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Hydrothermal synthesis and magnetic properties
of REFeq5Cro503 (RE = La, Tb, Ho, Er, Yb, Lu and Y)
perovskite
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A low temperature, one-pot route to iron-doped rare-earth chromite perovskite was proposed. Fe half-
doped rare-earth chromites, REFeqsCrpsO3 (RE = La, Tb, Ho, Er, Yb, Lu and Y) were prepared via a mild
hydrothermal method and their magnetic properties were studied. All of these materials are well-
crystallized and the profile refinement of powder X-ray diffraction (XRD) data showed that each of them
adopts an orthorhombic distorted (Pbnm) perovskite structure. The temperature dependence of the
magnetization curves indicate an improved order of arrangement of Fe** and Cr** at the B-site in some
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samples. Hysteresis measurements of YFeqsCrqgsO3 indicate that saturated and remnant magnetization
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Introduction

Electrical and magnetic properties of Fe-doped rare-earth (RE)
chromites REFe;_,Cr,0; have been widely studied."™ It was
found recently that rare-earth chromites of the formula RECrO;
(RE = Y, Ho, Er, Yb, Lu) exhibit canted antiferromagnetic
(C-AFM) behavior at 113-140 K () and a dielectric transition
at 472-516 K (Tg) providing a new family of multiferroics.® Fe
half-doped rare-earth chromites may exhibit superior magnetic
and electric behavior, which can also be confirmed by the
magnetization of layered LaCrO;-LaFeO; via the molecular
beam epitaxy (MBE) method." Ferroelectricity and the magneto-
electric effect at the magnetic ordering temperature (Tx = 260 K)
of the transition metal ions (Fe** and Cr**) in YCr, sFe, 505 were
reported recently.>” While both the end members, YCrO;® (Ty =
140 K) and YFeO;*'° (Ty = 640 K) exhibit weak ferromagnetism
from a canted antiferromagnetic structure, they do not exhibit a
dielectric anomaly or ferroelectric polarization at the magnetic
transitions. According to the Kanamori-Goodenough (KG) rule,
if Fe and Cr were in an ordered arrangement at the B-site,
Fe**(d®)-0-Cr*'(d*) would show ferromagnetic (FM) behavior
due to the superexchange interaction."™'> While, only antiferro-
magnetic was found in the reported systems of REFe, 5Cry 503
(RE =La, Y and Nd), as Cr and Fe ions were randomly distributed
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were improved greatly compared to that prepared via the solid state method.

at the B-sites in the bulk samples.">™™ To date, studies on the
REFe, ,Cr,O; system have been mainly focused on theoretical
calculations. There are few methods for preparing REFe; _,Cr,O;
single phases, as in the case of the ceramic method with
repeated grinding and calcinations that the B-site Fe-Cr disorder
is concomitant frequently and they separate into Fe oxide and Cr
oxide phases.'®

Hydrothermal synthesis, as well as solvothermal'” in non-
aqueous solvents, is a productive method to prepare versatile
materials, such as fine oxide powders,'® complex oxides of
perovskites and pyrochlores,'® and the crystallization of ceramics.*
As a soft chemical method with the ability to control various
particle sizes and dimensions, it has been widely applied to
the synthesis of meta-stable phase crystals.>® There are many
advantages of this method, such as low growth temperature, one-
step synthesis procedure, easy handling and controllable particle
size distribution,'®'® so it is desirable in the preparation of crystals.
The synthesis of perovskite-type LaCrO;**>° and LaFeO;>**’
via a mild hydrothermal method and the conditions of the
crystal formation have been reported and examined before. In
our previous work, the maximum magnetization (Mp,,,) and
remnant magnetization (M;) reached their maximum with a
Fe/Cr = 1:1 composition at the B-site.>® The temperature
dependence of the electrical conductivities of La;_,Sr,CrO;
(x = 0, 0.1, 0.2), prepared by a hydrothermal method, was
reported recently.*® Similar studies have focused on the thermal
decomposition method of LaFeQ;.*° The field-induced polar order
was recognized in rare earth chromites below the Neel temperature,
when the rare earth elements are magnetic.>' Recent studies have
shown that magnetically driven ferroelectricity has been found in
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several ferrites and chromites.?* In this paper, we report a mild
and simple hydrothermal method to synthesize single phases
of REFe, 5Cr, 503 (RE = La, Tb, Ho, Er, Yb, Lu and Y) with the
size of several micrometers at a relatively low temperature.
Direct current (DC) magnetization versus temperature measure-
ments were carried out.

Experimental section

The hydrothermal syntheses of a series of REFe 5Cr, 503 (RE =
La, Tb, Ho, Er, Yb, Lu, and Y) materials were undertaken by a
single-step process without any precursor preparation. Sample
syntheses were carried out in an 18 mL Teflon-lined stainless
steel autoclave with a filling capacity of ~80%. Solutions of
0.4 M for each reagent, such as La(NOj3)s, Tb(NO3)3;, Ho(NO3)s,
Er(NO;);, Yb(NO;);, Lu(NO;);, Y(NO,);, Fe(NO); and CrCl,
were prepared in advance before each synthesis. Firstly, 2.5 mL
Fe(NO3); and 2.75 mL CrCl; (10% excess of Cr** for the oxidation
balance in high OH™ concentration) were injected into a beaker
with continuous magnetic stirring, to which 1 g KOH was added
to form a suspension.

After the suspension cooled to room temperature (heat
released by KOH dissolution), 5 mL 0.4 M RE(NO3); solution
was dripped in.

Then, another 2-6 g of KOH, as a mineralizer, was added
into the beaker to maintain the right concentration for nucleation.
A dark crimson suspension formed after adequate vigorous
stirring. The suspension was not poured into the Teflon autoclave
until it cooled to room temperature. Autoclaves were kept at
240 °C for 5 days and then cooled to room temperature in air.
Dark crimson samples sank to the bottom of the solution in the
Teflon autoclaves. Deionized water was used to wash the samples
to neutralize, and single-phase samples REFe,sCr,s0; were
obtained as fine crystalline powders.

Product composition was determined by inductively coupled
plasma spectroscopy (ICP) and confirmed by energy dispersive
spectroscopy (EDS). Powder X-ray diffraction (XRD) data were
collected on a Rigaku D/Max 2500 V/PC X-ray diffractometer
with Cu-Ka radiation (4 = 1.54718 A) at 50 kv and 200 mA with a
scan speed of 1° min " at room temperature. The step scanning
was in the angle range of 20° < 20 < 70° with an increment of
0.02°. Pawley refinement was performed with Accelrys MS
Modeling software. Scanning electron microscope (SEM)
images were obtained with a Helios NanoLab 600i Dual Beam
System, FEI Company, America. Hysteresis, zero-field-cooled
(zFC) and field-cooled (FC) magnetization measurements were
performed on a superconducting quantum interference device
(SQUID) magnetometer (Quantum Design) from 4 to 380 K.

Results and discussion

Compositional analyses by ICP and EDS of the as-made samples
demonstrated the chemical formula of REFe, 5Cr, 505. All samples
were characterized by the room temperature powder XRD and XRD
data of the phase-pure samples, which could be well indexed to the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2014

View Article Online

NJC

orthorhombic perovskite structure with space group Pbnm. The
XRD patterns and Pawley refinements are shown in Fig. 1(a)—(g).
Cell parameters of the as-prepared samples are shown in Fig. 2.
The unit cell volume gradually increases with the increase of the
ionic radius of the A-site rare-earth elements. The lattice para-
meters of LaFe,sCry 503, YFe,5Cry 503 are consistent with the
previously reported values.">?®

The SEM images of the compounds REFe,sCr,;0; are
shown in Fig. 3. All the samples are single phase with uniform
sized crystals. The shape of the samples vary from cubic
(Fig. 3a) to hexagonal (Fig. 3b) and rhombus plate (Fig. 3c, d
and g), then multi-intercalated round plate (Fig. 3e and f), with
all of the samples showing no agglomeration compared to the
reference reported higher temperature hydrothermal synthesized
rare-earth and yttrium orthochromite perovskites.>* The crystal
sizes of the as-made samples are ca. 5 pm, 5 um, 10 pm, 10 pm,
10 pm, 8 um and 8 pm for LaFe, 5Cr, 505 (Fig. 3a), TbFe, 5Cro 503
(Fig. 3b), HoFe,sCrys50; (Fig. 3c), ErFe,sCrys0; (Fig. 3d),
YFe, 5Cr, 505 (Fig. 3g), YbFe, 5Cr, 505 (Fig. 3e) and Lu Fe, 5Cro 503
(Fig. 3f), respectively.

As a mineralizer, KOH plays a crucial role in controlling the
Fe/Cr ratios of the final products of the perovskite structure.
The mineralizing effect was also confirmed in the hydrothermal
synthesis of other complex transition metal oxides.** In this
work, we noticed again that the compositions were strongly
dependent on the alkalinity of the initial reactant mixture.”®
The effect of the alkalinity may probably be due to the oxidation
of the Cr species in solution with different pH values®® and the
difference of precipitation-dissolution equilibrium between
Fe(OH); and Cr(OH);. Cr** can be oxidized to Cr,0,°~ in the
presence of a high concentration of KOH,*>*® which should
avoid any compensation from Cr(OH)s.

The reaction temperature also plays an important role in the
formation and crystallinity of the compounds. It was found that the
compounds can not be obtained when the reaction temperature is
lower than 240 °C.

The temperature dependence of the DC magnetic susceptibility
was measured at 1000 Oe for the as-made samples, as shown in
Fig. 4. Only an antiferromagnetic transition (Fig. 4a and g) can be
confirmed in some samples in the whole temperature range of the
measurement. Although ferromagnetism was expected due to the
superexchange interaction of the ordered arrangement of Fe**(d®)-
0-Cr**(d*~0-Fe*'(d°) at the B-site, our results showed a compli-
cated interaction for either the B-site of Fe*" and Cr*" or the A-site
rare-earth ions (RE*") and the B-site. Thus, Fe*" and Cr*" ions were
distributed randomly at the B-site and the main distribution is
Fe*'(d°)-0-Fe**(d®), Cr**(d*)-0-Cr*'(d%) exchange interactions with
only Fe**(d°)-0-Cr*'(d*) between the inter-site of the two. This is
clearly seen in Fig. 4a and g for LaFe,sCr,50; and YFe, sCrg 503,
where the ions on the rare-earth site carry no magnetic moment.
The Neel temperature of the other REFe, 5Cr, 503 were beyond the
measurable range of SQUID. YFe,sCr,50; exhibits a magnetic
ordering at Ty = 246 K, which is due to the antiferromagnetic
coupling of the Fe*" and Cr’* moments.®'> The magnetic hysteresis
of YFe, 5Cry 503 at 4 and 300 K are shown in Fig. 4h. Compared
to the samples prepared by the solid state method,®'® the
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Fig. 2 Variation of cell parameters and primitive unit cell volume (V) with
effective ionic radius (nine-coordination) of rare-earth half Fe-doped
orthochromites synthesized under mild hydrothermal conditions.

magnetization of the maximal and remnant (M,) susceptibility
was improved significantly (M; ~ 0.52 emu g ' at 4 K vs.
0.16 emu g™ ' at 5 K°). The improvement of magnetization may be
attributed to the enhanced short range magnetic ordering, either
from the canting moments in the antiferromagnetic structure’ or
from the superexchange interaction (according to KG rule)'"*?

1170 | New J. Chem. 2014, 38, 1168-1172 This journal is © The Roy:

th vertical bars.

of the Fe**(d”)-0O-Cr*'(d*) arrangement in partial order. The room
temperature (300 K) M-H curve of our sample YFe, 5Cr, 505 (inset
of Fig. 4h) shows a weak hysteresis, which is not seen in the solid
state method prepared samples.*” A similar improvement was
also achieved in the LaFe,sCr,50; samples.”® Accordingly, partial
Fe-O-Cr FM ordering can be achieved in the samples from the
hydrothermal systems. For all other materials prepared, the rare-
earth ions (RE*") also carry a magnetic moment,* which may
couple with the B-site ion spin structure.

Paramagnetism at a temperature above the critical point can
be seen from the inset of Fig. 4a-e and g, while below that, a
complicated interaction in each of samples occurred. A cusp
occurs in TbFe, 5Cr, 50; (Fig. 4b) and YbFe, 5Cr, 505 (Fig. 4e) at
52 K and 44 K, respectively, which may be related to the
complex interactions® between the 4f electrons of Tb**/Yb**
and 3d electrons of Fe*" and Cr**. The transition temperature of
the other samples was not observed in the temperature range.
For HoFe, 5Cr, 503 (Fig. 4c) and ErFe, sCr, 503 (Fig. 4d), ZFC
and FC curves merged at ~153.6 Kand ~165.6 K, respectively.
However, in LuFe, 5Cr, 505 (Fig. 4f), rather complex ZFC and FC
curves were shown, which may originate from the small
radius®® of Lu** and reduced bond angle of B-O-B, and thus
enforce the interactions of both. Further evidence is needed to
investigate this question.

al Society of Chemistry and the Centre National de la Recherche Scientifique 2014


http://dx.doi.org/10.1039/C3NJ01046E

Published on 27 November 2013. Downloaded by Jilin University on 15/08/2017 03:13:28.

Paper

Fig. 3

1M (emu/g)‘l

_/

T
Femperature (K

a LaFe, Crg 5O
( )2.5_ alieg 579,503
20
_
o0
S 15F
£
<
= 10}
05k —=—FC
—e— ZFC
0.0
50 0 50 1

00 150 200 250 300 350 400
Temperature (K)

(d)s | ErFeg.5Cr(.503

w
T

»
T

—e—ZFC

1M (emu/g)”
cmbuamaan

50 0 50 100150200250300350 400
Temperature (K)

50 0 50

(0)® ey 2Cro.205 7
7k "
Ty &
st —o_zFc| Z T
4k 0

M (emu/g)
w
T

~
T

o 100 200 300 400
Temperature (K)

Temperature (K)

14
(®)"* ke 5Cry 05

12

M (emu/g)
=
%

20

1/M (emu/g)

of

-50 0 50 100 150 200 250 300 350 400
Temperature (K)

0.0
s s s s s s s s s
100 150 200 250 300 350 400 50 0 50
Temperature (K)
1.0
(9" [NFey 5Cro 03 -
B 20
08| E :5
— ="
0.6} L—e—ZFC =

M (emu/g)
o °
N >

bed
o

0 100 200 300 4
Temperature (K)

50 0

s L " L s L
50 100 150 200 250 300 350 400

Temperature (K)

100 150 200 250 300 350 400
Temperature (K)

View Article Online

NJC

(C),, [HoFegsCro.503 7
25F H
s
201 s
2 T
E 15F 0 100 200 300 400
< —=—FC Temperature (K)
s 10} o ZFC
sk
ok
50 ] 50 100 150 200 250 300 350 400
Temperature (K)
(f) 0.05
0.050 |- LuFeq 5Crg 503
0.045
_ ooa0f
c
e
2 0.030 ZFC
=
0025
0.020
0015
oot
50 0 50 100 150 200 250 300 350 400

Temperature (K)

(h)a I YFeq 5Crg 503

2l 4K
—o— 300K

M (emu/g)

M (emulg)

5
4

40602000

I
H (Oe)

-3x10° -2x10* -1x10*

0 1x10* 2x10* 3x10*
H (O¢)

Fig. 4 Temperature dependence of magnetization (ZFC and FC) of the ReFepsCrgs03 samples at 0.1 T: (a) LaFegsCrgs03, (b) TbFegsCrgsOs,
(c) HoFeqsCrosOs3, (d) ErFeqsCrosOs, (e) YbFegsCrpsOs, (f) LuFeqgsCrosOs and (g) YFeqsCrosOs (the inset of (a)—(e) and (g) shows the temperature
dependence of the 1/M curves), (h) hysteresis of YFeq sCrg503.

Conclusions

In summary, Fe half-doped rare-earth chromite perovskite struc-
ture samples were prepared via a one-pot mild hydrothermal route.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2014

The KOH concentration and temperature played an essential role
in the crystal formation. The lattice parameters were increased

with the radius of the rare-earth elements. The field-cooled (FC)
and zero-field-cooled (ZFC) direct magnetizations indicated
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complex interactions in all our samples. A higher ordered arrange-
ment of Fe and Cr at the B-site was achieved in YFe, ;Cr,50; in
this method.
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