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Magnetic impurities and itinerant carriers in doped SrTiO;: Anomalous Hall resistivity
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We studied perovskite SrTiO3 into which magnetic impurities (Cr or V) and itinerant carriers (electrons in
the Ti 3d band) are introduced. We found that the itinerancy of the electrons on the magnetic impurities and
magnetic properties of the compounds depend on the species of the transition metal as impurities. Anomalous
Hall resistivity was observed in Cr-doped SrTiOj3, and it was found that its coefficient is inversely proportional

to the number of itinerant carriers.
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How magnetic impurities behave in the sea of itinerant
carriers has been an important subject of condensed matter
physics. Various kinds of phenomena, for example, Kondo
effect, exotic magnetism, negative magnetoresistance, and
anomalous Hall effect, are dominated by the coupling be-
tween magnetic impurities and itinerant carriers.! Recently,
dilute magnetic semiconductors have been extensively stud-
ied based on GaAs,? and physics of magnetic impurities and
itinerant carriers is important also in those compounds. There
are several parameters to characterize such a system; the
transfer energy of itinerant carriers, the transfer matrix of
mixing between the localized states at the magnetic impurity
and the extended states of the itinerant carriers, and the Cou-
lomb repulsion energy appearing when an additional electron
is added to the magnetic impurity. One basic question about
this kind of system is whether the localized electrons on the
magnetic impurities become itinerant or not by the hybrid-
ization with the extended states. In relation to this question,
magnetic properties dominated by the magnetic interaction
via itinerant carriers are also important issues and are char-
acterized by the competition between Kondo effect favoring
a spin-singlet state and Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction favoring a magnetically ordered state.

Perovskite SrTiO; is a parent material suitable to intro-
duce both magnetic impurities and itinerant carriers.>* In this
compound, Ti ions occupy the B site of the perovskite struc-
ture (ABO;) forming the ideal cubic lattice and are 4+, where
there is no electron in the d state. When Sr** at the A site of
the perovskite structure is substituted by La®*, an electron is
introduced to the d state of Ti, nominally represented as Ti**,
and this electron acts as an itinerant carrier in the d band.’
Furthermore, the Ti ion at the B site can be substituted by
other transition metals, such as V and Cr, and those act as
magnetic impurities. It is unique in this series of compounds
that both itinerant carriers and electrons on the magnetic im-
purity are in the same d orbital, which is quite different from
other systems, where they usually exist in different types of
orbitals.

In this Rapid Communication, we report the transport and
magnetic properties of SrTiO; with the substitution of La by
Sr and Ti by Cr or V to clarify how magnetic impurities
behave in the sea of itinerant carriers. We found that various
characteristics, for example, whether the electrons on the
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magnetic impurities are localized or delocalized, and
whether the system is magnetic or nonmagnetic, strongly de-
pend on the species of the transition metal as magnetic im-
purities. We also found that this series of compounds gives
us unique opportunities to study the physics of anomalous
Hall effect.

Samples of Sr,_, [La, Ti; ,V,O; were synthesized by
the floating-zone technique in the flow of 7% H, gas, similar
to the technique previously used to make Sr;_,La, TiO5.> We
tried to make Sr,_,_,La Ti;_Cr,O5 in a similar way, but
found that homogeneous samples cannot be obtained over a
wide range of x and y. Thus, we employed a different tech-
nique; appropriate amounts of oxides are mixed and pressed
into a rod and sintered in the floating-zone furnace with the
flow of 7% H, gas slightly below the melting point. We
found that the samples of Sr,_,La, TiO; (without Cr) made
by the same technique exhibit almost the same absolute val-
ues and temperature dependence of resistivity as that of the
single crystal made by the floating-zone technique. This al-
lows us to believe that the crystalline domain boundaries do
not seriously affect the transport properties of the present
polycrystalline Cr-doped samples. We performed thermo-
gravimetric analysis of the samples and found that the num-
ber of oxygen is 3.00*=0.007. In the above notation of
chemical composition, x represents the concentration of
magnetic impurities and y the concentration of Ti** (nominal
itinerant carriers), with the assumption that all the Cr or V
ions are 3+. The configuration of the d electrons is summa-
rized in Fig. 1(a). Resistivity and Hall measurements were
performed by conventional four-probe technique, and mag-
netization was measured by a superconducting quantum in-
terfrence device magnetometer. Reflectivity measurement
was done for the melt-grown V-doped samples with a Fourier
transform infrared spectrometer between 0.1 and 0.8 eV and
a grating spectrometer between 0.7 and 5 eV.

A distinct difference between Cr and V as magnetic im-
purities is seen in the dependence of magnetic susceptibility
(x) on carrier concentration. In Fig. 2, data when the value of
x (number Cr or V) is fixed to 0.2 and the value of y (number
of Ti**) is varied are shown. For y=0 [shown by the thick
solid line in Figs. 2(a) and 2(b)], x is enhanced with decreas-
ing temperature (7) for both Cr and V. We fit the data by a
Curie—Weiss law and found that the Curie moment estimated
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FIG. 1. (Color online) (a) Configuration of d electrons at each
ion. [(b)—(d)] Schematic pictures of the electronic state of SrTiOs
with V or Cr as impurities.

from the data above 100 K is 0.45 K cm®/mol for Cr and
0.21 K cm®/mol for V, consistent with the values when the
S§=3/2 (Cr) or S=1 (V) moment exists by 20% of the B site.
Resistivity (p) at room temperature is about ~10° { cm for
Cr and ~10' Q cm for V (not shown). Note that the resistiv-
ity of LaCrO; and LaVOj; at room temperature is about 3
X 10° Q cm (Ref. 6) and 1 X 10~" Q) cm,” respectively. These
indicate that all the Cr and V ions are 3+ and behave as
localized moments (S=3/2 for Cr’* and S=1 for V3%),
whereas all the Ti ions are 4+ and there is no itinerant carrier
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FIG. 2. (Color online) Upper panel: Temperature dependence of
magnetic susceptibility of (a) Sr,_,_,La,Ti;_Cr,03 and (b)
Sry_,,La..,Ti;_,V,O5 with fixed Cr or V concentration, x=0.2, and
various nominal concentrations of itinerant carriers (Ti’*) y. The
inset in (a) shows the magnetic-field dependence of magnetization
for y=0.2. The dashed line in (b) is the data for y=0.2 without V or
Cr. Lower panel: Temperature dependence of electrical resistivity of
(¢) Sr_,,La,,Ti;_,Cr,05 and (b) Sry_,_,La, Ti;_,V,05; with
fixed x (number of Cr or V) and various values of y (number of
Ti**). The dashed lines in (c) and (d) are the data without V or Cr.
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(Ti**) for both Cr and V with y=0. On the other hand, when
y is increased, resistivity decreases down to 107> Q cm for
both Cr and V, as shown in Figs. 2(c) and 2(d), indicating the
introduction of itinerant carriers. Associated with this carrier
doping, however, y exhibits completely different behaviors
between Cr and V; x at low T is further enhanced for Cr,
whereas it is suppressed and approaches a T-independent be-
havior for V [Figs. 2(a) and 2(b)]. For Cr, the Weiss tempera-
ture becomes positive with carrier doping,® and spontaneous
magnetization is observed at very low T (2 K, not shown).
These results indicate that (1) itinerant carriers are intro-
duced, presumably into the d band of Ti (nominally Ti**
states) with increasing y for both Cr and V, and (2) they
produce ferromagnetic interaction between Cr spins, but an-
tiferromagnetic screening for V.

First, let us see the behavior of the V-doped samples in
more detail. One possible scenario for the suppression of x
with carrier doping is that the localized electrons of V3*
become itinerant associated with the introduction of itinerant
carriers into the Ti d band. If this is the case, the number of
carriers for the V-doped sample is larger than that without V.
To see this, we performed Hall measurement and compare
the result with and without V. As an example, Hall resistivity
vs magnetic field for y=0.1 and x=0 and 0.2 (number of V)
is shown in Fig. 3(a). If all the V ion is 3+ for x=0.2, then
10% Ti becomes 3+, the same situation as that for x=0.
Experimental result is such that the slope is smaller for x
=0.2, indicating that the number of carriers is larger for x
=0.2 than for x=0. We estimated the number of carriers per
B site n,. from the Hall coefficient Ry with the relation Ry
=—1/n.Nec, where N is the number of the B site per unit
volume, and plot the result in Fig. 3(b). The solid line depicts
the relation that n,. is the same as y. For x=0, the experimen-
tal data almost follow the line, indicating that the nominal
number of Ti** (y) really corresponds to the number of itin-
erant carriers.” However, for x=0.2, n, is discernibly larger
than the relation n.=y. This indicates that a part of the elec-
trons on the V ions also become itinerant and contribute to
the Hall coefficient.

We also measured the optical reflectivity of the samples
with and without V to obtain the information about the ef-
fective mass of the itinerant carriers. Comparison between
x=0 and x=0.2 with the same number of y (number of Ti**)
is shown in Figs. 3(c)-3(e). The samples with x=0 (without
V, shown by the solid lines) exhibit a clear Drude-like be-
havior with a sharp dip of reflectivity shown by arrows,
called a plasma edge, whose frequency corresponds to the
plasma frequency (%w,). This plasma edge shifts to higher
energy with increasing y (carrier concentration in the d band
of Ti), consistent with the relations w,= \5'477ncez/m*, where
m* is the effective mass of carriers, and n.=y. On the other
hand, the reflectivity spectrum changes in various aspects
with V doping (shown by the dashed lines). First, the plasma
edge becomes obscure with V doping, indicating the increase
of scattering rate of carriers 1/7. Second, the plasma edge
shifts to higher energy with V doping for small y (number of
Ti**), but shifts to lower energy for large y.

To more precisely estimate the value of effective mass
from the experiment, we obtained the optical conductivity
spectra (shown in the inset of Fig. 3) by the Kramers—Kronig
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FIG. 3. (Color online) (a) Hall resistivity vs magnetic field for
Sry_,_,La,,,Ti;_,V,03 with y=0.1 (number of Ti**) and x=0,0.2
(number of V). (b) Carrier concentration n. estimated from Hall
coefficient as a function of y (number of Ti**) for
Sry_y_,La,,,Ti;_,V(Cr)O3 without V or Cr (open circles), with V
(x=0.2, closed circles), and with Cr (crosses). [(c)—(e)] Optical re-
flectivity spectra at room temperature for Sri_,_La,, Ti;_,V,0;
with x=0 and 0.2 (number of V) and various values of y (number of
Ti3*). The insets show the optical conductivity spectrum of each
sample. (f) Effective number of electrons (N.g) as a function of y
(number of Ti**) for Sr,_,_La, Ti;_V,0; with x=0 and 0.2
(number of V). (g) Effective mass m* normalized to that of free
electrons my, estimated from N and n,, as a function of y (number
of Ti**) for Sry_,_,La,, Ti;_,V,05.
transformation of the reflectivity data. We also calculated the
effective number of electrons N, the integrated value of the
optical conductivity below 1.5 eV. As shown in Fig. 3(f),
N, exhibits a seemingly complicated dependence on the V
concentration (x) and Ti** concentration (y), similar to the
behaviors of plasma edge. Here, if we assume that all the
optical conductivity below 1.5 eV is dominated only by a
Drude component for itinerant carriers, N equals
n./(m*/mgy), where my is the mass of free electrons.® Thus,
the effective mass m™ can be calculated from N,y obtained
by optical measurement and n,. obtained by Hall measure-
ment. The result is shown in Fig. 3(g), where m* is simply
enhanced with V doping for any y. It should be noted that the
optical conductivity below 1.5 eV may not be solely attrib-
uted to the Drude spectrum, but may be the sum of a Drude
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component and the so-called in-gap state, which is the exci-
tations to localized states,” particularly for the V-doped
samples. Since the effective mass calculated from a smaller
Drude weight becomes larger, m* is further enhanced with V
doping on this viewpoint.

From these experimental results, the following scenario
can be drawn for the V-doped samples. (1) For y=0, all the V
ions are 3+ and the d electrons on V3* are localized, i.e.,
there is a charge gap in the electronic state of V, whereas all
the Ti ions are 4+ and there is no itinerant carriers in the d
band of Ti [Fig. 1(b)]. (2) With increasing y, itinerant elec-
trons are introduced to the d band of Ti (Ti**), and this
induces the collapse of the charge gap of V and the electrons
on V become also itinerant [Figs. 1(c) and 3(b)]. (3) Since
the effective mass of the V electrons is larger than that of the
Ti electrons, the average effective mass is also enhanced
with V doping [Fig. 3(g)].

Next, let us see the behavior of the Cr-doped samples. As
discussed above, electrons on the Cr ion are localized and
behave as S=3/2 spins for y=0. To see how those electrons
behave when y >0, we measured the Hall coefficient also for
the Cr-doped samples. As shown in Fig. 3(b), the variation of
n. with the Cr doping is barely observed, unlike the case of
V doping, indicating that the charge gap of Cr survives and
the Cr electrons are still localized even with the introduction
of itinerant electrons to the Ti3d band [Fig. 1(d)]. It is
speculated that different sizes of the Coulomb repulsion en-
ergy on V and Cr lead to such different behaviors of the
charge gap with the introduction of itinerant carriers. The
appearance of ferromagnetic interaction between Cr spins
can be attributed to the RKKY-type interaction between Cr
localized spins via the itinerant electrons in the Ti 3d band,
and this yields large negative magnetoresistance reported in
Ref. 3.

To further study the electronic properties of the Cr-doped
samples at low 7, Hall measurement was performed under
variation of 7. As shown in Fig. 4(a), the slope of Hall re-
sistivity (p,,) against magnetic field (H) exhibits a nonlinear
behavior below 20 K. This nonlinear behavior can be ex-
plained by the anomalous term of Hall resistivity propor-
tional to magnetization, p,,=RyB+4mRM.'° We fit the data
of p,, by this relation with experimentally measured M [the
inset of Fig. 2(a)] and Ry, and R, as fitting parameters. The
result for the fixed value of y=0.1 and various values of x
(Cr concentration) is shown in Fig. 4(b). As can be seen, the
anomalous term R, is positive, which is the opposite sign to
the normal term Ry, and its absolute value increases with
decreasing 7. Surprisingly, not only the anomalous term R,
but also the normal term Ry is enhanced with decreasing 7.
This indicates the reduction of the number of itinerant carri-
ers (n,) at low T. We calculated the mobility of the carriers,
m=Ry/ p, and plot it as a function of 7, together with p itself
in Figs. 4(c) and 4(d). As can be seen, u is almost T inde-
pendent for all the samples, indicating that the increase of p
at low T is dominated only by the reduction of n.. In addi-
tion, the absolute value of w decreases (i.e., the scattering
rate 1/7 increases) with increasing Cr concentration.

Such variations of n, with 7, as well as 7 with Cr concen-
tration, give us the opportunity to study how the anomalous
term R, depends on n, and 7. Figure 4(e) shows the relation
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FIG. 4. (Color online) (a) Hall resistivity vs magnetic field for
Sry__,La,,Ti;_,Cr,03 with x=0.15 (number of Cr) and y=0.1
(number of Ti**). (b) Temperature dependence of the normal term
Ry (closed symbols, left axis) and the anomalous term R, (open
symbols, right axis) of Hall resistivity for Sr,_,_,La,, Ti;_,Cr,O3
with y=0.1 (number of Ti**) and various values of x (number of
Cr). [(c) and (d)] Temperature dependence of mobility and resistiv-
ity for Sr;_,_La,, Ti;_Cr,O3 with y=0.1 (number of Ti**) and
various values of x (number of Cr). (¢) The anomalous term (R;) vs
the ordinary term  (Ry) of  Hall resistivity  for
Sry_,_,La,,Ti;_,Cr,O; with various values of (x,y).

between R, and Ry. As can be seen, all the data with different
concentrations and different 7" almost follow a universal line,
R,=aRy; with a~2 X 102, This result indicates the following
two points: (1) The anomalous term R, is inversely propor-

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 77, 121201(R) (2008)

tional to the number of itinerant carriers n, and (2) the dif-
ference of mobility for different samples does not largely
affect R, i.e., R barely depends on the relaxation time of
itinerant carriers 7.

Hall conductivity o, is given by o,,=p,,/ p>. Since p is
proportional to 1/7, tindependent R, as discussed above
means 7 dependence of anomalous Hall conductivity O'A A
recent theory!! indicates the relation o, 7® for the ferro—
magnets in the “intrinsic” regime. The present Cr-doped
SrTiO3, however, seem to be located not deep into the ferro-
magnetic phase, but near the quantum critical point between
ferromagnetic and paramagnetic phases, since a ferromag-
netic phase transition is barely observed or observed only at
very low T in this series of compounds. Thus, the present
experimental result could be a behavior typical of the system
with itinerant carriers and magnetic impurities near the quan-
tum critical point, which might be different from that in the
normal ferromagnets.

In summary, we studied the carrier- and magnetic-
impurity-doped ~ StTiO3,  Sri_,_,La,,,Ti;_,V,0; and
Srl_x_} a4y T11_,V,03. We found that without itinerant car-
riers in the Tid band (y=0), the electrons on both V and Cr
act as localized spins in the system. With carrier doping (y
>0), the electrons on V become itinerant with heavy mass,
whereas those on Cr remain localized and ferromagnetic in-
teraction appears between them via itinerant electrons in the
Ti band. We also found that both the normal term (Rj) and
the anomalous term (R,) of Hall resistivity for Cr-doped
samples are enhanced at low temperatures in such a way that
R *Ry.
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