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ABSTRACT: A comparative study of the crystal and electronic Theory & E“P"=‘*’“’-"-"’=‘i’?r

structure and magnetism of divalent europium perovskite oxides _0-0 Crystal structure
EuMO; (M = Ti, Zr, and Hf) has been performed on the basis of Mogneiism °" 9° ' e
both experimental and theoretical approaches playing comple- ; o4Po Vil
mentary roles. The compounds were synthesized via solid-state 0ot A o ——— =

reactions. EuZrO; and EuHfO; have an orthorhombic structure
with a space group Pbnm at room temperature contrary to _
EuTiO;, which is cubic at room temperature. The optical band =~ ¢ s,

£ =" }
gaps of EuZrO; and EuHfO; are found to be about 2.4 and 2.7 s ! < | Y& e '
eV, respectively, much larger than that of EuTiO; (0.8 eV). On Esi | = 1 S oth e
the other hand, the present compounds exhibit similar magnetic N S . = 2haia (e
properties characterized by paramagnetic-antiferromagnetic tran- T

sitions at around S K, spin flop at moderate magnetic fields lower e

than 1 T, and the antiferromagnetic nearest-neighbor and

ferromagnetic next-nearest-neighbor exchange interactions. First-principles calculations based on a hybrid Hartree—Fock
density functional approach yield lattice constants, band gaps, and magnetic interactions in good agreement with those obtained
experimentally. The band gap excitations are assigned to electronic transitions from the Eu 4f to M nd states for EuMO; (M = Tij,
Zr, and Hf and n = 3, 4, and S, respectively).

B INTRODUCTION

Divalent europium perovskite oxides with a chemical formula
EuMO; (M = Ti and Zr) and the related solid solutions exhibit
diverse and intriguing physical properties, rendering them
subjects of great interest. Magnetic properties of the
compounds and their correlation with dielectric and carrier-
transport properties such as magnetoelectric effects and
anomalous Hall effects have been extensively investigated by

means of both experimental and theoretical methods.'** In

addition, these compounds have been synthesized via various Figure 1. Schematic models of (a) a \/2 X \/2 X 2 tetragonal

methods in the form of single crystals,”® polycrystals,'' ™' supercell for EuTiO; and (b) an orthorhombic unit cell with a space

nanocrystals,lé and epitaxial thin films.®'7 72! group of Pbnm for EuMO; (M = Zr and Hf). The broken lines in (a)
EuTiO; has a cubic perovskite structure (Space group Pm3m) indicate the cubic unit cell with a space group of Pm3m. The crystal

f . . . 22
with a lattice constant of 3.9 A at room temperature  (see structures are visualized using the VESTA code.

Figure la), and, therefore, is isostructural to SrTiO;. It is an
insulator with a band gap of 1 eV,'®'® and exhibits incipient
ferroelectric behavior.” The localized 4f spins belonging to the
A-site Eu** ions (S = 7/2) compose a simple cubic lattice with a
G-type antiferromagnetic (AFM) ordering below $.3 K23 Eu 4f spins via the Ti 3d states stems from the electronic
Interestingly, first-principles calculations have revealed that structure unique to EuTiOj, because the energy gap between
EuTiO; is critically balanced between the AFM and the Ti 3d and the Eu 4f states corresponding to the band gap is
ferromagnetic (FM) states.>***> Our recent calculations have
demonstrated that this criticality is caused by competition Received: November 14, 2011
between AFM superexchange via the Ti 3d states and FM Published: April 2, 2012

indirect exchange through the Eu S5d bands proposed by
Goodenough26 and Kasuya27 in the nearest-neighbor (NN)
interaction.”® The importance of the superexchange between
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relatively small (~1 eV)."®'® The delicate balance between the
AFM and FM states implies that the magnetic ground state in
EuTiO; can be altered by some perturbations. For example,
EuTiO; is transformed from an AFM insulator to a FM metal
by electronic-carrier doping of Ti 3d bands,” and it is changed
into a reentrant ferromagnet by amorphization.”> The
observation of FM properties has been also reported for
epitaxial EuTiO thin films with out-of-plane lattice expansion'”
and biaxial tensile strain.’' In particular, Lee et al*' have
experimentally confirmed the theoretical prediction by Fennie
and Rabe® that biaxial tensile strain induces a multiferroic (FM
and ferroelectric) state.

In addition to EuTiO;, EuZrO; and EuHfO; are involved in
the divalent europium perovskites having Group 4 elements in
the B sites. Recently, it has been reported that EuZrO; adopts
an orthorhombic perovskite structure with a space group of
Pbnm (see Figure 1b)."*"> The Eu sites form a pseudosimple-
cubic lattice and the Eu 4f spins have been suggested to exhibit
a G-type AFM ordering below 4.1 K.'* On the other hand,
there are few reports about preparation and physical properties
of EuHfO,."> For systematic understanding of the magnetism
in the divalent europium perovskites, the comparative
investigations of their fundamental properties including the
crystal and electronic structure will be helpful.

In this study, experimental approaches, in conjunction with
theoretical calculations, have elucidated the crystal and
electronic structure and magnetic properties of the divalent
europium perovskite oxides, EuMO; (M = Ti, Zr, and Hf). The
crystal structures, local environments, and chemical states of
europium ions, optical band gaps, and magnetizations are
investigated for polycrystalline EuMO; (M = Ti, Zr, and Hf)
using synchrotron X-ray diffraction (XRD), '*'Eu Mdssbauer
spectroscopy, diffuse reflectance spectroscopy, and a super-
conducting quantum interference device (SQUID) magneto-
meter, respectively. First-principles calculations based on a
hybrid Hartree—Fock density functional approach provide
lattice constants, magnetic ground states, and band gaps, in
good agreement with those obtained experimentally and also
specify the nature of the electronic transition corresponding to
the band gap excitation. The complementary study via both
experimental and theoretical approaches systematically clarifies
the fundamental properties of the divalent europium perov-
skites.

B EXPERIMENTAL SECTION

Sample Preparation. Polycrystalline EuMO; (M = Ti, Zr, and Hf)
samples were prepared via a solid-state reaction from reagent-grade
Eu,0;, TiO,, ZrO,, and HfO,. For EuTiO;, Eu,0; and TiO, were
thoroughly mixed and pressed into a pellet. Then, the resultant pellet
was sintered at 1673 K for 12 h in air. The sintered body was
pulverized and sintered at 1473 K in a reducing atmosphere of 95 vol.
% Ar + 5 vol.% H,. The black powder thus obtained was pelletized
again, and then the reaction was completed by resintering at 1473 K
for 24 h in the reducing atmosphere. For EuMO; (M = Zr and Hf)
samples, the following two consecutive reactions were used for the
preparation:ls (1) Eu,05 + C = CO + 2Eu0 and (2) EuO + MO, —
EuMO;. In the first step, Eu,O; and slightly excessive graphite acting
as a reducing agent were thoroughly mixed and pressed into a pellet.
The pellet was then sintered at 1723 K for 6 h in the reducing
atmosphere. In the second step, the resultant EuO pellet was reground
into powder and thoroughly mixed with MO, powder. The mixture
was again pressed into a pellet and sintered at 1823 K for 6 h in the
reducing atmosphere. The resultant pellet was greenish yellow.

Measurements of Structural, Optical, and Magnetic Proper-
ties. Powder XRD measurements were performed at room temper-
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ature using a Rigaku RINT 2500 system with CuKa radiation to
confirm whether single-phase samples were obtained or not. The
crystal structure of the samples was determined by high-resolution
synchrotron XRD patterns taken with a Debye—Scherrer camera at the
BL02B2 beamline of SPring-8. Imaging plates were utilized as a
detector. The wavelength of incident beam was estimated to be
0.49880 A by calibration using CeO, as a standard. The RIETAN-FP
was used for the structural refinement.>* Energy dispersive spectros-
copy revealed that the molar ratio of Eu to M (M = Ti, Zr, and Hf)
was almost 1:1. "'Eu Mossbauer transmission spectra were measured
at room temperature using 1.85 GBq '*'Sm,0; as a 21.5 keV y-ray
source. The velocity calibration was done with the magnetic hyperfine
spectrum of a-Fe foil obtained using a 14.4 keV y-ray of *’Co doped in
Rh. The M6ssbauer spectrum of EuF; was utilized as a standard for the
isomer shift. To estimate optical band gaps, diffuse reflectance spectra
were collected over a photon-energy range from 0.7 to 3.5 eV.
Magnetic properties were measured by using a SQUID magnetometer
(Quantum Design, model MPMS-XL).

B COMPUTATIONAL SECTION

The first-principles hybrid Hartree—Fock density functional calcu-
lations were performed using the projector augmented-wave (PAW)
method®" and the HSE06 functional®*** as implemented in the VASP
code.>*™** The HSE06 functional adopts the replacement of one-
quarter of the exchange energy in the Perdew—Burke—Ernzerhof
generalized gradient approximation (PBE-GGA)* with the nonlocal
Fock exchange, and a screening parameter of 0.208 A", It has been
shown that the hybrid Hartree—Fock density functional approach
describes the electronic structure for a variety of molecules and solids
more precisely than those obtained from the local and semilocal
functionals 32-3+38,3941-49

The PAW data sets with radial cutoffs of 1.5, 1.2, 1.3, 1.4, and 0.8 A
for Eu, Ti, Zr, Hf, and O, respectively, were used with a plane-wave
cutoff energy of 550 eV. Eu 4f, Ss, Sp, 6s; Ti 3s, 3p, 3d, 4s; Zr 4s, 4p,
4d, 5s; Hf Sp, 5d, 6s; and O 2s, 2p states were described as valence
electrons.

The supercell was chosen to be so large as to extract the effective
exchange constants for the NN and next-nearest-neighbor (NNN)
exchange paths. To model four magnetic configurations, that is, A-, C-,
F-, and G-type, a \/ 2 X \/ 2 X 2 tetragonal supercell containing 20
atoms shown in Figure la was used for EuTiO;, and an orthorhombic
unit cell possessing 20 atoms with a space group of Pbnm shown in
Figure 1b was adopted for EuZrO; and EuHfOs;. Here, the four
magnetic configurations mentioned above are defined for EuZrO; and
EuHfO, by regarding the lattice composed of Eu** ions as simple
cubic. A 3 X 3 X 2 k-point mesh was used for both cells in accordance
with the Monkhorst-Pack scheme.*® The lattice constants and internal
coordinates were optimized until the residual stress and force
converged to less than 0.2 GPa and 0.02 eV/A, respectively. The
NN and NNN exchange constants were calculated by mapping the
total energy difference among the four magnetic configurations onto
the Heisenberg Hamiltonian. The method to estimate the exchange
constants was described in detail in our previous report.”®

B RESULTS AND DISCUSSION

Crystal Structure. Figure 2 shows room-temperature
synchrotron XRD profiles of EuMO; (M = Ti, Zr, and Hf)
and the results of fitting by Rietveld analysis. The XRD pattern
of EuTiO; is readily indexed on the basis of the cubic unit cell
as illustrated by the broken lines in Figure 1a, while the patterns
of EuZrOj; and EuHfOj are assigned to the orthorhombic unit
cell shown in Figure 1b. The Rietveld refinement (solid curves
in Figure 2) was performed based on the space group Pm3m
(No. 221) for EuTiO; and Pbnm (No. 62) for EuMO; (M = Zr
and Hf). Since no apparent vacancy was observed at any sites,
the occupancy factors were constrained to unity. The resultant
structural parameters are shown in Table 1. The small values of

the reliability factors (pr and Rp) and goodness-of-fit (Sg)
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Figure 2. Synchrotron X-ray diffraction profiles measured at room
temperature (crosses) and calculated profiles obtained by Rietveld
analysis (solid curves) for (a) EuTiOs, (b) EuZrOs, and (c) EuHfO,.
The vertical ticks indicate the positions of the Bragg reflections, and
the bottom solid lines correspond to the difference between the
observed and the calculated intensity.

indicate the verification of the refinement based on the above
structural models. The values of atomic displacement
parameters U for the Eu ions are relatively large, partly because
of the presence of a small amount of Eu®" ions in the A site (<5
mol %) as mentioned in the next section.

The lattice constant of EuTiO; is in good agreement with
that reported for single crystalline and polycrystalline bulk
samples.”'"*" The lattice constants and atomic coordinates of
EuZrOj; are also very similar to those reported in refs 14 and

1S. It is well-known that EuTiOj is isostructural to SrTiO; at
room temperature. Similarly, the structural parameters of
EuZrO; and EuHfO, are similar to those of SrZrO;>> and
SrHfO,,* respectively. If the crystal structure with the Pbnm
symmetry is regarded as a pseudocubic structure, we can define
the pseudocubic lattice constant as a,,. = (abc/4)'3, where a, b,
and c are lattice constants for the orthorhombic unit cell. The
relationship among the lattice constant of EuTiO; (3.90437 A)
and the pseudocubic lattice constants of EuZrO; (4.10371 A)
and EuHfO, (4.08849 A) are accounted for in terms of the
ionic radii** of Ti*" (0.61 A), Zr** (0.72 A), and Hf* (0.71 A)
for octahedral coordinations. The difference between the Pm3m
and Pbnm structures is well characterized by rotations of MO
octahedra; the Pm3m and Pbnm structures are represented by
a’a’a® and a~ac', respectively, with Glazer notation.> The
rotation arises when the ionic radii of the A-site cations are too
small to fully occupy the interstitial volume of the MO
network. The ZrOg4 and HfO4 octahedra, which are
considerably larger than the TiOg octahedra, rotate so as to
reduce the available volume of Eu®" ions. Bond valence sum
(BVS) calculations provide (Eu, Ti) = (2.28, 4.14) for EuTiO;,
(Eu, Zr) = (2.00, 3.96) for EuZrO,, and (Eu, Hf) = (2.02, 3.93)
for EuHfO;, indicating that the ionic composition Eu**M*" O,
(M = Ti, Zr, and Hf) is plausible. For EuTiO;, the slight
discrepancy of BVS from the formal charges Eu**Ti*'O; may be
related to an antiferrodistortive phase transition into a structure
with lower symmetry, which has been recently suggested by a
specific-heat measurement to occur at 282 K, slightly lower
than room temperature.**>’ It is naturally anticipated that
EuTiO; undergoes such a transition at lower temperatures
because isostructural SrTiO; exhibits an antiferrodistortive
structure (a’a’c”) distortion below 105 K.** Our preliminary
analysis of variable-temperature powder XRD data of EuTiO;
supports the presence of the antiferrodistortive transition below
room temperature, the detail of which will be described
elsewhere.

Local Structure of Europium lons. Figure 3 illustrates the
S'Eu Missbauer spectra at room temperature for the present
compounds. Each of the spectra is composed of an intense
absorption peak due to Eu** at —14 ~ —12 mm/s and a weak
absorption peak due to Eu** at 0~1 mm/s. It is found from the

Table 1. Refined Structural Parameters for EuMO; with M = Ti, Zr, and Hf

atom site g 7 y % 1000U (A?)
EuTiO;*
Eu 1b 1 1/, 1, '/, 6.2(1)
Ti la 1 0 0 0 32(2)
(0] 3d 1 '/, 0 0 7.6(3)
EquO3b
Eu 4c 1 0.0065(2) 0.5262(1) Y, 7.7(2)
Zr 4a 1 0 0 0 1.8(2)
01 4c 1 —0.0626(12) —0.0169(8) 4 6.5(9)
02 8d 1 0.2222(11) 0.2804(9) 0.0418(6) 6.5(9)
EuHfO;*
Eu 4c 1 0.0056(3) 0.5226(1) s 7.2(2)
Hf 4a 1 0 0 0 2.6(1)
o1 4c 1 —0.0630(18) —0.0135(12) Y, 2.3(13)
02 8d 1 0.2289(16) 0.2779(13) 0.0414(9) 2.3(13)

“EuTiO5: Space group Pm3m (No. 221), lattice constants: a = 3.90437(4) A, R,, = 427%, R, = 3.29%, and Sg; = 1.41. bEquO3: Space group Pbnm
(No. 62), lattice constants: a = 5.79387(10) A, b = 5.82154(9) A, and ¢ = 8.19562(14) A, R, = 1.95%, R, = 1.32%, and S, = 0.85. “EuHfO;: Space
group Pbnm (No. 62), lattice constants: a = 5.77869(12) A, b = 5.79424(12) A, and ¢ = 8.16438(17) A, R, = 4.32%, R, = 2.98%, and S;; = 0.82.
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shown as solid lines in Figure 3b and c; the Eu*" absorption line
< was fitted well with multiplet components of Lorentzian
functions corresponding to 12 possible transitions due to the
quadrupole interactions, while the Eu** absorption lines were
analyzed using a single Lorentzian function because of the poor
spectral resolution. Table 2 lists the fitting parameters including
8, v (for a single Lorentzian function), eQV,,, and 5 = (V,,—
V,,)/ V.., where e is the elementary electronic charge, V,, is the
electric-field gradient in the ¢ axis, and Q is the nuclear

quadrupole moment at the ground state.
The & values are about —12.5 mm/s for the present

compounds. The 6 value of EuTiOs; is slightly lower than those

of EuZrO; and EuHfO;. In EuTiO; an Eu ion has 12
equivalent Eu—O bonds for the NN O jons. On the other hand,
because of the lowering of symmetry, the oxygen coordination
number of Eu ion is effectively decreased. These values are
similar to those reported for the Eu®* perovskites'>*"** and
melilites®® where the Eu®* ions are present at the 12-fold- and
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Band Gap. Diffuse reflectance spectra measured at room

temperature are shown in Figure 4 for EuMO; with M = Tj, Zr,

ol Reis Sy i iy ahand g e
25 20 5 40 5 0 5 10 i /
Velocity (mm/s) {f‘ J
Figure 3. ''Eu Mdossbauer spectra (dots) measured at room = 5 _!
temperature for (a) EuTiO;, (b) EuZrOs and (c) EuHfO; The ; i |
solid curves represent the theoretical spectra. The dashed curves depict &
the 12 component curves for the Eu** absorption peak at around —13 = y y &
mm/s and the Eu®* absorption line at around 0 mm/s. = EuTiO, f i
o EuZrO, LA
_ z eo, | |
area ratio of the two absorption peaks that most of the =L ¥ |
europium ions are present as Eu*" ions in the present samples I |
(see Table 2). The Eu** absorption line for EuTiO, manifests a / E',f
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Table 2. *'Eu Mossbauer Parameters for EuMO; (M = Ti, 00 05 10 15 20 25 30 35
Energy (eV)

Zr, and Hf) Obtained by the Fit of Theoretical Curves to the

Experimental Spectra in Figure 3“
Figure 4. Diffuse reflectance spectra for EuMO; with M = Ti (red), Zr

blue), and Hf (green) at room temperature. Plots of (F(R.)hv)? vs
(blue), (green) p (F(Ro)hv)

b eQV..° 4 7
notation  Ag2/Ag, 6 (mm/s) (mm/s) n (mm/s)
EuTiO; 0.97 —12.60(1) 2.92(4) photon energy are shown. Band gaps are indicated by the energy
BuZrO; 096  —1239(2)  —102(3)  044(6)  2.70(7) intercepts of the broken lines.
-102(5)  032(13)  2.90(12)
and Hf. The absorption coefficient, a, is obtained from the

Kubelka—Munk (K-M) function defined as
2
1 —-R
F(Roo) — a@ — M
S 2R
where R, is the reflectance and § is the scattering coefficient.

The photon-energy (hv) dependence of @ for the direct
allowed transition obeys the following equation:

EuHfO, 0.95 —12.55(3)
“The area ratio of the Eu** absorption relative to the total absorption,

Ag,/Ag, is also shown. ®6: isomaelr shift relative to EuF;. “eQV,,:
quadrupole interaction parameter. “;j: asymmetry parameter. “y: full
width at half-maximum of one component of Lorentzian multiples.

(1)

symmetric shape, which reflects the cubic symmetry at the Eu**
site in EuTiOj;. The fitting of a single Lorentzian function to
the Eu®* and Eu*" absorption lines did well for EuTiO; (see
Figure 3a). The isomer shift, §, and full width at half-maximum,
7, for the Eu** absorption line are shown in Table 2. In contrast,

(hv — Eg)l/2
)

a=A
hv

the Eu* absorption lines for EuZrO; and EuHfO, are slightly
asymmetric and broader than that for EuTiO; because there is
nonzero quadrupole splitting due to the lower symmetry at the
Eu®* site. The Eu** absorption lines for EuZrO; and EuHfO,
were not fitted well using a single Lorentzian function.
Therefore, taking into account quadrupole interactions, the
Eu’" absorption lines were analyzed using a method developed

by Shenoy and Dunlap.”® The detailed procedure for the
60,61 .
The fitting curves are

analysis was described elsewhere.

where A is a constant and E, is the band gap. The diffuse
reflectance spectra of EuMO; (M = Ti, Zr, and Hf) were
analyzed using eq 2. This is because the calculated band
structures for these compounds indicate the predominance of
direct allowed transitions as mentioned below. Figure 4
presents (F(Ry)hv)* as a function of hv. The photon-energy
intercept of the linear portion of hv variation of (F(Ry)hv)*
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yields E, =08, 24, and 2.7 eV for EuTiO;, EuZrO; and
EuHfO;, respectively. The E, value for EuTiO; is in good
agreement with those obtained by absorption spectroscopy for
an epitaxial thin film on a SrTiO; substrate'® and nano-
particles.'® The E, values for EuZrO; and EuHfO; are
comparable to each other and significantly larger than that
for EuTiO;.

Magnetic Properties. The temperature dependence of
magnetic susceptibility y(T) and its reciprocal y~'(T) for
EuMO; (M = Ti, Zr, and Hf) is displayed in Figure Sa and b,

5 : .
(a) dhidiniion i
4 \
5 2t 2t
e | :
2 1 .
E : I I i 0, "
=5 bF . ]
E 2 1t 2
= 1t |
2 4 6 8
~ EuTIO,
3 H=500e _— EuZrO
Qe o ELIHan
O O S O e
q A Catara St Lk EL
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20 (b |
(b) 7]
4
Co
g s
g ifj"‘
> 10} &
< 4
o
,:;}/ EuTiO,
y EuzrO,
s
i y | | EuHfO,
. 50 100 150

Temperature (K)

Figure S. Temperature dependence of (a) magnetic susceptibility and
(b) its reciprocal measured under a magnetic field of SO Oe for
EuMO; with M = Ti (red), Zr (green), and Hf (blue). The inset of (a)
displays the enlarged view of the low-temperature region.

respectively. Both zero-field-cooling (ZFC) and field-cooling
(FC) processes were carried out under a magnetic field of S0
Oe. The y(T) curve for the ZFC process coincides with that for
the FC process within experimental errors. Figure 5b reveals
that the present compounds are Curie—Weiss paramagnetic
(PM) at high temperatures. A kink structure at about S K in
each of the y(T) curves (see the inset of Figure Sa) indicates an
PM to AFM transition at the Néel temperature. The y~'(T)
curves at high temperatures were fitted by the following Curie—

Weiss equation:
-1 3kg(T — Ow)
AT = N 22
NaMgig 3)

where 0, is the Weiss temperature, N, the Avogadro constant,
up the Bohr magneton, My the effective number of Bohr
magnetons, and kg the Boltzmann constant. The values of 6y
and My obtained by the fitting are summarized in Table 3,
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Table 3. Néel Temperature (Ty), Weiss Temperature (6y),
and Effective Number of Bohr Magnetons (M) of EuMO,
(M = Ti, Zr, and Hf)

Ty (K) Ow (K) My
EuTiO; 5.5 3.6 7.9
EuZrO, 4.1 0.85 7.5
EuHfO, 3.9 0.74 8.2

together with the Néel temperature. The present compounds
have positive values of 6, in contrast to usual antiferromagnets.

As discussed later, the hybrid functional calculations show
that the G-type AFM configuration is the most stable among
the A-, C-, F-, and G-type magnetic configurations: it has been
actually demonstrated by the neutron diffraction that low-
temperature magnetic structure is G-type AFM for EuTiO;.>
Here, assuming that the present compounds exhibit the
collinear G-type AFM ordering at low temperature, and taking
into account only the NN and NNN exchange interactions, Ty
and 6y are represented on the basis of the molecular-field
theory:

25(S + 1)
N = e (=6, + 12],) @
_28(S+1)
Ow = BT (6], + 12],) (s

where ], and J, are the mean NN and NNN exchange
constants, respectively. Substituting Ty and 6,y derived from
the y(T) curves into eq 4 and eq S, respectively, yields (J,/kg,
T/kg) = (=0.015 K, +0.036 K) for EuTiO;, (J,/kgs, Jo/ks) =
(-0.026 K, +0.020 K) for EuZrOs;, and (J,/ks, Jr/ks) =
(-0.025 K, +0.018 K) for EuHfO;. The NN and NNN
exchange interactions are AFM and FM, respectively, for all the
present oxides.

Figure 6 illustrates the isothermal magnetization M(H) at 2
K as a function of external magnetic field. At H of about 20000
Oe, M(H) curves tend to be saturated, reaching about 7 uy per
one formula unit. The saturation of magnetization at relatively
small H is attributed to the small values of J,, that is, the weak
magnetic interaction between the sublattice magnetizations. A
close look at Figure 6b reveals the spin-flop behavior at H of
5000 to 8000 Oe depending on the kind of M; in a low-field
region, the slope of M(H), dM(H)/dH, increases with an
increase in H, and then becomes constant at the spin-flop field
where the AFM components reorient perpendicular to the
magnetic field. When H is applied to an antiferromagnet with
uniaxial magnetic anisotropy at 0 K, a spin-flop field is
represented as H, = (ZK”Amf 2 where K, is the uniaxial
magnetic anisotropy constant and A, is the intersublattice
molecular field coefficient. The moderate spin-flop field is
associated with the weak intersublattice interactions and the
small magnetocrystalline anisotropy due to the isotropic 4f’
electron configuration (L = 0) of Eu** ions.

Theoretical Analysis of the Crystal and Electronic
Structure and Exchange Constants. The lattice constants
calculated for EuMO; (M = Ti, Zr, and Hf) are described in
Table 4 along with those estimated based on the synchrotron
XRD results. It should be noted that for EuTiO;, the ratio of
the lattice constants of the tetragonal supercell a to ¢ remains 1
to \/ 2 after the structural optimization and the lattice constant
of EuTiO; is presented as (a’c/4)'3; the tetragonal cell is
hereafter referred to as a cubic model. The lattice constants

dx.doi.org/10.1021/ic2024567 | Inorg. Chem. 2012, 51, 4560—4567
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Figure 6. (a) Magnetic-field dependence of magnetization measured at
2 K for EuMO; (M = Ti, Zr, and Hf) and (b) the enlarged view of the
low-field region. The dashed lines in (b) are guides to the eyes.

experimentally obtained are close to the values derived by the
hybrid functional calculations although the experimental lattice
constants were measured at room temperature. The difference
between experimental and calculated lattice constants is less
than 0.8% for all the compounds.

The G-type AFM configuration shows the lowest total
energy among the four calculated magnetic configurations. The
energy difference between the G-type AFM state and the next
low-lying FM state is 0.22, 0.85, and 0.42 meV per formula unit
for EuMO; with M = Ti, Zr, and Hf, respectively. The small
difference in energy indicates that the G-type AFM and FM
states are delicately balanced in the present compounds. The
calculated exchange constants are shown in Table 4 along with

those obtained by the analysis of the magnetic susceptibility.
The calculations reproduce the experimental exchange
constants well, although the absolute values of the calculated
exchange constants as a whole are larger than those of the
exchange constants obtained experimentally. The overestima-
tion of exchange constants has also been found in previous
hybrid Hartree—Fock density functional studies for other
systems.46

Figure 7 shows the site-projected partial density of states and
band structure for EuMO; (M = Ti, Zr, and Hf) with the G-
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Figure 7. Site-projected partial density of states (PDOS) (top) and
band structure for EuMO; (M = Ti, Zr, and Hf) with the G-type
magnetic configuration. The PDOS of Eu is for an Eu site with up 4f
spins. The zero of energy is placed at the highest occupied state.

type magnetic configuration. The valence band mainly consists
of Eu 4f and O 2p states, while the conduction band chiefly has
M nd and Eu 5d characters for EuMO; (M = Ti, Zr, and Hf and
n = 3, 4, and S, respectively). Occupied Eu 4f bands are
considerably narrow, indicating that they are localized states.
The band structures reveal that the conduction band bottom is
located at the I point in the M nd bands for EuMO; (M = Tj,
Zr, and Hf and n = 3, 4, and S, respectively) while the valence

Table 4. Comparison of Calculated and Experimental Values of Lattice Constants (a, b, and c), Band Gap (Eg), and Nearest-
Neighbor (J;) and Next-Nearest-Neighbor (J,) Exchange Constants®

a (&) b (A)
calc. 3.903°
exp. 3.90437(4)
calc. 5.793 5.864
exp. 5.79387(10) 5.82154(9)
calc. 5.750 5.787
exp. 5.77869(12) 5.79424(12)

c(d) Eg (eV) Ji/kg (K) Jo/kg (K)
EuTiO;
0.77 —0.009 0.076
0.8 —0.018 0.036
EuZrO;
8212 2.08 —0.048 0.025
8.19562(14) 2.4 —0.026 0.020
EuHfO,
8.138 2.60 —0.024 0.032
8.16438(17) 2.7 —0.025 0.018

“The calculated values were obtained for the G-type magnetic configuration. bThe ratio of the tetragonal lattice constants a to ¢ for EuTiOj; with the
G-type magnetic configuration remains 1 to \/ 2 after the structural optimization and, thereby, this value was obtained as (ac/4)">.
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band top is positioned at the I' point in the Eu 4f bands for
EuTiOj; and at the U point for EuZrO; and EuHfOj;. The band
gap, which is estimated as the energy difference between the
lowest unoccupied and highest occupied one-electron eigen-
states, is summarized in Table 4. It is found that the hybrid
functional calculations also provide band gaps which are in
good agreement with those obtained from the diffuse
reflectance spectroscopy. It should be noted that although the
lowest-energy excitation is an indirect transition in EuZrO; and
EuHfO;, the difference between the direct and indirect
transition energies is very small (<0.03 eV) because of the
flatness of the Eu 4f bands. Because of its larger transition
probability, the direct transition is considered to be
predominant near the absorption edge in the optical spectra
for EuZrO; and EuHfO;. The difference in band gaps among
EuTiO;, EuZrO;, and EuHfO; can be explained basically in
terms of the energy levels of Ti 3d, Zr 4d, and Hf 5d states
constituting the conduction bands of the corresponding
compounds; the energy levels become higher with an increase
in their principal quantum number, leading to the larger band
gaps. Meanwhile, our calculations have revealed that the band
gaps do not strongly depend on whether the cubic or
orthorhombic structural model is employed, (data are not
shown), so that the difference in band gaps can not be
explained only by the structural difference.

In the present perovskites the magnetic interaction between
the NN Eu*' ions, ]}, is dominated by the AFM superexchange
through the d states of the B-site cations as well as by the
indirect FM exchange via the Eu S5d states, as revealed by the
recent first-principles calculations.”® The energy separation
between the Eu 4f and M nd (M = Ti, Zr, and Hf and n = 3, 4,
and $, respectively) states, AE, corresponding to the band gap,
strongly depends on the kind of M, while the energy difference
between the Eu 4f and 5d states is almost independent of the
kind of M. As AE increases, the AFM superexchange
interaction through the M nd states should become weaker
and make the absolute value of J; (<0) smaller, since a third-
order perturbation energy of the superexchange interaction is
represented as J(£/AE*), where ] and t are the exchange and
transfer integral between the Eu 4f and M nd states,
respectively. However, the variation of J; as listed in Table 4
can not be explained only by the difference of AE; one can see
that the absolute values of J; for EuZrO; and EuHfO; are larger
than that for EuTiO;, despite the larger AE of the former two
compounds. Here, it should be recalled that the calculations
were performed using the cubic model without oxygen
octahedral tilting (a°a%°) for EuTiO; (Figure 1a) and the
orthorhombic models involving oxygen octahedral tilting
(a"a~c") for EuZrO; and EuHfO; (Figure 1b). It has been
revealed by our preliminary theoretical analysis that the tilting
of MOy octahedra involved in the orthorhombic structure
enhances the interaction between the Eu 4f and M nd states,
leading to the stronger AFM superexchange interaction through
the M nd states.®* Thus, the magnetic interactions in EuMO;
are intimately linked to both their crystal and electronic
structures.

B SUMMARY

A comparative study of the fundamental properties including
the crystal and electronic structure and magnetic properties of
divalent europium perovskites EuMO; (M = Ti, Zr, and Hf) has
been performed based on experimental and computational
approaches. EuHfO; has an orthorhombic structure very similar
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to that of EuZrO; at room temperature, in contrast to cubic
EuTiO;. EuZrO; and EuHfO; have band gaps of 2.4 and 2.7
eV, respectively, which are much larger than that of EuTiO;.
Despite such dissimilarities, the present compounds exhibit
similar magnetic properties: AFM transitions at around 5 K and
the AFM NN and FM NNN interactions. Spin-flop transitions
are observed at 2 K under moderate magnetic fields lower than
1 T, implying relatively weak AFM NN interactions and small
magnetic anisotropy, which are characteristic of the present
compounds. The lattice constants, magnetic ground states, and
band gaps experimentally observed are well reproduced by
hybrid Hartree—Fock density functional calculations. Calcu-
lated partial density of states (PDOS) and band structures have
revealed that the observed optical transitions near the
absorption edge mainly stem from the direct-allowed charge-
transfer transitions from the localized Eu 4f bands to the M nd
bands for EuMO; (M = Ti, Zr, and Hf and n = 3, 4, and §,
respectively). Thus, our combined experimental and theoretical
study provides a systematic understanding of the fundamental
properties of the divalent europium perovskites.
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