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Anisotropic Ferromagnetism in Substituted Zinc Oxide
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Room-temperature ferromagnetism is observed in (110) oriented ZnO films made from targets
containing 5 at. % of Sc, Ti, V, Fe, Co, or Ni, but not Cr, Mn, or Cu ions. There are large moments,
2:6�B and 0:5�B=dopant atom for Co- and Ti-containing oxides, respectively. There is also a moment
of 0:3�B=Sc. Magnetization is very anisotropic, with variations of up to a factor of 3 depending on the
orientation of the applied field relative to the substrate. Results are interpreted in terms of a spin-split
donor impurity-band model, which can account for ferromagnetism in insulating or conducting high-k
oxides with concentrations of magnetic ions that lie far below the percolation threshold. Magnetic
moments are associated with two-electron defects in the films as well as unpaired electrons of the 3d
ions.
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Ferromagnetism in dilute magnetic oxides is the most
interesting new problem in magnetism to emerge so far
this century. Following the original report by Ueda et al.
[1], there have been sporadic but inconsistent reports that
thin films of the wide-gap semiconductor ZnO exhibit
ferromagnetism with a Curie point above room tempera-
ture when a few atomic percent of cobalt [2–6] or another
transition element [7–11] is substituted for zinc. The
results are sensitive to the form of the sample and prepa-
ration method. Other studies found lower magnetic order-
ing temperatures [12–15] or no ferromagnetism at all
above 4 K for any 3d dopant [16]. In the absence of an
evident exchange mechanism which could account for a
high Curie temperature at doping levels far below the
percolation threshold, these reports were received with
skepticism and the belief that the ferromagnetism must
somehow be associated with clustering or incipient for-
mation of secondary phases. Nevertheless, there is good
spectroscopic evidence that divalent cobalt does indeed
substitute on the tetrahedral sites of the wurtzite struc-
ture [1,12,17–19], with a wide solid solubility range [15].
Searches by Rode et al. [4] and Ramachandran et al. [19]
revealed no evidence for phase segregation in Co-doped
ZnO films. But, until a clear connection between the
magnetic properties and electronic structure can be es-
tablished, doubts that doped zinc oxide is truly a mag-
netic semiconductor will persist.

We recently proposed a model for high-temperature
ferromagnetism in dilute magnetic semiconductors,
where the exchange is mediated by carriers in a spin-split
impurity band derived from extended donor orbitals [20].
The model associates bound magnetic polarons with the
electrons in extended Bohr orbits of radius �a0 surround-
ing the defects in a high-k dielectric. Here a0 is the Bohr
radius and � is defined as kme=m�, where k is the high-
frequency dielectric constant and m� is the electron ef-
fective mass; the value of � for ZnO is 14. The model
predicts ferromagnetism at the polaron percolation
threshold, when the carrier concentration per cation �
0031-9007=04=93(17)=177206(4)$22.50 
exceeds 4:3=�3. To avoid antiferromagnetic ordering,
the concentration of magnetic cations x must lie below
the cation nearest-neighbor percolation threshold xc,
which is � 0:17 for the wurtzite structure. The Curie
temperature for substituted ZnO in the molecular field
approximation is given by the expression

Tc � 0:04��xS�S� 1��1=2Jsd=kB; (1)

where x is the atomic concentration of substituent cations
with spin S and Jsd is the exchange coupling with the
impurity band. Higher Curie temperatures are expected
only when 3d states of the transition element hybridize
with the spin-split impurity-band states at the Fermi
level, providing transfer from the impurity band to the
3d ion of 0.01–0.02 electrons per cation.

In order to probe the origin of the high-temperature
ferromagnetism in �Zn1	xMx�O, we have examined the
systematic variation of the magnetism (i) as a function of
transition-metal M at fixed concentration x � 5%, (ii) as
a function of transition-metal concentration and film
thickness for M � Co, and (iii) as a function of oxygen
pressure during film growth for x � 5% and M � Co.

All samples were prepared by conventional pulsed-
laser deposition using a KrF excimer laser operating at
248 nm and a fluence of 1:8 J cm	2. Targets were prepared
by standard ceramic procedures from ZnO and MO or
M2O3 powders of 4N purity. The substrates were 5

5 mm2 R-cut �1102� sapphire maintained at 600 �C. The
oxygen pressure during deposition was varied from 1 to
10	4 mbar. Film thickness was in the range 60–120 nm. It
was measured with a precision of �10% using an in situ
optical reflectivity monitor during deposition and
checked by small-angle x-ray reflectivity measurements.
The films are transparent and strongly textured, showing
only the (110) reflection of the wurtzite structure. Film
composition was determined by energy dispersive x-ray
analysis for a series of nine cobalt films prepared from
targets with nominal composition x0 ranging from 0.01 to
0.15. The relation between x0 and x is almost linear, with x
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being about 30% greater than x0 [21]. For the light
transition-metal dopants x was as much as 3x0.

Substitution of cobalt cations in the tetrahedral sites of
the wurtzite structure was confirmed by optical spectros-
copy. A series of characteristic optical absorption bands in
the infrared and in the visible have been identified with
d-d transitions of the high-spin Co2� 3d7 4F ion in
tetrahedral oxygen coordination [22,23]. The absorption
in the visible was thought to derive from the 4A2 !
4T1�

4P� and 4A2 !
2E�2G� transitions, and those in the

infrared from the 4A2 !
4T1�

4F� transition. The orbital
triplet final states are split into a singlet and a doublet by
the trigonal component of the crystal field at the tetrahe-
dral site, which has 3m symmetry. The strength of these
absorption bands scales with the cobalt content of our
films [21].

The variation of the magnetic moment across the
nominal �Zn0:95M0:05�O series is illustrated in Fig. 1.
Measurements were made in a Quantum Design
MPMS-XL SQUID magnetometer using linear regres-
sion and no autotracking. There is a striking systematic
variation, with maxima near the beginning of the 3d
series at Ti and V (0:5�B), and towards the end of the
series at Co (1:9�B) when the field is applied perpendicu-
lar to the film. No moment appreciably greater than the
experimental uncertainty ( < 0:1�B) was observed at
room temperature for Cr, Mn, Cu, or Zn. The other
ions, including scandium, exhibit smaller moments.
Ferromagnetism in Sc-doped ZnO is quite a surprise,
since neither Zn2� (3d10) nor Sc3� (3d0) are magnetic
ions, and the 3d level of zinc lies well below that of
scandium [24], so no electron transfer to scandium is
envisaged.
FIG. 1. Magnetic moment of �Zn1	xMx�O films, M �
Sc;Ti; . . . ;Cu;Zn, measured at room temperature. Solid circles
are for the field applied perpendicular to the film plane and
open circles are for the field applied in the plane of the film.
The moment is expressed as �B=M. The trend measured at 5 K
is similar.
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Another surprise is the huge anisotropy of the magne-
tization. This has been measured for Sc, Ti,V, Fe, Co, and
Ni. Data for Co are presented in Fig. 2. The 4A2 ground
state of Co2� has no orbital angular momentum. In every
case except cobalt, the moment is greatest when the field
is applied perpendicular to the plane of the film, similar
to the anisotropic d0 ferromagnetism recently discovered
in unsubstituted HfO2 [25]. In addition, some of the ZnO
films on R-cut sapphire show an enormous in-plane an-
isotropy, with twofold and fourfold symmetry. The mo-
ment per cobalt varies from 0:8�B to 2:6�B in the plane,
with the largest value measured with the field parallel to
the edge of the substrate, and the smallest along a diago-
nal which coincides with the c axis of ZnO films. The
ZnO c axis lies parallel to the substrate �121� axis [26].

More data for the cobalt-containing ZnO are shown in
Fig. 3. The samples with 5 at. % Co prepared at different
oxygen pressures are n-type conductors when the oxygen
pressure is less than 0.1 mbar, and insulators (� >
10 �m) at greater pressure. The carriers in ZnO are
associated with oxygen vacancies or interstitial zinc
atoms [27,28]. The data in Fig. 3(a) show that the ferro-
magnetism is destroyed as the carriers and their associ-
ated defects are eliminated.

Figure 3(b) shows how the average cobalt moment in
films prepared at 10	4 mbar varies with cobalt concen-
tration. The low-concentration limit is m � 5:5�B=Co,
compared to the spin-only moment mspin � 3�B of
high-spin Co2� �e4t32�. The falloff in moment with in-
creasing x can be rationalized in terms of cobalt ions with
their spin-only moment, randomly distributed over the
cation sites in the wurtzite lattice. Isolated ions contribute
the full moment m, pairs and most groups of four are
FIG. 2. Magnetization curves of a �Zn0:93Co0:07�O film with
the magnetic field applied perpendicular to the plane of the
film, or in plane in different directions. The in-plane anisotropy
is shown in the inset. Data are corrected for the diamagnetism
of the substrate, 	0:20
 10	12 m3.
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FIG. 3. (a) Magnetic moment of �Zn0:93Co0:07�O measured at
room temperature for films prepared at different oxygen pres-
sures (the open symbol is for a film after annealing at 700 �C in
vacuum). (b) Magnetic moment of �Zn1	xCox�O measured at
room temperature for films prepared at 10	4 mbar for different
x. The solid line is based on a weighted random distribution of
cobalt ions over the cation sites of the wurtzite lattice, with
strong antiferromagnetic coupling of nearest-neighbor cobalt
cations and a constant contribution due to defects. The inset
shows how the constant contribution is deduced by extrapolat-
ing the magnetic moment to x � 0.

FIG. 4 (color online). Schematic density of states for
(a) M � Ti, (b) M � Mn, and (c) M � Co. The Fermi level
lies in a spin-split donor impurity band.
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antiferromagnetically coupled and make no net contribu-
tion, and triplets contributem=3. Large antiferromagneti-
cally coupled clusters of N atoms will make a
contribution m=N1=2. An additional moment described
below has to be included. The model reproduces the trend
in Fig. 3(b), provided the zinc distribution is slightly
weighted in favor of transition-metal nearest-neighbor
pairs.

The variation of magnetic moment across the series
shown in Fig. 1 is as expected from the spin-split
impurity-band model [20], which can account for ferro-
magnetism in high-k dielectrics doped with a few percent
177206-3
of transition-metal ions. For the light 3d elements, the 3d"

states lie high in the 2p�O� 	 4s�Zn� gap, overlapping the
donor impurity band which is spin split as shown in
Fig. 4. In the middle of the series, there is no overlap
with the 3d levels and exchange is weak, but towards the
end of the series the 3d# states overlap the impurity band,
which then has the opposite spin splitting for the same
occupancy. High Curie temperatures are found whenever
unoccupied 3d states overlap the impurity band, but not
otherwise. The likely origin of the donor impurity band in
ZnO films is lattice defects, such as oxygen vacancies,
which have trapped between one and two electrons (F0

centers) [27,28].
The valence of the substitutional 3d ions changes at

some point along the series. Cobalt is divalent; titanium is
trivalent. Iron can have either valence depending on the
preparation conditions. Divalent cations simply replace
zinc, but trivalent ones also act as electron dopants or else
they create zinc vacancies (V0 centers). However, there is
no obvious correlation between conductivity and cation
valence (Ti, Cr, and Fe are insulating, and the others are
conducting) or conductivity and magnetism. The elec-
trons in the impurity band will be localized by the influ-
ence of electronic correlations and potential fluctuations
[29] associated with the dopant cations. Localization
does not preclude ferromagnetic coupling, providing the
localization length is not much shorter than �a0.

The huge anisotropy of the magnetization of the ori-
ented films and the large moment per cobalt ion at low
concentrations are very unusual, and probably related.
Giant moments were first reported by Ogale et al. for
SnO2 doped with Co [30], and later confirmed for Mn, Fe,
and Co doping [31]. In view of the optical evidence for
high-spin cobalt with a quenched orbital moment, we
require another source of magnetism to account for the
large moments in the dilute limit, as well as the magne-
tism produced by Sc3�, which has no unpaired electrons.
Two-electron defects such as Ft centers (an adjacent pair
of F centers) for which a low-lying triplet state could be
177206-3
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stabilized by exchange with cobalt or V0 centers (cation
vacancies) which may have a triplet ground state [32] are
good candidates. Extrapolating the moment in Fig. 3(b) to
x � 0 gives a moment per unit substrate area of about
200�B nm	2, a magnitude we find in the Sc-doped ZnO
and in other d0 ferromagnets, such as HfO2 [25]. Since
ZnO films are not ferromagnetic, the defects in Co-doped
ZnO, for example, must be ‘‘switched on’’ by Co, which
suggests Ft centers, but this cannot be the case for Sc-
ZnO, where Sc3� introduces zinc vacancies; the V0 center
already has a triplet ground state in ZnO [32]. A calcu-
lation by Elfimov et al. for CaO indicates that these
centers order ferromagnetically [33]. Anion vacancies
can behave similarly [34].

The data in Fig. 1 indicate an anisotropic contribution
to the magnetization unlike that expected of the 3d cation
because the sign of the anisotropy does not follow the
quarter-shell rule, changing sign with the quadrupole
moment of the 3d shell. The anisotropy must somehow
arise from an orbital moment associated with the mo-
lecular orbitals around oriented magnetic point defects.

In conclusion, the high-temperature ferromagnetism in
doped zinc oxide films is an intriguing physical phe-
nomenon, which differs from any previously known fer-
romagnetism or ferrimagnetism in oxides; it appears far
below the percolation threshold and is highly anisotropic
in a way that does not reflect the quadrupole moment of
the 3d charge distribution. We find a connection between
the electronic structure of �Zn1	xMx�O and its ferromag-
netic properties, which is understandable in terms of the
spin-split donor impurity-band model. Secondary phases
cannot be the explanation of the ferromagnetism, espe-
cially when M � Sc or Ti. We have suggested a new
source of magnetism in these oxides, namely, triplet
states associated with two-electron defects. Electronic
structure calculations are needed to study the role of
the different defects and evaluate the associated orbital
moments and the d character acquired by the impurity
band. Predictions regarding the sign of the spin splitting
at the bottom of the conduction band and the nature of the
orbital moment should be investigated by measurements
of magnetic dichroism.
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