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Anisotropic thermal properties in orthorhombic perovskites
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Abstract The structure, elastic properties, thermal
expansion, and thermal conductivity of the orthorhombic-
structured A*"B*TO; perovskites are determined using
atomistic simulations with classical potentials. When con-
sidered as pseudo-cubic monoclinic systems, they show rela-
tively small deviations in structure and properties from their
cubic perovskite parent phase. The variations in properties
are shown to be related to the magnitude of the tilting of the
BOg octahedra, which in turn is related to the relative sizes of
the A and B ions, as encapsulated in the tolerance factor.

Introduction

The low thermal conductivity of many ceramic materials at
high temperatures is critical for numerous applications,
including thermal barrier coatings in gas turbines [I, 2].
While the current oxide of choice for thermal-barrier appli-
cations is yttria-stabilized zirconia (YSZ), much work is
focused on the development of oxide materials with even
lower thermal conductivities. Numerous other oxide mate-
rials have the potential for exhibiting lower thermal con-
ductivity above room temperature, including the Zr;Y40,,
delta phase, the tungsten bronzes, and the La,Mo,0q phase
[3].

Due to the wide variety of crystal structures and
chemistries of complex oxides, providing a physical
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understanding of the thermal-transport properties of these
materials should prove useful in identifying strategies for
the development of optimally low thermal conductivity
materials. While YSZ and other fluorite-based structures
such as pyrochlores are cubic and intrinsically isotropic,
there are a large number of oxide-based materials that are
structurally anisotropic; perovskite, ABOs3, structured
materials form a particularly diverse and interesting class
[4]. While the perovskite prototype structure is cubic and
has the Pm3m structure, other perovskite-based structures
display anisotropies of varying symmetries and degrees;
moreover, there are a number of different classes of
perovskite-based layered materials. In this article, we use
atomic-level simulation methods to characterize the struc-
ture, elastic properties, thermal expansion, and thermal-
transport properties of a series of orthorhombic (Pbnm)
perovskites of the general form A**B**05 (3-3 perovsk-
ites) [5]. These materials are structurally quite similar to
the perovskite prototype and are probably the simplest of
the non-cubic perovskites. Applications of 3-3 perovskites
are not limited to those requiring low thermal conductivity;
for example, Pbnm-structured perovskites such as LaCrO;
and LaFeO3; have also been considered as solid oxide fuel
cell cathodes [6].

Structure and symmetry of Pbnm perovskites

Figure 1 shows a map of the lowest-energy structure for
various A-B combinations of the A**B*0; perovskite
materials [S]. Here, the blue region corresponds to the
hexagonal P6s;cm structure, while the yellow region cor-
responds to the hexagonal R3c structure. The Pbnm-
structured compounds considered here occupy the green
region.
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Fig. 1 a Stability map for the A>**B**O; perovskites showing the regions in which the most stable structures are P6;cm, Pbnm, and R3c
structures. b Map of the tolerance factor for the Pbnm perovskites

Fig. 2 a Pm3m perovskite unit
cell in the conventional (100)
orientation containing a single
stoichiometric unit of five
atoms; b when rotated by 45° to
the [1—10], [110], [001]
orientation, the Pm3m unit cell
contains 20 atoms and; ¢ Pbnm
unit cell also containing a total
of 20 atoms. Oxygens form an
octahedral network, B-cations
are inside of the octahedra and
A-cations are atoms outside of
the octahedra

It is useful to relate the Pbnm structure to the cubic
prototype. In the perfect cubic perovskite structure, space
group Pm3m, Fig. 2a, the oxygen atoms form an octahe-
dron around the B atom. These octahedra are connected at
their vertices, such that the diagonals of each octahedron

(b)

are parallel to the corresponding diagonals of all of the

neighboring octahedra.

The two cations are generally not of the ideal size to fit
inside their polyhedra. The size discrepancy can be char-

acterized by the tolerance factor, t:
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Ra +Ro
V2(Rg + Ro)

where R, Rg, and R are the ionic radii of the A cation, B
cation, and oxygen ion, respectively; here, the Shannon
radii [7] appropriate to the specific coordination (twelve-
fold for A, six-fold for B) are used. From this equation, it
can be seen that t decreases as the Rg/R 4 ratio increases, as
shown in Fig. 1b. For t = 1, the relative ionic radii of A
and B are be such that they fit into the cubic perovskite
lattice without any strain; the structure would then be
expected to be that of the cubic prototype. (This analysis
does not take into account the additional complexities
arising from ferroelectric and antiferrodistortive instabili-
ties present in many 2-4 and 1-5 perovskites.) We expect
deviations from the cubic structure to increase the more t©
deviates from unity; thus, we anticipate larger deviations
from the cubic structure the more we go from the top left to
the bottom right of the tolerance-factor map in Fig. 1b.

To provide a reference against which to compare the
Pbnm structure, it is useful to consider the Pm3m structure
in an orientation rotated by 45° around (001), as shown in
Fig. 2b. In this orientation, the edges of this larger unit cell
are aligned with the [1—10], [110], and [001] directions of
the ideal cubic perovskite unit cell. This rotated unit cell is
tetragonal, with the a and b lattice parameters having the
length of the surface diagonals in the ideal cubic unit cell.
If the lattice parameter of the cubic perovskite is taken to
be ay, then the lattice parameters in this rotated coordinate
system are a:b:c = \/Zao:\/Zao:Zao; that is, they are in a
I.'I.'\/Z ratio.

The Pbnm perovskite structure can be viewed as a [110]-
oriented perovskite structure, Fig. 2b, whose symmetry is
broken by the octahedra being tilted. Figure 2c shows the
Pbnm unit cell in which the octahedra are tilted with
respect to their neighbors in a specific repeating pattern, as
described below, giving rise to an orthorhombic unit cell.

It should be noted that there is no unique choice as to
which crystallographic direction is taken as the long
direction of the orthorhombic unit cell. The above analysis
took the c-direction as the long direction. If, however, the
b-direction had been taken as the long direction, then the
structure would be described as Pnma rather than Pbnm,
while if the a-direction had been taken as the long direc-
tion, as in Glazer’s [8] article analyzing tilting behavior in
perovskites, the structure would be described as Pmnb.
These three symmetry descriptions are thus all manifesta-
tions of Space Group No. 62 [9].

In his analysis of tilting behavior [8], Glazer started with
a 2 x 2 x 2 (001)-oriented perfect perovskite supercell,
and then characterized the cell parameters as a result of all
different possible tilting schemes. The pattern of tilting for
Pbnm materials is a™b~b™. In this notation, “a” and “b”
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refer to the relative magnitudes of the tilt angles around the
supercell lattice axes. The “+4” and “-” refer to different
relative tilt orientations between parallel planes of octa-
hedra. The “+” means successive parallel planes are tilted
in the same direction, as illustrated in Fig. 3a, b, while the
“—” means the parallel planes alternate in tilting directions,
as illustrated in Fig. 3c, d. As an alternative to the Pbnm
unit cell, one can analyze these systems in Glazer’s non-
orthogonal pseudo-cubic unit cell, derived from a
2 x 2 x 2 (001)-oriented perfect perovskite cell. That cell
has a = b # c (note, that we choose the c-direction to be
different from the a- and b-direction, a different choice
than that of Glazer), with the angle between a and b
deviating from 90°. In this pseudo-cubic cell, the system
can be analyzed as a monoclinic system; of course, it
actually has additional symmetries that render it ortho-
rhombic, including the fact that a is equal to b.

While it is convenient to perform all the calculations and
simulations in the orthogonal Pbnm unit cell, it is more
illuminating to report all the results using this pseudo-cubic
cell, since it more closely reflects the symmetries of the
parent Pm3m perovskite cell, with small deviations caused
by the tilting.

Since we will analyze the thermal and elastic properties
of these materials, it is important to understand their
symmetries. Thermal expansion is a second-rank tensor.
For the Pm3m structure, the thermal expansion coefficient
is the same in all three directions in both the [100]- and
[110]-oriented unit cells, and the thermal-expansion tensor
collapses to a single scalar coefficient. For the ortho-
rhombic structure, the thermal-expansion coefficient tensor
is diagonal and can be characterized by o,, oy, and o.. In
the monoclinic system, off-diagonal elements between the
x- and y-direction appear. Carrying out the transformation
of the coordinate system, the pseudo-cubic monoclinic
thermal expansion ayy, in terms of the orthorhombic ther-
mal expansion tensor is given by:

%(O‘a + O‘b) %(“a - O‘b) 0
o = | 5(ota — ) Hota+o) O
0 0 o

Although the symmetry is different, the thermal expansion
tensor in the pseudo-cubic monoclinic reference frame has
three distinct components as it did in the orthorhombic
reference frame. The symmetry properties of the thermal
conductivity are identical to that of the thermal expansion,
since it is also a second-rank tensor.

The elastic constant tensor for the cubic Pm3m perov-
skite unit cell has only three distinct elastic constants, Cf;,
Cq, and C34. The Pbnm structure reduces the symmetry to
that of an orthorhombic system with nine distinct elastic
constants: C{j, C, CS, CH, C%, C%, CL, CY and CS.

The 20-atom unit cell shown in Fig. 2b is tetragonal and is
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Fig. 3 Schematic showing
octahedra with the “+” tilt
orientation from a angled view,
b axial view against cubic cell
reference; and with the “—" tilt
orientation from ¢ angled view,
d axial view against cubic cell
reference

)

thus described by the elastic constants: Cj; = C},, Cs,
Ci,, Ci5 = Chs, Ciy and Chs = Cie. The elastic constants
in the tetragonal unit cell are related to those in the cubic
unit cell by the usual rotational transformations [10]. The
pseudo-cubic monoclinic system has 13 non-zero elastic
constants (since this is the same physical structure as
orthorhombic cell, only 9 of them are independent):
Chi =C3, €3, Ch, Ci=C%, Cle=Cx C,
Ciy = Css, Cis, and Cgg. Equalities between some of these
constants are again due to the fact that a is equal to b in the
pseudo-cubic cell.

Simulation methods

In our simulations, the interatomic interactions operate
through Coulombic interactions and through short-ranged
interactions described by the Buckingham potential:

y B

V(ry) = AeT/% 4 —

Tij
Here, r;; is the distance between ions i and j, and A, B, and
o are parameters specific to each interaction. We use the

parameters previously determined by Levy et al. [5].

The structural parameters and elastic constants were
determined using conventional lattice statics methods as

implemented in using the General Utility Lattice Program
(GULP) [11, 12]. We also used GULP to determine the
thermal expansion within the quasi-harmonic approxima-
tion (QHA) to lattice dynamics. The GULP results were
compared with the results of MD simulations obtained
from a well-tested and verified in-house code. Figure 4
shows the results for the lattice parameter of NdFeOj3, a
typical example. The thermal expansion coefficients (the
slopes of the lattice parameters as a function of
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Fig. 4 Lattice parameter ¢ of NdFeO; as a function of temperature as

determined using lattice dynamics in the quasi-harmonic approxima-
tion (open symbols) and from MD simulations (solid symbols)
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temperature) do not match at low temperatures because the
QHA calculations include quantum effects (by using full
Bose—Einstein distribution functions for the average num-
ber of phonons in a given state), while the MD simulations
do not (MD simulation reproduces Maxwell-Boltzmann
statistics, which differ from the correct Bose—Einstein
statistics at low temperatures) [13]. However, over the
temperature range of 500-1,200 K, the two methods yield
similar  thermal expansion  coefficients: Q" =
7.14 x 107 K! versus oMP =7.79 x 107° K~'. This
result underestimated the experimental value [14] of
133 x 107° KL, However, this seems to a rather general
shortcoming of the Buckingham-type potentials, observed
previously in the other oxide systems [15], as well as
perovskites [16]. Corresponding levels of agreement were
obtained for the other components of the thermal expansion
tensor and for the other Pnma compositions considered
here. As a result, our analysis of thermal expansion is based
on the results of the QHA calculations, which are much less
computationally intensive.

Conventional non-equilibrium MD methods were used
to determine the thermal conductivity [17]. In brief, the
system consisted of a long rectangular block oriented along
the principal crystallographic directions of the Pbnm sys-
tem. All simulations were carried out using 3-D periodic
boundary conditions. The long direction of the square
cylinder was successively alternated among the ortho-
rhombic a-, b-, and c-axis, thereby allowing the thermal
conductivity to be calculated in all three directions. As
shown in the top panel of Fig. 5, heat was added and
removed from equally spaced slices of the system, so as to
set up two identical heat fluxes. This eventually resulted in
a temperature gradient as heat flowed from the hot to cold
region as shown in the lower panel of Fig. 5. The heat flux

Cold
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Fig. 5 (Top) Schematic of the thermal conductivity simulation; note
that the system is periodic in all three directions. (Bottom) Calculated
temperature profile for the case of DyGaOj in the orthorhombic
a-direction
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and temperature gradient were then used to calculate the
thermal conductivity via Fourier’s law:

dr

Ji= —Ki—
dl’i,

where x; corresponds to the a, b, or ¢ crystallographic
directions, and j; and d7/dr; are the heat current and tem-
perature gradient, respectively, in the same direction. As
was discussed in detail in ref. [18], the statistical error for
the thermal conductivity as calculated by non-equilibrium
dynamics is typically about 10%.

Structural analysis

The deviation of the pseudo-cubic unit cell from an ideal
cubic structure is conveniently characterized in the pseudo-
cubic orientation by the volume V and the deviation of the
angle between a and b from 90°, ®,,. Figure 6 shows
contour plots of these quantities, as obtained from GULP,
for the lattice parameters of each material.

Figure 6a shows that, as expected, the volume of the
unit cell increases with increasing ionic radii of both A and
B cations (i.e., from bottom left to top right). One can also
observe that the B-cation has a larger influence on the
volume of the unit cell. This is actually a rather general
trend, manifested in a number of properties; the origin of
this will be discussed below. Also, in accord with the
trends expected from the tolerance factor, Fig. 1b, ®,,
deviate more strongly from the ideal values as we proceed
from top left to bottom right, i.e., as the tolerance factor
deviates more strongly from unity.

The tilting of the octahedra is an ion-size effect. Taking
the ideal Pm3m perovskite structure as the reference state,
then for a fixed B radius (i.e., fixed size of the octahedra) as
the A ionic radius decreases, the A—A cation distance (i.e.,
the lattice parameter) should decrease. The only way that
this can happen without distorting the octahedra is for them
to tilt. Correspondingly, if the A ion’s radius is fixed and
the B ion radius increases, the size of the octahedra
increases. The only way to accommodate these larger
octahedra is also for them to tilt. Thus, tilting increases if
the B radius increases and/or the A radius decreases, i.e.,
when the tolerance factor decreases from unity as we go
from top left to bottom right. Figure 7 shows the magni-
tudes of the tilting angles, « and y around the [100] and
[001] directions of the pseudo-cubic unit cell, and dem-
onstrates that this is indeed the case. The magnitudes of
these tilting angles are somewhat different from each other,
with the y angle being the larger of the two. This seems to
imply that the tilting type contributes to the magnitude of
the tilt: in the direction with the “—” tilt type the tilts of
successive octahedra are in opposite directions, hence if
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there are “torsion” forces in the system they would prevent
large tilting. Correspondingly, in the direction of “+”
tilting, successive octahedra all tilt in the same direction;
therefore, the overall tilting may be larger.

Elastic properties

Figure 8 shows representative elastic constants. Figure 8a
shows that C;; undergoes a softening of about one-third
across the range of stability of the Pbnm phase, which is
directly correlated to the increase in the a lattice parameter
and in the unit cell volume, Fig. 6a. Just as in the case of
the volume, the dependence on the B-cation size is greater
than on the A-cation size. All the elastic constants that are
zero in the ideal cubic structure (C;,, C;3, Caz, Cos, Csa,
Cy4, Css, Cgg) show a similar behavior, with the exceptions
of C3;3 and Cy4, which are completely independent of the
size of the A-cation (Cy4 is shown on Fig. 8c). A typical
example of an elastic constant whose value is zero in the
ideal structure, Cys, is shown in the Fig. 8d. These non-
zero values arise from the deviations from the ideal cubic
symmetry, and are therefore small. The trend in Cys is the
same as the tolerance factor: it increases from left top to the
bottom right.

Over the entire map C;; = Cy, and C;; have very
similar values, which is consistent with the only small
departure from the ideal cubic symmetry. Likewise, C;3

B-cation radius (A)

and C,; are very similar to each other, as are Cyy (Cy323),
Css (Ci313) and Ceg(Ci212).

Thermal expansion

There are many materials that display anisotropic thermal
expansion. For example, alumina shows a weak anisotropy
in the thermal expansion (8.3 x 107° K™ in the a—b plane
vs. 9.0 x 107% K~! in the c-direction) [19]. Titania (TiO,)
shows a larger anisotropy, 4.5 x 107®K™' versus
8.4 x 107° K™! for anatase, and 7.00 x 107° K~ ! versus
9.37 x 107® K~! for rutile at room temperature [20].
These anisotropies arise because the structures are inher-
ently anisotropic. The systems considered here are also
structurally anisotropic. However, as we have seen the
anisotropy in these systems is of a somewhat different
nature because it is possible, at least in principle, to span a
range from no anisotropy to high anisotropy simply by
changing the A and B ions. The thermal expansion tensor
for each material was calculated using GULP as described
in “Structural analysis” section.

Figure 9 presents components of the thermal expansion
tensor. It should be noted that in the directions in which
there is a “—” tilting pattern, the thermal expansion
decreases from top right to bottom left, or from weaker to
stronger structural anisotropy. However, in the c-direction,
which has a “4” tilting pattern, the trend is reversed. As
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Glazer notes, any tilt around the axes in the a—b plane
results in a decrease in the length of the c-axis. This
means that a larger a—b tilt result in the atoms being
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pushed closer together in the c-direction, which further
results in the atoms exerting more force on one another
upon heating. This, in turn, should increase the thermal
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expansion in that direction (the c-direction) as is indeed
the case.

The decrease in thermal expansion in the a- and
b-direction as the tolerance factor decreases is due to the
associated increase in the “—” tilting pattern in the a—b
plane. Notice in Fig. 3d that as the tilt increases, the atoms
along the upper vertices move further apart in the plane of
the figure, though they may move closer together in the
direction normal to the figure. This does not, however, hold
true for the “+” tilting pattern shown in Fig. 3b. This
could mean that greater tilt actually results in more space
between atoms in the a—b plane, which would reduce
thermal expansion in the a- and b-direction.

Recall that the off-diagonal elements of the thermal
expansion tensor are zero for the cubic perovskite phase.
Here, they have values that are about 30% of the values for
the diagonal elements, and after an initial increase in
accord with decreasing tolerance factor (as one travels
from the top left to bottom right) they start to decrease
again, indicating a smaller anisotropy in thermal expansion
in xy-plane. This result is somewhat surprising, but is most
likely just a reflection of the overall reduction of thermal
expansion in the xy-plane. Just as in the case of the elastic
constants, the thermal expansion depends more strongly on
of the B-cation size than the A-cation size.

Thermal conductivity

Four materials have been the subject of complete thermal
conductivity analysis: NdFeO;, NdAlO;, GdFeO;, and
HoAIO;. These four materials were specifically chosen to
allow comparison between materials where only the A or B
atom varies, as well as to allow analysis of trends in
thermal conductivity parallel and perpendicular to the
phase boundary depicted in Fig. la. Additionally, these
four materials represent points over a broad range of the
Pbnm region. This method of sampling greatly reduces the
number of calculations for analysis, while still yielding
significant results for trend analysis.

The four materials, two with the same A site ion and two
with the same B site ion strongly suggest trends in
behavior. First, ky; < k33 for all four systems. This again is
attributable to the different tilting schemes in different
directions. The “—” tilting scheme rotates subsequent
octahedra in opposite direction, thus introducing a com-
paratively larger degree of disorder than “+” tilting, for
which octahedra tilt in the same way. We would expect
such increased disorder to be associated with a smaller
thermal conductivity. Second, determining the precise
value of kj, is actually quite difficult because it is calcu-
lated from the difference in the simulation values of the
thermal conductivity in the orthorhombic structure

Table 1 Calculated thermal conductivity in units of W m~' K~ for
four representative ABOj3 perovskites

K11 K12 Ka Kp K33(Kc)
NdFeO; 2.71 0.03 2.74 2.68 3.01
NdAIO; 6.17 0.45 6.61 5.72 6.59
GdFeO; 2.61 0.11 2.72 2.50 2.76
HoAlO; 4.27 0.26 4.53 4.01 5.16

k11 and Kk, are the components of the thermal conductivity in the
pseudo-cubic cell, while x, and x;, are for the orthorhombic unit cell

(corresponding results are presented in the fourth and fifth
columns of Table 1); all four system yield rather small
values, as is expected for systems with only small devia-
tions from the cubic structure. Third, the two B = Fe
systems have very similar thermal conductivities; the two
B = Al systems have somewhat different thermal con-
ductivities; however they are both larger than those for
B = Fe. Moreover, the two A = Nd systems have thermal
conductivities that differ by more than a factor of two.
Taken together, these results show that thermal conduc-
tivity depends strongly on the B ion, but only weakly on
the A ions.

We note that in addition to the structural properties, the
thermal conductivity is also sensitive to the mass variations
among atoms that form a structure. B-cations are lighter
elements with atomic mass varying by more than a factor
of two from 27.0 for Al to 69.7 for Ga. Moreover, as the
mass of the B-cation increases, so does the mass mismatch
between B-cation and oxygen atoms, which enclose them;
this should lead to a decrease in the thermal conductivity
with increasing B-atom mass. A-cations, on the other hand,
are comparatively heavy elements with atomic mass
ranging from 138.9 a.u. for La to 174.6 a. u. for Lu. These
relatively large masses and their relatively small range of
variability comparing to B-cations (only around 50%) are
consistent with only a weak effect on thermal conductivity.
This is in full agreement with the data presented in
Table 1: heavy-Fe containing compounds have thermal
conductivity only approximately half of those of light-Al-
containing compounds. Changes in thermal conductivity
for differing A-cations seems to be more affected by the
structural changes: the thermal conductivities of NdFeO;
and NdAIOs3 (with high tolerance factors) are higher than
thermal conductivities of GdFeO; and HoAlOj, respec-
tively (with low tolerance factors).

To characterize these trends more clearly, we have
determined the thermal conductivity of a series of systems
in which either the A or B ion is varied, but not both. Due
to the intense computational load of such simulations, these
were only performed for the a-direction of the ortho-
rhombic lattice. Figure 10a shows the thermal conductivity
as a function of ionic radius for the AGaOj; systems (from
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Fig. 10 Calculated thermal conductivity in units of W m~' K~! for
a with AGaO; (A = Ho, Y, Dy, Tb, Gd, Eu, Sm, Nd, Pr, Ce, La) and
b NdBO; (B = Al, Ga, Cr, Fe). All measurements are along the
orthorhombic a-direction

left to right: A = Ho, Y, Dy, Tb, Gd, Eu, Sm, Nd, Pr, Ce,
La). Comparing to Fig. 1b, the tolerance factor is
increasing from left to right in Fig. 10a. Just as we would
expect from the previous discussion, the thermal conduc-
tivity increases with the ionic radius, i.e., as the tolerance
factor increases and the system becomes closer to being
cubic. Correspondingly, the NdBO; (from left to right
B = Al, Ga, Cr, Fe) systems (Fig. 10b) correspond to
moving from left to right in Fig. 1b, thereby decreasing the
tolerance factor and increasing in structural disorder. As
discussed above, the mass effect plays a significant role in
this case: Al is significantly lighter than other elements
discussed and have lesser mass mismatch with oxygen.

Discussion and conclusions

In this article, we have systematically studied the effect of
composition on the mechanical and thermal properties of
orthorhombic-structured A>*B3T05 perovskites. Structural
parameters, elastic constants, thermal expansion, and
thermal conductivities were determined using atomistic
simulations with interatomic interactions described by
empirical classical potentials. All of the properties showed
significantly stronger dependence on the type of B-cation
than on the A-cation. A similar effect was found previously

@ Springer

by Schelling et al. [15] for the case of the A,;B,0O,
pyrochlore system and was explained by the stronger
bonding of the B-cation to the oxygen, as compared with
A-cation—oxygen bond. Indirect evidence for this differ-
ence in bonding strength is also provided by the DFT
calculations [21] on the isostructural perovskite material, in
which the B-O was found to be covalent, while all of the
other bonds were ionic. Based on these arguments, we
conclude that it is likely that B—O bond is stronger than A—
O bond in the orthorhombic perovskites and is responsible
for the observed behavior. The structural parameters (tilt
angles) and thermal expansion are most significantly
affected by the a*h b~ tilting characteristic of these
materials. In particular, both the larger tilt with respect to
the c-axis, and the opposite trends in thermal expansion
along the a- and c-axis were found to be consequences of
the tilting scheme. The thermal conductivity was also
found to be controlled by the B-cation.
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