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An orthorhombic to a rhombohedral structural phase
transition of LaCrO; has been studied by the neutron powder
diffraction over the temperature range of 295-1013 K. At the
phase transition around 260°C, the negative volume expansion
was observed, and the amount of the volume compression was
estimated to be —0.081375 A® (—0.138%) per formula unit. The
coefficients of volume thermal expansion, —(1/V)/(0V/0T), were
estimated to be 2.285(16)x 107> K~' and 2.842(12)x 10~ K~ for
the orthorhombic and rhombohedral phases, respectively. The
Rietveld refinement revealed that the volume compression at the
phase transition was principally due to the shrinking of the
[CrOg] octahedra. © 2000 Academic Press
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INTRODUCTION

LaCrO; and related oxides have been studied widely,
focusing on various industrial uses above room temperature
(RT): for example, interconnects in solid—oxide fuel cells
(1,2). It is well known that stoichiometric LaCrO; has
phase transitions at around T = 15 and 260°C. The former
is due to a magnetic order—disorder transition, while the
latter is due to a structural phase transition, i.e., from an
orthorhombic to a rhombohedral symmetry (3-10). The
structural phase transition to a cubic symmetry was sugges-
ted to occur above 1600°C (3, 4, 7), but it is not fully
understood because of its experimental difficulty. Although
the physical properties such as heat capacity and thermal
conductivity of LaCrOz-based perovskites at high temper-
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atures have been measured widely (11-14), the crystal struc-
ture above room temperature has not been examined pre-
cisely.

Howard et al. (6) studied an orthorhombic to a rhombo-
hedral structural phase transition of the La(Cr; - . Mn,)O5
(x =0 to 0.25) system by X-ray powder diffraction. The
phase transition temperatures as a function of Mn contents
were determined by individual profile fitting in a 20 range of
31.0°-33.0°. The decrease in the unit cell volume of LaCrO;
at the phase transition around 265°C was found to be about

—0.2%. Gilbu et al. (8) studied structural phase transition
of the La(Co, _,Cr,)O; (t = 0 to 1.0) system by X-ray pow-
der diffraction. The phase transition temperature increases
with ¢, while the volume contraction at the structural phase
transition  decreases:  0.25(7) x 10° pm®  (—0.43%),
0.13(7)x 10° pm®  (—0.22%), and  0.10(5) x 10° pm?
(—0.17%) per formula unit for ¢t = 0.80, 0.90, and 1.00,
respectively. Sakai et al. (9) studied structural phase
transition of the (La; _,Ca,)CrO;_; (t = 0 to 0.3) system by
X-ray powder diffraction. The volume contraction at the
structural phase transition was —0.14% and —0.07% for
t =0 and 0.20, respectively. In addition to the thermally
induced phase transition, Hashimoto et al. (10) found
a structural phase transition under high pressure at RT
using synchrotron X-ray powder diffraction. They discussed
the thermodynamic relation between the pressure and the
temperature of the phase transition.

It remains open whether the large volume contraction
arises from the deformation of [LaO;,] and/or [CrOg]
polyhedra. Then we carried out neutron diffraction experi-
ments on LaCrO; at several temperatures between 22 and
740°C on warming and studied the structural phase
transition from an orthorhombic to a rhombohedral phase.
A geometrical relationship between polyhedral volumes and
their tilts in perovskites developed by Thomas (15-17) was
utilized to deduce polyhedral volume changes at the phase

transition.
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EXPERIMENTAL

A powder specimen was prepared from polycrystalline
LaCrO; (99%, Nikkato Co., Ltd.) annealed at 1300°C for
24 h in O, atmosphere.

Neutron powder diffraction data were taken on HRPD at
the JRR-3 in Japan Atomic Energy Research Institute. Two
different wavelengths were selected depending on the re-
quirement for the present study. The elastically bent Si (533)
monochromator, which gives wavelength of 1.16251 A (18),
was mainly used to obtain detailed structural information
for the orthorhombic phase including anisotropic displace-
ment parameters because of their wide Q range
(0.5A7" <0 < 10.7 A~ 1). The hot-pressed Ge (331) mono-
chromator which gives 1.82340 A was employed at around
the phase transition region in order to obtain higher Q-
resolution and at a high temperature region. Soller slit
collimators of 12" and 20" were positioned before and after
the monochromator, respectively. An array of 64 nearly
equally spaced (2.5°) *He detectors with 6’ Soller collimators
were used to collect the intensity data between 5° and 165°
with a step width of 0.05°. A counting time for each step was
800 s (Si monochromator) and 300 s (Ge monochromator).
The sample contained in a cylindrical V can (16.5 mm in
diameter, 50 mm in height and 0.5 mm in thickness) was
mounted on an evacuated high-temperature furnace. The
temperature was monitored by a Chromel-Alumel thermo-
couple and was kept within +0.5 K during the measure-
ment. A waiting time for ensuring the equilibrium of the
sample temperature was about 0.5 h.

RESULTS AND DISCUSSION

Neutron diffraction data for scattering angles between
12.5° and 162.5° were analyzed by a Rietveld-refinement
program RIETAN (19). Coherent scattering lengths used for
the refinements of the neutron data were 8.24 (La), 3.635
(Cr), and 5.803 fm (O) (20). The pseudo-Voigt function of
Thomson, Cox, and Hastings (21) was made asymmetric
with Howard’s procedure (22). In final refinements, a zero-
point error, a Gaussian FWHM parameter, U, and a Loren-
tzian FWHM parameter, X, were varied, while Gaussian
FWHM parameters, V and W, a Lorentzian FWHM para-
meter, Y, and an asymmetric parameter, 4, were fixed to the
average values obtained from preliminary refinements. Pre-
ferred orientation was examined using March-Dollase func-
tion in the preliminary refinements. Since the resultant value
of a preferred-orientation parameter was close to unity, pre-
ferred orientation was not corrected in the final refinement.

The transition temperature was estimated to be 260°C,
where coexistence of orthorhombic and rhombohedral
phases was revealed by the Rietveld refinement. The diffrac-
tion data below this temperature were analyzed on the basis
of orthorhombic space group Pnma (No. 62, a ~ 5.5 A,
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b~ 78 A,and ¢ ~ 5.5 A)(23). On the other hand, the crystal
structure of LaCrO; at rhombohedral phase has not been
reported before. Only the lattice parameters and/or possible
space groups were indicated by several workers. In the
Rietveld refinement of the rhombohedral phase, we tested
structural models based on the space groups R3, R3m, and
R3c. The R3m model was easily rejected by the strong
additional reflections due to doubling of the ¢ axis. The
refinements based on the R3¢ model and the R3 model gave
almost the same structural parameters and R values, but the
estimated standard deviations (e.s.d.s) were very large for
the R3 model. The extinction rules of R3¢ were fully consis-
tent with the observations. These preliminary refinements
led us to rule out R3 and adopt R3¢ in final refinements. The
choice of the space group R3c was also supported by the
study using the convergent beam electron diffraction (24).
The structure in R3¢ is a common high temperature form in
LaVO;, LaMnO;, and LaFeO5, as well as in the LaCoO;
and LaNiOj at all temperatures.

Examples of refined structural parameters, selected bond
distances, and angles for the orthorhombic phase (200°C)
and the rhombohedral phase (320°C) with a wavelength of
1.16251 A were summarized in Table 1 and their Reitveld-
refinement patterns are given in Figs. 1a and 1b. Typical Ry,
and Ry were ca. 7 and 3%, respectively. Figure 2 shows the
volume per formula unit as a function of temperature. The

TABLE 1
Structure Parameters of LaCrO; at 200°C (Orthorhombic
Phase) and 320°C (Rhombohedral Phase) Obtained by the
Rietveld Refinements

T =200°C Pnma (No. 62) T =320°C R3¢ (No. 167)
R, 7.14% R, 7.41%
Ry 3.07% Ry 3.01%
S 1.151 S 1.163
a 5.48588(14) a 5.53049(11)
b 7.76824(19)
c 5.52467(12) c 13.3544(3)
v 235.437(10) 14 353.738(12)
La La

X 0.0167(5) X 0

¥ i y 0

z —0.0037(5) z i

Uy, 0.0063(11) Uy, 0.0084(7)

U,, 0.0086(11) U,, 0.0084

Ui, 0.0051(8) Ui, 0.0089(13)

U, 0 Ui, 0.0042

U,s 0.0010(9) Ui, 0

Uss 0 Uss 0

B., 0.53(14) B, 0.68(19)
Cr Cr

X 0 X 0

y 0 y 0

z 1 z 0

Uy, — Uy, 0.0038(12)
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TABLE 1—Continued

T =200°C Pnma (No. 62) T =320°C R3c (No. 167)
uU,, — uU,, 0.0038
u,, — U, 0.0063(23)
U, — U, 0.0019
U13 o U13 0
U23 * U23 0
B, — B, 0.37(25)
B 0.27(4)*

o1 o)

x 0.4935(8) x 0.4935(8)
y 3 y 0

z 0.0646(6) z 1

U,, 0.0118(19) U, 0.0120(6)
U,, 0.0038(15) U,, 0.0097(9)
Uss 0.0083(11) Uss 0.0150(9)
U,, 0 U,, 0.0049
Ui, —0.0001(14) Ui, —0.0039(5)
U,, 0 U,, —0.0060
B., 0.63(17) B., 0.99(16)

02
x 0.2282(5)

y 0.5350(3)
z 0.2285(5)
U, 0.0085(10)
U,, 0.0113(10)
Us, 0.0071(9)
U,, 0.0008(10)
U,, 0.0036(9)
U, 0.0005(10)
B, 0.71(15)

La-O1' 2.429(4) La-Ox3 2.4564(19)

La-02%x 2 2.478(3)

La-021 x 2 2.635(4) La-O%x 6 2.7565(2)

La-O1 2.643(5)

La-02x2 2.809(3)

La-O1" 2.895(5)

La-O1" 3.102(4) La-02%ix 3 3.0741(19)

La-02'x2 3.117(3)

La-O 2.7620 La-O 2.7609

Cr-02"x2 1.973(3) Cr-0%x6 1.9705(3)

Cr-02" x 2 1.973(3)

Cr-O1"ii x 2 1.9749(6)

Cr-0 1.9733 Cr-O 1.9705

O1'i_Cr-02"i 89.67(14) OMi_Cr-O¥x3  88.766(9)

o1"i_Cr-02v 89.46(15)

02"-Cr-02* 88.52(2)

Cr*~01-Cr* 159.07(19) Cr-0-Cr™  161.97(11)

Cr-02-Cr* 161.36(14)

O™i-Q-Oil 141.90(13)

Note. U;;s are anisotropic displacement parameters when the displacement
factor is expressed as exp[— 21> (Uy, (ha*)* + -+ + 2U,,ha*kb* + ---)]. B,y is
the equivalent isotropic displacement parameter. Numbers in parentheses fol-
lowing refined parameters represent the e.s.d.s of the last significant digit(s).

Symmetry codes:i, —3 + X, y, 3 — z i, —x, —3 +y, — zii, 3 —x, 1 —y,

1 : . 1 1 - vi 1 N 1
—5+ziv, —14+x),2zV, —3+X, ), —3—2 Vi, X, 3 — ), z; Vi, —5 + X,
1 1 ! 1 RN RV § e 1 1 1 -
SV VL, =X, — ), 5+ X5+ X ), — 5 X+ X5 — ), 5 — 2 XL,
2 1 1 R TS . 2 1 Cviv 2 1 v
3—X, 33—V, 3— %X, 71+x,y,z,x111,gf¢\+y,§fx, —3+zZxv, 3+ X,

1 1 . 1 1 1 —_— R
3+y3+zxv,3—y, —3—Xg+zxvi, —y, —1+x—yzxvi,bl —x+y,

“Anisotropic atomic displacement parameters were not refined.
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FIG. 1. Rietveld refinement patterns of LaCrOj; at (a) 200°C (ortho-

rhombic phase) and (b) 320°C (rhombohedral phase). Observed intensity
data are shown by crosses, and the solid line overlying them is the
calculated intensity. Vertical markers below the diffraction patterns indi-
cate positions of possible Bragg reflections. Differences between the ob-
served and calculated intensities are plotted at the bottom in the same
scale.

coefficients of volume thermal expansion, — (1/V)/(0V/OT),
were estimated from least-squares analysis as
2.285(16) x 107> K ! (between T =295 K and T = 533 K)
and 2.842(12)x1073K~!' (between T =533K and
T = 1013 K) for the orthorhombic and rhombohedral
phases, respectively. The volume contraction at the phase
transition was calculated to be about —0.138%, which is
very close to the values reported by Sakai et al. (9).

As shown in Fig. 3 , average bond distances in [LaO;, ]
and [CrOg] polyhedra, La-O and Cr-O, and their ratio,
(1/./2)/(La-O/Cr-0), vary discontinuously at the phase
transition, but the slope of the ratio is almost the same in the
whole temperature range. The ratio indicates size mismatch
between two polyhedra at LaO and CrO, layers, and the
discontinuity might not be explained by the simple rotation
of [CrOg] octahedra. Then we examined the polyhedral
volumes as shown below.




STRUCTURAL PHASE TRANSITION OF ORTHORHOMBIC LaCrO,

W i 1%, N
o © 0 0
[=) S = =N
T T T T
I 1 1 1

Volume per molecule / A 3
s
oo
1
]

58.6

20

140

260

380

500

620

740

T/°C

FIG. 2. Dependence of the volume per formula unit of the LaCrO; on
temperature, T. Circles and triangles express the volume for the orthor-
hombic and the rhombohedral phases, respectively. Data points obtained
from experiments with wavelength of 1.82340 A are represented by filled
symbols.

The relationship between polyhedral volumes and their
shapes in orthorhombic and rhombohedral perovskites
ABO; were discussed by Thomas et al. (15-17). For ortho-
rhombic perovskites, the volume of the [AO,] polyhedron,
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FIG. 3. Average bond distances, La-O and Cr-O (a), and their ratio,

(1/./2)/(La-O/Cr-0) (b), of the LaCrOyj as a function of T.
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Va, that of the [BOg4] polyhedron, V3, and their ratio V,/ Vg
are given by

§$18283
B=T,
v,
2 —6cos?6,cos0, —1,
Ve

where sy, 5,, and s; are distances between diagonal vertices
of an octahedron, and 6,, and 0, the tilt angles of the [BOy ]
octahedra along [101] and [010] direction of the present
setting, respectively. To derive more accurate volumes of the
[BO¢] octahedra, deviations of the O2'i-Cr-O2' angle
from a right angle are considered in the present study, while
the O1'#-Cr-02"" and O1"#-Cr-O2" angles are regarded
as a right angle.

For rhombohedral perovskites, Vy, Vg, Va/ Vg, and octa-
hedral tilt angle, w, are given by

~ J3es?
VB - 18 5

_JBaPe  3es?

"="1 18
cos a
o= —
2s’
and

V,
A —6cos?w —1,

B

where a and c are the lattice constants in the hexagonal unit
cell, and s the edge length of the [BO¢] octahedra. From
these equations given by Thomas et al., Vy, Vg, and V,/Vp
for both the orthorhombic and the rhombohedral phases
were calculated and plotted in Fig. 4. We can clearly see the
shrinking of V3 at the phase transition and almost linear
expansion of V, at whole temperature range. This figure
unambiguously reveals that the volume contraction at the
phase transition principally results from the shrinking of the
[BO¢] polyhedron.

Thomas introduced a parameter @ to combine 0,, and 0,
in orthorhombic structure:

& =1—cos?0,cos0,.

Using @, V,/Vy can be simply written as
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FIG. 4. Temperature variation of the volume of the [LaO,,] polyhed-
ron, V,, and of the [CrO¢] polyhedron, Vj (a), and their ratio V,/ V3 (b) of
the LaCrOs.

In order to extend @ to the rhombohedral structure and to
study the characteristics of the phase transition in the pres-
ent system, the degree of tilt in rhombohedral structure is
expressed as

& =1—cos?w.
Using @, V,/ V3 is similarly written as

Va
—=5—-069.
|4

B

Va/ V3 of both orthorhombic and rhombohedral phases in
LaCrOs; is plotted as a function of @ in Fig. 7. V,/Vy of
various known samples (15, 16, 25-29) having orthorhom-
bic (space group Pnma) and rhombohedral (space group
R3¢) structure are also included in the figure. The rhom-
bohedral samples tend to have smaller tilts ¢ and larger
Va/ V3 values. It is emphasized in the case of LaCrOj; that
@ decreases as the phase transition from the orthorhombic
to rhombohedral proceeds, and its phase boundary is

OIKAWA ET AL.

FIG. 5. Crystal structure of LaCrO; for orthorhombic phase. Large
black, small black, and large gray circles represent La, Cr, O, atoms,
respectively. Symmetry codes are the same as those in the Table 1.

FIG. 6. A plane view of LaCrO; for rhombohedral phase seen from
¢ axis of hexagonal cell in z = 14. Large black and large gray circles
represent La and O atoms, respectively. Symmetry codes are the same with
the Table 1.
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5.4 —— 1 ——————————

5.2 .

FIG. 7. Variation of V,/V3 of LaCrO; with degree of tilt @ (circles).
Triangles and squares represent that of rhombohedral (space group R3c)
and orthorhombic (space group Pnma) perovskites.

located near the limit of the reference values of rhombohed-
ral samples.

It is curious that the [BOg] polyhedron contracts instead
of the [AO;,] polyhedron, because the Vg is much tighter
than V,. The same kind of contraction would occur in the
structural  phase  transition of La(Co;-_,Cr,)Os3,
(La; -;A4,)CrO; (A = Ca or Sr) system. Further investiga-
tions are required to clarify the origin of the V5 contraction.
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