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The temperature-pressure phase diagram for both the crystal and magnetic structures of LaCrO3

perovskite has been mapped out by in situ neutron-diffraction experiments under pressure. The system

offers the opportunity to study the evolution of magnetic order, spin direction, and magnetic moment on

crossing the orthorhombic-rhombohedral phase boundary. Moreover, a microscopic model of the super-

exchange interaction has been developed on the basis of the crystal structure obtained in this work to

account for the behavior of TN under high pressure.
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Antiferromagnetic ordering lowers the overall symmetry
in a magnet. In most cases, magnetic structures can be
described by irreducible representations of the symmetry
of the crystal-structure [1]. Transition-metal oxides with
the perovskite structure offer a variety of antiferromagnetic
and ferromagnetic spin arrangements on the basis of the 23
tilting systems developed in the structure [2–4]. For the
tilting system aþb�b� of the Glazer notation and the
Pbnm space group, the relationship between magnetic
structure and crystal structure has been illustrated by
Bertaut in the 1960s [5]; he defined the A, G, C, and F
magnetic modes according to the observed magnetic cou-
pling between the 4 magnetic atoms present in the ortho-
rhombic Pbnm unit cell. Among them, the G type stands
for an isotropic antiferromagnetic coupling of a given atom
with the six magnetic neighbors. In the presence of an
anisotropic exchange interaction or the single-ion anisot-
ropy, a canted-spin structure is developed. All possible
canted-spin structures can also be specified in connection
with the spin direction by irreducible representations. A
huge number of studies in the literature have been focused
on the structure with the Pbnm space group and its sub-
group P21=m since the space groups accommodate all
antiferromagnetic and ferromagnetic spin-ordering phases
[6]. Whereas both antiferromagnetic type-G and ferromag-
netic phases have been found in mixed-valent perovskites
with the a�a�a� tilting system of the R-3c space group
[7,8], it has not been shown whether a single-valent rhom-
bohedral perovskite can also accommodate type-G mag-
netic ordering.

The R-3c space group allows cooperative octahedral-site
rotations about the [111] direction of the primary cubic unit
cell or the c axis in the hexagonal setting. A few perovskite
oxides A3þB3þO3 with the geometric tolerance factor

t � ðA-OÞ=½ ffiffiffi

2
p ðB-OÞ� � 1 adopt the R-3c crystal structure

at ambient pressure, e.g.,RAlO3 (R ¼ La, Pr, Nd),LaCoO3,
LaNiO3, LaCuO3, LaGaO3 (at T > 540 K). However, all

these oxides are nonmagnetic. The rhombohedral (R) phase
can also be stabilized under pressure, which increases the
possibility to convert some magnetic perovskites with or-
thorhombic (O) structure into the R phase. The crystal
structure of LaMnO3 under 12 GPa has been refined well
with the R-3c symmetry from x-ray diffraction data [9].
Unfortunately, the type-A antiferromagnetic phase collapses
at the phase boundary because the structure of the R phase is
not compatible with the Jahn-Teller (JT) distortion; an orbi-
tal ordering is required for the magnetic coupling in this
JT-active system. The O=R phase transition in LaFeO3

occurs at 1200 K [10], which is much higher than the
Néel temperature TN � 740 K [10]. Although TN increases
under pressure, it never meets the O=R phase boundary
since a spin-state transition is induced at higher pressure
[11]. In the perovskite nickelate PrNiO3, the first-order
metal-insulator–magnetic transition is completely sup-
pressed under pressure before the O=R phase transition
takes place [12]. The O phase of LaCrO3 with the type-G
antiferromagnetic spin ordering below TN is perhaps the
only candidate for us to explore how the magnetic phase
enters the R phase under high pressure. The pressure-
induced O=R phase transition at P � 5:0 GPa has been
revealed by synchrotron diffraction studies under high-
pressure [13,14]. Since the O=R transition at Tt � 540 K
[14] under ambient pressure can be continuously reduced to
room temperature under 5 GPa whereas TN ¼ 298 K at
ambient pressure is expected to increase under pressure in
this localized spin system, TN may cross Tt at P � 5 GPa.
Therefore, a magnetic structure study with neutron diffrac-
tion under pressure can reveal whether the type-G spin
ordering collapses at Tt.
Neutron powder diffraction (NPD) experiments under

pressure were performed at the high-flux D20 diffractome-
ter with a Paris-Edinburgh device [15] in the Institut Laue-
Langevin, France. Detailed information about NPD can be
found in the supplemental materials (SM) [16].
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A pressure scan at room temperature was first per-
formed; NPD patterns were collected at pressure points
0.06, 0.70, 2.18, 4.00, 5.49, 5.79, 5.97, and 6.59 GPa.
Figure 1 illustrates the quality of the NPD patterns of the
O phase (P ¼ 2:18 GPa) and the R phase (P ¼ 5:97 GPa).
Figure 2(a) shows the pressure dependences of lattice
parameters at room temperature. TheO=R phase transition
occurs at Pc � 5 GPa where we have observed the two-
phase coexistence; at P ¼ 5:5 GPa, the refinement shows
90(1)% R phase in the sample. Results of the refinement
from NPD data for both O and R structures under high
pressure at room temperature can be found in Tables S1
and S2 in SM [16]. The Pbnm space group requires b > a
for rigid octahedra. However, the local site distortion,
characterized by the O22-Cr-O21 bond angle � � 90�
that sets in from GdCrO3 as the rare earth R

3þ ionic radius
increases in the RCrO3 family [17,18], reduces lattice
parameter b and eventually makes b < a for LaCrO3.
High pressure appears to continuously increase a–b by
further enlarging the local distortion.

The first-order transition to the R-3c phase occurs be-
cause the cubic phase cannot be achieved by continuously
reducing the octahedral-site rotations in the O phase [17].
Moreover, the Pbnm space group is not a subgroup of the
R-3c space group. A phase transition between these two
space groups cannot be driven by continuously changing
the tilting components. Since both structures consist of
corner-shared octahedra, we are able to track down the
changes of lattice parameters on crossing the phase tran-
sition through the relationship between these two unit cells.
The most obvious change in the lattice parameters on
passing Pc is along the c axis of the Pbnm cell. Fitting
the V versus P curve with a third-order Birch-Murnagham
equation of state gives a bulk modulus B ¼ 188� 2 GPa
(B0 ¼ 4 fixed) for the O phase. We can also determine
pressure-induced changes of atomic positions from the
refinements. Figure 2(b) shows that the averaged Cr-O
bond length shrinks almost continuously whereas a small
jump of the Cr-O-Cr bond angle can be clearly seen on
passing Pc as pressure increases.

Peaks of magnetic origin can be discerned at room
temperature for P � 2:2 GPa, indicative of a TN >
300 K. The inset of Fig. 1 highlights the main magnetic
reflection inO and R phases. The magnetic structure of the
O phase LaCrO3 developed at ambient pressure has been
refined in the Gx mode [6]. As for the R phase, the fit for
the Gz structure is excellent. The results of refinements
with all three possible magnetic structures can be found in
SM [16]. In order to follow the thermal evolution of crystal
and magnetic structures and to map out Tt in the T-P phase
diagram, we collected neutron diffraction data while cool-
ing down the sample at P ¼ 2:2, 5.5, and 6.6 GPa. A first-
order transition to reenter the O phase occurs at Tt ¼
262 K under 5.5 GPa. Figure S2 in SM [16] illustrates a
characteristic range of the NPD patterns where the

progression of the R=O transition is clearly followed
upon cooling across the R=O boundary at 5.5 GPa. The
same phase transition was observed at even lower tempera-
ture, Tt ¼ 175 K under 6.6 GPa. A linear decrease of Tt

versus P with a dTt=dP ¼ �48:2� 0:9 K can be obtained
in Fig. 2(c) from these data and Tt at ambient pressure from
the literature [14].
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FIG. 1 (color online). Observed (crosses), calculated (full
line), and difference NPD profiles for LaCrO3 collected at
2.18 GPa and 5.97 GPa at room temperature. The three sets of
Bragg reflections correspond to the main crystallographic phase,
NaCl, and the magnetic phase. The insets show the main
magnetic reflection. Small peaks near 2� ¼ 94� and 118�
come from the TiZr gasket.
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FIG. 2 (color online). (a),(b) Pressure dependences of lattice
parameters and the average Cr-O bond length and Cr-O-Cr bond
angle of LaCrO3 at room temperature. Dashed lines inside the
figure are a guide to the eyes. (c) The temperature-pressure phase
diagram and (b) the pressure dependence of the normalized TN

and TN calculated by a microscopic model and the Bloch rule for
LaCrO3.
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Figure 3 shows the temperature dependence of the or-
dered magnetic moment MðTÞ at Cr3þ under three pres-
sures. Fitting these data with the Brillouin function gives
TN and the magnetic moment M0 at 0 K. The R=O phase
transition causes a discontinuous change at Tt, which can
be seen clearly in the curve of MðTÞ under P ¼ 5:5 GPa.
The curve fitting at P ¼ 5:5 GPa was made to data points
within the R phase shown in the inset of Fig. 3. Data points
in the O phase point to a slightly lower TN than that in the
R phase at P ¼ 5:5 GPa. It is important to know that
the curve fittings to the data of both the O phase under
P ¼ 2:17 GPa and the R phase under P ¼ 5:5 GPa give an
M0 ¼ 3:0 �B=Cr, which indicates that a localized-electron
model remains applicable in theO and R phases. Although
TN increases progressively under pressure, M0 for the
MðTÞ curve under P ¼ 6:6 GPa is clearly lower than those
at lower pressures. As mapped in Fig. 2(c), TN increases
with pressure nearly linearly to P ¼ 5:6 GPa and does not
show a jump at the O=R phase boundary. TN at 6.6 GPa
clearly deviates from the line of TN versus P obtained at
lower pressures. The in situ neutron-diffraction data under
pressure also provide information for us to study the
change of spin structure on crossing theO=R phase bound-
ary and to test whether the superexchange formula can
account for the pressure dependence of TN on the basis
of crystal-structure changes.

The superexchange interaction theory gives a relationship
between the magnetic-coupling parameter J and the orbital
overlap integral b by J / b2=U, where U is the on site
Coulomb energy. The Néel temperature can be calculated
through a mean-field formula kBTN ¼ 4SðSþ 1ÞJ, S is
the total spin on a magnetic ion. By using the formula of
exchange coupling JðCr-O;Cr-O-CrÞ in SM [16] and
the structural data in Fig. 2, we can calculate the pressure
dependence of the normalized TN as a function of pressure

in Fig. 2(d). This microscopic model works reasonably well
to catch the essential feature of TNðPÞ observed.
Bloch [19] put forward a phenomenological rule on the

basis of experimental results of antiferromagnetic
transition-metal oxides, � � ðd lnTN=dPÞ=� � 3:3, where
the compressibility � can be calculated from the equation
of state. Based on the � ¼ B�1 from this work, we have
calculated the TNBloch

in Fig. 2(c). The prediction based on

the Bloch rule fits the TNðPÞ data well for P � 6 GPa. In
the perovskite structure, the orbital overlap integral b is
related to the bond length and the bond angle, not directly
related to the cell volume. It remains open why the Bloch
rule based on the volume change can account for the
pressure dependence of TN in the perovskite LaCrO3.
Although themicroscopicmodel and the Bloch rulework

successfully at low pressures, neither can account for a
dramatic TN jump at 6.6 GPa. A significant deviation from
the Bloch rule has been observed in systems such as
LaMnO3 [20] and SmNiO3 [21]. Deviation from the
Bloch rule can be caused either by the breakdown of the
perturbation expression of the superexchange interaction or
by a volume change that is no longer correlated to the
change of the orbital overlap integral. In the case of perov-
skite LaCrO3, failure of the microscopic model suggests
that the localized electronic state is at the brink of collapse
under 6.6 GPa. Corresponding to a TN jump, the M0 of
LaCrO3 under 6.6 GPa shows a noticeable reduction, which
is consistent with a collapsing of the localized electronic
state atCr3þ. This argument deserves to be verified by other
experimental probes under high pressure.
The orthorhombic LaCrO3 perovskite exhibits the

type-G antiferromagnetic spin order at ambient pressure,
which is consistent with the superexchange rules for
t3-O-t3 coupling. However, the spin-ordering direction is
degenerate. The group theory set by Bertaut gives two
possible configurations for type-G spin order in the Pbnm
space group, i.e., (Fx, Cy, Gz) or (Gx, Ay, Fz). Magnetic

susceptibility �ðTÞ is the most sensitive probe to detect
spin canting. Instead of a cusp, an abrupt increase of �ðTÞ
at TN in Fig. 4 is characteristic of canted-spin ordering.
However, neither the anomaly of �ðTÞ nor the refinements
of the magnetic structure from NPD data under pressure in
the orthorhombic phase could distinguish these two modes.
We have chosen the solution (Gx, Ay, Fz) since the mode

(Fx, Cy, Gz) occurs only in the case where the rare-earth

ion R is magnetic or the octahedral site is highly distorted.
Spins in the (Gx, Ay, Fz) mode are pointed to the octahedral

edge in the O22-Cr-O21 plane as illustrated in Fig. 4. The
spin canting direction allowed by the symmetry follows the
cooperative octahedral-site rotation, which gives the ferro-
magnetic component along the c axis. The spin reorienta-
tion on crossing theO=R phase transition in LaCrO3 under
high pressure provides a nice example of the relationship
between the crystal symmetry and magnetic structure.
Although the localized electron model describing the
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FIG. 3 (color online). Temperature dependence of magnetic
moment M at Cr3þ under three different pressures; the inset
shows the blowup plot of MðTÞ under P ¼ 5:5 GPa. Solid lines
inside the figure are curve fittings to the Brillouin function.
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exchange interaction through the t3-O-t3 in the perovskite
LaCrO3 remains valid on crossing the phase transition, the
R-3c group symmetry only allows the antiferromagnetic
spin structure with the spin direction along the c axis, i.e.,
the axis of highest rotation symmetry in this space group.
Therefore, on crossing the O=R phase boundary, the spin
direction in the type-G antiferromagnetic phase rotates
from pointing to the octahedral edge to perpendicular to
the triangle plane of an octahedron in Fig. 4.

In conclusion, the first-order orthorhombic to rhombo-
hedral phase transition Tt in perovskite LaCrO3 decreases
linearly as pressure increases with a slope dTt=dP ¼
�48:2 K=GPa. On crossing the O=R phase transition, the
symmetry change of the crystal structure does not alter the
localized-electron regime and type-G antiferromagnetism,
but it causes a spin reorientation from a spin direction
pointing to the edge to one pointing to the triangular face
of an octahedron. The possibility of canting the spin struc-
ture of the Pbnm phase is eliminated in the R3-c phase.
This study has revealed a rule for spin direction in anti-
ferromagnetic perovskites RMO3: (1) it is parallel to the
rotation axis with the highest symmetry in the space group;
(2) if there are more than one rotation axis in the space
group, it is determined by either higher-order orbital an-
gular momentum or the R-M exchange interaction for the
magnetic rare earth. The behavior of the antiferromagnetic
transition temperature TN under high pressure in both the

O and R phases can be quantitatively accounted for either
by a microscopic superexchange model based on the crys-
tal structure obtained from this study or by a phenomeno-
logical Bloch rule for P< 6 GPa. A dramatic increase of
TN accompanied by a clear reduction of magnetic moment
in the R phase under P � 6:5 GPa signals a breakdown of
the localized-electron picture in LaCrO3.
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