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Abstract: Sm0.8Tb0.2FeO3 single crystal was grown by the floating zone method. Laue back reflection was used to 

check the crystal’s quality and orientation. The temperature dependence of the magnetization under ZFC process was 

measured in an external field 500 Oe along c-axis. A clear spin reorientation is observed in the range of 360–400 K. 

Considering the recent report that the spin reorientation transition temperature of Sm1-xTbxFeO3 is linear decreased 

with the increase of Tb ions content, the present data reveals the changed Fe3+-Re3+ super-exchange interaction. The 

curve of temperature dependence of thermal expansion exhibits three phase transitions at about 250 K, 350–480 K, and 

700 K, respectively. The abnormal phase transition observed at 250 K may be resulted from the change of rare earth 

ions moment orientation polarized by Fe3+ sub-lattice net moment. The spin reorientation transition takes place in a 

temperature range from 350 K to 480 K. The iron spins transform from antiferromagnetic ordered arrangement to pa-

ramagnetic disordered arrangement at ~700 K. 
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The rare-earth orthoferrites ReFeO3 (Re = rare-earth) 
crystallise in an orthorhombic distorted perovskite struc-
ture is belonging to the Pbnm space group[1]. Recently, 
ReFeO3 have been investigated for their novel properties, 
such as multiferroicity[2-5], ultrafast inverse opto-magnetic 
effect[6], laser-induced spin-reorientation phase transition 
switching[7]. The magnetic moments of iron and rare earth 
atoms as well as the interactions between them are the 
source of the magnetic properties of these orthoferrites. It 
is common to divide all interactions into Re-Re, Fe-Fe and 
Fe-Re ones. The strongest interaction is the isotropic su-
perexchange interaction between Fe3+. Below the Néel 
temperature TN ≈ 670 K, there are four Fe3+ magnetic 
sublattices forming a canted type-G antiferromagnetic 
structure due to the Dzyaloshinsky-Moriya (D-M) interac-
tion[8-9]. As a result, rare-earth orthoferrites ReFeO3 pos-
sess a small total ferromagnetic moment F directed along c 
axis, and an antiferromagnetic vector G along a axis. The 
superexchange interaction involving the rare-earths ions 
are much weak, but they become noticeable at low tem-
perature which is due to the superexchange interaction 
with Fe3+ neighbors. As temperature lowered, some of 
ReFeO3 possess two second order spin reorientation 

phase transition (SRT), at the vector F from the c axis 
towards a axis in a temperature range from TSR2 to TSR1 
(TSR1 < TSR2 <TN).  

Among rare-earth orthoferrites, SmFeO3 has a max-
imum spin reorientation transition temperature (TSR ≈ 
480 K)[2]. SmFeO3 has been recently reported to be 
ferroelectric at room temperature, which is matter of de-
bate at the moment[2, 10-11].  

It is known that orthoferrite solid solutions of a type 
Re1-xRe2xFeO3 allow to tailor a number of their properties 
by varying the type and relative content of rare-earth 
ions[12]. Thus, Sm1-xRe2xFeO3 solid solutions are the prom-
ising material for realizing a room-temperature functional-
ity, including ultrafast laser-induced magnetization control, 
ferroelectricity, etc. 

The optical-floating- zone growth is an excellent tech-
nique for this purpose, which is widely used to prepare the 
single crystal orthoferrites[13–20]. Many factors, such as 
stability of the molten zone, rotation rate of feed and seed 
rods, and the growth rate, during the growth progress, in-
fluenced the quality of an obtained single crystal. In the 
present work, high quality Sm0.8Tb0.2FeO3 crystal was 
grown through optimized process and the structure, mag-
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netic and thermal properties of the crystal were investi-
gated. 

1  Experimental details 

Polycrystalline samples Sm0.8Tb0.2FeO3 were prepared 
by the conventional solid state reaction method, using the 
high purity oxide powder Sm2O3 (99.99%), Tb4O7 
(99.99%) and Fe2O3 (99.99%) as the starting materials. 
The mixture was pressed into pellets and sintered in air at 
1400 K for 20 h. After confirmation by X-ray diffraction 
that the products had converted to the orthoferrite struc-
ture, the powder was then compacted into the rods, typi-
cally 5 mm in diameter and 50 mm long, using a hydraulic 
press under an isostatic pressure of 60 MPa. The rods were 
sintered in a vertical tube furnace at 1500 K for 15 h in air.  

Single crystal growth was performed in the optical 
floating-zone furnace (FZ-T-10000-H-VI-P-SH, Crystal 
System Corp.). The parameters were at a growth rate of 
1.5 mm/h in flowing air 3 L/min and rotation rate of feed 
and seed rods of 15 r/min in opposite directions. The 
polycrystalline samples were characterized by X-ray dif-
fraction (XRD) using monochromatic Cu Kα radiation. 

The room temperature XRD date were recorded for 15°≤

2θ≤90° with a scanning step of 0.008°. Laue back reflec-

tion was used to examine the quality of crystals and to 
orient the crystals along the three principal axes. Mag-
netization measurement was carried out employing a VSM 
option on the Quantum Design physical property meas-
urement system (PPMS-9, Quantum Design). 

The thermal mechanical analyzer (Netzsch TMA 
402F3) was used to measure thermal expansion of the 
Sm0.8 Tb0.2FeO3 crystal with the dimensions of 3.34 mm×  
5.70 mm× 2.60 mm. The linear expansion coefficient 
of the single crystal was investigated at temperature 
range from 123 K to 1073 K at a heating rate of 5 K/min. 

2  Results and discussion 

The XRD pattern obtained at room temperature of the 
polycrystalline Sm0.8Tb0.2FeO3 is presented in Fig. 1(b). 
All the peaks could be indexed to orthorhombic cell asso-
ciated with space group Pbnm. It reveals the pure 
perovskite phase without phase impurity. The lattice pa-
rameters were estimated using powder diffraction data 
analysis software. The lattice parameters are a = 
0.5388(2) nm, b = 0.5602(8) nm, c = 0.7698(3) nm which 
are a little smaller than that of a = 0.5398 nm, b = 0.5598 nm, 
c = 0.7709 nm of SmFeO3 (PDF-#39-1490). This is be-
cause the ionic radius of Tb3+ is smaller than Sm3+. Laue 

 

Fig. 1  (a) As-grown Sm0.8Tb0.2FeO3 single crystal, (b) the 
powder XRD pattern of Sm0.8Tb0.2FeO3 polycrystalline rod, and 
(c) the Laue back diffraction pattern of the c-direction plane cut 
from the as-grown single crystal 
 

back diffraction pattern which is shown in Fig. 
1(c) confirmed the good quality of the grown Sm0.8Tb0.2FeO3 
single crystal. 

Temperature dependence of magnetization (M–T) of the 
Sm0.8Tb0.2FeO3 single crystal under an applied field of 500 
Oe along the c-axis at the temperature range from room 
temperature to 400 K is shown in Fig. 2. The tempera-
ture over 400 K was not investigated because of the 
limitation of the PPMS. A clear spin reorientation is 
observed through a temperature range from 360 K to 
400 K. The Fe3+ moments exhibit Γ2 (Fx, Cy, Gz) spin 
configuration at low temperature, accompanying with 
weak ferromagnetism along the a axis. Upon heating 
temperature, the Fe3+ spins undergo a spin reorientation 
transition. At this transition, the spin configuration 
changes to Γ4 (Gx, Ay, Fz). 

The spin reorientation transition (SRT) temperatures of 
Sm1-xTbxFeO3 (x=0, 0.2, 0.3, 0.45)[18, 21-22] are shown in 
Fig. 3. The spin reorientation transition temperature of 
Sm1-xTbxFeO3 is linear decreased with the increase of  
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Fig. 2  Temperature dependence of the magnetization of 
Sm0.8Tb0.2FeO3 single crystal measured in an external field 
H=500 Oe along c-axis 

  

Fig. 3  Spin reorientation transition temperature of Sm1-xTbxFeO3 
dependence of the doping content x. Data are from this work and 
from the literatures[18, 21-22] 

 
Tb ions content. The spin reorientation phase transitions in 
ReFeO3, which can be of the first as well as the second 
order, are driven by Fe-Re superexchange interactions[23]. 

In Landau theory, symmetry of the lattice, the free en-
ergy of the spin system can be expanded in the order pa-
rameter[24]: 

  2 4
0 2 4sin sinF F K    K          (1) 

Where F0 is the isotropic free energy, K2 is the second 
order anisotropy constant, K4 is the fourth order anisotropy 
constant, and θ is the angle between the magnetization and 
the c axis. Provided that the free energy function is ana-
lytic, one finds the following global minimum: 
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As these equations show, the actual angle for which the 
free energy is minimal depends on the values of the ani-
sotropy constants. Further understanding can be obtained 
by considering the microscopic mechanisms. The Fe3+ 
single ion anisotropy and the Fe3+-Re3+ antisymmetric 

superexchange interaction play the largest role in the spin 
reorientation transition[23]. While Fe3+ single ion anisot-
ropy is mostly constant, antisymmetric superexchage 
shifts the crystal field split energy levels of the Re ions 
up and down by different amounts for the different con-
figurations. The anisotropic exchange interactions be-
tween Fe3+ and rare-earth ions produce an effective field. 
As the temperature is lowered, this effective field in-
creases due to the increase of the rare-earth magnetiza-
tion, and when the interaction energy of the Fe3+ spins 
with these effective fields exceeds the anisotropy energy 
of the Fe3+ ion, spin reorientation takes place. Because 
the ions moment of Tb3+ is much larger than that of Sm3+ 
ion, the effective field increases with the increase of Tb 
ions content. The SRT temperature of high Tb-doped 
SmFeO3 is smaller than low Tb-doped SmFeO3,

 which is 
the result of the effective field in high Tb-doped SmFeO3 

exceeded the anisotropy energy of the Fe3+ ion at lower 
temperature. 

The thermal expansion coefficient α corresponds to the 
slope of the linear thermal expansion: 

0

1L

L T
 



                 (3) 

Where L0 is the original length of the crystal, ΔL is the 
change in length, and ΔT is the change in temperature. The 
vibration of the crystal lattice produces the thermal expan-
sion when the crystal is heated.  

Fig. 4 presents the temperature variation of the thermal 
expansion of Sm0.8Tb0.2FeO3 crystal along b-direction in 
the temperature range of 128–973 K. The thermal expan-

sion coefficient of b-direction increase from 3.0556× 

10−6 K−1 to 7.2251×10−6 K−1. The curve of temperature 

dependence of thermal expansion exhibits three phase 
transitions at about 250 K, 350–480 K, and 700 K, respec-
tively. The iron spins transform from the antiferrom-
agnetic ordered arrangement into paramagnetic disordered 
arrangement when heated at TN (T3). The spin reorienta-
tion transition taken place through a temperature range 
from 350 K to 480 K (T2), but the phase transition at 250 K 
(T1) has not yet been reported in rare earth doped SmFeO3. 
The transition taken place at about 250 K in rare-earth 
orthoferrite TbFeO3 was reported[25-26]. The abnormal tran-
sition in the temperature range of 200–300 K is considered 
to be related to the spin reorientation[26], but the spin 
reorientation transition temperature of TbFeO3 is about 
20 K[27]. The rare-earth magnetic moments align parallel 
or antiparallel to the net iron magnetic moment which po-
larized by Fe3+ sub-lattice net moment at low temperature. 
The anomaly observed at 250 K may be result of the 
change of rare earth ions moment orientation. The 
rare-earth magnetic moments align antiparallel to the  
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Fig. 4  Temperature dependence of thermal expansion along 
b-direction 

 
net iron magnetic moment under Fe3+ spin reorientation tran-
sition temperature in SmFeO3

[21], but parallel to the net iron 
magnetic moment at low temperature in Sm1–x TbxFeO3

[18]. 
The temperature range of Fe3+ spin reorientation measured 
by TMA is a little higher than that by PPMS, which may 
be the result of response time of the method. 

3  Conclusions 

Sm0.8Tb0.2FeO3 single crystal has been successfully 

grown by the optical floating zone method. Laue back 

reflection was used to examine the quality of crystals 

and to orient the crystals along the three principal axes. 

A spin reorientation behavior with the transition of the 

Fe3+ magnetic moment ordering from Γ2 (Fx, Cy, Gz) to 

Γ4 (Gx, Ay, Fz) is observed in a range of 360–400 K. 

The anisotropic exchange interactions between Fe3+ and 

rare-earth ions produce an effective field. Because the 

ions moment of Tb3+ is much larger than Sm3+ ion, the 

effective field increasing with the increase of Tb ions 

content. The spin reorientation transition temperature of 

Sm1-xTbxFeO3 is linear decreasing with the increase of 

Tb ions content.  

The mean thermal expansion coefficients along b-direction 

increase with increasing temperature. And the thermal 

expansion measured indicates Sm0.8Tb0.2FeO3 has three 

phase transitions at about 250 K, 350–480 K, and 700 K, 

respectively. The iron spins transform from the antiferro-

magnetic ordered arrangement into paramagnetic disor-

dered arrangement when heated at ~700 K. The spin 

reorientation transition taken place through a tempera-

ture range from 350 to 480 K. The anomaly observed at 

250 K may result from the change of rare earth ions 

moment orientation polarized by Fe3+ sub-lattice net 

moment. 
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稀土正铁氧体 Sm0.8Tb0.2FeO3单晶的生长及性能 

赵向阳 1, 满沛文 1, 谢 涛 2, 武安华 1, 苏良碧 1 

(1. 中国科学院 上海硅酸盐研究所, 上海 200050; 2. 上海应用技术学院, 上海 200235) 

摘 要: 利用光学浮区法生长 Sm0.8Tb0.2FeO3 单晶, 采用劳尔背衍射仪对样品质量进行检测并定向。测试了 c-切

Sm0.8Tb0.2FeO3 单晶在零场冷却模式的磁温曲线, 发现其自旋重取向温度范围为 360~400 K。总结以前的工作发现

Sm1-xTbxFeO3 系列材料的自旋重取向温度随着稀土铽(Tb)含量的增加而线性减小, 这表明 Sm1-xTbxFeO3 系列材料中

Fe3+-Re3+之间的超交换作用发生变化。热膨胀测试结果发现 Sm0.8Tb0.2FeO3 存在三个温度转变区域: ~250 K、

350~480 K 和 ~700 K。250 K 发生的不正常相变是由于铁离子弱铁磁矩诱导的稀土离子磁矩方向的改变造成的, 

350~480 K 是由于在这一温度范围发生铁离子自旋重取向, 而~700 K 发生的相变是由于铁离子自旋由反铁磁有序到

顺磁无序的磁转变。 

关  键  词: 正铁氧体; 光学浮区法; 相转变 
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