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ABSTRACT: K2NiF4-type LaSrAlO4 and Sr2TiO4 exhibit
anisotropic and isotropic thermal expansion, respectively;
however, their structural origin is unknown. To address this
unresolved issue, the crystal structure and thermal expansion of
LaSrAlO4 and Sr2TiO4 have been investigated through high-
temperature neutron and synchrotron X-ray powder diffraction
experiments and ab initio electronic calculations. The thermal
expansion coefficient (TEC) along the c-axis (αc) being higher
than that along the a-axis (αa) of LaSrAlO4 [αc = 1.882(4)αa] is
mainly ascribed to the TEC of the interatomic distance between
Al and apical oxygen O2 α(Al−O2) being higher than that
between Al and equatorial oxygen O1 α(Al−O1) [α(Al−O2) = 2.41(18)α(Al−O1)]. The higher α(Al−O2) is attributed to the
Al−O2 bond being longer and weaker than the Al−O1 bond. Thus, the minimum electron density and bond valence of the Al−
O2 bond are lower than those of the Al−O1 bond. For Sr2TiO4, the Ti−O2 interatomic distance, d(Ti−O2), is equal to that of
Ti−O1, d(Ti−O1) [d(Ti−O2) = 1.0194(15)d(Ti−O1)], relative to LaSrAlO4 [d(Al−O2) = 1.0932(9)d(Al−O1)]. Therefore,
the bond valence and minimum electron density of the Ti−O2 bond are nearly equal to those of the Ti−O1 bond, leading to
isotropic thermal expansion of Sr2TiO4 than LaSrAlO4. These results indicate that the anisotropic thermal expansion of K2NiF4-
type oxides, A2BO4, is strongly influenced by the anisotropy of B−O chemical bonds. The present study suggests that due to the
higher ratio of interatomic distance d(B−O2)/d(B−O1) of A2

2.5+B3+O4 compared with A2
2+B4+O4, A2

2.5+B3+O4 compounds have
higher α(B−O2), and A2

2+B4+O4 materials exhibit smaller α(B−O2), leading to the anisotropic thermal expansion of A2
2.5+B3+O4

and isotropic thermal expansion of A2
2+B4+O4. The “true” thermal expansion without the chemical expansion of A2BO4 is higher

than that of ABO3 with a similar composition.

1. INTRODUCTION

The crystal structure of a K2NiF4-type oxide A2BO4, such as
LaSrAlO4 and Sr2TiO4, consists of the alternate stacking of rock-
salt AO- and perovskite ABO3-layers (Figure 1). Here, A and B
are larger and smaller cations, respectively. The K2NiF4-type
oxides exhibit a variety of interesting electrical and magnetic
properties.1−4 Because of these properties, K2NiF4-typematerials
have attracted considerable attention as electrode materials in
solid oxide fuel cells (SOFCs),5−11 oxygen separation mem-
branes,9−11 high-Tc superconductors,

12 substrates for thin films
of high-Tc superconductors,

13,14 and lasers.15 Thermal expansion
and its anisotropy in ceramic materials are critical for the thermo-
mechanical stability of SOFCs,16−19 crystal growth, and residual
stresses in epitaxial films.13,20 If the mismatch in thermal

expansion between membranes is significant, it will induce
stresses during thermal cycling, leading to cracks and
delamination.21 The anisotropy of thermal expansion of
K2NiF4-type oxides depends on the chemical composition.
Many K2NiF4-type oxides, such as LaSrAlO4,

22,23 La2NiO4,
24

La2− xSr xFeO4+δ ,
25 Pr2(Ni0 . 7 5Cu0 . 25)0 . 9 5Ga0 . 05O4+δ ,

26

La2−xSrxMnO4,
27 CaNdAlO4,

22 CaErAlO4,
28 and CaYAlO4

29,
exhibit anisotropic thermal expansion, whereas the thermal
expansion of some K2NiF4-type materials, such as Sr2TiO4

30,31

and Sr2SnO4
32, is relatively isotropic. Here, x and δ are the

contents of Sr and excess oxygen, respectively. For example, in
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LaSrAlO4, the average thermal expansion coefficient along the c-
axis (αc = (1.71−1.9) × 10−5 K−1) is higher than that along the a-
axis (αa = (0.755−0.89) × 10−5 K−1) (αc > αa).

22,23 In contrast,
the thermal expansion of Sr2TiO4 is relatively isotropic (αc = 1.44
× 10−5 K−1 ≈ αa = 1.46 × 10−5 K−1).30,31 However, the atomic-
scale structural origin of the anisotropic and isotropic thermal
expansions of the K2NiF4-type oxides is poorly understood.
Furthermore, in many K2NiF4-type A2BO4+δ oxides (B = Co, Ni,
Cu, Mn, and Fe),24−27 the valence of the B cation increases and
oxygen content δ decreases with increasing temperature, which
yields chemical expansion in addition to the “true” thermal
expansion. Most previous studies have not quantitatively
examined the relationship between the thermal expansion and
the temperature dependence of interatomic distances in K2NiF4-
type materials. Thus, Omoto et al. studied the crystal structure
and thermal expansion of CaErAlO4

28 and CaYAlO4
29 without

chemical expansion. However, the reason that anisotropy in
thermal expansion depends on atomic species A and B is
unknown. To address this important question, in this study, we
have chosen to use the chemicals LaSrAlO4 and Sr2TiO4, because
LaSrAlO4 and Sr2TiO4 exhibit (i) anisotropic and isotropic
thermal expansion, respectively, and (ii) very little chemical
expansion, which enables the investigation of “true” thermal
expansion without interference from chemical expansion. The
first aim of the present work is to examine the structural origin of
anisotropic thermal expansion in LaSrAlO4 and of isotropic
thermal expansion in Sr2TiO4 through the temperature depend-
ence of interatomic distances obtained by Rietveld analysis of
high-temperature neutron powder diffraction data from 298 to
1273 K. In this work, the high-temperature neutron-diffraction
technique was utilized because this method allows accurate
determination of atomic coordinates of a relatively light element
(oxygen) in complex oxides kept at a high temperature.33,34

Here, the accurate atomic coordinates of oxygen atoms in
LaSrAlO4 and Sr2TiO4 are essential to the determination of
cation−anion distances, which are of vital importance for the
atomic-scale structural origin of anisotropic and isotropic
thermal expansion. The thermal expansion of interatomic
distance (bond length) can be discussed in terms of electron-

density distribution26,28,29 and bond valence.35,36 However, the
thermal expansion of interatomic distances in K2NiF4-type
oxides has not been studied through their bond valences. The
second aim of this work is to examine the electron-density
distribution and bond valence and to discuss the origin of the
anisotropic and isotropic thermal expansion of Al−O and Ti−O
bond lengths and cell parameters in LaSrAlO4 and Sr2TiO4.

2. EXPERIMENTAL AND CALCULATION SECTION
Synthesis. LaSrAlO4 and Sr2TiO4 samples were synthesized by the

solid-state-reaction method. For LaSrAlO4, the starting materials were
high-purity (>99.9%) powders of La2O3, SrCO3, and Al2O3. To remove
water content, La2O3 was heated at 1000 °C for 10 h. These powders
were weighed in stoichiometric ratios and mixed for ∼1 h in an agate
mortar. This mixture was calcined at 1000 °C for 10 h and ground for∼1
h in the agate mortar. Then, it was pressed into pellets at ∼50 MPa and
then sintered in air at 1400 °C for 12 h. The sintered products were
crushed in a WC mortar, ground in the agate mortar, and then sintered
in air at 1400 °C for 12 h. Sr2TiO4 was also prepared by the solid-state-
reaction method. Stoichiometric amounts of SrCO3 and TiO2 (>99.9%
purity) were mixed for ∼1 h in the agate mortar and calcined in air at
1000 °C for 10 h. After grinding, themixture was pressed into pellets and
sintered in air at 1100 °C for 12 h. The cation chemical compositions
were confirmed by inductively coupled plasma optical emission
spectroscopy (ICP-OES). The weight change was examined by
thermogravimetric analysis (TGA), where the heating and cooling
rates were 10 K min−1.

Crystal Structure Refinements and MEM Electron-Density
Analysis. Neutron powder diffraction measurements of LaSrAlO4 and
Sr2TiO4 were performed in situ between 298 and 1273 K with constant-
wavelength neutrons of 1.62137(4) Å (step interval: 0.1°/2θ). The
samples were heated with a vacuum furnace under 10−4 Pa, and the
diffraction measurements were carried out on the angle-dispersive-type
neutron diffractometer Echidna37 at the Open Pool Australian Light
water reactor (OPAL) at the Bragg Institute, Australian Nuclear Science
and Technology Organisation (ANSTO). Neutron-diffraction data of
Sr2TiO4 were also measured by time-of-flight (TOF) neutron powder
diffractometers SuperHRPD (BL08)38 from room temperature (RT) to
1073 K and iMATERIA (BL20)39 at RT at theMaterial and Life Science
Facility (MLF) of the Japan Proton Accelerator Research Complex (J-
PARC). Synchrotron X-ray powder diffraction measurements were
carried out at 300 K using a Debye−Scherrer camera with an imaging
plate detector installed at the BL19B2 experimental station of SPring-8,
Hyogo, Japan.40 Synchrotron X-rays with a wavelength of 0.399712(2)
Å were used for the measurements with a step interval of 0.01°/2θ. The
Echidna and synchrotron diffraction data were analyzed by the Rietveld
method with the computer program RIETAN-FP,41 whereas the TOF
neutron data were analyzed by Z-Rietveld (Windows Ver. 0.9.42.4).42

The experimental electron-density distribution at 300 Kwas obtained by
a combination technique of Rietveld analysis and the maximum-entropy
method (MEM) for the synchrotron X-ray powder diffraction data. The
MEM analysis was carried out with the programDysnomia43 (128× 128
× 384 pixels). The crystal structure and electron-density distribution
were visualized by the VESTA program.44

Ab Initio Electronic Calculations. The theoretical electron-
density distribution was studied by ab initio electronic calculations
based on the density functional theory (DFT) with the VASP code.45

We used 1 × 1 × 1 cells (LaSrAlO4)2 and (Sr2TiO4)2 for the DFT
calculations. Calculations were performed using projector augmented-
wave (PAW) potentials for Sr, La, Al, Ti, and O atoms and a plane-wave
set with a cutoff of 500 eV. The calculations were carried out by the
Perdew−Burke−Ernzerhof (PBE) generalized gradient approximation
(GGA) for the exchange and correlation functionals. The electronic
iteration convergence was set to 10−8 eV. Sums over occupied electronic
states were performed using the Monkhorst−Pack scheme on a 7 × 7 ×
3 set of the k-point mesh. The unit-cell and positional parameters were
optimized with the convergence condition of 0.001 eV Å−1. For
LaSrAlO4, all three models with different Sr and La atomic distributions

Figure 1. Crystal structure of K2NiF4-type tetragonal I4/mmm A2BO4
(LaSrAlO4 and Sr2TiO4) depicted with BO6 octahedra (blue squares), A
cations (green spheres), and O anions (red spheres). The relationships
between the unit-cell parameters and interatomic distances are shown.
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over the positions in the perovskite and rock-salt blocks were
investigated, and they gave similar electron-density distributions.

3. RESULTS AND DISCUSSION
Figures 2 and 3 show the neutron and synchrotron X-ray powder
diffraction profiles of LaSrAlO4 and Sr2TiO4 samples. Between

298 and 1273 K, they were identified as a tetragonal phase with
the I4/mmmK2NiF4-type structure (Figure 1) in addition to very
weak peaks of niobium from the furnace. In preliminary Rietveld
analyses, the refined occupancy factor of oxygen atoms was unity
within 3σ at the maximum temperature 1273 K, where σ is the
estimated standard deviation (see Supporting Information).
Furthermore, there was very little weight loss during heating as
evidenced by thermogravimetric analysis (TGA, Figure S1 in the
Supporting Information). Therefore, in the final refinements, we
fixed the occupancy factor of oxygen atoms to unity. These
results indicate that there is no change in the valence of
constituent cations and oxygen content during the high-
temperature neutron diffraction measurements. Thus, we are
able to study the “true” thermal expansion without chemical
expansion in the present work. The refined crystallographic
parameters are shown in Tables 1 and 2. The calculated profiles
are in good agreement with the observed intensities (Figures 2
and 3). The unit-cell and positional parameters obtained from
neutron diffraction data measured by the Echidna diffractometer
at 298 K agree with those from synchrotron X-ray diffraction data
at 300 K, from TOF SuperHRPD and iMATERIA neutron data
at RT, and from DFT calculations. The present refined crystal
parameters of LaSrAlO4 and Sr2TiO4 are consistent with those
presented in the literature.46,47 For LaSrAlO4 (A = La,Sr and B =
Al), the B−(apical oxygen atom O2) distance, d(B−O2)
(2.0535(16) Å) is longer than that of B−(equatorial oxygen
atom O1) (1.87832(3) Å) (B = Al): [d(B−O2)/d(B−O1) =

1.0932(9) > 1]. For Sr2TiO4 (A = Sr and B = Ti), the B−O2
distance (1.981(3) Å) is nearly equal to that of B−O1
(1.94328(4) Å): [d(B−O2)/d(B−O1) = 1.0194(15)]. In
general, the ratio of interatomic distance d(B−O2)/d(B−O1)
of K2NiF4-type A2

2.5+B3+O4, including LaSrAlO4 (1.09−1.20), is
higher than that of A2+

2B
4+O4, including Sr2TiO4 (0.98−1.03).

48

− − = ∼ > + +d B d B A B( O2)/ ( O1) 1.09 1.20 1 for O2
2.5 3

4
(1)

− − = ∼ ≈ + +d B d B A B( O2)/ ( O1) 0.98 1.03 1 for O2
2 4

4
(2)

The different values of the d(B−O2)/d(B−O1) ratios between
A2

2.5+B3+O4 and A2
2+B4+O4 can qualitatively be explained by the

multiscale minimization of the electric polarization.49 Here, A2.5+

is a cation with an average formal valence of +2.5, which is larger
than the B3+ cation.
Next, we describe the temperature dependence of the crystal

structure of LaSrAlO4 and Sr2TiO4, which were obtained by
Rietveld analysis of the Echidna neutron data. The results of
Sr2TiO4 from the SuperHRPD neutron data were in good
agreement with those from the Echidna data. The unit-cell
parameters a and c, unit-cell volume, and atomic displacement
parameters of LaSrAlO4 and Sr2TiO4 increase with temperature
(Tables 1 and 2 and Figures S2 and S3 in the Supporting
Information). The thermal expansions Δa/a0 and Δc/c0 also
increase with temperature (Figure 4). Here,Δa/a0 andΔc/c0 are
defined asΔa/a0 ≡ [a(T) − a(298)]/a(298) andΔc/c0 ≡ [c(T)
− c(298)]/c(298), respectively, and a(T) and c(T) are the unit-
cell parameters a and c at temperature T (K). For LaSrAlO4,Δc/
c0 is higher than Δa/a0 at a high temperature, whereas Δc/c0 is
nearly equal to Δa/a0 for Sr2TiO4. The average thermal
expansion coefficients (TECs) along the a- and c-axes between
298 and 1273 K are defined as

Figure 2. Rietveld patterns of (a) neutron and (b) synchrotron X-ray
powder diffraction data of LaSrAlO4 measured at (a) 1273 K and (b)
300 K. Red plots denote observed data, the green line denotes calculated
profiles, and the blue line denotes the difference. Vertical lines indicate
possible Bragg peaks of LaSrAlO4 (green) and Nb from the furnace
(black).

Figure 3. Rietveld patterns of (a) neutron and (b) synchrotron X-ray
powder diffraction data of Sr2TiO4 measured at (a) 1273 K and (b) 300
K. Red plots denote observed data, the green line denotes calculated
profiles, and the blue line denotes the difference. Vertical lines indicate
possible Bragg peaks of Sr2TiO4 (green) and Nb from the furnace
(black).
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α ≡ −a a a[ (1273) (298)]/ (298)/975a

α ≡ −c c c[ (1273) (298)]/ (298)/975c (3)

For LaSrAlO4, the average TEC along the c-axis [αc = 17.75(3)
× 10−6 K−1] is 1.882(4) times higher than that along the a-axis
[αa = 9.430(18) × 10−6 K−1] (Table 3). For Sr2TiO4, the average
TEC along the c-axis [αc = 12.70(4) × 10−6 K−1] is nearly equal
to that along the a-axis [αa = 12.25(3) × 10−6 K−1, αc = 1.037(4)

αa]. These results indicate that the thermal expansion of
LaSrAlO4 is anisotropic (αc ≫ αa), whereas that of Sr2TiO4 is
isotropic (αc ≈ αa), which is consistent with the liter-
ature.22,23,30,31

Next, we investigated the temperature dependence of
interatomic distances of LaSrAlO4 and Sr2TiO4 to discuss the
atomic-scale structural origin of the thermal expansion
anisotropy. To simplify the following discussion, we examined
only B−(equatorial oxygen atom O1), B−(apical oxygen atom

Table 1. Refined Crystallographic Parameters and Reliability Factors in the Rietveld Analysis of LaSrAlO4 at Different
Temperaturesa and Crystallographic Parameters Optimized by DFT Calculationsb

method neutron diffraction through the Echidna diffractometera synchrotrona DFTb

temperature 298 K 473 K 673 K 873 K 1073 K 1273 K 300 K

a = b (Å) 3.75664(3) 3.76424(4) 3.77008(4) 3.77582(4) 3.78356(4) 3.79118(5) 3.75577(3) 3.76672
c (Å) 12.6439(2) 12.6971(3) 12.7338(3) 12.7719(3) 12.8175(3) 12.8627(2) 12.63269(11) 12.90146

La,Sr z 0.35837(9) 0.35844(11) 0.35864(11) 0.35879(11) 0.35908(12) 0.35907(12) 0.35880(4) 0.3570
Uiso (Å

2) 0.0044(2) 0.0079(3) 0.0111(3) 0.0110(3) 0.0131(3) 0.0171(3) 0.00492(10)
Al U11 = U22 (Å

2) 0.0009(7) 0.0011(9) 0.0030(9) 0.0041(9) 0.0053(10) 0.0107(10) 0.0059(5)
U33 (Å

2) 0.018(2) 0.021(2) 0.026(2) 0.029(3) 0.032(3) 0.035(2) = U11(Al)
O1 U11 = U22 (Å

2) 0.0031(3) 0.0053(4) 0.0074(4) 0.0079(4) 0.0093(4) 0.0134(4) 0.0032(8)
U33 (Å

2) 0.0112(7) 0.0080(10) 0.0140(10) 0.0166(10) 0.0210(11) 0.0243(11) = U11(O1)
O2 z 0.16241(12) 0.16299(18) 0.16299(17) 0.16295(16) 0.16281(16) 0.16316(16) 0.1621(3) 0.1653

U11 = U22 (Å
2) 0.0094(4) 0.0137(5) 0.0173(5) 0.0210(6) 0.0249(6) 0.0297(6) 0.0057(8)

U33 (Å
2) 0.0088(9) 0.0124(10) 0.0111(10) 0.0108(9) 0.0126(10) 0.0188(10) = U11(O2)

reliability factors in Rietveld analysis
Rwp (%) 5.966 6.675 6.406 5.855 5.447 4.897 4.062
GoF 2.309 2.490 2.275 2.033 1.822 1.661 1.918
RB (%) 1.494 2.335 3.310 1.883 2.131 2.183 2.416
RF (%) 0.740 1.326 1.632 0.964 1.367 1.231 1.056

aSpace group: tetragonal I4/mmm. La and Sr atoms are located at the same position: 0, 0, z. The Al atom is placed at 1/2, 1/2, 1/2. Equatorial O1
and apical O2 oxygen atoms are located at 1/2, 0, 1/2 and 0, 0, z, respectively. The number in parentheses is the estimated standard deviation of the
last digit. g(X): occupancy factor of X atom. g(La) = g(Sr) = 1/2, g(Al) = g(O1) = g(O2) = 1.0. Uiso(X): isotropic atomic displacement parameter of
X atom. Uij(X): anisotropic atomic displacement parameter of X atom. U12(X) = U23(X) = U31(X) = 0, and U22(X) = U11(X).

bSpace group: triclinic
P1. All theoretical unit-cell parameters and atomic coordinates were in good agreement with experimental values.

Table 2. Refined Crystallographic Parameters and Reliability Factors in the Rietveld Analysis of Sr2TiO4 at Different
Temperaturesa and Crystallographic Parameters Optimized by DFT Calculationsb

method neutron diffraction through the Echidna diffractometera synchrotrona DFTb

temperature 298 K 473 K 673 K 873 K 1073 K 1273 K 300 K

a = b (Å) 3.88656(7) 3.89494(5) 3.90408(6) 3.91289(7) 3.92271(7) 3.93297(8) 3.88340(2) 3.92579
c (Å) 12.5975(4) 12.6263(3) 12.6566(3) 12.6866(3) 12.7196(3) 12.7535(4) 12.58630(10) 12.67732

Sr z 0.35377(18) 0.35383(13) 0.35371(14) 0.35361(16) 0.35375(18) 0.35323(19) 0.35410(4) 0.3547
U11 = U22 (Å

2) 0.0064(7) 0.0115(6) 0.0174(6) 0.0222(7) 0.0274(8) 0.0317(8) 0.00654(11)
U33 (Å

2) 0.0073(12) 0.0089(9) 0.0119(10) 0.0160(11) 0.0213(12) 0.0276(13) = U11(Sr)
Ti Uiso (Å

2) 0.0012(11) 0.0056(9) 0.0090(9) 0.0112(10) 0.0135(10) 0.0189(11) 0.0036(3)
O1 U11 = U22 (Å

2) 0.0039(6) 0.0064(5) 0.0103(5) 0.0144(6) 0.0178(7) 0.0224(7) 0.0075(7)
U33 (Å

2) 0.0089(13) 0.0140(10) 0.0212(11) 0.0260(11) 0.0295(12) 0.0377(13) = U11(O1)
O2 z 0.1572(2) 0.15666(16) 0.1568(16) 0.15649(18) 0.1566(2) 0.1558(2) 0.1568(2) 0.1582

U11 = U22 (Å
2) 0.0075(9) 0.0131(7) 0.0208(8) 0.0276(10) 0.0309(11) 0.0403(12) 0.0078(7)

U33 (Å
2) 0.0072(13) 0.0066(10) 0.0074(11) 0.0093(13) 0.0166(14) 0.0225(15) = U11(O2)

reliability factors in Rietveld analysis
Rwp (%) 8.260 6.280 5.924 5.749 5.397 4.782 2.112
GoF 1.247 1.787 1.745 1.663 1.494 1.389 1.488
RB (%) 2.474 2.338 1.728 1.730 1.966 0.971 1.370
RF (%) 1.368 1.337 0.979 1.007 1.349 0.720 0.592

aSpace group: tetragonal I4/mmm. Sr atom is located at 0, 0, z. The Ti atom is placed at 1/2, 1/2, 1/2. Equatorial O1 and apical O2 oxygen atoms
are located at 1/2, 0, 1/2 and 0, 0, z, respectively. The number in parentheses is the estimated standard deviation of the last digit. g(X): occupancy
factor of X atom. g(Sr) = g(Ti) = g(O1) = g(O2) = 1.0. Uiso(X): isotropic atomic displacement parameter of X atom. Uij(X): anisotropic atomic
displacement parameter of X atom. U12(X) = U23(X) = U31(X) = 0, and U22(X) = U11(X).

bSpace group: triclinic P1. All the theoretical unit-cell
parameters and atomic coordinates were in good agreement with experimental values.
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O2), A−O2, and A−A′ atomic pairs of A2BO4 (A = La, Sr; B = Al,
Ti) (Figure 1). The thermal expansion of the interatomic
distance between X and Y atoms, Δd(X−Y)/d0(X−Y) ≡ [d(T;
X−Y) − d(T0; X−Y)]/d(T0; X−Y), increases with temperature
(Figure 5), where d(T; X−Y) is the interatomic distance between
X and Y atoms at temperature T. The average thermal expansion
coefficient of interatomic distance between X and Y atoms from
298 to 1273 K, α(X−Y), is defined as

α − ≡ − − − − −

= − − − −

X Y d T X Y d T X Y d T X Y T T

d X Y d X Y d X Y

( ) [ ( ; ) ( ; )]/ ( ; )/( )

[ (1273; ) (298; )]/ (298; )/975
0 0 0

(4)

where T = 1273 K and T0 = 298 K. For LaSrAlO4, the average
TECs of B−(equatorial oxygen atom O1), B−(apical oxygen
atom O2), A−O2, and A−A′ interatomic distances were
estimated to be 9.43(2), 22.7(17), 17.5(15), and 12.5(10)
(×10−6 K−1), respectively. For Sr2TiO4, the average TECs of B−
O1, B−O2, A−O2, and A−A′ interatomic distances were
12.25(3), 3(2), 17(2), and 16.7(16) (×10−6 K−1), respectively.

There is a large difference between the average TECs of B−O2
interatomic distance of LaSrAlO4 and Sr2TiO4, whereas the other
TECs (B−O1, A−O2, and A−A′) are not very different between
LaSrAlO4 and Sr2TiO4. This fact indicates the importance of B−
O to understand the structural origin of the anisotropic and
isotropic thermal expansion of LaSrAlO4 and Sr2TiO4.
Compared to the B−O1 interatomic distance, the B−O2
interatomic distance has a higher TEC for LaSrAlO4 and lower
TEC for Sr2TiO4, which would lead to anisotropic and isotropic
thermal expansions for LaSrAlO4 and Sr2TiO4, respectively. The
ratio of TEC of interatomic distance α(B−O2)/α(B−O1)
(0.25(18)) for Sr2TiO4 is much smaller than that of α(B−O2)/
α(B−O1) (2.41(18)) for LaSrAlO4.
As shown in Figure 1, the unit-cell parameters a(T) and c(T)

are expressed by functions of interatomic distances d(T; X−Y),

= −

= − + − + − ′

a T d T B

c T d T B d T A d T A A

( ) 2 ( ; O1)

( ) 2 ( ; O2) 2 ( ; O2) ( ; )
(5)

Figure 4.Thermal expansion of unit-cell parametersΔa/a0 andΔc/c0 of
(a) LaSrAlO4 and (b) Sr2TiO4.

Table 3. Average Thermal Expansion Coefficients (TECs) along the a-axis, αa, and c-axis, αc, and Average Linear TECs αL of
LaSrAlO4 and Sr2TiO4 in Different Temperature Rangesa

LaSrAlO4 Sr2TiO4

298−873 K 298−1073 K 298−1273 K 298−873 K 298−1073 K 298−1273 K

αa (×10
−6 K−1) 8.879(15) 9.246(15) 9.430(18) 11.78(4) 12.00(3) 12.25(3)

αc (×10
−6 K−1) 17.61(3) 17.72(3) 17.75(3) 12.30(7) 12.50(5) 12.70(4)

αL (×10
−6 K−1) 11.86(3) 12.18(4) 12.34(4) 12.04(3) 12.28(2) 12.55(2)

aαa ≡ (a(T) − a(T0))/a(T0)/(T − T0), αc ≡ (c(T) − c(T0))/c(T0)/(T − T0), αL ≡ (v(T) − v(T0))/v(T0)/(T − T0) where v(T) ≡ [a(T) a(T)
c(T)]1/3.

Figure 5. Thermal expansion of interatomic distances between X and Y
atoms of (a) LaSrAlO4 and (b) Sr2TiO4 (Δd(T; X−Y)/d0(X−Y), which
is defined as Δd(T; X−Y)/d0(X−Y) ≡ [d(T; X−Y) − d(T0; X−Y)]/
d(T0; X−Y)).
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Using eqs 3−5, the average TECs along the a- and c-axes are
described by functions of average TECs of interatomic
distances28,29

α α

α α
α α

= −

= − · − + − ·
− + − ′ · − ′

B

d T B B c T d T A
A c T d T A A A A c T

( O1),

2 ( ; O2) ( O2)/ ( ) 2 ( ; O2)
( O2)/ ( ) ( ; ) ( )/ ( )

a

c 0 0 0

0 0 0

Thus, the contributions of B−O2, A−O2, and A−A′ to αc are
2d(T0; B−O2)·α(B−O2)/c(T0), 2d(T0; A−O2)·α(A−O2)/
c(T0), and d(T0; A−A′)·α(A−A′)/c(T0), respectively. For
LaSrAlO4, the contributions of the average TECs of B−O2,
A−O2, and A−A′ interatomic distances to αc were estimated to
be 42(3), 39(3), and 20(2)%, respectively (Figure 6a). In

contrast, for Sr2TiO4, the contributions of the average TECs of
B−O2, A−O2, and A−A′ interatomic distances to αc were
calculated to be 8(5), 54(7), and 38(4)%, respectively (Figure
6b). These results indicate that αc being higher than αa for
LaSrAlO4 is mainly attributable to the higher TEC of the B−O2
bond [α(B−O2) = 22.7(17) × 10−6 K−1] compared with that of
the B−O1 bond [α(B−O1) = 9.43(2) × 10−6 K−1], whereas the
smaller TEC of the B−O2 bond [α(B−O2) = 3(2) × 10−6 K−1]
compared with that of the B−O1 bond [α(B−O1) = 12.25(3) ×
10−6 K−1] leads to isotropic thermal expansion of the unit cell
parameters of Sr2TiO4.
Next, we explain the anisotropic thermal expansion of

LaSrAlO4 and the isotropic behavior of Sr2TiO4 through
electron-density distributions. Figure 7a and b show the
electron-density distributions obtained by the MEM analysis of
synchrotron X-ray powder diffraction data of LaSrAlO4 and

Sr2TiO4, respectively, at 300 K. These experimental electron-
density distributions are consistent with theoretical ones
obtained by DFT calculations (Figure 8).

For LaSrAlO4, the B−O2 distance (2.0535(16) Å) is longer
than that of B−O1 (1.87832(3) Å) [d(B−O2)/d(B−O1)
=1.0932(9) > 1], and the minimum electron density (MED) at
the B−O2 bond (0.40 Å−3) is lower than that at B−O1 (0.64
Å−3) [MED(B−O2)/MED(B−O1) = 0.625 < 1]. Thus, the
bond force constant f of the B−O2 bond f (B−O2) would be
lower than that of B−O1 [f(B−O2)/f(B−O1) < 1]. Because the

Figure 6. Average thermal expansion coefficients (TECs) along the a-
and c-axes (αa and αc) between 298 and 1273 K of (a) LaSrAlO4 and (b)
Sr2TiO4. Contributions of average TECs of interatomic distances α(X−
Y) to αc.

Figure 7. Experimental electron-density distributions on the ac plane at
y = 0 of (a) LaSrAlO4 and (b) Sr2TiO4 (−1/2≤ x≤ 1/2,−1/2≤ z≤ 1/
2).

Figure 8. Theoretical electron-density distributions on the ac plane at y
= 0 of (a) LaSrAlO4 and (b) Sr2TiO4 (−1/2 ≤ x ≤ 1/2, −1/2 ≤ z ≤ 1/
2). The distribution does not have reflection symmetry as the
calculations were performed without imposing symmetry constraints
in the P1 space group.
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TEC is proportional to f −1,35 the TEC of the B−O2 bond is
higher than that of B−O1 [α(B−O2)/α(B−O1) = 2.41(18) >
1]. These results indicate that the structural origin of anisotropic
thermal expansion of LaSrAlO4 [αc/αa = 1.882(4) > 1] is the
longer and weaker B−O2 bond relative to that of B−O1. These
results are similar to those of CaErAlO4 and CaYAlO4.

28,29

For Sr2TiO4, the B−O2 distance (1.981(3) Å) is nearly equal
to that of B−O1 (1.94328(4) Å); thus, the ratio of interatomic
distance d(B−O2)/d(B−O1) of Sr2TiO4 (1.0194(15)) is smaller
than that of LaSrAlO4 (1.0932(9)). Corresponding to the
smaller ratio d(B−O2)/d(B−O1) of Sr2TiO4 compared to that
of LaSrAlO4, the ratio of the minimum electron density
MED(B−O2)/MED(B−O1) in Sr2TiO4 (0.91) is higher than
that of LaSrAlO4 (0.625). Therefore, the ratio of the bond force
constant [f(B−O2)/f(B−O1)] of Sr2TiO4 would be higher than
that of LaSrAlO4, leading to a smaller ratio of TEC α(B−O2)/
α(B−O1) of Sr2TiO4 (0.25(18)) compared with that of
LaSrAlO4 (2.41(18)). Thus, the isotropic MED of B−O bonds
in Sr2TiO4 [MED(B−O2)/MED(B−O1) = 0.91] is a factor of
isotropic thermal expansion of Sr2TiO4 [αc/αa = 1.037(4) ≅ 1]
compared with LaSrAlO4 [MED(B−O2)/MED(B−O1) =
0.625, αc/αa = 1.882(4) > 1].
Next, we discuss the anisotropic and isotropic thermal

expansion of LaSrAlO4 and Sr2TiO4 using a relation
35 between

the thermal expansion coefficient and bond valence. We
calculated the bond valence of B−O bonds by the relation50,51

between bond valence, BV(i−j), and bond length, d(i−j).

− = − − −i j d i j d i j bBV( ) exp[( ( ) ( ))/ ]0

where d0(i−j) and b (0.37) are empirically determined constants.
For LaSrAlO4 (B = Al), the bond valence of the B−O2 bond
BV(B−O2) estimated from the refined crystal parameters at 298
K is smaller than that of B−O1 [BV(B−O2)/BV(B−O1) = 0.62
< 1]. Using the approximate relationship between bond force
constant f(i−j) and bond valence BV(i−j),

− = − − − −f i j k i j b d i j d i j( ) { (8BV( )/3) (1/ 2/ ( ))}/ ( )0
3/2 2

(6)

where k0 is Coulomb’s constant,52 we obtain the f(B−O2)/f(B−
O1) ratio in LaSrAlO4. The calculated bond force constant of the
B−O2 bond in LaSrAlO4 is smaller than that of B−O1 [f(B−
O2)/f(B−O1) = 0.44 < 1]. The thermal expansion coefficient of
the i−j bond, α(i−j) is expressed by

α − = − · −i j k f i j d i j( ) 1.35 /{ ( ) ( )}B (7)

where kB is Boltzmann’s constant.
35 The TEC of the B−O2 bond

calculated using eq 7, f(B−O2), and d(B−O2) is higher than the
TEC of B−O1 [α(B−O2)/α(B−O1) = 2.08 > 1]. The calculated
ratio 2.08 of LaSrAlO4 is in good agreement with the present
experimental data [α(B−O2)/α(B−O1) = 2.41(18) > 1].
Therefore, we conclude that the anisotropic thermal expansion
of B−O bond lengths (α(B−O2)/α(B−O1) > 1) is ascribed to
anisotropy in the B−O bond lengths (d(B−O2)/d(B−O1) > 1),
which is due to the combination of the cation valences +3, +2,
and +3 for La, Sr, and Al, respectively, as shown in relation 1. As
discussed above (Figure 6), the anisotropic TEC of unit-cell
parameters in LaSrAlO4 [αc/αa > 1] is mainly attributable to the
anisotropic TEC of B−O bonds [α(B−O2)/α(B−O1) > 1].
Thus, the combination of cation valences is essential for the
anisotropy of B−O bond lengths and of the thermal expansion of
unit-cell parameters of LaSrAlO4.
Next, we discuss the origin of isotropic thermal expansion of

Sr2TiO4 by the bond valence method. The B−O bond lengths in

Sr2TiO4 (B =Ti) are isotropic compared to those in LaSrAlO4 (B
= Al). Thus, the ratio of the bond valence BV(B−O2)/BV(B−
O1) in Sr2TiO4 (0.90) estimated from the refined crystal
parameters at 298 K is higher than that of LaSrAlO4 (0.62). Using
these values and eq 6, the ratio of the bond force constant f(B−
O2)/f(B−O1) in Sr2TiO4 is estimated to be 0.84, which is higher
than that of LaSrAlO4 (0.44). Thus, using eq 7, we obtain the
relation that the TEC ratio α(B−O2)/α(B−O1) of Sr2TiO4 is
smaller than that of LaSrAlO4, which is consistent with the
experimental result that α(B−O2)/α(B−O1) of Sr2TiO4
(0.25(18)) is smaller than that of LaSrAlO4 (2.41(18)).
Therefore, we conclude that the smaller thermal expansion
ratio α(B−O2)/α(B−O1) leading to the isotropic TEC [αc/αa =
1.037(4) ≅ 1] of Sr2TiO4 is attributable to isotropy in the B−O
bond lengths d(B−O2)/d(B−O1) (≈ 1), which is due to the
combination of the cation valences +2 and +4 for Sr and Ti,
respectively, as shown in relation 2. Thus, the combination of
cation valences +2 and +4 for Sr and Ti is essential for isotropy of
the B−O bond lengths and for thermal expansion of the unit-cell
parameters of Sr2TiO4.
The mean TECs, α, of K2NiF4-type A2BO4 oxides have been

believed to be lower than the coefficients α of the perovskite-type
ABO3 oxides of comparable cationic compositions (α(A2BO4) <
α(ABO3)).

53 However, the mean TEC α of the present K2NiF4-
type LaSrAlO4 (α(LaSrAlO4) = (2αa + αc)/3 = 12.203(15) ×
10−6 K−1 (298−1273 K)) is higher than that of perovskite-type
oxide with a similar composition LaAlO3 (α(LaAlO3) = (αa + αb
+ αc)/3 = 10.77(11) × 10−6 K−1 (300−1270 K)).54 The α of the
present Sr2TiO4 (α(Sr2TiO4) = (2αa + αc)/3 = 12.39(2) × 10−6

K−1 (298−1273 K)) is also higher than that of perovskite-type
oxide with a similar composition SrTiO3 (α(SrTiO3) = αa =
10.80(8) × 10−6 K−1 (300−1235 K)).55 The same relation
(α(A2BO4) > α(ABO3)) is also valid for CaErAlO4

28 and
CaYAlO4.

29 This discrepancy between our results (α(A2BO4) >
α(ABO3)) in this work and in refs 28 and 29 and the previous
work (α(A2BO4) < α(ABO3))

53 is attributable to the chemical
expansion in perovskite-type transition metal oxides ABO3 in the
literature:56 the change of transition-metal-cation Bn+ valence n+
(e.g., B = Fe and Co) and oxygen content 3−δ in ABO3−δ with
temperature. On the contrary, LaSrAlO4, LaAlO3, Sr2TiO4, and
SrTiO3 do not exhibit chemical expansion. The inequalities,
α(LaSrAlO4) > α(LaAlO3) and α(Sr2TiO4) > α(SrTiO3) are
attributable to the higher TEC of the SrO unit. In fact, the rock-
salt-type SrO has a higher TEC: α(SrO) = 13.92 × 10−6 K−1

(298−1273 K).57 The “average” TEC of LaAlO3 and SrO
([α(LaAlO3)+ α(SrO)]/2 = 12.27 × 10−6 K−1) agrees with
α(LaSrAlO4) (12.203(15) × 10−6 K−1). The “average” TEC of
SrTiO3 and SrO ([α(SrTiO3) + α(SrO)]/2 = 12.28 × 10−6 K−1)
agrees with α(Sr2TiO4) (12.39(2) × 10−6 K−1).

4. CONCLUSIONS
We have investigated the crystal structure, thermal expansion,
and electron-density distribution of K2NiF4-type LaSrAlO4 and
Sr2TiO4 through neutron powder diffraction experiments
between 298 and 1273 K, synchrotron X-ray diffraction
measurements at 300 K, and ab initio electronic calculations.
The thermal expansion coefficient along the c-axis being higher
than that along the a-axis of LaSrAlO4 [αc(LaSrAlO4)/
αa(LaSrAlO4) > 1] is mainly ascribed to the TEC of interatomic
distance between Al and apical oxygen atom O2, α(Al−O2),
being higher than the TEC of interatomic distance between Al
and equatorial oxygen atom O1, α(Al−O1) [α(Al−O2)/α(Al−
O1) > 1]. The higher α(Al−O2) is attributed to the Al−O2 bond
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being longer and weaker than the Al−O1 bond. The bond
valence and the minimum electron density of Al−O2 are smaller
than those of Al−O1 [BV(Al−O2)/BV(Al−O1) < 1, MED(Al−
O2)/MED(Al−O1) < 1]. The ratios of BV and MED for
Sr2TiO4 are higher than those of LaSrAlO4 [BV(Ti−O2)/
BV(Ti−O1) > BV(Al−O2)/BV(Al−O1), MED(Ti−O2)/
MED(Ti−O1) > MED(Al−O2)/MED(Al−O1)]. Thus, the
ratio of TEC of interatomic distance α(Ti−O2)/α(Ti−O1) is
smaller than that of α(Al−O2)/α(Al−O1) [α(Ti−O2)/α(Ti−
O1) < α(Al−O2)/α(Al−O1)], leading to the smaller ratio of
TEC of the cell parameters [αc(Sr2TiO4)/αa(Sr2TiO4) <
αc(LaSrAlO4)/αa(LaSrAlO4)]. These results indicate that
anisotropic thermal expansion of K2NiF4-type oxide A2BO4 is
strongly influenced by anisotropy of the B−Obonds (B = Al, Ti).
The present study has also indicated that due to the ratio of
interatomic distance d(B−O2)/d(B−O1) of A2

2.5+B3+O4 being
higher than that of A2

2+B4+O4, A2
2.5+B3+O4 compounds such as

LaSrAlO4 have a higher thermal expansion coefficient, α(B−O2),
and A2

2+B4+O4 materials such as Sr2TiO4 exhibit smaller α(B−
O2), leading to the anisotropic thermal expansion of A2

2.5+B3+O4
compounds and isotropic thermal expansion of A2

2+B4+O4
materials. In contrast to a previous report [α(A2BO4) <
α(ABO3)], the “true” TEC of A2BO4 is higher than that of
ABO3 [α(A2BO4) > α(ABO3)] for LaSrAlO4, Sr2TiO4,
CaErAlO4, and CaYAlO4.
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