cooled

and zero field-cooled magnetization from ZnO samples

implanted with 3 at.% Mn. The magnetization resists to

�250 K, which is much higher than reported for Mn-

doped epitaxial films, i.e. 45 K [19]. Note that once again

the state of the M–T plot is consistent with the disorder

model [20–25]. We expect that the crystal quality of our
bulk ZnO is higher than the previously reported ZnMnO

epi films and we are using lower Mn concentrations.

The Dietl et al. [10] near-field model considers the

ferromagnetism to be mediated by delocalized or weakly

localized holes in the p-type materials [10]. The magnetic

Mn ion provides a localized spin and acts as an accep-

tor in most III–V semiconductors so that it can also

provide holes. This treatment assumes that the Mn-

doped III–V materials are charge transfer insulators and

does not apply when d-shell electrons participate in

charge transport. The spin–spin coupling is assumed to

be a long-range interaction, allowing use of a mean-field

approximation. The Curie temperature for a given ma-

terial, Mn concentration and hole density is then de-

termined by a competition between the ferromagnetic

and antiferromagnetic interactions. The model takes

into account the anisotropy of the carrier-mediated ex-

change interaction related with the spin–orbit coupling

in the host material. The TC proportional to the density

of Mn ions and the hole density.In the absence of car-

riers, the magnetization MOðHÞ is dependent on the

Brillouin function BS according to [10]

MOðHÞ ¼ glBSNOXeffBS

glSH
KBðT þ TAFÞ

� �
where g is the degeneracy factor, lB is the Bohr mag-

neton, S is the localized spin state, NO is the concen-

tration of cation sites, NOXeff is the effective spin

concentration, kB is Boltzmann�s constant and the an-

tiferromagnetic temperature TAF describes the sum of the

exchange interactions to the Curie–Weiss temperature.

In the presence of carriers, the magnetization is repre-

sented as [10]
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Fig. 3. Normalized magnetization loops at 5 K (top) and 300 K

(bottom) for field applied parallel to the plane of a ZnO sample

implanted with 5 at.% Co.

Fig. 5. Magnetization loop at 10 K for field applied perpen-

dicular to the plane of a ZnO sample implanted with 3 at.% Mn

(top) and temperature dependence of the difference of field-

cooled and zero field-cooled magnetization at a field of 500 Oe

(bottom).
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Fig. 4. High resolution XRD spectra from Co-implanted

ZnO(5 at.% Co) after annealing at 700 C for 5 min. Peaks due

to Co precipitates are clearly visible.
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M¼lGlBSNOXeffBS½glBð�DFC½M �=DMþHÞ=kBðT þTAFÞ�

where FC½M � is the hole contribution to the free-energy

functional F , which is dependent on the magnetization

of the localized spin. From this relation, TC can be ex-

pressed [10]

TC ¼ XeffNOSðS þ 1Þb2AFPSðTCÞ=12kB � TAF

where b is the p–d exchange integral, AF is the Fermi

liquid parameter and PS is the total density of states. As

mentioned earlier, neither this model nor any of the

other existing models can be considered definitive at this

point.

Fig. 6 shows the magnetization loop (top) and tem-

perature dependence of difference between field-cooled

and zero field-cooled implantation for 5 at.% Mn sam-
ples. The overall magnitude of the magnetization in

decreased, although the ordering temperature remains

roughly similar to that for the lower Mn concentration.



Fig. 6. Magnetization loop at 10 K for field applied perpen-

dicular to the phase of a ZnO sample implanted with 5 at.% Mn

(top) and temperature dependence of the difference of field-

cooled and zero field-cooled magnetization at a field of 1000 Oe

(bottom).
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4. Summary and conclusions

Promising magnetic properties were obtained from

bulk n-type ZnO crystals directly implanted with Mn or

Co at concentrations of 3–4 at.%. Low coercivities (<100

Oe) and high ordering temperatures (250–300 K) were

achieved and no second phases were detected in the Mn-

implanted material by XRD, however the Co-implanted

material show clear evidence of oriented Co precipitates.

The origin of the ferromagnetism is still a source of

active research and may involve a carrier-induced mag-

netism, the percolation of magnetic polarons and con-

tributions form precipitates in the Co-implanted

material. The M–T curves are non-classical and are

consistent with recent disorder models for dilute mag-

netic semiconductors.
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