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Negligible Magnetism in Excellent Structural Quality CrxTi1�xO2 Anatase: Contrast
with High-TC Ferromagnetism in Structurally Defective CrxTi1�xO2
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We reexamine the mechanism of ferromagnetism in doped TiO2 anatase, using epitaxial Cr:TiO2 with
excellent structural quality as a model system. In contrast to highly oriented but defective Cr:TiO2

(�0:5�B=Cr), these structurally superior single crystal films exhibit negligible ferromagnetism. Similar
results were obtained for Co:TiO2. We show for the first time that charge-compensating oxygen vacancies
alone, as predicted by F-center mediated exchange, are not sufficient to activate ferromagnetism. Instead,
the onset of ferromagnetism correlates with the presence of structural defects.
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Ferromagnetism (FM) at and above room temperature,
and the associated spin polarization in the majority carrier
band, are essential requirements for useful diluted mag-
netic semiconductors (DMSs) in spintronics. Since the first
observation of room-temperature FM in Co-doped TiO2

anatase [1], a number of reports of doped oxide film growth
and magnetic properties have appeared in the literature that
argue for the discovery of new high Curie temperature (TC)
oxide DMSs. With some exceptions [2–4], the magnetic
moment per dopant has been found to be considerably less
than expected from the number of unpaired d electrons [5].
Additionally, FM has been measured in highly resistive
specimens, showing that high concentrations of free car-
riers are not required to mediate the FM interaction. These
observations have led to the suggestion that bound mag-
netic polaron (BMP) [6], or, for oxides, F-center- (FC)
mediated [4] exchange interaction can result in FM. In this
model, an FC BMP should be created when the incorpo-
ration of an aliovalent magnetic dopant into insulating,
defect-free material requires the formation of an oxygen
vacancy to maintain charge neutrality [3].

The structural quality of magnetically doped oxide films
grown in investigations to date is considerably lower than
that which typically characterizes heteroepitaxy of elec-
tronic materials. Missing from the field is a demonstration
of very high quality epitaxial growth and a determination
of magnetic properties in the absence of structural imper-
fections. In this Letter, we describe magnetic measure-
ments for Cr-doped TiO2 anatase with the highest degree
of crystallographic perfection reported for any magneti-
cally doped anatase to date. Chromium is of interest as a
dopant because Cr-doped GaN and AlN exhibit high-
temperature ferromagnetism [7,8], and because Cr is anti-
ferromagnetic as a metal, precluding a spurious FM signal
if metal segregation occurs. Earlier work by our group on
Cr:TiO2 revealed that highly oriented but rough films could
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be routinely grown by oxygen plasma assisted molecular
beam epitaxy (OPAMBE) [9,10]. Cr(III) was found to
substitute for Ti(IV), and was uniformly distributed.
Additionally, such films were FM at and above room
temperature (TC � 690 K at x � 0:1), exhibiting an aver-
age saturation moment (Ms) of �0:5�B=Cr for 0:02 �
x � 0:18 in CrxTi1�xO2. This is significantly less than
the expected value of �3�B=Cr for high-spin Cr(III),
which is a d3 system. Here we report on OPAMBE-grown
material of much higher structural quality than previously
published. Quite contrary to expectation, these films ex-
hibit negligible ferromagnetism.

The key variables in determining the structural quality of
CrxTi1�xO2 grown on LaAlO3�001� and SrTiO3�001� by
OPAMBE are growth rate and substrate temperature. By
reducing the growth rate from �0:1 �A= sec at a substrate
temperature of �700 �C (hereafter referred to as ‘‘fast-
grown’’) to �0:015 �A= sec at a substrate temperature of
�550 �C (hereafter referred to as ‘‘slow-grown’’) without
reducing the flux from the oxygen plasma source, layer-by-
layer growth can be sustained, as judged by the persistence
of reflection high energy electron diffraction (RHEED)
intensity oscillations. Moreover, the structural quality and
surface morphology are vastly improved at the lower
growth rate.

We show in Fig. 1 typical transmission electron micros-
copy (TEM) high-resolution cross-sectional lattice images
of slow- and fast-grown films, along with energy dispersive
x-ray (EDX) spectra taken at two representative regions in
each film—near the surface and near the substrate inter-
face. The portion of the slow-grown film surface visible in
the image is exceedingly flat, in contrast to the fast-grown
material. These morphological differences are corrobo-
rated by RHEED (see insets to Fig. 2), x-ray reflectivity,
and atomic force microscopy. The Cr is uniformly distrib-
uted for both growth rates, as seen in the representative
3-1 © 2005 The American Physical Society
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FIG. 1 (color online). TEM images and EDX spectra for Cr-
doped TiO2 grown at �0:015 �A= sec and 550 �C (top), and
�0:1 �A= sec and 700 �C (bottom).
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EDX spectra. The Ti-to-Cr ratios extracted from the EDX
spectra are the same in the two regions of the slow-grown
film (93� 1:7� 1%), revealing highly uniform Cr distri-
bution. The ratios are 95� 1:5� 1% near the surface and
98� 1:2� 1% near the interface for the fast-grown film.
The apparent Ti enrichment near the interface is due to a
�7 nm thick pure TiO2 buffer layer deposited before in-
troduction of the Cr dopant.

The volume-averaged differences in crystallographic
quality are evident from high-resolution x-ray diffraction
(XRD), as seen in Fig. 2. Here we show anatase (004)
rocking curve measurements, along with a Gaussian fit to
determine the peak width for the slow growth rate. The full
FIG. 2 (color online). Anatase (004) XRD rocking curves for
Cr:TiO2=LaAlO3�001�, along with the 
110� azimuth RHEED
patterns obtained after deposition. (a) 450 Å of slow-grown
Cr0:07Ti0:93O2. (b) 560 Å of fast-grown Cr0:10Ti0:90O2.
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width at half maximum is 0.095� for the slow-grown film
[Fig. 2(a)], which after Scherrer analysis to quantify the
broadening due to film thickness yields a mosaic spread
of only 0.03�. The well-defined satellite fringes also in-
dicate a very high degree of crystalline order. The asym-
metry seen for the fast-grown film [Fig. 2(b)] is due to
overlapping peaks from the distribution of crystallite ori-
entations. Finally, slow-grown films show much lower
Rutherford backscattering spectrometry channeling mini-
mum yields. Typical numbers are�7% (�8%) for Ti (Cr),
compared to >40% (>40%) for Ti (Cr) for fast-grown
films. Taken together, these data show that true single
crystal epitaxy can only be achieved by growing at the
slower rate.

That Cr is primarily in a 	3 charge state and substi-
tutes for Ti is evident from Cr K-shell x-ray absorption
near edge spectroscopy (XANES) and extended x-ray ab-
sorption fine structure (EXAFS), as seen in Fig. 3 for both
fast-grown and slow-grown material. The inflection point
along the leading edge for both Cr:TiO2 films matches well
that of �-Cr2O3, whereas that of CrO2 exhibits a chemical
shift of�2:5 eV to higher photon energy. Therefore, Cr in
Cr:TiO2 is predominantly in the 	3 charge state. EXAFS
for a slow-grown film deposited on SrTiO3 [Fig. 3(b)] is
well fit by calculations utilizing the FEFF computer pro-
gram [11] in which Cr substitutes for Ti in the lattice. We
also modeled various combinations of substitutional and
interstitial site occupancies, and the fits (not shown) were
much worse. The EXAFS for a fast-grown film deposited
on LaAlO3 is also shown in Fig. 3(b). Because of interfer-
ence from the La L-edge absorption peak, the data cannot
be reliably fit. However, there is good overlap between the
EXAFS up to�8 �A�1 at the two growth rates, revealing Cr
substitution for Ti at the higher growth rate as well.

In an effort to eliminate spurious magnetic signals, the
as-received LaAlO3 and SrTiO3 substrates were etched in
concentrated HNO3 (back and sides only) to remove resid-
ual magnetic contamination resulting from dicing and
FIG. 3 (color online). (a) Cr K-shell XANES for 450 Å slow-
grown Cr0:08Ti0:92O2=SrTiO3�001� (solid line) and 400 Å fast-
grown Cr0:13Ti0:87O2=LaAlO3�001� (dotted line), along with
epitaxial films of �-Cr2O3 (dashed line) and CrO2 (dot-dash
line). (b) (i) Cr K-shell EXAFS for the slow-grown film, along
with (ii) a model calculation for Ti lattice site occupancy;
(iii) EXAFS for the fast-grown film.
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handling; the absence of a detectable ferromagnetic signal
was confirmed by room-temperature vibrating sample
magnetometry (VSM) before growth. In fast-grown mate-
rial,Ms was found to be��0:2–0:8��B=Cr with an average
of��0:5–0:6��B=Cr over many films, regardless of dopant
concentration or film thickness. Contrary to the expecta-
tion that the structurally superior slow-grown material
would exhibit Ms values closer to the theoretical value of
�3�B=Cr, the Ms values were found to be significantly
less than those for fast-grown material, with most values in
the range of �0:05–0:15��B=Cr. For a typical film thick-
ness of 450 Å, these values correspond to total measured
moments of less than 10 �emu, as illustrated in Fig. 4(a).
The stark contrast between hysteresis loops for slow- and
fast-grown films is shown in Fig. 4(b). The Ms values for
slow-grown material are near the sensitivity limit of our
VSM, and thus cannot be attributed with any confidence to
intrinsic FM in slow-grown Cr:TiO2 films. As an example,
the measuredMs of an undoped slow-grown anatase film is
plotted in Fig. 4(a) and is comparable to those of doped
slow-grown films. This result implies the measured signal
may originate from magnetic contamination, presumably
introduced or activated during deposition. However, it is
clear from Fig. 4 that slow-grown material does not exhibit
the strong magnetization observed in fast-grown films.

Samples are highly resistive (� >�5 k� cm) as grown,
as measured by four-point probe conductivity. The intro-
duction of n-type carriers by vacuum reduction (��
1:0–0:1 � cm) provides a modest increase in Ms (20–
30%) for both fast- and slow-grown Cr:TiO2, but does
not account for the striking contrast in Ms at the two
growth rates. Low-temperature superconducting quantum
interference device measurements confirm the low mo-
ments as well as the absence of ferromagnetic ordering
between room temperature and 5 K. Substantial paramag-
netism is observed below 50 K but cannot be quantified due
to paramagnetic impurities in the substrates.

Although the role of electronic point defects has been
discussed in detail for III-V DMSs [12], it has been im-
plicitly assumed in all the primary models of ferromagne-
FIG. 4 (color online). (a) Total room-temperature Ms vs Cr
content for 450 Å slow-grown (open circles) and fast-grown
(closed squares) CrxTi1�xO2. Cross is slow-grown undoped
TiO2. Dashed line is the expected dependence based on
0:5�B=Cr. (b) Typical room-temperature VSM hysteresis loops
for �450 �A Cr0:07Ti0:93O2 at the two growth rates.
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tism in DMSs and other ferromagnetic semiconductors
that extended structural defects such as misfit dislocations
and low-angle grain boundaries will detrimentally affect
the ferromagnetic exchange. In superexchange and double
exchange models, structural discontinuities in the lattice
may disrupt the ionic ‘‘chains’’ participating in charge
transfer. In both free carrier and FC BMP models, struc-
tural defects may create deep electronic states that trap
carriers, interrupting or preventing ferromagnetic ex-
change. Thus, all these exchange models would predict
the strongest ferromagnetic ordering in crystal lattices free
of extended crystalline defects. However, it is clear from
the results presented above that slow-grown Cr:TiO2,
which has a nearly perfect crystal structure, exhibits neg-
ligible ferromagnetic ordering. This is in contrast to faster-
grown material, which exhibits both strong ferromagnetic
ordering and a significant structural defect density. This
finding brings into question the applicability of any of
these exchange mechanisms, including the commonly
cited FC BMP mechanism involving charge-compensating
oxygen vacancies, to fully explain the ferromagnetic order-
ing in Cr:TiO2.

The absence of FM in structurally excellent slow-grown
Cr:TiO2 may be explained by all-electron full potential
linearized augmented plane wave (FLAPW) density func-
tional calculations for Cr:TiO2 anatase by Ye et al. [13].
These calculations predict that FM will occur when un-
compensated Cr(IV) dopants are present; such species are
predicted to be strongly hybridized and form a FM ground
state. In contrast, compensated Cr(III) ions are not pre-
dicted to interact, and in this case the ground state is
predicted to be paramagnetic instead of ferromagnetic.
As indicated in Fig. 3, the Cr dopant in both fast- and
slow-grown material is predominantly Cr(III). The sup-
pression of ferromagnetic exchange in slow-grown
Cr:TiO2 can thus be attributed to the lack of hybridization
of the Cr(III) dopants. However, the ferromagnetic order-
ing in fast-grown Cr:TiO2 cannot be explained by hybrid-
ization of Cr(IV), since this material contains little or no
Cr(IV).

Cr-doped TiO2 departs from true DMS character in
important ways. Ferromagnetism is activated in this mate-
rial by structural defects of a type that drastically degrades
spin polarization in transport from (Mn, Zn)Se into GaAs=
�Al;Ga�As [14]. When reduced, fast-grown Cr:TiO2 ex-
hibits neither an anomalous Hall effect nor x-ray magnetic
circular dichroism at the Cr L edge [15], in contrast to the
prototypical DMS, Mn-doped GaAs. [16] Thus, the mate-
rial is not expected to exhibit spin polarization in its
reduced, semiconducting state, and is fundamentally dif-
ferent from Zener-type ferromagnetic DMSs such as Mn-
doped GaAs.

A central conclusion of the present study is that the
magnetic properties of Cr-doped TiO2 anatase depend
sensitively upon defects other than those introduced to
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maintain charge neutrality as originally proposed in the FC
BMP model [4,6]. Importantly, this conclusion appears to
apply generally to doped TiO2. Preliminary results for Co-
doped TiO2 [15] show that anatase films with high struc-
tural quality and uniform Co distribution can be obtained
under slow growth conditions, and an analogous suppres-
sion of ferromagnetism is observed (fast: �1:2�B=Co [5],
slow: <� 0:1�B=Co). We propose that a similar sensitive
dependence on structural defects is responsible for the
wide diversity of observed magnetic results among mag-
netically doped oxides as a class. For example, grain
boundary defects have been implicated in the activation
of ferromagnetism by room-temperature aggregation of
paramagnetic doped ZnO [17] and TiO2 [18] nanocrystals
under ambient conditions. The correlation between
high-TC ferromagnetism and structural imperfections ob-
served here for Cr-doped TiO2, in the absence of any
changes in Cr speciation or charge compensation, empha-
sizes the critical role extrinsic lattice defects play in gov-
erning the magnetism of this class of materials.

Although differing in its details, the strong dependence
of FM on structural lattice defects may remain generally
consistent with a BMP description of FM in Cr-doped
TiO2. While we have shown that charge-compensating
oxygen vacancies occurring in an otherwise perfect crystal
lattice are not sufficient to induce strong ferromagnetic
ordering, we speculate that extended structural defects
give rise to charged point defects of a fundamentally differ-
ent type. The precise identities of the activating defects are
not yet clear, but it is reasonable to associate them with
oxygen vacancies [19]. Within the BMP model [4,6],
bound carriers associated with these defects occupy a
volume �3 and are responsible for coupling remote Cr3	

ions within this volume. The greater density ��� of struc-
tural imperfections in the fast-grown films yields a greater
overall volume occupied by BMPs (��3), thus increasing
their probability of coalescence into ferromagnetic do-
mains. Experiments to address the microscopic identities
of the activating defects are currently underway.
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