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Large magnetoresistance in spin- and carrier-doped SrTiO;
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We studied SrTiO; into which spins and carriers are doped by Cr substitution for Ti and La substitution for
Sr, respectively. It was found that Weiss temperatures vary from negative to positive values with carrier doping,
indicating the appearance of a ferromagnetic interaction between Cr spins via the conduction carriers. We also
found negative magnetoresistance in these compounds, whose magnitude amounts to 70% at low temperatures.
These results demonstrate that magnetic semiconductors with large magnetoresistance can be obtained based
on conventional oxides, like SrTiO3, with independent doping of spins and carriers.
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Coupling between spin and charge degrees of freedom
and resultant magnetoresistance are the issues seen in various
magnetic conducting materials, for example, perovskite man-
ganites, intermetallic compounds involving rare earth, and
diluted magnetic semiconductors. In the case of perovskite
manganites,1 for example, the conduction carriers on the Mn
site (in the 3d e, orbital) are coupled to the localized spins
existing also on the Mn site (in the ¢, orbital), and this
coupling produces a ferromagnetic interaction between two
spins, which is called “double exchange” coupling. The
RKKY interaction,? often observed in rare-earth metals and
intermetallic compounds, occurs in a similar way: There ap-
pears a magnetic interaction between 4f spins on the rare-
earth atoms via the itinerant electrons in the conduction
band. Diluted magnetic semiconductors are the ones to
which both carriers and spins are introduced by doping.?
Compared with the former two systems, it is easier to control
the number of carriers and spins in magnetic semiconductors,
and thereby they are suitable for the application utilizing
both spin and charge degrees of freedom. In these three sys-
tems, the magnetic interaction is dominated by conduction
carriers, and oppositely the transport properties of conduc-
tion carriers are dominated by the magnetic state, and thus by
magnetic field. In many cases, coherent motion of conduc-
tion carriers is enhanced with ferromagnetically aligned
spins, and electrical resistivity is suppressed with magnetic
field, i.e., negative magnetoresistance occurs.

As theoretically shown in the RKKY interaction, in which
the sign of the magnetic interaction changes depending on
the relation between the Fermi wave number of conduction
carriers and the distance between neighboring magnetic mo-
ments, the numbers of spins and carriers are the most impor-
tant parameters for the coupling between spin and charge
degrees of freedom. In none of the systems above, however,
these two numbers can be controlled independently. Even in
diluted magnetic semiconductors, spins and carriers are often
introduced by a single dopant, for example, by Mn for
(Ga,Mn)As. In this paper, we experimentally demonstrate
that various parameters, including the magnitude of magne-
toresistance, can be optimized by controlling the number of
spins and carriers independently.

The parent compound studied here is perovskite SrTiO;, a
simple band insulator whose conduction band is composed
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of the Ti 3d state and the oxygen 2p state. There are several
advantages to use this compound as a parent compound for
spin and carrier doping: First, it forms a simple cubic crystal
structure, and thus is free from any structural complexity.
Second, this compound has two cations, which can be used
for independent spin and carrier doping. It is known that the
substitution of La** for Sr** introduces electrons into the
conduction band (electron doping).* On the other hand, spins
can be introduced by the substitution of other transition
metal ions for Ti. Here, we choose Cr as a dopant, which is
stable as a trivalent ion (Cr**) in the 34> high-spin configu-
ration (S=3/2). Finally, since SrTiO; is one of the most
common oxides, which can be used even as a substrate of
thin-film growth, the magnetoresistance on the derivatives of
SrTiO; is suitable for possible future applications.

We made polycrystalline samples of
Sri_yyLa,, Ti;_Cr,0; by a solid state reaction method,
starting from SrTiO;, LaTiO;, and LaCrO;. These com-
pounds were mixed and sintered in the flow of forming
gas (H, 7%/Ar) at 1350 °C. SrTiO; was made from SrCO;
and TiO,, LaTiO5 from La,0s, TiO,, and Ti (sintered also in
the forming gas), and LaCrO; from La,05 and Cr,05. In the
notation of Sr,_,_,La, Ti;_Cr,Os, x represents the number
of Cr** ions, i.e., the number of spins, and y represents the
number of Ti** ions, i.e., the number of conduction electrons.
X-ray diffraction measurement indicates that all the samples
have a cubic perovskite structure. As an example, the x-ray
diffraction patterns of the sample with x=0.2 and y=0.1 is
shown in the upper panel of Fig. 1. Electrical resistivity was
measured by a conventional four probe technique with sput-
tered gold as electrodes. Magnetoresistance was measured by
using 5 T and 14 T superconducting magnets. Magnetization
was measured by a SQUID magnetometer.

The middle panels of Fig. 1 shows the inverse magnetic
susceptibility (1/y) as a function of temperature (7) for (a)
fixing carrier concentration y=0.2 and changing spin concen-
tration x (b) fixing spin concentration x=0.1 and changing
carrier concentration y (c) fixing spin concentration x=0.2
and changing carrier concentration y. As shown in Fig. 1(a),
the slope of 1/ vs T decreases with increasing x, consistent
with the increase of the number of spins. However, the num-
ber of spins estimated from their Curie constants below 50 K
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FIG. 1. (Color online) Upper panels: Schematic picture of the
crystal structure of Sry_,_,La,, Ti;_,Cr,O5 (left) and the x-ray dif-
fraction pattern of the sample with x=0.2 and y=0.1 measured with
Cu K, radiation (right). Middle panels: Temperature dependence of
inverse magnetic susceptibility for (a) fixing carrier concentration
y=0.2 and changing spin concentration x, (b) fixing spin concentra-
tion x=0.1 and changing carrier concentration y, and (c) fixing spin
concentration x=0.2 and changing carrier concentration. Lower
panels: Temperature dependence of resistivity [(d)—(f)]. Spin and
carrier concentrations are the same as those at the middle panels.

are approximately 1/3 of the theoretical values. In fact, the T
dependence of 1/ is not completely linear, but is saturated
at high 7. This nonlinear behavior of 1/x(7T) occurs because
the Cr ions are randomly positioned in the crystal and thus,
there are various sizes of magnetic interactions between two
Cr spins. Figures 1(b) and 1(c) show how 1/x(T) changes
with increasing carrier concentration. In both cases, 1/x(7)
shows approximately a parallel shift to higher temperatures
with increasing carrier concentration y. The Weiss tempera-
ture estimated from 1/y(7) between 20 K and 50 K is nega-
tive at y=0, indicating the antiferromagnetic interaction be-
tween two Cr spins with no itinerant carriers. Note that the
100% Cr-substituted compound, LaCrOs, is an antiferromag-
netic insulator below 290 K, and this antiferromagnetic in-
teraction observed for y=0 can be attributed to a simple su-
perexchange coupling between Cr spins. However, the Weiss
temperatures become positive at finite values of y (carrier
concentration), as shown in Figs. 1(b) and 1(c). These results
indicate that doped electrons into the conduction band induce
a ferromagnetic interaction between the localized spins on
the Cr site. We have searched for a long-range ferromagnetic
state in these compounds, but so far such a state has not been
observed.

The T dependence of electrical resistivity [p(7)] is shown
in Figs. 1(d)-1(f) in the same manner. Unlike the result of
single crystals, dp/dT is negative even without Cr doping
(x=0, not shown). This comes from a grain-boundary effect
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FIG. 2. (Color online) Magnetic-field dependence of resistivity
normalized to the value at zero field for fixing spin concentration
x=0.2 and changing carrier concentration (a) y=0.05, (b) y=0.1, (c)
y=0.15, and (d) y=0.2. Data taken at 5 K, 10 K, 15 K, 20 K, and
35 K are shown in each panel.

of polycrystalline samples, which is known to be substantial
in the transport properties of La-doped SrTiO;.° With in-
creasing Cr concentration x, p(7T) increases, particularly at
low T, as shown in Fig. 1(d). There are two sources of the
scattering of conduction electrons by Cr: one is the spin-
independent scattering by the impurity potential of Cr, and
the other the spin-dependent scattering by Cr spins. As dem-
onstrated by the negative magnetoresistance discussed be-
low, a part of the increase of p(T), particularly at low tem-
peratures, is caused by the spin-dependent scattering of
carriers. Figures 1(e) and 1(f) show how p(7T) varies with
increasing carrier concentration y. As is the same with La
doped SrTiO5 previously reported,* p(7) decreases with in-
creasing carrier concentration y below y<0.2.

With further increasing carrier concentration y, however,
p increases again, as exemplified by x=0.2 and y=0.5 [the
dashed line in Fig. 1(f)]. The inverse magnetic susceptibility
also shifts left [Fig. 1(c)], indicating the suppression of the
ferromagnetic interaction. Though we do not fully under-
stand the origin of this increase of resistivity and the sup-
pression of the ferromagnetic interaction, we speculate that
they are related to the electron-correlation effect between
itinerant carriers and/or the orthorhombic distortion of the
crystal, both of which becomes substantial at large La con-
centration. Since the behavior of large y is the unwanted
direction in terms of a large ferromagnetic coupling, we fo-
cus on the low-carrier-concentration regime (y=<0.2) in the
present paper, but further investigations in the high-carrier-
concentration as well as the high-spin-concentration regimes
are necessary in the future.

A dominant role of magnetism on p(7) can be seen when
magnetic field is applied to the samples. Figure 2 shows the
magnetic-field (H) dependence of p, which is normalized to
the value at zero field, at various values of x and y and
temperatures. Here, the magnetic field is applied perpendicu-
lar to the electrical current. As can be seen, p of all the
samples decreases with increasing H, i.e., negative magne-
toresistance occurs, and the magnitude of magnetoresistance,
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FIG. 3. (Color online) (a) Temperature dependence of resistivity
at 0 T and 14 T for x=0.2 and y=0.1 (Sry;Lag3TiysCr,03). The
inset shows the plot of p vs (1/T)"* (b) Magnetization (M) depen-
dence of resistivity. M is the theoretical value of saturation moment
of this compound, assuming S=3/2 spins existing at each Cr site.

Ap/p is enhanced with decreasing T for all samples. This
indicates that transport properties are substantially domi-
nated by its magnetic state in Sry_,_,La,, Ti;_Cr,03;. We
measured the magnetoresistance up to 14 T for x=0.2 and
y=0.1 (Sry;Lag3TiysCry,05) at 2 K, and found that Ap/p
amounts to 70%, i.e., resistivity becomes less than 1/3 with
applying magnetic field, as shown in Fig. 3(a). Note that
large magnetoresistance is observed in several transition
metal oxides having e, electrons (e.g., perovskite mangan-
ites), but such a large magnitude of magnetoresistance is rare
in the transition-metal oxides having only 7,, electrons.

In the perovskite manganites with a modest size of mag-
netoresistance (La,_,Sr,MnO3, for example), magnetoresis-
tance shows a universal M? scaling at different
temperatures.” This scaling was explained based on the
Hamiltonian with Hund’s rule coupling between itinerant
electrons and localized spins.8 Note that, if the transfer en-
ergy of electrons is dominated by the spin-spin correlation
function, (S;-S;), the M? scaling is derived with mean-field
approximation. This means that the M? scaling of magne-
toresistance is not limited to perovskite manganites but could
be applied to other magnetic conductors with localized spins
and itinerant carriers. Therefore, we first check if this M?
scaling holds in the present compound. We measured the
magnetization of Sri_,_,La,, Ti;_Cr;O3 with x=0.2 and y
=0.1 as a function of magnetic field, and plot the relation
between resistivity and magnetization in Fig. 3(b). As can be
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FIG. 4. (Color online) Summary of various parameters, (a) mag-
nitude of resistivity at 4.2 K, (b) Weiss temperature, and (c) the
magnitude of magnetoresistance at 5 K and 5 T, as a function of x
(spin concentration) and y (carrier concentration).

seen, the variation of resistivity shows approximately M
dependencies, but the lines at different temperatures do not
merge to a universal one. In addition, the coefficient of the
M? dependence, i.e., the C value in Ap/p=C(M/M,)?, where
M is the saturation moment, is ~40 at 5 K, which is much
larger than that of La;_ Sr,MnO; (C~4). Such absence of
the M? scaling in the present compounds indicates that the
coupling between localized spins and itinerant carriers alone
does not explain the observed behavior of magnetoresis-
tance.

One possible mechanism of large magnetoresistance in
the present compounds is the delocalization of localized car-
riers (either by a polaronic effect or a disorder effect) by
magnetic field, which is also responsible for the “colossal”
magnetoresistance in perovskite manganites. In the inset of
Fig. 3(a), log p is plotted against (1/7)". The linear behav-
ior for H=0 indicates that the 7 dependence of resistivity at
low T in this sample is dominated by the three-dimensional
variable-range-hopping of localized carriers.”> However, p(T)
with H=14 T obviously deviates from the linear relation,
particularly at low 7. This indicates that the wave function of
the carriers becomes more extended with the evolution of
magnetic moment under magnetic field, and this can be re-
garded as the origin of large magnetoresistance in the present
compounds.

Figure 4 is a summary of various parameters, (a) the mag-
nitude of electrical resistivity (p) at the lowest temperatures,
(b) Weiss temperatures (6), and (c) the magnitude of magne-
toresistance of 5 T at 5 K (Ap/p), as a function of spin con-
centration x and carrier concentration y. Here, p in Fig. 4(a)
shows a monotonic change with x and y, i.e., increases with
x (spin concentration) and decreases with y (carrier concen-
tration). However, the dependence of Weiss temperature 6 on
x or y is not monotonic [Fig. 4(b)]. With increasing y (carrier
concentration) from 0 to 0.05, @ sharply increases from nega-
tive to positive values. However, with further increasing y,
the variation of @ is saturated. This sharp increase and a
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successive saturation of 6 with increasing carrier concentra-

tion y is reminiscent of the carrier-doping dependence of

Curie temperatures in Eu;_,Gd,S, which was attributed to the

RKKY oscillation.? Theoretically, the RKKY interaction is
proportional to

7 ki) cos kpr  sin kgr

o -E ity il

P 2ker (2kgpr)?

; (1)

where kj is the Fermi wave number and r the distance be-
tween two magnetic moments. The interaction oscillatorily
changes its sign with kzr: It is zero when kz=0, and positive
when kp<<1/r, increases with increasing ky, and then is satu-
rated and becomes negative when kp~1/r. In the present
compounds, kr and r given by y (carrier concentration) and x
(spin concentration), respectively. In addition to this RKKY
interaction, there is a superexchange antiferromagnetic inter-
action between Cr spins in these compounds, which exits
independent of of itinerant carriers. The experimental result
of the present compounds is qualitatively consistent with the
sum of the carrier-independent superexchange antiferromag-
netic interaction and the carrier-dependent RKKY interac-
tion.

The x (spin concentration) dependence of 6 is not mono-
tonic either: It first increases from x=0.1 to 0.2, but de-
creases from 0.2 to 0.3. One possible origin of this nonmono-
tonic behavior against spin concentration is the competition
between the RKKY ferromagnetic interaction mediated by
doped carriers and the superexchange antiferromagnetic in-
teraction. With increasing the distance between magnetic
moments, the magnitude of the RKKY interaction falls off
much more slowly than the superexchange interaction. In
other words, the RKKY interaction is a more longer-range
interaction. Thus, the RKKY ferromagnetic interaction is ef-
fective in the low-spin-concentration regime, whereas the su-
perexchange antiferromagnetic interaction becomes effective
in the high-spin-concentration regime, and this competition
can explain the nonmonotonic spin-concentration depen-
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dence of Weiss temperatures |6]. Another possible origin of
the decrease of 6 with increasing Cr concentration x is the
increase of electrical resistivity (decrease of conductivity), as
seen in Fig. 4(a), which suppresses the magnetic interaction
mediated by itinerant carriers.

The magnitude of magnetoresistance at 5 K and 5 T as a
function of x and y is also nonmonotonic. For example, with
fixing the spin concentration x=0.2 and changing the carrier
concentration y, Ap/p increases with increasing carrier con-
centration y at small y, but becomes maximum around y
=0.1, and then decreases with further increasing y. With in-
creasing carrier concentration y, the ferromagnetic interac-
tion increases and that can enhance magnetoresistance. Si-
multaneouly, however, the absolute value of resistivity
decreases with increasing y and that can suppress magnetore-
sistance. Therefore, the nonmonotonic behavior of magneto-
resistance against the carrier concentration can be explained
by the competition of the increasing ferromagnetic interac-
tion and the decreasing absolute value of resistivity. These
results indicate the importance of independent control of spin
and carrier concentrations for enhancing the magnitude of
magnetoresistance in magnetic conductors.

In summary, we made independent spin and carrier dop-
ing into SrTiO3, and found that ferromagnetic coupling be-
tween Cr spins appears with increasing carrier concentration.
We also found large negative magnetoresistance, indicative
of strong spin-charge coupling in this series of compounds.
From systematic studies, we demonstrated that the magni-
tude of magnetoresistance can be maximized by controlling
carrier and spin concentrations independently in SrTiOs.
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