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The nature of charge carriers and their interaction with local magnetic moments in an oxide magnetic
semiconductor is established. For cobalt-doped anatase TiO2 films, we demonstrate conduction in a metallic
donor-impurity band. Moreover, we observe a clear signature of the Kondo effect in electrical transport data
with remarkably high Kondo temperatures of up to 120 K. This indicates a strong coupling between local Co
moments and delocalized electrons in the impurity band.
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Ferromagnetic semiconductors �FMSCs� are an intriguing
novel class of materials in which magnetic ions are intro-
duced into a semiconductor at dilute concentrations that pre-
clude a direct exchange interaction.1,2 Nevertheless, strong
ferromagnetic interactions are found, which for
GaMnAs, the archetypal FMSC, were shown to be mediated
by delocalized carriers �holes�. This leads to remarkable
properties such as a ferromagnetic coupling and a macro-
scopic magnetization that depends on the carrier density, al-
lowing electric field control of magnetism.3 Unfortunately,
the Curie temperature of GaMnAs is so far limited to 170 K.
Hence, the development of other FMSC materials is a key
objective in the quest for novel �spin-� electronic devices4

that employ the spin degree of freedom and operate at room
temperature. Recent reports5–7 of room temperature ferro-
magnetism in Co:TiO2 films have therefore spurred intense
research activities. Ferromagnetism has now been observed
in numerous conducting oxide semiconductors including
TiO2, ZnO, SnO2, and In2O3 doped with various transition
metal ions,5–14 and with surprisingly high magnetic ordering
temperature �up to 930 K �Ref. 13��. However, whether fer-
romagnetism in doped oxide FMSC is intrinsic and derives
from a common carrier mediated interaction is still unclear.

Several studies of doped oxide FMSC have focused on
magnetic, structural, and chemical properties. Yet, charge
carriers are thought to be crucial to the magnetism in FMSC,
while technological interest derives from the unique pros-
pects for applications in novel spin-transport devices. The
key issues are therefore to establish whether the room tem-
perature ferromagnetism is intrinsic and carrier mediated and
to establish whether the carriers are spin polarized. This, in
turn, is determined by the nature of the charge carriers and
their coupling to the magnetic dopants. The coupling can
result in a net ferromagnetic interaction between different
magnetic dopants, for which two models have been pro-
posed: �i� a Ruderman-Kittel-Kasuya-Yosida �RKKY� type
of magnetic coupling mediated by free carriers in the valence
or conduction band of the host semiconductor,2 and �ii� ex-
change interaction between magnetic ions and a metallic
donor-impurity band.12 The latter can be derived from shal-
low donors at sufficiently large concentration such that their
hydrogenlike orbitals �with Bohr radius rH� overlap and car-
riers become delocalized.15 It is clear that in order to develop
a correct theoretical description of the high-temperature fer-
romagnetism in FMSC, it is essential to determine the nature
of the carriers. This has been widely discussed for GaMnAs,

for which the importance of impurity band conduction was
recently emphasized.16 It is also essential to determine
whether there is interaction between the carriers and the
magnetic moments in the system. To examine that, we use
here the Kondo effect17 arising from the resonant interaction
between the conduction electrons and a local spin. While it
does not lead to ferromagnetism and is usually associated
with metallic systems or quantum dots,18 it allows one to
examine whether the conduction electrons and local mo-
ments are in states that are energetically close enough to
have interaction, while the magnitude of the Kondo effect
provides information about the interaction strength. Neither
the impurity band conduction nor the Kondo effect has hith-
erto been observed in oxide magnetic semiconductors.

Thus, we examine here electrical transport in anatase
Co:TiO2 ferromagnetic semiconductor films. We establish
the nature of the charge carriers and provide the first conclu-
sive experimental evidence for a metallic impurity band with
delocalized carriers in an oxide FMSC. In addition, we
present electrical transport data that show a clear signature of
the Kondo effect,17 directly establishing interaction between
conduction electrons and Co local moments. We find remark-
ably high Kondo temperatures up to 120 K, indicating a
strong interaction.

The films were grown by pulsed laser deposition �PLD�
on TiO2 terminated SrTiO3�100� substrates at a temperature
of 550 °C using a Ti1−xCoxO2 target with x=0.014. The oxy-
gen pressure Pox during growth, target-substrate distance,
and laser repetition rate were varied. X-ray diffraction shows
that films are purely anatase TiO2 up to a thickness of
200 nm, with only anatase �004� and �008� reflections detect-
able. This was confirmed by transmission electron micros-
copy analysis,19 which for our instrument is capable of de-
tecting secondary phases �such as rutile TiO2� with diameter
down to about 5 nm. To determine the Hall constant and
carrier concentration, Hall transport data were taken with
magnetic fields of up to 8.5 kOe applied perpendicular to the
film plane. For the Co-doped films, this was also observed to
produce a contribution from the anomalous Hall effect. How-
ever, we found19 this to be much smaller than the ordinary
Hall voltage, such that accurate measurements of the latter
are possible over the full temperature range used here. A
representative example of such Hall data on similar films can
be found in Ref. 19.

Electrical transport data are shown in Fig. 1 for Co-doped
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as well as undoped, pure TiO2 films. The resistivity � at
room temperature is �1 � cm for pure TiO2 films and about
an order of magnitude smaller for the Co-doped films. The
low-temperature �T� behavior of the doped films is distinctly
different. As shown in the inset, for the pure TiO2 films, �
increases exponentially with 1 /T, indicative of activated
transport, whereas � of the Co-doped films remains compara-
tively constant and tends to saturate at low temperature. This
suggests a different conduction mechanism. We confirmed
that the resistivity at low T does not obey the log����T−1/2

relation previously reported for hopping transport in rutile
samples containing Co metal clusters.20 The Hall mobility,
defined as �H=RH /�, with RH the measured Hall constant, is
strikingly lower when Co is incorporated, particularly at low
T where the difference is 1 or 2 orders of magnitude �bottom
panel�. At 300 K, Co doping reduces the mobility only
slightly to 10–20 cm2 /V s.

Information on the carrier density n is obtained from the
Hall constant RH=1 /ne �with e the electron charge� for a
series of undoped TiO2 films grown at the same Pox of 7
�10−5 mbar, but with the laser repetition rate varied from
5 to 20 Hz �Fig. 2, top panel�. For films grown at low rate
�5 Hz, �0.2 nm /s�, the density of mobile carriers decreases

exponentially with T. This is expected if transport is domi-
nated by conduction band electrons thermally activated from
shallow donor-impurity levels. The activation energy EA is
20 meV and the total carrier density n0=5�1017 cm−3. A
significant change occurs when the growth rate is increased,
which at constant oxygen pressure leads to more oxygen
deficiency in the films. The Hall constant is reduced �and
thus n increased�, consistent with a larger number of shallow
donors, and a maximum develops that shifts to higher T for
larger growth rate. This signals a transition to impurity con-
duction at carrier densities above �1018 cm−3, consistent
with the Mott criterion15 for carrier delocalization �n1/3rH

�0.25� above a critical carrier concentration ncrit. We esti-
mate the Bohr radius from rH=��me /m*�a0 �with a0

=0.53 Å� and the donor binding energy from EB= �m* /me�
��R	 /�2� �with R	=13.6 eV�. Using the static dielectric
constant �=31 and the effective mass m* /me�1.2, we ob-
tain EB=17 meV and rH=14 Å, which, in turn, gives ncrit
�6�1018 cm−3, in good agreement with our transport data
and previous work.21 The inset of Fig. 2 shows that growth at
constant rate �20 Hz� but decreasing Pox has the same effect
on RH as growth at constant Pox and increasing rate. This
confirms that the growth rate predominantly affects the oxy-
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FIG. 1. �Color� Electrical properties of anatase TiO2 and
Co:TiO2. Shown are resistivity and Hall mobility versus tempera-
ture for two undoped TiO2 films �pink symbols� and two Co:TiO2

films �blue symbols� grown under the same deposition conditions
�5 Hz, 7�10−5 mbar� at target-substrate distances of 48 mm �open
circles� and 57 mm �solid squares�. The inset shows the resistivity
of these films versus 1 /T. The triangles show the mobility for films
grown under more oxygen deficient conditions: �solid black tri-
angles� pure TiO2, 20 Hz, 7�10−5 mbar; ��� Co:TiO2, 5 Hz, 3
�10−3 mbar; and ��� Co:TiO2, 5 Hz, 6�10−3 mbar. Film thick-
ness is 150–200 nm.
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FIG. 2. �Color� Top panel: Hall constant for pure TiO2 films
grown at 5–20 Hz and 7�10−5 mbar. Inset shows RH versus 1 /T
for films grown at 20 Hz and Pox of 7�10−5, 9�10−5, and 2.5
�10−4 mbar. Bottom panel: Hall constant for Co:TiO2 films grown
at 5 Hz and different Pox: �A� 7�10−5 mbar, �B� 5�10−4 mbar,
�C� 8�10−4 mbar, �D� 2�10−3 mbar, and �E� 6�10−3 mbar. Inset
shows RH vs 1 /T for a film grown at 20 Hz and 7�10−5 mbar,
along with fits �see text�. Units for insets and main panels are the
same.
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gen content, rather than the density of extended structural
defects �dislocations, twins, and low-angle grain boundaries�,
which may also change with rate.22

While pure TiO2 films grown at 5 Hz and 7�10−5 mbar
show typical semiconductor behavior with freezing out of
the carriers at low T, the Co-doped films grown under iden-
tical conditions display different behavior �pink symbols in
Fig. 2, bottom panel�. The Hall constant is orders of magni-
tude smaller and exhibits a clear maximum at around 100 K,
after which RH goes down and approaches a constant value at
low T. Similar behavior was found for a variety of Co:TiO2
films with thickness between 75 and 550 nm grown at oxy-
gen pressure between 7�10−5 and 3�10−3 mbar, while at
6�10−3 mbar, the maximum in RH has shifted to above
room temperature �Fig. 2, bottom panel�. The Hall constant
at low T is remarkably insensitive to the growth conditions,
approaching a value of 0.5–1 cm3 /C for all films, corre-
sponding to n=6�1018–1.2�1019 cm−3.

Similar behavior with a maximum in RH was previously
found in other highly doped �nonmagnetic� semiconductors
such as Ge, and it is well established that this is due to a
competition between two conduction processes;15,23 at high
T, transport is by conduction band electrons thermally ex-
cited from shallow donors, while at low T, a transition occurs
to transport dominated by a donor-derived impurity band.
The maximum in RH and the saturation at low T are the
hallmark features of metallic impurity conduction.15 The
relatively large rH in the anatase phase of Co:TiO2 allows
impurity band conduction at rather low carrier density.21

Note that the carrier concentration of about 6�1018 cm−3 is
a factor of 70 smaller than the Co cation concentration �4.1
�1020 cm−3 for 1.4% of Co�. Since Co is consistently
found7,24–27 in a Co2+ state in Co:TiO2, the substitution of
Ti4+ by Co2+ requires transfer of two electrons from nearby
oxygen and the creation of an oxygen vacancy. In such ionic
picture, the two electrons are bound to the Co. However, free
carriers can result from hybridization between the magnetic
cation states and the shallow donor levels.12,28 To obtain the
observed carrier concentration of about 1% of the Co cation
concentration, one would require only a very small deviation
from a purely Co2+ state, consistent with experiments.7,24–27

However, a somewhat larger deviation plus compensation by
other impurities and/or defects can also yield the observed
carrier concentration.

The maximum in RH is described by a phenomenological
two-band transport model15 in which the conductivity is the
sum of a contribution 
cb�T�=ncb�T�e�cb�T� from electrons
thermally excited into the conduction band and a contribu-
tion from impurity band conduction 
ib�T�=nib�T�e�ib�T�,
with �cb,ib the respective mobility. For the carrier density, a
fraction ncb�T�=n0 exp�−EA /kBT� of the total number of car-
riers n0 is excited into the conduction band �activation en-
ergy EA, kB is the Boltzmann constant�. The remaining elec-
trons reside in the impurity band: nib�T�=n0−ncb�T�. The
total Hall constant can then be calculated15 and exhibits a
maximum at a temperature Tmax

Hall that is controlled mainly by
�ib and EA. As shown by the fits in the inset of Fig. 2, bottom
panel, the model describes the Hall data well. The correct
position of the maximum of the Hall constant is obtained for

EA of about 30 meV �colored solid line�, although the pre-
dicted transition is more sharp and the data deviate on the
low T side. The fit is improved by a adding a small amount
��1% � of carriers with a lower activation energy �black
solid line�. The significant improvement for such a rather
small number of carriers with lower activation energy is due
to the combined effect of �i� the exponential dependence of
ncb�T� on the activation energy, causing these carriers to be
excited into the conduction band at lower temperature, �ii�
the larger mobility �cb�T� for these carriers at low T because
of the reduced phonon scattering, resulting in a compara-
tively large contribution to the conduction, and �iii� the in-
verse relation between Hall voltage and carrier density, such
that a small number of carriers produce a large Hall voltage.
At higher T, conduction is again dominated by the larger
number of carriers with the higher activation energy, and
hence the fit is not affected much in this regime.

The temperatures at which the maximum of the Hall con-
stant �Tmax

Hall� and the mobility �Tmax
mob� occur show a systematic

trend upon changing Pox �Fig. 3, bottom panels�. Parentheti-
cally, the doped and undoped films behave oppositely. When
Pox is larger, Tmax

Hall decreases for undoped films, while it in-
creases for the Co-doped films. Moreover, Tmax

mob remains at
around 120 K for all undoped films, while Tmax

mob is shifted to
higher T for Co-doped films grown at larger Pox. The un-
doped films behave as expected. At high Pox, there are few
shallow donors and the conductivity is dominated by 
cb.
When Pox is reduced, the number of shallow donors in-
creases, and thereby �ib increases. This shifts Tmax

Hall to higher
T. Nevertheless, for EA�20 meV, the calculated Hall maxi-
mum is only at 65 K even for reasonably large �ib of
�2 cm2 /V s, such that conduction band electrons still domi-
nate for T�65 K. Hence, Tmax

mob remains unchanged at 110 K.
Evidently, the opposite behavior of Co:TiO2 cannot be

explained in a similar way. We thus examine the other pa-
rameter �EA� that controls the relative weight of the two con-
duction channels. A larger EA exponentially suppresses 
cb

and thereby shifts Tmax
Hall and Tmax

mob to higher values. Qualitative
agreement with the experimental trend is obtained when EA

varies from �30 meV to beyond �70 meV as Pox increases.
The data suggest that for films grown under more oxygen
poor conditions, the Fermi level shifts toward the conduction
band. Perhaps coincidental, these electronic changes are
accompanied by stronger ferromagnetism for growth at
lower Pox �Fig. 3, top panel�. Films grown at Pox of 7
�10−5 mbar are ferromagnetic at room temperature having a
nonzero remanence and a coercivity of about 300 Oe. Films
grown at higher Pox have reduced magnetic moments, while
the remanence and coercivity disappear for films grown at
Pox of 10−3 mbar.

Direct evidence for the interaction between Co spins and
mobile carriers comes from the Kondo effect. In normal met-
als with randomly dispersed dilute magnetic impurities, this
is manifested as a minimum in the � versus T curve, fol-
lowed by a characteristic logarithmic increase of � at low T.
Unlike metals, in semiconductors, n varies with T, which can
easily mask the Kondo effect in the resistivity. Since
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�=1 /ne�, we instead plot 1 /� versus T �Fig. 4, inset�. We
observe a pronounced minimum and an increase at low T
that follows a logarithmic dependence, consistent with
Kondo scattering of the conduction electrons. Extrapolation
to the horizontal axis defines Kondo temperatures TK of 60
and 120 K, respectively, for the two films shown in the inset.
The main panel of Fig. 4 shows data as a function of reduced
temperature T /TK, showing scaling with data collapsing onto
a single curve for several Co:TiO2 films with different TK.
From transport analysis �Fig. 2�, we know that conduction is
dominated by the metallic impurity band in the logarithmic
regime below about 100 K. Therefore, the Kondo effect is
attributed to the resonant scattering of the electrons at the
Fermi level in the metallic impurity band. Weak localization
can be ruled out as this requires two dimensional transport
to produce a logarithmic T dependence, while our transport
is clearly three dimensional as films have thickness
�150–200 nm� much larger than the mean free path �of the
order of a few nanometers�. We did not find the logarithmic
behavior in any of the pure TiO2 films, identifying Co local
spins as the scattering centers. We note that the nominal Co
content is higher than the carrier concentration. However, it
is not unlikely9,26 that the Co distribution is not homoge-
neous and that only a small fraction of the Co exists as iso-

lated spins. In fact, this is similar to GaMnAs, where Kondo
effects due to a small fraction of Mn interstitials were re-
cently reported,29 albeit with TK below 10 K. Values of TK up
to 120 K observed here for anatase Co:TiO2 are remarkably
high and about an order of magnitude higher than typically
observed in metals. This suggests a strong interaction be-
tween Co spins and conduction electrons in the impurity
band and implies that conduction electrons and the Co local
moments are in states that are energetically sufficiently close
to produce strong interaction. The Kondo effect provides an
avenue to study interactions between carriers and local spins
in a variety of oxide magnetic semiconductors that have mo-
bile carriers. The origin of the high Kondo temperature and
the relation, if any, to the high magnetic ordering tempera-
tures in oxide FMSC are to be further explored. Moreover,
being a many body effect, the observation of the Kondo ef-
fect in a magnetic semiconductor suggests that theoretical
descriptions of oxide FMSC have to go beyond the single
particle models that have so far been unable to explain the
unusually high magnetic ordering temperatures.

We thank D. H. A. Blank and A. J. H. M. Rijnders for the
PLD facilities and acknowledge financial support from the
NWO-VIDI program and the NanoNed and NanoImpuls pro-
grams coordinated by the Dutch Ministry of Economic
Affairs.
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