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Doping effects on structural and magnetic evolutions of
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The structural and magnetic properties of SmFeO3 with B site substitution of non-magnetic atom Al are investigated.
The x-ray diffraction patterns show that SmFe(; _,)Al:O3 remains an orthorhombic structure within the whole doping
range, and the unit-cell volume decreases monotonically with the increase of doped Al concentration. Besides, the octa-
hedral tilting distortions of FeOg are found to be alleviated while the tolerance factor increases. However, the relationship
between the lattice parameters and Al concentration is observed to deviate from Vegard’s rule, and this may be caused by
magnetostriction effects. For the doping content values in a range 0 < x < 0.6, the ferromagnetism, antiferromagnetism,
and paramagnetism are observed to occur continuously. Moreover, the magnetization and the spin reorientation temperature
(T) decrease monotonically as Al content value increases. With the doping content values being x = 0.8 and 1.0, these

compounds only show paramagnetic behavior.
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1. Introduction

The rare-earth (RE) orthoferrite REFeO3 that normally
crystallizes into a distorted orthorhombic structure with space
group Pbnm is a derivative of cubic perovskite.!!! Attributed to
the unique physical and chemical properties, these compounds
with a perovskite structure are promising for a variety of po-
tential applications such as catalysts, gas separators, cathodes
of solid oxide fuel cells, sensor materials, magneto—optic ma-
terials, spin valves, etc.>”'!] SmFeO3, as one of RE orthofer-
rites, has attracted much attention due to its remarkable physi-
cal properties like high dielectric constant of 10* at room tem-
perature, high Ty temperature (T = 674 K), and spontaneous
magnetization reversal at cryogenic temperatures.[!>~14]

In SmFeOs3, it has different types of magnetic interactions
between Fe3t-Fe3t, Fe3T-Sm3*, and Sm3T-Sm3* consist-
ing of the isotropic, the antisymmetric, and the anisotropic—
symmetric superexchange interactions. The anisotropic parts
of the magnetic interaction between Fe3* and Sm3+ spins with
the antisymmetric and the anisotropic—symmetric exchange
interactions will determine the spin-reorientation temperature,
which can be affected by the substitution of nonmagnetic ions
(AL Ga, etc.). It has been suggested that magnetic vacancies of
REFeOs3 could induce additional anisotropy, and thus modify
properties, not only magnetic but also elastic, thermal, optical,
etc., in these compounds. Since the introduction of magnetic
vacancies into the Fe sublattice by substitution of nonmagnetic
ions makes the system more anisotropic, the dilution effects
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cannot be neglected even for a small concentration of vacan-
cies and their relevance strongly depends on the nature of the
RE ion. For instance, the Morin phase transition temperature
increased with the increase of Al doping in DyFe,Al;_,03;!!!
the reorientation transition temperature decreased while the
Tb long-range was inhibited in TbFe,Al;_,03;!'% a similar
change was also observed in NdFe,Coj_,03, in which Co was
in a low-spin state.['”] Even in HoFe,Al;_,O3, a new transi-
tion to I'1 magnetic structure was induced by Fe vacancies. '8!
In order to further investigate and complement the nonmag-
netic doping effects on the structural and magnetic properties
in these RE orthoferrites, we systemically study the structural
and magnetic properties of SmFe,Al(;_,)O3. With the in-
crease of Al content, the lattice distortion is alleviated and the
deviation from Vegard’s rule is observed. The doping effect on
the magnetic behavior evolution is discussed. For x < 0.6, it is
found that the reorientation transition temperature decreases
with the increasing of Al content, since the substituted Al
breaks the symmetry of the local interactions and weakens the
inert magnetic interactions; for x > 0.6, the strong magnetic
interaction is completely destroyed.

2. Experiment

In our experiment, the stoichiometric SmyO3 (99.99%
purity), AI(NO3)3-9H,0 (99.99% purity), Fe(NO3)3-9H,O
(99.99% purity), and citric acid (AR) were used as raw materi-
als. Firstly, SmyO3 was dissolved in nitric acid and diluted in
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distilled water, and then AI(NO3)3-9H,0 and Fe(NO3)3-9H,O
were dissolved in distilled water and mixed with the Sm ni-
trates. Citric acid was added as a fuel to the above solution
to yield a citrate/nitrate ratio of 1.2. The mixed solution was
continuously stirred using a magnetic agitator. Secondly, the
as-prepared solution was evaporated by heating at 353 K un-
til a brown sticky gel was formed. Subsequently, the gel was
dried at 373 K and calcined at 1273 K in air for 4 h in order
to get rid of nitrogen oxides and carbon oxides and obtain a
precursor. Finally, the precursor was calcined at 1473 K in air
for 4 h.

The phase purity was detected by powder X-ray diffrac-
tion (XRD) measurements using Rigaku Rotaflex X-ray
diffractometer with Cu-K, radiation at room temperature.
Magnetic measurements were carried out using a physical
properties measurement system (PPMS, Quantum Design).
The temperature dependence of the magnetization was mea-
sured in a magnetic field up to 1 kOe (1 Oe=79.5775 A/m)
in a temperature range of 5 K—400 K. The experiments were
performed in the zero-field cooling. The field dependences of
the magnetization were measured up to 30 kOe at 7 = 10 K,
300 K respectively.

3. Results and discussion

The crystal structure of SmFeOj3 consists of four equiva-
lent Fe3* ions situated in the octahedral centers formed by six
nearest-neighbor oxygen atoms as shown in Fig. 1. The degree
of freedom for mismatch between the equilibrium (Sm—O)
and (Fe-O) bond lengths could be evaluated by the geomet-
ric tolerance factor ¢ = (rsm — r0) /V/2 (rge — ro). Commonly
the mismatch between Sm-O and Fe—-O bond lengths will
introduce the internal stresses that can be alleviated by a
cooperative rotation of the octahedral and a corresponding
position shift of Sm cation. With doping of smaller A’
ions, the internal stresses are expected to be alleviated with

Fig. 1. (color online) Schematic representation of the crystal structure
of SmFeO3.
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Fig. 2. X-ray diffraction patterns of SmFe(;_Al,O3 (x=0.0, 0.2, 0.4,
0.6, 0.8, 1.0) with incident wavelength A = 1.5406 A at room tempera-
ture.
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Fig. 3. (color online) Observed, calculated, and difference in X-ray
powder patterns of SmFe<1,x) Al,O3 (x =0.0, 0.6, 1.0): (a) Rietveld re-
finement of SmFeO3 in orthorhombic (Pbnm) phase, (b) Rietveld refine-
ment of SmFe( 4Alp 603 both in the phases of SmFeO3; and SmAIO3,
and (c) Rietveld refinement of SmAlO3 in orthorhombic (Pbnm) phase.
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Fig. 4. Tolerance factor and title angle of FeOg each as a function of the
Al doping content in SmFeOg.
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an increase of ¢ value. Figure 2 shows the X-ray diffraction
patterns of SmFe(l,x)Ale3 x=0,02, 04, 0.6, 0.8, 1.0).
In Fig. 3(a), the diffraction pattern of SmFeO3 was refined in
the Pbnm phase with the lattice constants of a = 5.4026(4) A;
b=5.6001(3) A; c =7.7129(7) A by the Rietveld method us-
ing the GSAS software.['”! SmAIO3 was also refined in the
Pbnm phase with the lattice constants of a = 5.2822(5) A;
b =5.2733(2) A; ¢ = 7.4669(4) A as shown in Fig. 3(c).
The refined atomic position coordinates and the typical bond
lengths and bond angles are given in Table 1. It can be
seen that the atomic symmetry of O(1) is different between
SmFeO3 and SmAIlO3, and the diffraction patterns of SmFeO3
and SmAIO3 are somehow different. It can also be seen that
from SmFeO3 to SmAIlO3, the bond angle of Fe(Al)-O-Fe(Al)
increases and the bond lengths of Fe(Al)-O gradually tends
to be equal. It indicates that the octahedral distortion in or-
thorhombic structure is alleviated with Al doping. During the

solid solution, SmFeq 4Aly O3 exhibits the clear feature of
mixed phases from SmFeO3 and SmAIOj3 as can be seen from
Fig. 2. Therefore, two phases are simultaneously refined in
SmFeg 4Alg O3 with merits of Ry, = 5.24% and R, = 4.17%
as shown in Fig. 3(b). The high quality samples enable us to
establish the general relationship between structural and mag-
netic properties in SmFeO3 upon Al substitution. In order
to understand the doping effects on the octahedral tilting dis-
tortions in SmFe(;_,)AlyO3, we use the software SPuDS for
our calculations. The optimization procedure is based on the
bond-valence method and requires only the composition serv-
ing as user inputs.!?’ The calculated tolerance factor and the
octahedral tilt angle of SmFe(; _,)Al;O3 are shown in Fig. 4.
It is clearly shown that the tolerance factor increases and the
octahedral tilt angle of FeOg decreases with the increase of Al
concentration. It indicates that the lattice distortions are alle-
viated.

Table 1. Structural parameters of SmFeO3 and SmAIO3 with selected bond angles and bond lengths.

Compounds SmFeO3 SmAIO;3
Crystal system orthorhombic orthorhombic
Space group Pbnm (62) Pbnm (62)
alA 5.4026(4) 5.2822(5)
bIA 5.6001(3) 5.2733(2)
c/A 7.7129(7) 7.4669(4)
Atoms position Wyckoff (x y z) Wyckoff (x y z)
Fe/Al 4b (0.500) 4b(0.500)
Sm 4c¢ (0.5134(4) 0.5572(2) 0.25) 4c (0.4709(2) 0.4939(1) 0.25)
o(l) 4c (0.3958(3) 0.9894(5) 0.25) 8d (0.25 0.06911(7) 0.4893(5))
0(2) 8d (0.2862(5) 0.6966(4) 0.9613(9)) 8d (0.0394(4) 0.7255(6) 0.2817(3))
Bond angle/(°): 147.2(2) 157.6(9)
Fe(Al)-O1-Fe(Al)
Bond angle/("): 153.4(1) 157.6(6)
Fe(Al)-02-Fe(Al)
Bond length/A of Fe(A)-O1 2.010(6) 2.009(4)
Bond length/A/ of Fe(A1)-02 2.076(8), 1.922(7) 1.991(3), 2.052(5)
Residualst/d% Rup: 4.61% Rup: 7.48%
Rp: 4.87% Ry: 5.6%

Rywp and Ry, as defined in GSAS. !

In Fig. 5, the unit cell parameters each as a function
of doped Al concentration are given by using a pseudocubic
cell. It is evident that the unit-cell volume decreases with the
increase of Al concentration, since the ionic radius of AP
(0.535 A) is smaller than that of Fe3* (0.645 A). In general,
the orthorhombic (space group Pbnm) structure possesses a
cooperative rotation about an ideal cubic [110] axis, which is
the orthorhombic b axis, and the rotation axis b/+/2 should
be greater than the orthorhombic alv/2 and c/2 axes. As can
be clearly seen in Fig. 5, the lattice constants apc, bpc, and
cpc decrease with the increase of Al content and the differ-
ence between their values decreases gradually. Furthermore,

the structure is closer to the ideal perovskite structure with

a/v2 =~ b/\/2 =~ ¢/2 in SmAIO;. It indicates that the lat-
tice distortions are alleviated due to Al doping. However, by
carefully examining the Al concentration dependences of the
lattice parameters, deviation from Vegard’s rule, especially for
x = 0.6, can be observed. The result cannot be explained
by geometrical origin alone. It seems that the magnetostric-
tion existing in RE orthoferrites can have an influence on this
nonlinear behavior. It is supposed that an internal magnetic
field induced by weak ferromagnetism will be the source of
the above-mentioned magnetostriction in the crystal lattice. [>!]
As will be discussed below, the magnetic measurements in
SmFe(; _,)Al,O3 exhibit different magnetic behaviors by vary-
ing doped AI** content.
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Fig. 5. (color online) Al concentration-dependent lattice parameters
and unit cell volume in SmFe(l,X)Ale3 (x =0.0, 0.2, 0.4, 0.6, 0.8,
1.0). Solid symbols represent the phase of SmFeO3 and empty symbols
for SmAIlO3. The cell parameters are described in a pseudocubic cell
ape = a/ﬁ, bpe = b/ﬁ and cpe = ¢/2 for the Pbnm phase.

The temperature dependences of the magnetization
curves of SmFe(;_,)Al,O3 under an applied field H = 1 kOe
are shown in Fig. 6. For SmFeOs, the magnetization is
0.335 emu/g at 1 kOe whereas the transition temperature from
ferromagnetic to antiferromagnetic is about 230 K. With the
increase of the doped Al content, the magnetization and the
transition temperature monotonically decrease. For x = 0.2
and 0.4, the magnetization values decrease to 0.068 emu/g
and 0.063 emu/g with the transition temperature coming down
to 180 K and 150 K, respectively. For x = 0.6, the magne-
tization decreases to 0.047 emu/g and the magnetic transi-
tion temperature has a large decrease down to 40 K. While in
SmFep2AlpsO3 and SmAIOs3, they exhibit paramagnetic be-
haviors as shown in Fig. 7. The inset of Fig. 7 also shows the
linear fitting curves complying with the Curie—Weiss law.
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Fig. 6. Temperature-dependent magnetization curves of SmFe(;_)AlO3 (x = 0.0, 0.2, 0.4, 0.6) under an applied field H = 1 kOe

with partial enlarged view.

Upon cooling, the transitions associated with spin reori-
entations of antiferromagnetically coupled spin moments of
RE ions and iron ions have been observed.?>?3! In order to
explain the changes of the spin reorientation temperature (7)
as observed in the M-T curves of SmFe(; _,)Al,O3, the ener-
gies involved in the corresponding interactions among differ-
ent types of magnetic interactions of Fe3T—Fe3t, Fe3t—Sm3*,
and Sm>*—Sm>* must be considered. The competitions of the
anisotropic part of the magnetic interaction between Fe3* and
Sm>* spins, the antisymmetric and the anisotropic—symmetric

exchange interactions will determine the spin-reorientation

temperature.!?*! Theoretical estimations showed that the non-
magnetic substitution not only modified the anisotropy and
the RE-Fe interactions in RE orthoferrites, but also (in cer-
tain cases) changed the sign of the interactions.['”] And thus
RE-Fe coupling could be transformed from ferromagnetic to
antiferromagnetic. As a consequence, the lowering of suscep-
tibility would be observed and a compensation point would
be generated.!'”! In our study, the magnetic dilution of Fe’*
sublattice by doping AI** will lead to a gradual decay of its
magnetic bonding system. For x < 0.6, non-magnetic AI’*

ions are randomly distributed in Fe3* sublattice (magnetic
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sites) and thus break the symmetry of the local interactions,
leading to the decompensation of Fe3*—Fe’" antiferromag-
netic interactions in their environment. In addition, it may
also weaken the interaction between Fe>*—Sm>* with the non-
magnetic Al doped. Therefore, the magnetization and the tran-
sition temperature (7;) monotonically decrease as Al content
increases for x < 0.6. For 0.8 < x < 1, the magnetic vacan-

cies increase drastically, which makes the magnetic interaction
between Fe’* and Sm>* very weak. In this case, the mag-
netic property is mainly determined by magnetic interactions
of Sm3*—Sm3*. Moreover, only very weak exchange interac-
tions can take place and the spin reorientation will disappear
in Sm3* sublattice. As a result, SmFe(l_x)Ale3 0.8<x<1)
exhibites paramagnetic behavior.
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Fig. 7. (color online) Temperature-dependent magnetization curves of SmFe(;_,)AL,O3 (x = 0.8, 1.0) under an

1 kOe, with the inset showing the linear fit of M — 1/T curves.
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In order to gain an insight into the alignment of the mag-
netic domains which contributes to the effective magnetic
characteristics of SmFe(;_,)AlO3 (0 < x < 1), the isother-
mal magnetization hysteresis loops are measured at 10 K and
300 K, respectively. As shown in Fig. 8, we can clearly see
the different magnetic behaviors of SmFe(; _,)Al;O3. Atroom
temperature, a typical ferromagnetic hysteresis loop occurs for
0 < x <0.6, while the saturated magnetization and coerciv-
ity decrease gradually with Al concentration increasing. The
samples of x = 0.8 and 1.0 take on paramagnetic behaviors.
At 10 K, the ferromagnetic hysteresis loops are only observed
for x = 0 and 0.2, and the others show paramagnetic charac-
teristics. The dramatic changes in the magnetization hysteresis
loops indicate that the paramagnetic behavior of Sm>* sublat-
tices dominates over the system at lower temperature. Here all
the results have subtracted the diamagnetic background sig-
nals.

4. Conclusion

In conclusion, the structural and magnetic properties of
SmFe(l,x)Ale3 (0 < x <'1) have been investigated in detail.
It is found that the octahedral tilting distortions of FeOg are
alleviated with the increase of doped Al content. In the whole
composition range, each of all the samples remains an or-
thorhombic structure with space group Pbnm. The lattice con-
stants apc, bpc, and cp decrease with the increase of Al concen-
tration. However, deviation from Vegard’s rule is observed and
it can be caused by the magnetostriction effect since the mag-
netic behavior changes from ferromagnetic to paramagnetic
one with the increase of Al doping content. Subsequently the
magnetic properties of SmFe(;_,)Al,O3 (0 <x <'1) are stud-
ied. From the M-T curves of SmFe(; _)Al,O3, the doping of
nonmagnetic Al can break the symmetry of the local interac-
tions, leading to the decompensation of Fe’>T—Fe3* antiferro-
magnetic interactions in their environment and weakening the
interaction between the Fe3*—Sm3*. As a result, the magne-
tization and the spin reorientation temperature (7} ) monotoni-
cally decrease as the Al content increases for 0 < x < 0.6. The
iron atoms decrease drastically, which makes the magnetic in-
teraction between Fe3t and Sm3" ions very weak for 0.8 <
x < 1. And the magnetic properties are mainly determined by

magnetic interactions of Sm3>T—Sm>*, and they exhibit para-
magnetic behavior. The isothermal magnetization hystere-
sis loops measured at 10 K and 300 K for SmFe(;_,)Al,O3
(0 <x <'1) indicate that the magnetic interaction is weakened
with the increase of doping Al content, and the paramagnetic
behavior of Sm** sublattices dominates over the system at
lower temperature.
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