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We present the electronic structure of Sry_(.yyLa,,,Ti;—Cr,O; investigated by high-resolution
photoemission spectroscopy. In the vicinity of the Fermi level, it was found that the electronic structure
was composed of a Cr 3d local state with the z%g configuration and a Ti 34 itinerant state. The energy
levels of these Cr and Ti 3d states are well interpreted by the difference of the charge-transfer energy of
both ions. The spectral weight of the Cr 3d state is completely proportional to the spin concentration x
irrespective of the carrier concentration y, indicating that the spin density can be controlled by x as
desired. In contrast, the spectral weight of the Ti 3d state is not proportional to y, depending on the amount

of Cr doping.
DOI: 10.1103/PhysRevLett.96.067203

If the charge and spin degrees of freedom of electrons
can be controlled just as one designed, it is possible to
engineer a next-generation device merging conventional
electronics with magnetoelectronics [1]. So far, however,
there is no report that has succeeded in handling magnetic
and semiconducting properties independently. Magnetic
semiconductors (MSs) are one of the best candidates
among the spin-electronic devices utilizing the both prop-
erties. Indeed, following a successful synthesis of the pro-
totypical In;_ Mn,As and Ga;_,Mn,As [2—4], several
room temperature (RT) ferromagnetic MSs such as
ZrTe:Cr [5] have recently been discovered, leading a con-
tinuous effort to understand the electronic and magnetic
properties of these materials. However, it is still difficult to
control their magnetic and semiconducting properties in-
dependently, and this difficulty stems from the fact that
both properties depend upon only the one-transition-metal
(1-TM) element doping in either III-V-based or RT ferro-
magnetic MSs.

Alternatively, a Cr-doped perovskite-type titanate
Sri—(x+yla,y,Tij—,Cr,O3 (SLTCO) is based on a new
concept of independent control of the charge and spin
degrees of freedom by 2-TM elements (Ti and Cr); the
end compound SrTiO; of this family is a band insulator
with a wide band gap of 3.2 eV. It is well known that carrier
doping can be realized by La’* substitution for Sr**,
which introduces electrons (y) into Ti 3d conduction
band. A further manipulation of the resulting
Sr;-,La,TiO;3 is to introduce Cr’" by replacing SrTiO;
with LaCrO; by the amount of x. Because Cr** (34°) ions
are usually magnetic in oxides, the above substitution of
Cr’* for Ti** would realize a “spin doping” of § = 3/2
local moment at the Ti sites. In other words, x and y
nominally represent ‘“‘spin” and “‘carrier’” concentration
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(n, and n,), respectively. In fact, magnetic and transport
measurements showed that the paramagnetic Curie con-
stant increases with x, and a semiconducting resistivity
decreases with increasing y [6]. Judging from the sign
change of the Weiss temperature, the correlation between
Cr ions should vary from antiferromagnetic to ferromag-
netic interaction from y = 0 to y > 0. This ferromagetic
interaction is probably caused by the exchange interaction
between the Cr 3d (spin) and Ti 3d (carrier) electrons, but
the paramagnetic Curie temperature (7,.) of this system is
still low below ~10 K, unfortunately. Nevertheless, it is
not evident that the doped Cr3* really form the local spin
of S =3/2 since both Ti and Cr f, orbitals will be
partially filled. In this sense, despite the low T, SLTCO
is worthy to be investigated as a prototype of next-
generation MSs in which the 2 degrees of freedom can
be controlled.

The primary focus of this Letter is to elucidate the
electronic structure of SLTCO as well as a possibility of
an independent control of charge and spin degrees of free-
dom by high-resolution photoemission spectroscopy
(PES). The result demonstrates that the near-Er electronic
structure consists of the Cr 3d° local state and Ti 3d
itinerant state. We will show that the relative energy levels
of these 3d states can be described by the difference of the
effective charge-transfer energy (A.¢) of both ions, which
is one of the basic parameters in the electronic structure of
conventional 1-TM perovskite-type oxides [7]. We discuss
that an appropriate choice of two TM elements can realize
a new magnetic system in which local spins and charge
carriers are independently controlled.

Polycrystalline samples of Srj_(;,La,;,Ti;—,Cr, O3
with  (x,y) = (0.1,0.1), (0.2,0.1), (0.2,0.2), and
(0.2,0.15) were prepared by solid-state reaction [6]. We
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will simply denote them as (0.1, 0.1), etc. All the measure-
ments were carried out at BL-1 of Hiroshima Synchrotron
Radiation Center (HSRC), Hiroshima University using a
SCIENTA ESCA200 electron analyzer [8,9]. In order to
obtain clean surface, we fractured the samples in situ in
ultrahigh vacuum (better than 1 X 107'° Torr) at 50 K.
The spectra were taken at 50 K using selected photon
energies (45.6, 50.0, and 150 eV), and the overall experi-
mental energy resolution was set at 50 meV. The back-
grounds due to the inelastic electrons were subtracted from
all the spectra. For comparison, a spectrum of
Sty (v+yLay,Ti; -, V,053 (SLTVO) with (0.2,0.2) was
also recorded under the same experimental conditions as
above.

In order to identify the Ti and Cr 3d states, we have first
performed a resonant PES measurement for (0.2, 0.15).
Figure 1 shows the resonant PES spectra of (0.2,0.15)
taken at 45.6 eV (dashed line) and 50.0 eV (solid line),
corresponding to the Ti and Cr 3p-3d on resonance, re-
spectively. In Fig. 1(a), one can observe the four spectral
features denoted as A to D. By comparison with the re-
ported PES spectra of La,Sr;_, TiO; [10-12], the leading
feature A (—0.7 eV) is attributed to the Ti 3d state, and the
dominant features C (—5.1 eV) and D (—6.9 eV) have
primarily the O 2p character. Consequently, the remaining
feature B (—2.7 eV) is the most likely Cr 3d state. These
assignments are confirmed by the resonant enhancement of
the features A and B at each absorption threshold as shown
in Fig. 1(b). Note that the Ti 3d state further split into the
quasiparticle band and the remnant of the lower Hubbard
band corresponding to the one-electron excitation from d'
to d° of the insulating LaTiO5, namely, the coherent (A)
and incoherent (A’) parts, consistent with the literature
[12].

To see how the charge and spin degrees of freedom are
controlled, we have investigated a doping dependence of
PES spectra. Panel (a) of Fig. 2 presents the valence-band
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FIG. 1 (color online). Resonant PES spectra of (0.2, 0.15) in
(a) the full valence-band and (b) the near-Ey region. The spectra
are taken at 45.6 eV (dashed line) and 50.0 eV (solid line), which
correspond to the Ti and Cr 3p-3d on resonance, respectively.

spectra of SLTCO for several compositions taken at
150 eV. At first sight, the four spectral features A-D
identified in Fig. 1(a) can be observed. Owing to the larger
photoionization cross section of the Ti and Cr 3d states
relative to one of the O 2p state, the near-Eg structures are
much clearer and sharper than in Fig. 1(a). An apparent
doping dependence of the features B and A can be seen
easily in the near-Ex [panel (b)] and the very near-Eg
[panel (c)] region spectra, respectively. Panels (d) and (e)
summarize this doping dependence, where the integration
windows are from —3.3 to —2.1 eV (B) and from —0.4 to
0.1 eV (A).

We can find two important facts about Cr doping from
the figures. First, panels (a) and (b) clearly show that the
feature B is located at a deep level far below Ex (~2.7 eV).
This is demonstrating that the doped Cr 34 electrons do not
participate in electric conduction. Second, it is likely that
the doped Cr ions are always trivalent with the tgg local

configuration because the peak shift of the Cr 3d and O 2p
bands due to the doping of both x and y is not observed in
the spectra. This is contrary to the previous PES spectra of
La;_,Sr,CrO;, in which the Cr 3d peak and O 2p bands
show systematic changes with increasing Cr*" localized
state by replacing La*>* with Sr>* [13]. Here it may be still
possible that they become all tetravalent, although such a
situation is very unlikely. However, this can be ruled out
from the result of panels (d) and (e); panel (d) shows that
the spectral weight of Cr 3d state is completely propor-
tional to x irrespective of y, indicating that the Cr ions do
not change their valence. Panel (e) also shows that spectral
weight of coherent part has a linear relationship with y
[except for (0.1, 0.1), which will be discussed later]. If the
Cr ions are tetravalent, (x,y) = (0.2,0.1) and (0.2,0.2)
mean n, = 0.2 + 0.1 and 0.2 + 0.2, respectively. This is,
however, resulting in the spectral weight ratio of 0.4/0.3 =
1.33 between the two samples, which is far from the
observed linear relationship. Therefore, we believe that
the doped Cr ions form the § = 3/2 (tgg) local-spin state
and x gives n, of this local spin, although a more precise
determination would be done using core-level PES.

On the other hand, panel (e) shows that the spectral
weight of (0.1,0.1) deviates from the linear relationship.
This indicates that the charge carrier is not controlled
solely by y. In other words, the density of states near Eg
decreases with increasing Cr doping despite the same
carrier concentration. This is in perfect agreement with
the electrical resistivity data [6]. Moreover, the peak posi-
tion of the feature A apparently shifts away from Ey by
~50 meV upon Cr doping without changing y as shown in
panel (c). This is, hence, not a rigid-band shift and what is
observed is actually the shift of the midpoint of the leading
edge and a strong spectral weight suppression, both of
which are signals of opening a pseudogap. However, since
the line shape of the feature A is still quasiparticlelike, the
charge carriers are not completely localized and the system
is very in the vicinity of the metal-insulator transition.

067203-2



PRL 96, 067203 (2006)

PHYSICAL REVIEW LETTERS

week ending
17 FEBRUARY 2006

T T T T T T T T T T T
(a) hv=150eV
T=50K

Intensity (arb. units)

10 8 6 -4 2 0 4 3 2 -

Binding Energy (eV)

FIG. 2 (color).
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(a) Valence-band spectra taken at 150 eV. (b) Same as (a) in the near-E region in an expanded scale. (c) Very near-Ex

region spectra. (d) and (e) Intensity plots of the features B and A, respectively. Spectral weight of features B and A is set to unity at
(0.1,0.1) and (0.2, 0.1). The integration windows are given in the text.

Under such circumstances, the long-range Coulomb inter-
action becomes dominant and if a sufficient potential dis-
order exists, the well-known Coulomb gap will appear
[14-16]. In our case, the Cr doping x should give rise to
a strong potential disorder at Ti sites with a small number
of the charge carriers y. Hence we believe that this pseu-
dogap is most likely the Coulomb gap. Further investiga-
tion is needed on this issue, but it is beyond the scope of
this Letter.

Finally, we discuss how A.; of TM elements plays a
crucial role in the electronic structure of the 2-TM systems.
Panel (a) of Fig. 3 shows the valence-band spectra of the
Cr- and V-doped titanates SrqgLlag 4TiggMy,05 (M = Cr,
V). Comparing the two spectra, one can easily attribute the
feature B’ (— 1.8 eV) to the V 3d state. Panel (b) displays a
schematic electronic structure of the four compounds de-
duced from our results and the literature [11-13]. The
distance between the Cr 3d state and the O 2p band in
SLTCO is virtually identical to that in La;_,Sr,CrO5 [13].
On the other hand, the Cr 3d peak in SLTCO is located at a
deeper energy level than in La;_,Sr,CrO; because the Ex
location is determined by Ti 3d state. In other words, the
combination of (1) the difference of the Ay’s (DA.g) of
the Ti and Cr 3d states and (2) the Ef location determined
by the Ti 3d state realizes the Cr 3d localized state (and
hence the local spins) in the band gap between O 2p and Ti
3d bands in SLTCO.

This is quantitatively demonstrated in panel (c), in
which the binding energy of the observed spectral features
is compared with A ¢’s deduced from the analysis of PES

spectra for M3* [17] and from the empirical relation for
M3t and M** [18]. The panel reveals that an appropriate
offset for A,y for M3 or M*' reproduces the relative
energy of these features very well [19]. As a consequence,
the panel predicts that V ions in SLTVO are not V4" but
V3* because the B’ just locates between Ti** and Cr3 ™. It
should be noted that the electronic structure is not solely
determined by DA or A but also by the effective O
2p-TM d hybridization (T) and the effective on-site d-d
Coulomb interaction Uy [20]. Indeed, (Agp — Uegy) i
observed directly in the PES spectra instead of A ..
However, the effects of Uy and T do not appear in the
energy difference among the features because U.g and Ty
change systematically with number of d electrons [21].
This is why the relative binding energy of the features
directly reflects DA 4. Therefore, DA is an essential
parameter to determine the backbone of the electronic
structure of 2-TM compounds.

Owing to the large (~2.7 eV) DA, SLTCO has local
spins and charge carriers. This indicates that one can
introduce a localized spin at a deep energy level by an
appropriate choice of two elements with a relatively large
DA . In addition, such a situation should be realized not
only in the above randomly substituted 2-TM compounds,
but also in the ordered 2-TM compounds, namely, the
ordered double perovskite-type oxides. Panel (d) compares
the schematic electronic structure of SLTCO and a typical
half-metallic double perovskite Sr,FeMoOg [22]. In the
case of Sr,FeMoOQg, the location of Ef is determined by the
Mo 4d (+Fe 3d) 1y, state and the Fe 3d° t%gteé state are
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FIG. 3 (color). (a) Valence-band spectra of

SrgeLlag4TiggMy,03 (M = Cr, V) taken at 150 eV. (b) and
(d) Schematic electronic structure of SLTCO compared with
the analogues and the double perovskite Sr,FeMoOg.
(c) Binding energy of spectral features and A.y’s are plotted
against the number of 3d electrons, where A for M** includes
an offset by 4.0 eV. Since the centroid of A must be above Ef, the
upper error bar of the Ti*" is expected to be large.

located between the O 2p and Mo 4d states, reflecting a
large DA, between Fe’™ and Mo>*. That is to say, the Ti
and Cr 34 states correspond to the Fe 3d and Mo 4d states,
although there exists the essential difference between
them, n -to-n, (x-to-y) ratio and the randomness. This
comparison further implies that SLTCO could be a
double-exchange-type ferromagnet like La;_,Sr,MnO;
[23].

Although it is simplified, our interpretation employing
DA gives a useful view for understanding the electronic
structure of 2-TM systems as well as new-material design-
ing. For instance, it is interesting to apply it to the elec-
tronic structure of interface layers, which has hardly been
studied by PES in spite of its importance for industrial
applications [24]. In the heterointerfaces, the electronic
structure should be considered as quasi-two-TM system,
and hence it is essential to take account of the A.g’s of the
two TM ions in each thin film. This would give essential
information about the electronic structure of heterointerfa-
ces, particularly on the amount of charge transfer from one
to the other [24].

In conclusion, we have studied the electronic structure
of Sry_(e+ylac,Ti;—Cr,O3 by high-resolution photo-

emission spectroscopy. Near-Ep electronic structures
show two-component structure of the Cr 3d local state
and Ti 3d itinerant state. Owing to the large DA of Cr
and Ti ions, the doped Cr 3d electrons realize S = 3/2 (t% g)

local-spin state at a deep level far below Ex (~2.7 eV). An
appropriate choice of 2-TM elements provides an oppor-
tunity to create a new magnetic system in which local spins
and charge carriers are independently controlled.
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