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High-temperature ferromagnetism in dilute magnetic oxides
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High temperature ferromagnetism in thin films of dilute magnetic oxides is a widespread
phenomenon, of which there appear to be two sources. One is the contribution dfdbpat ions
themselves, the other is related to crystal defects in the interface region. The latter contributes a
magnetic moment of 100—4Q; per square nanometer of substrate area, which is largely
independent of film thickness or dopant concentration. It is suggested that the defects are
two-electron or two-hole centers which have a spin triplet as ground state or low-lying excited state.
HfO,, an example of the former, is ferromagnetic even when undoped. In ZnO o, 8rR@nples

of the latter, the magnetic dopant may stabilize the spin triplet by exchan@90® American
Institute of Physic§ DOI: 10.1063/1.1849054

Following the discovery by Matsumott al.in 2001 of moments are associated with the spins of dopant ions, and
high-temperature ferromagnetism in an anatase film dopetherefore that there must be some unusually strong exchange
with 2% of cobalt! it is gradually becoming clear that ferro- interaction, which couples the spins parallel. In theories of
magnetism in lightly doped oxides and nitrides is a wide-ferromagnetism in dilute systems, the Curie temperature usu-
spread and hitherto-unsuspected phenoméﬁoThe main ally varies asx or as X, where x is the dopant
characteristics of these materials may be summarized as fatoncentratiort”** A Curie temperature well in excess of
lows: room temperature in an oxide with=5% therefore implies

« The ferromagnetism is usually only found in thin films, €xchange interactions that are stronger than those in any
at doping levels below the percolation threshold forknown ferromagnet. Here we present evidence that suggests

nearest-neighbor cation interactions. the m assumption, at least, is mistaken. _
« The films may be insulating or semiconductiing, but if ~ Table | summarizes some reports of giant moments in
semiconducting they are oftentype. oxides, following the original report of 7.ag per ion for

« The moment per dopant cation decreases as the dopafP-doped Sn@by Ogaleet al’ It is rare to encounter the
concentratiorx increases, but it may exceed the spin-IONic Spin-only moment in any ferromagnetid Solid. Met-
only value at low concentrations. als and ferromagnetic insulators usually have net moments

« Curie temperatures can be well in excess of room temP€' 10N that are less than about half the spin-only values. It is

peratureT. does not seem to scale with dopant Concen_only in a few half-metallic 8 systems that the full spin-only

tration x moment is encountered, for example in the ferromagnetic
« Unusual anisotropy of the magnetization relative to theMixed-valence manganites such (a_saoz7Sr0.3)M|j03. Rare

film plane is often observed. earth metals and alloys have atomic-like localizddcdres.

The results are not very reproducible, with different preparaGiant moments in metals are known for some dilute alloys
tion methods leading to different moments or ordering temVneré dopant atoms are inserted into a host with an en-
peratures. In some films, notably of TiOsecondary para- hanced Pauli susceptibility, CoPd, for instance. But in the

sitic phases have definitely been shown to be present arfjesent case, the host oxide is diamagnetic in pure bulk form.

they may contribute to the magnetization, especially in sys—Orbltal moments are largely quenched fal Bnpurities in

tems such as Co-doped TiQvhich exhibit a low solid solu- oxides. There must be another source of the magnetism.

bility of the dopant cation. However, this cannot bgemeral h Ian('jg' 1X¥er ElOt }hre monm:ennk;[srmefa?urrrec:nas ra: ftlij ncf?l(r)nn of
explanation of the ferromagnetism for two reasons: € proguctxt Tor a large number ol Terromagnetic S

Th i " ] trati repared by pulsed-laser deposition in our laboratbiythe
€ moment per cation at low concentrations can exCeet , ickness. The data are for different matrices, different
that of any known ferromagnetic pha&e.

) ) L . dopings, and different substrates. Moments are all expressed
2. The anisotropy of the saturation magnetization is unlike

that of any known ferromagnetic phas&®* _ . S
It seems that we are looking at a generic phenomenon, whicH*BLE !- Giant magnetic moments in oxide thin films.
challenges our current understanding of magnetic order inOxide

. .. . . . . N Dopant X m(ug/dopani Reference
solids. This is epitomized in theni-J paradigm,” where a P HaloP
magnetic moment is associated with the atoms or ions in a SnG, Co 0.05 7.5 4
metal or insulator, and an exchange interactiaouples the K:A‘r’] 8'833 52-8 g
atomic spins parallel or antiparallel. In the high-temperature,,o Co 0.02 5.9 6
oxide or nitride ferromagnets, it is natural to assume that th&io, \% 0.05 4.2 7
HfO, Co 0.05 6.8 8
Co 0.02 30 9
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tx (10”) signal is subtracted off using the slope between 3 and 5 T.
FIG. 1. Room-temperature magnetic moments in doped and undoped oxidehis procedure gives the extrapolated spontaneous magneti-
thin films as a function of the product of dopimgand film thickness. zation, but not the high-field slope. The moment of the film
in Fig. 2 is equivalent to 0.12g per hafnium, which would

per unit substratarea using the handy units of Bohr mag- €0rrespond to more than 2 at. % of high-spin ferromagnetic
netons per square nanometgg nm-2. Despite the scatter, impurity in the film (>5% of metallic iron or cobalt We

neither the overall plot, nor any restricted data sets where th#d no evidence whatsoever of this in any energy dispersive
matrix, dopant, or substrate is kept constant show any sign ¢f '@ analysiSEDAX) or inductively coupled plasmdCP)

a proportionality withx or t. The films need only be about 10 @n&lysis, or on scanning the interface region with a subna-
nm thick to exhibit the full moment. The statement that can"OMeter analytical probe iiTEM). The ferromagnetism is

be made from these data is that the room-temperature m§‘€akly hysteretic, as shown in Fig. 3. Coercivity is 2-5 mT,
ment per unit substrate area in 90% of our films falls in the?"d the remanance:saturation ratio is 3%-9%. There is no

range 100—40Qg nmi2. It is also noteworthy that a mo- sign of pinning on the initial magnetization curve. The 4.2 K

ment of this magnitude is found in some films that contain nd©©P S similar. o _
3d dopant ions—HfQ,ZrO,,CaB, SrB;, and Sc-doped What then is the source of magnetism in these films? It
ZnO—but not in others—Ca0, MgO, ZnO, Spdi0,, and is not simply the dopant cations, although they may contrib-

Sn-doped IgOs—which are nonmagnetic, as one would nor- ute. There is another source, which is “switched on” by the
mally expect. presence of magnetic cations in nonmagnetic matrices such

An example of the data reduction for a typical Hftim as ZnO or Sng and spontaneously present independent of

is shown in Fig. 2. There is a diamagnetic signal from thedoPing for HfQ, or Cak. , _
substrate, which is three orders of magnitude more massive 1€ lack of thickness dependence provides a clue. It is
than the film deposited on it. The film was deposited onPnlY in the thinnest filmg<10 nm that the moment begins

sapphire, which contains 2 ppm Cr, 3 ppm Mn but no meal0 disappear. In cases where the saturation magnetization is

surable Fe or Cé<1 ppm) from a nominally 5N pure Hfg  independent of field direction applied parallel or perpendicu-

target which actually contained 63 ppm of iron. The substraté®’ © the film, an anisotropy field of 0.2-0.6 T has been
deduced from the initial slopes of the magnetization

curves* Attributing this to shape anisotropy, the polariza-
e tion of 0.2-0.6 T, together with the moment of
10 ) ~200ug NM 2 indicates that the magnetic layer is about 10
o nm thick. In the hexaborides at least, the moment depends on
the substrate-compound combination so the ferromagnetic
-20 ; . layer is probably at the substrate/film interface, rather than at
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the free surface of the filltf. There are inevitably defects at
the interface, so it is to the defects we look for the source of
the magnetism.

Figure 4 shows a lattice image of a typical Hf@im.
There is a nanoscale polycrystalline structure near the inter-
face, with columnar growth. The relevant defects might lie in
the numerous grain boundaries, but many such images are
needed of films with different magnetic properties. Nano-
scale compositional analysis of the interface region in several
HfO, films showed no evidence for the presence of ferro-

FIG. 2. Typical data reduction for a ferromagnetic oxide film on a diamag-Magnetic transition metatd =Fe, Co, or Ni. TheM/Hf ratio
netic substrate.

was less than 18.
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concentrations, they overlap to form an impurity band which
is quite distinct from that formed by any dopants that may be
present. The nature of the magnetic coupling of such defects
needs to be investigated, especially in view the huge aniso-
tropy of the saturation magnetization in some cases:
which points to magnetic moments of largely orbital charac-
ter. It is worth noting that a huge, strongly-anisotropic sus-
ceptibility has been observed for polyalanine molecules ab-
sorbed on a gold-plated silicon waférTriplet pairing of
electrons transferred from the substrate and room-
temperature Bose—Einstein condensation of the spin triplets
have been suggested as an explaneilﬁon.
Dilute magnetic oxides combine can combine optical
AT ] transparency with a high Curie temperature and semicon-
HD 2800 200KV X0000K 1E oLl ducting behaviour. These are very attractive properties for
FIG. 4. Bright-field lattice image of Hf©film on an ALO;, substrate, ob-  Spin electronic applications, but it remains to be established
tained using an Hitachi 2300 STEM. whether or not these controversial materials actually exhibit
any of the useful magnetoresistive or magneto-optic proper-
It has long been known that defects in oxides, which trapties of their low-Curie-temperature counterparts such as
two electrons or holes, can have a spin triplet as the groungGa,_Mn,)As. It may be necessary to use films about 10 nm
state or as a low-lying excited state. Such centers in monoxhick in order to observe such effects. In any case, the mate-
ides include th&/° cation vacancy center with two holes, and rials pose a challenge to our understanding of magnetism in
the F center, which is a pair of singly occupi€dcenters®  solids because of the Curie temperatures far in excess of

The case of a cation vacancy in CaO was calculated by Elfiroom temperature in systems containing only a few percent
mof et al,™ who found a triplet two-hole molecular ground of magnetic ions, or even none at all.
state, which ordered magnetically. _ . _
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