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We have investigated the magnetic properties of EuTi;_,Al,O; with 0 < x < 1 and established a detailed
magnetic phase diagram. Substitution of Ti** with AI’*, which oxidizes magnetic Eu** (J = 7/2) into
nonmagnetic Eu** (J = 0), turns the antiferromagnetic insulating ground state (x = 0) into the ferromagnetic
(FM) insulating one (0.10 < x < 0.50). The Eu?* /Eu®* mixed valence is indispensable for the FM behavior. In
0.10 < x < 0.33, the Curie temperature T¢ has a plateau at ~4 K, and the FM correlation is most enhanced around
x =0.25.1n0.33 < x < 1, APP* substitution suppresses the FM correlation due to the dilution of magnetic Eu’*
ions. Our present results would provide useful information for magnetoelectric phase control of EuTiOs-based

compounds.
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I. INTRODUCTION

Materials that exhibit strong coupling between electric and
magnetic properties have attracted much interest for their fun-
damental physics as well as potential application for spintronic
devices [1]. Perovskite Eu titanate EuTiO; (ETO) is one of
such materials [2]. ETO has a cubic perovskite structure with
a space group of Pm3m around room temperature, undergoing
the antiferrodistortive (AFD) transition [the transition from the
cubic (Pm3m) to tetragonal (/4/mcm) perovskite structures]
below room temperature [3-5]. Due to the absence of 3d
electrons, ETO is an insulating oxide, and exhibits a quantum
paraelectric (PE) behavior at low temperatures [6]. The
structural and electric properties of ETO are analogous to those
of SrTiO;3 [7-9]. The magnetism of ETO arises from strongly
localized 4 f electrons of Eu>* (J = § = 7/2), since Ti** has
no 3d electron. In spite of the positive Curie-Weiss temperature
Ocw =~ +3 K, ETO undergoes the antiferromagnetic (AFM)
transition at the Néel temperature Ty ~ 5 K, indicating that an
underlying ferromagnetic (FM) interaction exists [10,11]. In
the vicinity of Ty, ETO exhibits a large magnetocapacitance
effect: application of magnetic fields increases the dielectric
constant by ~7 % [6]. The AFD instability is considered to
play a significant role in the magnetoelectric (ME) behavior in
ETO [12].

Fennie and Rabe theoretically predicted that by applying
an epitaxial strain the ground state of ETO changes from the
AFM-PE insulator to a ferromagnetic-ferroelectric (FM-FE)
one [13]. Lee et al. experimentally showed that tensilely
strained ETO film grown on DyScO; substrate is a multiferroic
material that has FM and FE orders simultaneously [2].
Furthermore, Ryan er al. demonstrated that the magnetic
ground state of compressively strained ETO film grown on
(LaAlO3)p.29—(SrAly 5Tag s03)0.71 substrate can be controlled
by electric fields [14].

Chemical substitution as well as an epitaxial strain is
an effective method for controlling physical properties of
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materials. In our previous work, we have synthe-
sized EuTi;_,Al,O3; (ETAO) with 0<x <0.10 and
EuTi;_,Ga, 03 (ETGO) with 0 < x < 0.10 and investigated
the magnetic properties [15]. Both ETAO and ETGO have
the mixed valence of Eu** /Eu’" as a result of substitution
of Ti** with heterovalent AI*" and Ga®", and they exhibit
FM insulating behavior below ~4 K while ETO substituted
with isovalent Zr** does not. This result indicates that the
Eu?* /Eu** mixed valence significantly contributes to the FM
behavior. In this paper, we have prepared ETAO with 0 <
x < 1 using a solid-state reaction and arc-melting methods,
and elaborately investigated the magnetic properties. As a
result, the overall phase diagram for the ETAO system has
been established.

II. EXPERIMENT

Polycrystalline samples of ETAO with 0 < x < 0.10 were
synthesized by a solid-state reaction [15]. ETAO with 0.10 <
x < 1 were prepared in polycrystalline form by the following
procedure. Eu,O3, TiO,, and Al,O3 were used as starting
materials. Mixed powders of appropriate molar ratio are
pressed into pellets, and then sintered at 1673 K under 5% H,-
Ar flow. At this stage, ETAO with 0.10 < x < 1 contains a
significant amount of impurity phases. These sintered pellets
were melted by an arc furnace under Ar atmosphere. These
arc-melted samples were annealed under 5% H,-Ar flow at
1723 K. The powder x-ray-diffraction (XRD) profiles indicate
that all ETAO samples prepared in this study have single phase
perovskite structures. Magnetic properties were measured by
a Quantum Design magnetic property measurement system.
ETAO shows insulating transport behavior in the whole region
of x. We note that ETGO with x > 0.10 could not be obtained
by this procedure.

III. RESULTS

We exhibit the XRD patterns for ETAO with x = 0-0.25
and 0.33-1 collected at room temperature in Figs. 1(a)
and 1(b), respectively. The simulated XRD patterns for the
end members, ETAO with x = 0 (ETO) and 1 (EuAlOs3), are
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FIG. 1. Powder x-ray-diffraction profiles for EuTi,_,Al, O3 with
(@) 0 < x <0.25 and (b) 0.33 < x < 1 at room temperature. (c)
Simulated powder XRD profiles for the end members, EuTiO; (ETAO
with x = 0) and EuAlO; (ETAO with x = 1).

also shown in Fig. 1(c) for comparison. As clearly seen from
the XRD patterns, the positions of Bragg peaks monotonically
shift to higher angles with increasing x, since substitution of
Ti** with smaller AI*" and concomitant oxidization of Eu’**
into Eu*" reduce the unit-cell volume of ETAO. The XRD
profiles for ETO and EuAlO; can be indexed as a simple cubic
perovskite structure with a space group Pm3m [4,5,10] and
as an orthorhombic perovskite structure with a space group
Pbnm [16], respectively. ETAO retains the cubic perovskite
structure in 0 < x < 0.25 [Fig. 1(a)]. In x = 0.33, the Bragg
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FIG. 2. Temperature (T') dependence of magnetization (M) of
(a) ETAO with 0 < x < 0.25 and (b) 0.25 < x < 1 measured at H
= 100 Oe. ZFC and FC denote zero-field cooling and field cooling,
respectively. (c) T dependence of magnetic susceptibility (x) of
ETAO with x = 1 (i.e., EuAlO;) measured at H = 100 Oe.

peaks due to the orthorhombic distortion start to appear
[Fig. 1(b)], indicating that the structural transition from the
cubic to the orthorhombic perovskite occurs around x = 0.33.
In the intermediate region of 0.33 < x < 0.50, the Bragg
peaks are rather broadened, which is probably attributed to
lattice disorder arising from a large mismatch in the ionic radii
between Ti** and AI*T. Rietveld analysis using the RIETAN-FP
program [17] indicates that the cubic and orthorhombic phases
coexist in x = 0.33 and that ETAO with x = 0.5 has the single
phase perovskite structure with orthorhombic distortion.
Figure 2 shows the temperature dependence of the mag-
netization (M) of ETAO. Here ZFC and FC denote zero-field
cooling and field cooling, respectively. The M of ETAO with
x = 0 (ETO) shows a cusp due to the AFM transition at Ty
= 5.2 K. AI*" substitution creates a FM component below
Tx as previously reported [15]. In x = 0.05, the M below
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FIG. 3. (a) Real component x’ and (b) imaginary component x”
ofac x for ETAO with0.10 < x < 1 measured at frequency f = 1 Hz
and field amplitude 47 = 3 Oe.

~4 K is increased compared with that of ETO, but the AFM
cusp is still observed around 5 K. This result suggests that in
the low-doped region 0 < x < 0.10 the AFM and FM phases
coexist or the AFM and FM transitions successively occur.
In x =0.10, the M below ~ 4 K is further increased, and
the AFM cusp is no longer observed, indicating that the FM
phase is dominant. In 0 < x < 0.25, in spite of the decrease in
magnetic Eu?t ions, the M at low temperatures is increasing
with increasing x, reaching the maximum around x = 0.25
[Fig. 2(a)]. In 0.25 < x < 1, an increase in x monotonically
suppresses the M at low temperatures [Fig. 2(b)]. In ETAO
with x = 1 (EuAlO3), all magnetic Eu®" ions are oxidized
into nonmagnetic Eu’t ions, so that the M is much smaller
than that of ETAO compounds containing Eu*" ions.

The temperature dependence of the magnetic susceptibil-
ity x of EuAlO; is shown in Fig. 2(c). EuAlO; exhibits
paramagnetic behavior, which arises from the Van Vleck
paramagnetism of Eu’", as previously reported [16]. No
magnetic anomaly indicative of a magnetic transition is
observed in the measured temperature range. The magnitude of
the x is ~7 x 10~ emu/Eu*" mol, which is comparable with
those of other Eu*t-based compounds such as EuBOj3, Eu,03,
and EuF; [18]. The slight upturn in the x at low temperatures
is probably attributed to Eu** impurity arising from a slight
amount of oxygen deficiency and/or second phase.

Figure 3 presents the ac x of ETAO. The temperature
dependence of the real component x’ of the ac x [Fig. 3(a)]
shows a similar trend to that of the M (Fig. 2). Around
x = 0.25, the x’ at low temperatures is most enhanced like
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the case of the M. The imaginary components x” of the ac
x of ETAO with x = 0.10 and 0.25 show an abrupt change
around 4 K, indicating that the magnetic transition (i.e.,
the FM transition) occurs at the temperature [Fig. 3(b)]. Here
the Curie temperature 7¢ is determined from the derivative
of the x” (dx"/dT). The Tc’s of ETAO with x = 0.10-0.33
almost coincide with each other (T¢c = 4.2-4.3 K). In x =
0.50, the T¢ is lowered by ~1 K, and the x” below the T¢ is
much larger than that in x = 0.25, which might be attributed
to the emergence of a magnetic glassy component resulting
from the dilution of magnetic Eu** ions. In 0.67 < x < 1, the
abrupt change in the x” is no longer observed in the measured
temperature range, suggesting that the 7¢ is below 2 K and that
the FM phase disappears between x = 0.67 and 1. However,
even in x = 0.75, the x” exhibits a slight upturn below ~3 K,
which probably originates from Eu*" impurity or might be
attributed to the precursor of the FM transition.

Figure 4(a) exhibits the magnetization curves of ETAO with
0 < x < 0.75 measured at 2 K. All the magnetization curves
show saturation behavior without an appreciable hysteresis
loop. The saturation M is monotonically decreasing toward
zero with increasing x. The M at H =50 kOe (Mgy) is
plotted as a function of x in Fig. 4(b). The M, shows a linear
decrease, almost coinciding with the expected value of Mg, =
Tup(l — x). This result evidences that ETAO has the mixed
valence of Eu’*/Eu’* in 0 < x < 1. In order to compare
the saturation rates of the M, we show the magnetic field
dependence of the M divided by the M, in Fig. 4(c). In 0 <
x < 0.25, AIPT substitution lowers the magnetic field required
to saturate the M, and the M is most easily saturated around
x = 0.25. Withincreasing x from 0.25, the saturation magnetic
field is increasing. From this result, one can conclude that
the FM correlation is most enhanced around x = 0.25. This
conclusion is consistent with the results shown in Figs. 2 and 3.

We present the magnetic phase diagram for ETAO estab-
lished from the present results in Fig. 5. The 6cw, obtained
from the Curie-Weiss fitting, is also plotted except for that
of EuAlO; (ETAO with x = 1) in Fig. 5. The ground state
of the pristine compound ETO (ETAO with x =0) is an
AFM insulator. By partial substitution of Ti** with AI*T,
the FM component emerges below Ty. In the low-doped
region 0 < x < 0.1, the AFM and FM phases coexist or the
successive magnetic transitions occur. In x > 0.10, the FM
phase is dominant. The x dependence of the T¢ has a plateau
around 4 Kin 0.10 < x < 0.33. In x > 0.33, the effect of the
dilution of magnetic Eu*" ions is prominent. In this region,
the T¢ is decreasing toward zero with increasing x. As seen
from the result that the Ocw is positive in the whole region
of x (except for x = 1), the FM interaction is dominant in
the ETAO system. The 6cw of ETO is +3.17 K, which is the
same as the value previously reported [6]. In 0 < x < 0.25,
the Ocw is rising with increasing x, reaching the maximum
value of fcw = +3.80 K around x = 0.20-0.25. This result
also indicates that the FM correlation is most enhanced around
x = 0.25. A further increase in x from 0.25 reduces the
Ocw, and the extrapolated Ocw at x =1 is about +1 K.
In 0.10 < x < 0.50, the fcw is slightly lower than the T¢,
although, in general, it is slightly higher than the T¢. In the
present case, strong competition between the AFM and FM
interactions probably suppresses the Ocw.
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FIG. 4. (a) Magnetic field (H) dependence of M for ETAO with
0 < x <0.75 at 2 K. (b) x dependence of Mg, for ETAO with 0 <
x < 1. Mgy, represents M at H = 50 kOe. (c) H dependence of
M /Mg, for ETAO with 0 < x < 0.75 at2 K.

IV. DISCUSSION

First, we discuss the origin of the FM behavior of ETAO.
In the parent compound ETO, the AFM and underlying
FM interactions compete with each other [10,11]. Therefore,
the magnetic property of ETO is sensitive to perturbations
caused by chemical substitution or epitaxial strain. For
example, electron-doped ETO such as EuggLagy;TiO3; [19],
EuTi;_,Nb,O3 with x > 0.2 [20-22], and EuTiOs_,H, with
0.07 < x < 0.3 [23] exhibit FM metallic behavior. In these
cases, the origin of the FM interaction arises from Ruderman-
Kittel-Kasuya-Yoshida (RKKY) interaction between localized
Eu 4 f spins and itinerant Ti 3d or Nb 4d electrons. On the other
hand, in the case of ETAO, the resistivity is highly insulating
because of the absence of d electrons. Therefore, it is clear that
RKKY interaction is irrelevant to the emergence of the FM
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FIG. 5. The magnetic phase diagram for ETAO. Closed circles,
triangles, and open circles represent Curie temperature 7, Néel
temperature 7y, and Curie-Weiss temperature 6cw, respectively.

phase of ETAO. On the other hand, substitution of Eu?t with
nonmagnetic alkaline-earth ions such as Ca®>", Sr?*, and Ba®>*,
which corresponds to the dilution of magnetic Eu>* ions, does
not induce an AFM to FM transition [24-26] while ETAO,
in which Eu?" is diluted with nonmagnetic Eu®*, exhibits the
FM insulating state as demonstrated above. This means that
the origin of the FM behavior cannot be explained by the effect
of the magnetic dilution.

In our previous paper, we proposed that the mixed valence
of Eu** /Eu’" is indispensable for the FM behavior and that a
FM super-super-exchange process between Eu®* ions through
Eu?t stabilizes the FM interaction [15]. Another possible
explanation for the origin of the FM behavior is that structural
distortion resulting from AI** substitution stabilizes the FM
phase. In the case of ETO film on DyScOj, large structural dis-
tortion (~1 % tensile strain) enhances the FM interaction and
simultaneously generates the polarization through Eu-Ti-Eu
bond alignment [14]. We confirmed that the crystal structure of
ETAO withx = 0.25, which has the FM ground state with 7¢c =
4.3 K, remains cubic at 87 K by powder XRD measurements.
In addition, no anomaly indicative of a phase transition is
observed between Tc = 4.3 and 87 K in the magnetization
and heat capacity measurements. These results show that
AI** substitution suppresses the AFD (tetragonal) transition
characteristic of ETO and that ETAO with x = 0.25 retains
the cubic perovskite structure immediately above T¢. If ETAO
with x = 0.25 undergoes the structural transition at T¢, large
structural distortion cannot be expected since the FM transition
is of second-order type. From these results, we conclude that
the origin of the FM behavior of ETAO is different from that of
ETO film on DyScOj and that the Eu** /Eu*" mixed valence is
essential for the ferromagnetism of ETAO. Furthermore, in our
preliminary study, a FE transition is not observed in ETAO with
x = 0.25 as mentioned below, which also supports the above
conclusion.

In the heavily doped region 0.5 < x < 1, AT substitution
weakens the FM correlation as demonstrated above, which
can be naturally explained by the magnetic dilution. However,
at the same time, the orthorhombic distortion is stabilized
in this region, so that we cannot exclude a possibility that not
only the magnetic dilution but also the orthorhombic distortion
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contributes to the suppression of the FM correlation in heavily
doped ETAO.

Besides the origin of the FM behavior, there are some other
issues to be addressed.

(1) Does charge ordering of Eu?* /Eu** occur in ETAO with
the commensurate x such as x = 1/3, 1/4, and 1/2? If so, it
would be interesting to investigate the ME properties of charge
ordered ETAO. However, no sign of a charge order transition
is observed in our present data in the measured temperature
range of 2-400 K.

(2) How does the Eu>* /Eu** mixed valence affect the ME
properties of ETAO? In order to solve these issues, a detailed
study using ETAO in single-crystalline form is required, which
would lead to finding some intriguing ME phenomena arising
from the close interplay between the lattice, magnetism, and
Eu?* /Eu** mixed valence.

Lastly, we briefly report our preliminary study of the
electric properties of single-crystalline ETAO with x = 0.25.
The dielectric constant € at low temperatures, measured at
frequency f = 100 kHz, is smaller than that of the parent
compound ETO, suggesting that AI** substitution suppresses
the quantum paraelectricity of ETO. The temperature depen-
dence of the ¢ does not show any anomaly indicative of a
FE transition in the temperature range from ~2 to ~100 K.
Above ~100 K, we could not measure the electric properties
of ETAO due to leakage current. This preliminary study was
carried out using a single-crystalline sample with poor quality.
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In order to investigate the detailed electric properties of ETAO,
a single-crystalline sample with high quality is needed.

V. SUMMARY

In this paper, we have investigated the magnetic prop-
erties of EuTi;_,Al, O3 with 0 < x <1, and established
the magnetic phase diagram. The pristine EuTiO3; (ETAO
with x = 0) is an antiferromagnetic insulator with the Néel
temperature Ty ~ 5 K. Substitution of Ti** with AI** oxidizes
magnetic Eu?* (J = 7/2) into nonmagnetic Eu** (J = 0), and
concomitantly the ferromagnetic correlation is enhanced. The
Eu?* /Eu®* mixed valence is an essential ingredient for the FM
behavior. ETAO with 0.10 < x < 0.50 exhibits FM insulating
behavior, and the Curie temperature 7¢ has a plateau around
4 K in 0.10 € x < 0.33. The result of the magnetization
curve measurements indicates that the FM correlation is most
enhanced around x = 0.25. With increasing x from 0.33 to 1,
the T¢ is decreasing toward zero due to the dilution of magnetic
Eu®* ions. The orthorhombic distortion resulting from AI**
substitution also might contribute to the suppression of the FM
correlation. The present results would provide a new route for
magnetoelectric phase control of EuTiO3-based compound.
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