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Abstract: SmsTb,,FeO; 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 360400 K.
Considering the recent report that the spin reorientation transition temperature of Sm;  Tb FeO; is linear decreased
with the increase of Tb ions content, the present data reveals the changed Fe’*-Re’” 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 Fe’* 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 ReFeO; (Re = rare-earth)
crystallise in an orthorhombic distorted perovskite struc-
ture is belonging to the Pbnm space group!'l. Recently,
ReFeO; have been investigated for their novel properties,

such as multiferroicity!>™

, ultrafast inverse opto-magnetic
effect'”), laser-induced spin-reorientation phase transition
switching!”. 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 Fe’'. Below the Néel
temperature Ty ~ 670 K, there are four Fe’" magnetic
sublattices forming a canted type-G antiferromagnetic
structure due to the Dzyaloshinsky-Moriya (D-M) interac-
tion™. As a result, rare-earth orthoferrites ReFeO; pos-
sess asmall total ferromagnetic moment F directed along ¢
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 Fe*" neighbors. As temperature lowered, some of
ReFeO; possess two second order spin reorientation

Received date: 2016-03-01; Modified date: 2016-04-05

phase transition (SRT), at the vector F from the ¢ axis
towards a axis in a temperature range from 7gr, to Tspg
(Tsr1 < Tsra <T)-

Among rare-earth orthoferrites, SmFeO; has a max-
imum spin reorientation transition temperature (7sgp =
480 K)®. SmFeO; has been recently reported to be
ferroelectric at room temperature, which is matter of de-
bate at the moment' '*'"],

It is known that orthoferrite solid solutions of a type
Re;ReyFeOs allow to tailor a number of their properties
by varying the type and relative content of rare-earth
jons!'?. Thus, Sm,_Re,,FeO; solid solutions are the prom-
ising material for realizing a room-temperature functional-
ity, including ultrafast laser-induced magnetization control,
ferroelectricity, efc.

The optical-floating- zone growth is an excellent tech-
nique for this purpose, which is widely used to prepare the

single crystal orthoferrites!'> 2"

. 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 Sm,gTb,,FeO; 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 SmggTby,FeO; were prepared
by the conventional solid state reaction method, using the
high purity oxide powder Sm,0; (99.99%), TbsO;
(99.99%) and Fe,O; (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 Ko radiation.
The room temperature XRD date were recorded for 15°<<
26<<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
Smgg Tby,FeO; crystal with the dimensions of 3.34 mmx
5.70 mmx 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 Sm,gTb,,FeO; 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, ¢ = 0.7698(3) nm which
are a little smaller than that of ¢ = 0.5398 nm, b = 0.5598 nm,
¢ = 0.7709 nm of SmFeO; (PDF-#39-1490). This is be-
cause the ionic radius of Tb*" is smaller than Sm*". Laue
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Fig. 1 (a) As-grown SmygTb,,FeO; single crystal, (b) the
powder XRD pattern of SmggTbg,FeO; 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 SmggTb,FeOs
single crystal.

Temperature dependence of magnetization (M-T) of the
Smy s Tby,FeO; single crystal under an applied field of 500
Oc 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 Fe'" moments exhibit I, (Fx, Cy, Gz) spin
configuration at low temperature, accompanying with
weak ferromagnetism along the a axis. Upon heating
temperature, the Fe’ spins undergo a spin reorientation
transition. At this transition, the spin configuration
changes to I, (Gx, Ay, Fz).

The spin reorientation transition (SRT) temperatures of
Smy_ Tb,FeO; (x=0, 0.2, 0.3, 0.45)!"% 21221 3re shown in
Fig. 3. The spin reorientation transition temperature of
Sm;_,Tb,FeO; is linear decreased with the increase of
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Fig. 2 Temperature dependence of the magnetization of

Smg gTbo,FeO; single crystal measured in an external field
H=500 Oe along c-axis
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Fig. 3 Spin reorientation transition temperature of Sm;.,Tb,FeO;

dependence of the doping content x. Data are from this work and

from the literatures'' 22

Tb ions content. The spin reorientation phase transitions in
ReFeO;, which can be of the first as well as the second
order, are driven by Fe-Re superexchange interactions!*),

In Landau theory, symmetry of the lattice, the free en-

ergy of the spin system can be expanded in the order pa-

F(0)=Fy+Kysin’0+ K sin*0 (1)
Where F) is the isotropic free energy, K, is the second
order anisotropy constant, Ky is the fourth order anisotropy
constant, and 6 is the angle between the magnetization and
the ¢ axis. Provided that the free energy function is ana-
lytic, one finds the following global minimum:

0 if K, < 2K,

61 aresin, 5 if 2K, <k, <0 @
T
> if K, =0

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 Fe*
single ion anisotropy and the Fe’*-Re’" antisymmetric

superexchange interaction play the largest role in the spin
reorientation transition'). While Fe’* 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 Fe’* 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 Fe’* spins
with these effective fields exceeds the anisotropy energy
of the Fe’" ion, spin reorientation takes place. Because
the ions moment of Tb*" is much larger than that of Sm**
ion, the effective field increases with the increase of Tb
ions content. The SRT temperature of high Tb-doped
SmFeOj; is smaller than low Tb-doped SmFeOj3, which is
the result of the effective field in high Tb-doped SmFeO;
exceeded the anisotropy energy of the Fe’" ion at lower
temperature.

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

o= AL 1 3)
L, AT
Where L is the original length of the crystal, AL is the
change in length, and AT 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 SmygTby,FeO; crystal along b-direction in
the temperature range of 128-973 K. The thermal expan-
sion coefficient of b-direction increase from 3.0556 X
10° K™ to 7.2251X10° K™'. 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 Ty (T3). The spin reorienta-
tion transition taken place through a temperature range
from 350 K to 480 K (7>), but the phase transition at 250 K
(T)) has not yet been reported in rare earth doped SmFeO;.
The transition taken place at about 250 K in rare-earth
orthoferrite TbFeO; was reported® 2. The abnormal tran-
sition in the temperature range of 200-300 K is considered

to be related to the spin reorientation!*®!

, but the spin
reorientation transition temperature of TbFeO; is about
20 K*". The rare-earth magnetic moments align parallel
or antiparallel to the net iron magnetic moment which po-
larized by Fe’* 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-carth 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 Fe*" spin reorientation tran-
sition temperature in SmFeO,", but parallel to the net iron
magnetic moment at low temperature in Sm,_, TbxFeog[ls].
The temperature range of Fe** 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

Smy 3 Tby,FeO; 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
Fe*" magnetic moment ordering from I, (Fx, Cy, Gz) to
I'y (Gx, Ay, Fz) is observed in a range of 360-400 K.
The anisotropic exchange interactions between Fe" and
rare-earth ions produce an effective field. Because the
ions moment of Tb*" is much larger than Sm*" ion, the
effective field increasing with the increase of Tb ions
content. The spin reorientation transition temperature of
Sm,_,Tb,FeOs; 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 SmygTby,FeO; has three
phase transitions at about 250 K, 350480 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 Fe'* sub-lattice net
moment.
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