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We describe a systematic study of the hydrothermal synthesis of rare-earth orthochromites, RCrO3

(R=La, Pr, Sm,Gd,Dy,Ho,Yb, andLu) andYCrO3.All nine of thesematerials can be prepared in a
single step by hydrothermal treatment of an amorphousmixed-metal hydroxide at temperatures above
300 �C upon heating around 24 h, with no post-synthesis annealing needed. The as-made materials are
highly crystalline powders with submicrometer particle size. In the case of LaCrO3 the addition of
solution additives to the hydrothermal synthesis allows some modification of crystallite form of the
material, and in the presence of sodium dodecylsulfate nanocrystalline powders are produced. Profile
refinement of powder X-ray diffraction (XRD) data show that each of the RCrO3 materials adopts an
orthorhombic distorted (Pbmn) perovskite structure. Detailed, magnetization studies as a function of
temperature reveal the high quality of the specimens, with low temperature antiferromagnetic behavior
seen by direct current (DC) magnetization, and TN values that correlate with the structural distortion.
A high temperature structural phase transition (∼ 540 K to rhombohedral R3c) seen by variable
temperature XRD in the hydrothermally prepared LaCrO3 is consistent with the reported behavior of
the same composition prepared using conventional high temperature synthesis.

Introduction

The synthesis, structural,magnetic, and electrical prop-
erties of perovskite orthochromites containing rare-earth
elements with general formula RCrIIIO3 (where R is a
rare-earth element; La-Lu) have been well documented
in the chemistry and physics literature over the last few
decades.1-5 The recent theoretical prediction ofmagneto-
electric coupling between the rare-earth and Cr3þ ions,
along with the experimental observation of multiferroic
properties in some of the rare-earth orthochromites has
renewed interest in these materials.6,7 The RCrO3 materi-
als are p-type semiconductors that have been reported to
show electronic sensitivity toward humidity, methanol,
ethanol, and gases such asH2, CO,NO,N2O, and so forth,

a property that is useful for sensor applications.4,8 Further-
more, LaCrO3 and its doped variants (e.g., where La3þ is
replaced with Ca2þ or Sr2þ) exhibit favorable sintering
properties, high electrical conductivity and stability in
reducing atmosphere, which make them promising candi-
dates as interconnect materials in solid oxide fuel cells.9

Finally, catalysis properties toward hydrocarbon oxida-
tion have been investigated for some doped chromites.10

Traditional synthesis of bulk powders of ABO3 perov-
skite oxides involves solid-state reaction of stoichiometric
mixtures of the appropriate metal oxides at temperatures
in excess of 1000 �C with multiple reheating and regrind-
ing essential to overcome the barrier of diffusion in the
solid state. Other synthesis methods reported in the
literature for the case of RCrO3 perovskites include self-
propagating high temperature synthesis,11 metathesis of
metal chlorides,12 decomposition of co-precipitated
precursors,13 citrate sol-gel route,14 hydrazinemethod,15

spray pyrolysis,16 and polyol mediated synthesis.17
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Althoughmost of these routes do reduce the crystallization
time of orthochromites by eliminating the extended period
of heating associatedwith diffusion-controlled, solid-solid
reactions (by virtue of intimate mixing of reagents in short
times), usually a high temperature annealing step is still
required to bring about crystallinity. For example in the
polyol mediated synthesis route an annealing step at up to
900 �C is required to induce crystallinity and also to burn
off organic complexing ligands.17 This is in fact typical of
many ‘chimie douce’ methods.
One-step solution methods for metal oxides are re-

quired to introduce greater control over the crystal
growth, which might permit novel crystal morphologies
that allow optimization of physical properties, or means
of fabrication of devices. In this respect, solvothermal
synthesis methods are attractive and indeed have already
been used for the single-step preparation of a number of
important perovskite families,18 including ferroelectrics
such as BaTiO3,

19 PbZr1-xTixO3,
20 andNa1-xKxNbO3

21

and the mixed-valent manganites Ln1-xAxMnO3 (Ln =
La, Pr, Nd, etc., and A = Ca, Sr, Ba).22 Here, the
crystalline solids are formed directly from solution at tem-
peratures as low as 80 �C although typically 150-200 �C
would be required. The hydrothermal synthesis of chro-
mite perovskites, in contrast, has been the focus of fewer
studies. Early work by Yoshimura, Song, and co-workers
suggested that for LaCrO3 hydrothermal synthesis was
only possible if temperatures above 400 �C were used.23

The temperatures of reaction were revised in later work
by Rivas-Vazquez et al. who were able to prepare Ca-
doped LaCrO3 only above 350 �C using hydrothermal
conditions,24 and Zheng et al. found that the temperature
of synthesis could be lowered to 260 �C if high KOH
concentrations were used in the synthesis of LaCrO3.

25 In
contrast, Ovenstone et al. found that Ca- and Sr-doped
LaCrO3 was not formed directly from solution when
acetate precursors were used with ammonia as a base,

and subsequent annealing in excess of 1000 �Cwas needed
to produce highly crystalline chromite perovskites.26

In light of the current potential applications of the
orthochromites, simple synthetic approaches to the ma-
terials are clearly desirable. From the above discussion it
can be seen that the only work on hydrothermal synthesis
of orthochromites so far has focused on LaCrO3 and its
doped analogues. In this paper we describe a systematic
investigation of the use of hydrothermal methods as a
means of the single-step preparation of a range of rare-
earth orthochromites and YCrO3, and a comprehensive
study of their properties, including detailed magnetic
characterization that confirms the high quality polycrys-
talline materials that can be prepared by this route.

Experimental Section

Synthesis. The hydrothermal synthesis of RCrO3 materials

was undertaken by first preparing an amorphous mixed-metal

hydroxide material from appropriate hydrated salts using rare-

earth chlorides or nitrates (or YCl3) and chromium(III) nitrate

(See Supporting Information for full details). In a typical

synthesis, to a clear aqueous solution containing an equimolar

ratio of Cr (III) nitrate and respective rare-earth (III) salt (or

yttrium(III) chloride), 10-12 M KOH solution was added in

excess to ensure the complete formation of metal hydroxides.

The suspension containing hydroxides was stirred for 10 min,

and then filtered using suction, followed by washing with

copious amounts of deionized water. The precipitate thus

obtained was dried at 70 �C for 2-3 days to obtain a solid mass

which was ground into a fine powder. All powders were opaque

green except that containing cerium, which appeared dark

brown. A custom built hydrothermal autoclave systemwas used

to perform hydrothermal reactions. The system consists of five

Inconnel vessels designed to be heated independently and con-

trolled through external temperature controllers. A thermocou-

ple is immersed into the solution within each vessel via an

Inconnel insert which enables in situ measurement of the

temperature of the solution. Similarly, pressure is measured

continually during reactions via electronic read-out. In typical

hydrothermal synthesis conditions 300-450 mg of dried amor-

phous hydroxide powder and 23-25mL of deionized water was

placed inside the Inconnel vessel (filling fraction 50-56% of the

total volume capacity of the vessel). No extra base ormineralizer

was added, but the hydrothermal synthesis of LaCrO3 was also

investigated in presence of the additives KBr, cetyl trimethyl

ammonium bromide (CTAB), and sodium dodecyl sulfate

(SDS). The initial pH of the suspension containing the amor-

phous hydroxide powder in deionized water was >10, but after

the reaction the pH was observed to be close to neutral. In our

reactions the outer heating block was set at 500-600 �C, and in

Table 1 the autogenous pressure generated is recorded along

with the range of temperatures recorded from within the reac-

tion vessel over the course of the experiment. These conditions

lead to the successful formation ofwell crystalline rare-earth and

yttrium orthochromite perovskites in a period of 48 h. Auto-

claves were thus heated at 5 �C per minute to reach the desired

temperatures and held at that temperature for 24-74 h followed

by cooling over 12 h to room temperature. Bright green color

precipitates obtained in each reaction were filtered by suction,
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and washed thoroughly with deionized water several times then

dried at 70 �C overnight before further characterization.

Twenty-four hours was found to yield rather poorly crystalline

powders, and the experimental conditions reported in Table 1

correspond to reactions performed over 48 h.

Characterization. Powder X-ray diffraction (XRD) patterns

were collected using aBrukerD8X-ray diffractometer equipped

with CuKR radiation and a VÅNTEC-1 solid-state detector.

Lattice parameters were calculated using profile fitting by the

Le Bail method (see Supporting Information) employing the

computer program GSAS27 implemented with EXPGUI.28

XRD patterns from LaCrO3 were also recorded while heating

in air in the temperature range of 303-973 K where an Anton-

Parr XRK900 heating chamber was used with the sample in

static air. The scanning electron microscope (SEM) images of

the orthochromite powders were recorded using Zeiss SUPRA

55VP FEG scanning electron microscope. Transmission elec-

tron microscopy was performed using a JEOL 2100 LaB6

instrument, operating at 200 kV. The specimens were dispersed

ultrasonically in ethanol and the deposited dropwise onto 3 mm

lacey carbon grids supplied by Agar. Raman spectroscopic data

on powder samples were recorded at room temperature using

Renishaw inVia Raman Microscope equipped with an Arþ
Laser (wavelength 514.5 nm).Magnetization data on all powder

samples weremeasured using aQuantumDesignMagnetic Prop-

erty Measurement System (MPMS) SQUID magnetometer over

the temperature region of 2-400 K. Data were collected while

cooling (FCC) and then warming (FCW) in a magnetic field.

Most of the data were measured with an external applied

magnetic field of 100 Oe. For those samples that showed unclear

anomalies in 100 Oe, measurements were repeated with higher

magnetic field to identify the true nature of the magnetic be-

havior. Differential scanning calorimetric (DSC) data were col-

lected using a Mettler-Toledo instrument with heating rate of

20 �Cmin-1 in air flow. Thermogravimetric analysis (TGA) and

differential thermal analysis (DTA) were performed with a heat-

ing rate of 10 �C min-1 in air using Mettler-Toledo instruments.

Results and Discussion

When a base is added to a solution containing rare-earth
or yttrium(III) chlorides or nitrates and chromium(III)
nitrate, a suspension ofmetal hydroxide is formed inwhich
the mixing of constituent metals is homogeneous, as one
would expect in a traditional chemical co-precipitation

process. A precipitate from the suspension, when filtered
and dried, forms an amorphous powder as evidenced from
powder XRD (Supporting Information). Hydrothermal
reaction of the amorphous hydroxide precipitates with
water within a typical temperature range of 324-380 �C
and corresponding pressure range of 170-290 bar pro-
duced well crystalline orthochromite perovskites within
24-74 h (Table 1). Given that when a conventional hydro-
thermal autoclave is heated inside a furnace the tempera-
ture of solution inside the autoclave is always likely to be
less than the furnace, successful hydrothermal synthesis of
well crystalline LaCrO3 powder using reported tempera-
tures up to 700 �C23 can nowbe understood. In light of our
results, a recent report of a hydrothermal synthesis of
GdCrO3 at 150 �C is highly puzzling,29 although it is not
clear in thatworkwhether annealing at higher temperature
was actually needed to induce crystallinity.
Typical powder XRD patterns of as synthesized RCrO3

and YCrO3 powders obtained employing hydrothermal
reaction conditions are shown inFigure 1.All the rare-earth

Table 1. Typical Hydrothermal Reaction Conditions Employed for the

Successful Synthesis of Perovskite Orthochromites (48 h Reactions)

compound solution temperature / �Ca autogenous pressure / bara

YCrO3 357-380 190-219
LaCrO3 340-375 171-291
PrCrO3 331-345 170-250
SmCrO3 340-369 220-257
GdCrO3 351-365 238-256
DyCrO3 355-364 228-258
HoCrO3 337-373 171-235
YbCrO3 324-335 230-238

aThe lowest and highest temperature employed for synthesis of each
material corresponds to lowest and highest pressure, respectively re-
corded inside the solution over the course of a typical hydrothermal
reaction.

Figure 1. Powder XRD patterns of as-synthesized perovskite rare-earth
and yttrium orthochromites (with general formula RCrO3) synthesized
under hydrothermal conditions.
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orthochromites and YCrO3 crystallize with an ortho-
rhombic perovskite structure that can be described in
standard orthorhombic space group Pnma (no. 62) or its
non-standard setting Pbnm. The unit cell lattice pa-
rameters of hydrothermally synthesized perovskite ortho-
chromites were obtained using Le Bail profile fitting,
Table 2 (and Supporting Information), using space
groupPbnm, to allow direct comparisonwith thematerials
reported in the literature prepared by conventional syn-
thesis.2 The lattice parameter values are in excellent agree-
ment with literature values for materials prepared using
high temperature, solid-state reactions.2 In Figures 2a and
2b the variation of the equivalent cubic cell constant, ap,
and primitive unit cell volume (Vp) with effective ionic
radius of R3þ and Y3þ is shown, respectively, using ionic
radii taken from tabulated values (note that radii for the
A-site metal in nine coordination are used).30 The unit cell
volume of the hydrothermally synthesized perovskite
orthochromite family decreases monotonically with effec-
tive ionic radius. A linear fit to the unit cell volume data
(Figure 2b) indicates that the decrease in unit cell volume in
orthochromites is consistent with the expected “lanthanide
contraction”, which is associated with an increase in

structural distortion in the perovskite structure across the
rare-earth series from La to Lu.
Hydrothermal reaction of either the suspension contain-

ing hydroxides or the amorphous LaxCry(OH)z powder at
240 �C (using conventional Teflon-lined autoclaves) for up
to 5 days did not produce any metal oxides; instead a
mixture of rare-earth hydroxides La(OH)3 and LaCO3OH
are obtained as the only crystalline products. It is also
noteworthy that we are unable to synthesize crystalline
CeCrO3 under identical hydrothermal synthesis conditions
used for the other RCrO3 materials. Instead, a mixture of
crystalline CeO2 and Cr2O3 was always obtained when the
amorphous mixed metal hydroxide powder was heated
either under hydrothermal reaction conditions or indeed in
a furnace (at 600 �C) in air (see Supporting Information).
The dark brown color of the dried amorphous hydroxide
solid solution powder indicates the change of oxidation
state of Ce3þ to some Ce4þ in the co-precipitated powder
itself, although thematerial is still amorphous. Thus, either
a hydrothermal reaction or conventional solid-state heat-
ing at thehigh temperatures fails toproduce theperovskite.
Conventional approaches to CeCrO3 involve reducing
conditions: for example Shukla et al. recently reported a
two-step synthesis involving a firing in vacuum in the
presence of zirconium sponge as oxygen getter.31

Figure 3 shows SEM images of eight of the orthocrom-
ites we have prepared. The orthochromites are formed as
well-shaped but agglomerated crystallites. The particle size
of LaCrO3 (see Figure 4a) and PrCrO3 (Figure 3b) are
rather small, and the particles are less agglomerated than in
other orthochromites. This is in contrast to the morphol-
ogy of previously reported hydrothermally synthesized
perovskite LaCrO3 synthesized by Zheng et al. who found
large microcrystallites when concentrated KOH was used
as the reaction medium.25 The other orthochromites ex-
hibit large agglomerated particles of submicrometer crys-
tallites. A control over particle size and shape is desirable
when one wishes to exploit surface-area related properties
of perovskite orthochromites.4 Our preliminary results
in this respect are highly promising: Figure 4 shows the
morphology of LaCrO3 particles when synthesized either
in pure deionized water (at 340 �C and 171 bar, Figure 4a)

Figure 2. Variation of primitive unit cell (a) lattice parameters (aP) and
(b) volume (VP) with effective ionic radius (nine-coordination) of rare-
earth (and yttrium) orthochromites synthesized under hydrothermal
conditions, respectively. The dashed line in (b) is a linear fit to the data
(empty circles).

Table 2. Structural Parameters of Orthorhombic YCrO3 and RCrO3 Perovskites Synthesised under Hydrothermal Conditions
a

RA / Åb a / Å b / Å c / Å V / Å3 tc

LaCrO3 1.216 5.51975(16) 5.49365(10) 7.7766(17) 235.814(10) 0.975
PrCrO3 1.179 5.49572(14) 5.47314(7) 7.71652(8) 232.104(7) 0.954
SmCrO3 1.133 5.36563(8) 5.52357(14) 7.63654(11) 226.328(8) 0.887
GdCrO3 1.107 5.31292(4) 5.52861(6) 7.605444(33) 223.3952(30) 0.875
DyCrO3 1.083 5.26181(7) 5.52554(9) 7.54714(6) 219.428(5) 0.869
YCrO3 1.075 5.25472(12) 5.52043(12) 7.53597(15) 218.606(8) 0.867
HoCrO3 1.072 5.24306(4) 5.53275(5) 7.53411(4) 218.5535(28) 0.866
YbCrO3 1.042 5.20166(7) 5.52496(6) 7.49721(8) 215.462(4) 0.856
LuCrO3 1.032 5.18550(8) 5.52403(7) 7.49406(8) 214.667(5) 0.852

aLattice parameters were obtained by Le Bail profile fitting of respective powder XRDpatterns. All orthochromites have space groupPbnm (number 62);
a, b, c are unit cell constants. bRA is the nine-coordinate ionic radius of respectiveA site cation.30 c t, the tolerance factor,= (rRþ rO)/(

√
2 (rCrþ rO)) where rR,

rO and rCr are the ionic radii of R
3+, O2- and Cr3þ, respectively.30
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or in the presence of the additives KBr (0.03 M, at 345 �C
and243bar,Figure4b), SDS(0.005Mat361 �Cand241bar,

Figure 4c). In the case of CTAB the product always
contained significant amounts of La(OH)3. It is inter-
esting to note that despite the high temperature of the
growth solution, the organic additive SDS does influ-
ence the morphology of the crystallites, with signifi-
cantly smaller crystallites formed than in its absence in
the sameperiodof time.To investigate the role of inorganic
species we included KBr: this results in agglomerates of
block shaped crystallites, suggesting that in the case of SDS
it is the organic that is influencing the rod-likemorphology
of the crystallites.
InFigures 5a and5bwe show the temperaturedependence

of the molar magnetic susceptibility, χm(T), (measured in an
applied field of 100 Oe) for all the hydrothermally synthe-
sized perovskite orthochromites. To show clearly any
anomalies in the magnetic behavior, we group the data
according to the magnitude of the susceptibility below the
magnetic ordering temperatures. In all these materials the
magnetic moments on the Cr3þ ions order antiferromagne-
tically at TN, usually with a G-type magnetic structure. This
spin-mode leads to weak ferromagnetism below TN because
of a small canting of the Cr moments away from the
antiferromagnetic axis. This is most clearly seen in the χm(T)
curves for LuCrO3 and YCrO3 where there is no magnetic
moment on the rare-earth site (see Figure 5b). Thesemateri-
als order magnetically at TN = 115 and 140 K respectively,
and the large signal below TN is due to the canting of the
Cr3þmoments.A similar behavior is seen forLaCrO3 (TN=
287 K) but the magnitude of χm below TN is reduced,
suggesting that the canting angle is much smaller (inset
(iii) in Figure 5b). We attribute the upturn seen in the
magnetizationofLaCrO3at low temperature (20 to 2K) to a
small quantity of (para)magnetic impurities which are com-
monly present in commercial rare-earth compounds (the
starting material in synthesis). The upturn is visible in these
data only because the overall magnitude of the susceptibility
is very small (∼9 � 10-3 emu/mol at 20 K).

Figure 3. Typical SEM images of perovskite (a) YCrO3, (b) PrCrO3, (c) SmCrO3, (d) GdCrO3, (e) DyCrO3, (f) HoCrO3, (g) YbCrO3, and (h) LuCrO3

powders synthesized under hydrothermal conditions. A scale bar in the right bottom corner of each image is 1 μm.

Figure 4. Typical SEM images of hydrothermally synthesized LaCrO3

synthesized in the presence of (a) deionized water, (b) 0.03 M KBr, and
(c) and (d) TEMimages at twomagnificationsof thematerial preparedusing
0.005MSDS. Scale bars are (a) 1μm, (b) 1μm, (c) 1μm, and (d) 20 nm.The
inset in (d) shows an indexed SAED, consistent with the powder XRD.
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For all the other materials prepared, the R3þ rare-earth
ions also carry amagnetic moment which can couple with
the Cr3þ spin structure. The orientation of the rare-earth
moments with respect the Cr3þ spins depends on the
nature of the effective magnetic field at the rare-earth
site. This is clearly seen in the data for PrCrO3, DyCrO3,
and HoCrO3 in which the Cr3þ spins order magnetically
at TN = 238, 145, and 142 K, respectively. We note that
for thesematerials there is no difference between the field-
cooled warming (FCW) and field-cooled cooling (FCC)
magnetization curves suggesting that for these materials
the moments on the R3þ sites lie parallel to the ferromag-
netic component of the ordered Cr3þ spins. At low tem-
perature the R3þ moments may also order. For example,
the maximum in the χm(T) curve of DyCrO3 (see inset
(i) in Figure 5a) at 3.5 K is associated with an onset of
antiferromagnetic ordering of Dy3þ spins with a TN2 of
2.2 K.32 For PrCrO3 and HoCrO3 the susceptibility
flattens at low-temperature, but there are no features in
the χm(T) curves above 1.7 K that can clearly be asso-
ciated with an ordering of the R3þ moments.
The consequences of the coupling between the R3þ and

theCr3þ spins is perhapsmost dramatically demonstrated

inGdCrO3. There is a considerable difference between the
FCW and FCC data for this material below TN= 169 K.
On cooling, the magnetization increases abruptly at TN,
but then becomes negative below 135 K before passing
through zero again at 10 K (see inset (ii) in Figure 5a). On
heating, the magnetization decreases but remains positive
up to TN. It has been suggested that the anomalous
behavior in the magnetization of GdCrO3 is due to a
polarization of the paramagnetic Gd3þ moments anti-
parallel to the ferromagnetic component arising from the
canted antiferromagnetically ordered Cr3þmoments.33 A
maximum in χm(T) suggests that the Gd3þ moments
eventually order at ∼2.3 K. In YbCrO3, the Cr3þ spins
are ordered below TN = 115 K. Here again, the net
reduction in χm(T) below 40K (Figure 5b) is attributed to
an antiparallel coupling between the moments on the
Yb3þ ions and the weak ferromagnetic component of
theCr3þ spins.33Upon further cooling, themagnetization
increases between 7 and 3 K, corresponding to the onset
of antiferromagnetic ordering of Yb3þ spins (TN =
3.05 K).1In SmCrO3 (TN = 192 K) the coupling between
the Sm3þ and Cr3þ spins is responsible for a spin reorienta-
tion at ∼33 K. The ordering temperatures for the hydro-
thermally preparedRCrO3materials, along with previously
reported values determined using neutron diffraction or
magnetization measurements on either polycrystalline or
single-crystal materials, are given in Table 3. The values of
TN for the present samples are in good agreement with the
reported values from samples prepared using conventional
synthesis, varying from 295 K for LaCrO3 to 111 K for
LuCrO3.
Figure 6, shows the reciprocal of molar magnetic

susceptibility as a function of temperature for all the of
hydrothermally synthesized perovskite orthochromites.
Thematerials all exhibit Curie-Weiss behavior aboveTN

and the data can be fitted using χm(T) = C/(T - θ) þ χ0
whereC is the Curie constant, θ is theWeiss temperature,
and χ0 is a temperature independent contribution to the
magnetic susceptibility arising from sources such as the
electron cores. For the samples where there is a reason-
able temperature interval (>100 K) between TN and
400 K, the maximum temperature used for the measure-
ments, there is good agreement between the θ and C
values determined from our data and the experimental
values reported in the literature.C can be used to evaluate
the effective moment on the R3þ and the Cr3þ ions. For
the materials containing Y3þ or the rare-earth ions Pr3þ,
Dy3þ, Ho3þ, Gd3þ, and Yb3þ, the calculated effective
moments are consistent with a full-J effective moment
on the rare earth sites along with a spin-only moment of
3.87 μB/Cr

3þ. This further confirms that the oxidation
state of the chromium in hydrothermally synthesized
perovskite orthochromites remains as 3þ.
Analysis of the data for LaCrO3 (and to a lesser extent

the SmandLu compounds) ismadedifficult by the highTN,
the lowmoment, and the narrow experimental temperature

Figure 5. Temperature dependence of themagnetic susceptibility permol
(χm) of hydrothermally synthesized perovskite orthochromites, measured
in an applied field of 100 Oe. (a) Field-cooled warming, FCW, (symbols)
and field-cooled cooling, FCC, (lines) curves of PrCrO3, DyCrO3, and
GdCrO3. Insets in (a) show (i) the onset of a magnetic ordering of the
Dy3þ moments in DyCrO3 at 2.3 K and (ii) a negative magnetization
during FC cooling in GdCrO3 because of a polarization of the Gd3þ

moments antiparallel to the ferromagnetic component of the canted Cr3þ

spins. (b) FCW curves for YCrO3, LuCrO3, YbCrO3, SmCrO3, LaCrO3

(inset (iii)), and HoCrO3 (inset (iv)).

(32) Laar, B. V.; Elemans, B. A. A. J. Phys. (Paris) 1971, 32, 301.
(33) Kojima, N.; Tsushima, K.; Kurita, S.; Tsujikawa, I. J. Phys. Soc.

Jpn. 1980, 49, 1456.
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window in which the sample is expected to be paramag-
netic. Fixing χ0 at∼2� 10-3 emu/mol and fitting between
330 and 400 K gives a reasonable value for the moment on
Cr3þ. A fitted value for θ of 750 K, however, appears high
for a paramagnetic sample with a TN of 287 K. To the best
of our knowledge, the only other reported value for θ in
LaCrO3 is 800 K1 and this also appears high. We note,
however, that the value for YCrO3 is also almost double

the ordering temperature, perhaps indicating that a degree
of frustration is present within these systems. Studies to
higher temperatures would be required to obtain more
reliable information on the behavior of LaCrO3 in the
paramagnetic state.
Figure 7 showshowTN for theRCrO3materials increases

with ionic radius of the A site cation radius (rare-earth and
yttrium ions) in the orthochromite series. Similar correla-
tions have been observed for the rare-earth manganites
RMnO3 where the Mn-O-Mn bond angle reduces as the
radius of the rare-earth cation is decreased, thus affecting
magnetic interaction of the B-site metals.41We do note that
the situation with the manganites is more complex since the
octahedralMn3þ ion is Jahn-Teller distorted and there are
also magnetic phase transitions seen in manganites with
A-site radius.
The orthorhombic perovskites (space group Pnma)

are expected to have 24 Raman-active phonon modes

Table 3. Magnetic Parameters Derived from the Magnetization Measurements of the Perovskite Orthochromite Powders Synthesized under

Hydrothermal Conditionsa

TN / Kb |θ| / K C μeff μR3þ μCr3þ

RCrO3

this
work

published
data

this
work

published
data

this
work

published
data

this
work

this
workc g[J(Jþ1)]1/2

this
workd 2[S(Sþ1)]1/2S = 3/2

YCrO3 140 1411,5,6 260 230,5 315,1 3606 1.84 1.20,34 2.131 3.84 0 0 3.84 3.87
LaCrO3 287 282,1 295,35 28836 750 8001 3.3 2.411 5.14 0 0 5.14 3.87
PrCrO3 238 237,37 239,1 24036 188 2051 3.39 2.351 5.21 3.52 3.58 3.78 3.87
SmCrO3 192 192,5 190,381931 670 e 3.73 2.261 5.46 4.43 0.84 5.39 3.87
GdCrO3 169 1701 25 35,39 581 8.39 9.651 8.2 7.22 7.94 2.02 3.87
DyCrO3 145 1465,6 37 1234 15.5 19.134 11.13 10.45 10.63 3.3 3.87
HoCrO3 142 1415 19 1234 14.9 19.134 10.93 10.23 10.6 2.67 3.87
YbCrO3 115 1185 102 14034 4.27 4.434 5.84 4.4 4.54 3.67 3.87
LuCrO3 115 112,5 111,40 1156 129 2746 2.54 e 4.51 0 0 4.51 3.87

aThe table also contains the corresponding values taken from previously published work. b TN is the antiferromagnetic Neel temperature associated
with the ordering of unpaired spins of Cr3þ. θ, the Weiss temperature, and C, the Curie constant, are evaluated from the Curie-Weiss law: The molar
magnetic susceptibility χm(T) =C/(T- θ)þ χ0. The effective magnetic moment μeff = [(μR3þ)2þ (μCr3þ)

2]1/2= [3kBC/NAμB]
1/2 whereNA is Avogadro’s

number,kB is theBoltzmann constant and theμB is theBohrmagneton. cμR3þ is calculated assumingS=3/2 on theCr site.
d μCr3þ is calculated assuming a

full J moment on the R3þ site. eEither unavailable in the literature, or not calculated (see text).

Figure 7. Antiferromagnetic N�eel temperature (TN), characterizing the
ordering of the unpaired Cr3þ spins in the perovskite orthochromites
synthesized under hydrothermal conditions, as a function of the average
ionic radii of the A site ion (ÆrRæ nine co-ordination) in the perovskite
structure. TN values were determined using χm(T) data. Literature values
were taken from the references in Table 3.

Figure 6. Variation of inverse molar magnetic susceptibilities χm
-1 with

temperature for the perovskite rare-earth and yttrium orthochromites
synthesized under hydrothermal conditions. All the data were collected
during heating with an applied magnetic field of 100 Oe.
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(7A1g, 5B1g, 7 B2g and 5B3g).
42,43 The origin of correspond-

ingRaman bands in the observed spectra aremainly due to
four different types of distortion in the structure. Rotation
of BO6 octahedra along [010] and [101] axes, Jahn-Teller
distortion, and shift ofA atom from its position in the ideal
cubic perovskite structure.43 However, the experimentally
observed number ofmodes is less. The Raman spectra of a
few orthochromites RCrO3 (where R = Y, La, Gd and
Ho) have been reported in the literature whereas spectra
of R=Sm, Dy, Yb, Lu are not known.29,42,44 Figure 8a
shows the Raman spectra recorded at room temperature
from polycrystalline powders of hydrothermally synthe-
sizedYCrO3 andRCrO3.Althoughnot all samples showed
presence of all the Raman active modes predicted from
group theory analysis, we can see at least two important
Raman modes (namely one A1g mode∼560 cm-1 and one
B2g mode ∼320 cm-1) present in Raman spectra of all the
perovskite orthochromites. The quality of spectra is much
better than previously reported spectra of polycrystalline
GdCrO3,

29 owing to the high crystallinity of our hydro-
thermally derived samples. Because of the discrepancies
over assignment of phonon modes of RCrO3 in single-
crystallinematerials in the literature,44 aswell as absence of
some bands in the spectra of polycrystalline samples,
we are unable to assign unequivocably all observed
Raman bands. However, we have tentatively assigned
the bands and compare the Raman band positions of
YCrO3, LaCrO3, GdCrO3, and HoCrO3 with the lit-
erature reported values (see Supporting Information).

In Figure 8b we plot frequency of specific A1g and B2g

modes as a function of rare earth ionic radius. It is
apparent that the selected A1g (at around 560 cm-1,
Figure 8b) andB2g (at around 325 cm

-1, Figure 8c)modes
soften with increasing rare-earth size, indicating reduc-
tion of distortion of CrO6 octahedra as we move from
Lu to La in the rare earth orthochromite series, as expected.
LaCrO3 is known to undergo a first-order structural

phase transition between orthorhombic and rhombohe-
dral (between space group Pnma with a-a-bþ tilt system
to space group R3c, with a-a-a- tilt system45) phases in
the temperature range of 528-550 K.46,47 Figure 9 shows
enlarged view of two selected regions of XRD pattern of
the hydrothermally prepared LaCrO3 at, 303, 523, and
573 K (XRD patterns within the temperature range of
303-973Kare given in the Supporting Information). The
thermal evolution of rhombohedral symmetry in hydro-
thermally synthesized LaCrO3 is clearly observed by the
appearance of (110) (2θ=32.419�), (104) (2θ=32.736�),
(220) (2θ =67.759�), and (208) (2θ = 68.519�) in the
powder XRD pattern recorded at 573 K (Figure 9a).
Thus, the XRD pattern at 523 K is that of a mixture of
orthorhombic and rhombohedral phases, and LaCrO3

exists as pure rhombohedral phase at 573 K. The lattice
parameters obtained from the Rietveld refinement
of laboratory XRD data at 573 K for rhombohedral
LaCrO3 are a = 5.52972(5) Å and c = 13.35391(14) Å

Figure 8. (a) Raman spectra of hydrothermally synthesized polycrystal-
line RCrO3 perovskite yttrium and rare-earth orthochromites (denoted
with theR element symbol). Dependence of selected (b) A1g (∼560 cm-1),
(c) B2g (∼330 cm-1), and (d) B3g (∼540 cm-1) phonon modes (see
Supporting Information available) with average ionic radii (nine coor-
dination) of yttrium and rare-earth ions. Literature reported values were
taken from references.29,44. Figure 9. Portions of XRD patterns of LaCrO3 powder at 303, 523, and

573 K. Tick marks indicate peak positions, suffixes R and O corresponds
to Miller indices of peaks of rhombohedral (R3c) and orthorhombic
(Pnma) phases, respectively. * denote peaks due to Cu KR2.
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andagreewellwith the reportedvalues at 593K(a=5.53049
(11) Å, c=13.3544(3) Å).47Theprimitive cell (pseudocubic)
lattice parameters, ap, bp, and cp have been evaluated from
the Rietveld refinement of powder XRD patterns at each
temperature in the temperature range of 303-973K.The ap,
bp, and cp are related to the unit cell parameters of orthor-
hombic and rhombohedral phases by the following relation-
ships: orthorhombic (Pnma setting) lattice parameters are
aO= ap

√
2, bO=2ap, cO= ap

√
2 and rhombohedral (R3c)

lattice parameters are aR = ap
√
2 and cR = ap 2

√
3.

Variation of ap, bp, and cp with temperature are shown in
Figure 10a. Also the variation of primitive unit cell volume
(Vp) with temperature is shown in Figure 10b. The ortho-
rhombic-rhombohedral phase transition is associated with
an increase of ap and decrease of cp. Thus, theVp changes its
slope while passing through the transition temperature. The
coefficients of volume thermal expansionare calculated tobe
2.273� 10-5 K-1 for orthorhombic and 2.713� 10-5 K-1

for rhombohedral phases. The volume thermal expansion
coefficient values are in the sameorderofmagnitudewith the
literature reported values (2.285(16) � 10-5 K-1 and

2.842(12)� 10-5 K-1 for orthorhombic and rhombohedral
phases, respectively47). An endothermic peak in the DSC
curve (see inset in Figure 10b) gave a temperature of 540 K
for the phase transition in hydrothermally synthesized
LaCrO3 polycrystalline powder, in good agreement with the
powderXRD(548K) and theprevious literature for samples
prepared by solid-state synthesis.

Conclusions

Wehave systematically explored a soft-chemical, hydro-
thermal route for the synthesis of polycrystalline rare-earth
and yttrium orthochromite perovskites. The general pro-
cedure adopted is applicable across the lanthanide series,
except in the case of CeCrO3, whichmay be ascribed to the
easeof formationofCe4þunder theoxidizing conditionsof
water heated in excess of 300 �C.Unlike previous reports of
hydrothermal synthesis of other perovskite oxides, such as
titanates, niobates, and manganites, the synthesis of the
orthochromites requires significantly higher temperatures
(>300 �C), and this may be due in part to the kinetic
stability of octahedral Cr(III) in solution. The investiga-
tion of magnetic properties of hydrothermally synthesized
orthochromite perovskites reveals the high quality of the
polycrystalline samples, and comparisonwith the available
literature data on materials prepared by high temperature
annealing would suggest that the hydrothermal samples
are free of any significant quantities of hydroxide or water,
since their magnetic characteristics resemble single crystal-
line specimens. Finally we have presented some prelimin-
ary evidence of control over particle size and shape in the
presence of solution additives in synthesis, even when
under these relatively severe reaction conditions; this could
be of importance in future applications of the materials.
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Figure 10. Variation of primitive unit cell lattice parameters (ap, bp, and
cp) and volume (Vp), respectively, with temperature when hydrothermally
synthesized polycrystalline LaCrO3 powder is heated. Change of the (a)
ap, bp, and cp calculated from respective unit cell parameters of Pnma and
R3c phases and (b) Vp, respectively as a function of temperature. Inset in
(b) is DSC curve of hydrothermally synthesized LaCrO3 powder showing
an endothermic peak due to the structural phase transition.


