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Spin reorientation transition (SRT) has attracted substantial attention due to its important role in
the ultrafast control of spins. However, the transition temperature is usually too low for its practical
applications. Here, we demonstrate the ability to modulate the SRT temperature in PrFe;_,Mn,Og
single crystals from 196 K to 317 K across the room temperature by varying the Mn concentration.
Interestingly, the I'y to I'; spin reorientation of the Mn-doped PrFeQj is distinct from the I'y to I’y
spin reorientation transition as in the parent material. Because of the coupling between rare-earth ions
and transition-metal ions in determining the SRT temperature, the demonstrated control scheme of
spin reorientation transition temperature by Mn-doping is expected to be used in temperature control
magnetic switching devices and applicable to many other rare-earth orthoferrites.
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1 Introduction

Antiferromagnetic materials, though representing the
overwhelming majority of magnetic materials, were of aca-
demic interest only for a long time because of their large
rigidity to an external field. Their ultrafast dynamics
of spins, which is a key issue for exchange-biased de-
vices [1], expands the limited set of their applications
and make them outstanding candidates for future informa-
tion technologies where magnetization reversal is a basic
component [2]. The spin of antiferromagnetic materials
can indeed be manipulated on picosecond time scales by
photoexcitation of temperature-induced spin reorientation
(SR) phase transitions [3], which is the key to achieve com-
parable operating speeds with charge-based devices [4].
By contrast, in a ferromagnetic medium it is only a few
hundred picoseconds [5, 6].

Rare earth orthoferrites [7] RFeO3 (R is a rare-earth ele-
ment) is a typical class of materials that hosts ultrafast SR
phase transitions and crystallizes in an orthorhombically
distorted perovskite structure [8]. Below the Néel tem-
perature (T = 650-700 K), the Fe?* antiferromagnetic

* This article can also be found at http://journal.hep.com. =
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order is formed, but due to the inclination between the
magnetic moments formed by the Fe3* spin in RFeOs3, the
weak ferromagnetic moment is coupled to the initial an-
tiferromagnetic order through the Dzyaloshinskii-Moriya
interaction [9]. In RFeOs, the interaction between R-4f
and Fe-3d has been found to couple the weak ferromag-
netic moment of Fe3T to the rare-earth ions R3*. The
competing magnetic anisotropy between R3*t and Fe3*
will cause spin reorientation in RFeOgz [10].

Up till now, however, the SR transitions occur mostly
at low temperatures in rare-earth orthoferrites with the
only exception of SmFeOg [11] exhibiting a SR transition
temperature at 450-480 K which is too high for applica-
tion, limiting their practical applications in the ultrafast
regime [10]. Indeed, the reported temperature of ultrafast
control of spins is < 90 K for TmFeO3 [3, 12], < 50 K for
HoFeO3 [13, 14], < 40 K for DyFeOg3 [15]. Therefore, the
modulation of SR transition temperature and the realiza-
tion of the room temperature SR transition in rare-earth
orthoferrites would be of great importance for SR-based
technologies.

Considering the strong coupling between the R3t and
Fe?* in determining the SR transition temperature [10],
one strategy to modulate the SR transition temperature is
by rare-earth doping and this has been investigated inten-
sively in various orthoferrites [16-22]. In contrast, there
has been considerably less investigations of rare-earth or-
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thoferrites by introducing transition-metal elements at the
Fe site. Recently, it has been found that the SR transi-
tion appears in oxypnictides and oxides other than or-
thoferrites due to the strong coupling between magnetic
R3t and the transition metal ions such as Mn, Cr and
Fe [23, 24]. It is therefore natural to introduce Mn or
Cr at the transition-metal site of rare-earth orthoferrites
as an alternative to modulate the SR transition tempera-
ture.

Here, we choose PrFeOgs [25, 26] as a prototypical or-
thoferrite to study the SR phase transition by Mn doping.
A series of Mn-doped PrFe;_,Mn,Og3 (where z = 0, 0.1,
0.2, 0.25, 0.3) single crystals have been grown by opti-
cal floating zone method. It has been found that the SR
transition temperature is largely dependent on Mn doping
and the room temperature SR phase transition has been
achieved at the doping level z = 0.25. The SR phase tran-
sitions of all the Mn-doped PrFeO3 samples are a transi-
tion from a noncollinear antiferromagnetic phase I'y with
the net moments along the c axis to a collinear compen-
sated antiferromagnetic phase I'y upon cooling. Interest-
ingly, such a transition is drastically different from the
second-order transition between two noncollinear antifer-
romagnetic phases I'y and I'y with the net moments along
c and a axes as found in the parent PrFeOs; material.
Therefore, PrFe; _,Mn,O3 can be a new type of magnetic
temperature-sensitive material with the effect of thermal-
controllable magnetic switching.

2 Experimental method

A series of Mn-doped PrFe;_,Mn,O3 (xz = 0, 0.1, 0.2,
0.25, 0.3) powders were prepared by solid state reac-
tion method using the high purity starting materials
of PrgO11(99.99%), Fex03(99.9%) and MnO; (99.9%).
They were accurately weighed and mixed according to
the stoichiometric ratio. After uniform grinding, they
were then placed into a high-temperature sintering furnace
at 1250 °C and sintered for 1000 minutes to ensure the
structural formation. PrFe;_,Mn,Og3single crystals were
then obtained from the synthesized polycrystalline sam-
ples by optical floating zone method (FZ-T-10000-H-VI-
P-SH, Crystal Systems Corp). During the crystal growth
process, the surface tension of the molten zone is smaller
owing to the Mn-doping in PrFe;_,Mn,O3 samples. In
order to keep the molten zone stable, a growth rate of
5 mm/h is required, which is faster than that of PrFeOs
single crystals. The upper and lower rods rotate simulta-
neously in opposite directions at a speed of 15 rpm. X-ray
diffraction (XRD, Bruker D2 PHASER) was used to char-
acterize the crystal structure and confirm phase purity and
crystal quality. X-ray back reflection Laue crystal diffrac-
tometer (Try-SE. Co, Ltd.) was used to determine the
crystallographic orientation of all single crystals. Physi-
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cal property measurement system (PPMS DynaCool-14T)
with a vibrating sample magnetometer (VSM) option was
used to measure the magnetization under different tem-
peratures and magnetic fields.

3 Results and discussion

3.1 Structure characterization

The Laue diagrams of the PrFe;_,Mn,O3 (z = 0, 0.1,
0.2, 0.25, 0.3) series single crystals along three crystal
axes of each single crystal are shown in Fig. 1. The
very clear and sharp Laue diffraction spots indicate that
the single crystals are of good quality. A piece of the
PrFe;_,Mn,O3 (z = 0, 0.1, 0.2, 0.25, 0.3) single crystals
has been ground into very fine powder for powder X-ray
diffraction and the FullProf software was used to refine
the crystal structure data as shown in Figs. 2(a)—(e). It
can be inferred from Figs. 2(a)—(e) that the grown sam-
ples are of single phase without any impurity peaks and
have the same orthorhombic structure with Pbnm space
group of the parent PrFeOsphase. That is, the doping
of Mn does not alter the crystal structure of the PrFeOg
crystals. The refined lattice constants of PrFe;_,Mn,O3
are shown in Fig. 2(f). It shows that the lattice constant
c of PrFe;_,Mn,O3 samples decreases whereas the lattice
constant b increases with Mn doping.

3.2  Magnetization measurements

The temperature dependent magnetization (M-T) of the
PrFe;_,Mn,Og single crystals measured in the zero-field-
cooled (ZFC) mode under an applied field of 100 Oe along
the c-axis was shown in Fig. 3. An abrupt change in mag-
netization is observed for all the ZFC curves, implying a
SR phase transition of all the grown PrFe;_,Mn,Oj3 single
crystals. Moreover, the SR transition temperature shifts
from 194-196 K towards higher temperature at 315-317 K
with increasing the Mn doping. That is, the SR transition
temperature is successfully controlled in PrFe;_,Mn,Og3
single crystals by the different doping of Mn, and that the

x=0.25

x=0.3

Fig. 1 The morphology and the Laue diffraction patterns
along a, b, ¢ axes of PrFe;_,Mn,;O3 (z = 0, 0.1, 0.2, 0.25, 0.3)
single crystals.
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(a—e) The XRD refined structure patterns of PrFe;_,Mn,O3 (z = 0, 0.1, 0.2, 0.25, 0.3) at room temperature.

(f) The three lattice constants of a, b and ¢ of PrFe;_,Mn,Os with different Mn concentrations.

room temperature SR has indeed realized. It should be
noted from Fig. 3 that the transition temperature interval
AT for all the samples is around 2 K, which is quite sharp.
In addition, the magnetization of PrFe;_,Mn,O3 single
crystals above the transition temperature decreases with
the increase of Mn doping. One possible reason is that the
canted antiferromagnetic structure of Fe is destroyed by
the doping of Mn, which weakens the macroscopic mag-
netization of the system [27-30].
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Fig. 3 ZFC curves of PrFe;_.Mn,O3; single crystals with
different doping under an external magnetic field of 100 Oe
along the c-axis.
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In order to identify the phase transition type of the
observed spin reorientation, temperature dependent mag-
netization measurements were carried out along the a and
b axes in addition to the ¢ axis. The measurements of
all the Mn-doped PrFeOgs single crystals have similar re-
sults. To be concise, we take the PrFeg 75Mng 2503 single
crystal as a representative here to show the results. The
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Fig. 4 Zero-filed-cooled (ZFC) curves of PrFeg.75Mng.2503
single crystal along a-axis, b-axis and c-axis under the exter-
nal magnetic field of 100 Oe. The inset is the ZFC curves of

PrFeOgs along the a, b and ¢ axes under the external magnetic
field of 5 Oe.
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inset of Fig. 4 shows the magnetization measurement re-
sults of the parent PrFeO3 sample for comparison. From
the ZFC curves in Fig. 4, we noticed that the moments
along the a and b axes are negligible in the whole temper-
ature range of measurement from 2 K to 400 K whereas
the magnetization along the c-axis displays a sharp jump
from 0.45 emu/g to 0 as the temperature decreases from
297 K to 295 K. The weak ferromagnetic moment of the
PrFeg 75Mng 2503 sample falls to absolute zero when the
temperature is below 295 K. Such a phase transition is
identified to be from the I'y phase with a weak magneti-
zation along the c axis to the I'; phase with a collinear
antiferromagnetic structure upon cooling across the tran-
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Fig. 5 Magnetization curves of PrFep75Mng.2503 single

crystal at different temperatures along the (a) c-axis and (b)
a-axis; (c) is an enlarged version of Fig. 5(a) for the small field.
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sition temperature. This I'y—I'; SR transition is dramati-
cally different from the I'y—I'y phase transition of the par-
ent PrFeO3 material as depicted in Fig. 4 (inset), where
the net magnetization changes from the ¢ axis to a axis
across the transition temperature upon cooling. In ad-
dition to the modification of the SR transition type, we
also note that the doping of Mn pushes the SR transi-
tion temperature to around room temperature which is
almost 300 K higher than that of the parent PrFeOg sin-
gle crystal. Such a huge improvement in the SR tran-
sition temperature has never been reported elsewhere in
rare-earth iron oxides [27, 28, 31-33]. When the tem-
perature is higher than 297 K, Fe3* begins to appear in
magnetic order, and the interaction between Fe3t-Fe3*
is much stronger than the interaction between Pr3+-Fe3+
and Pr3T-Pr3t, occupying a dominant position. At this
time, the system is in the I'y state. With the decrease
of temperature, the interaction between Pr3t-Fe3*t grad-
ually increases. Under the action of symmetry and anti-
symmetry, the 'y spin structure in the system becomes
extremely unstable. With the further strengthening of the
interaction between Pr3t-Fe?t, the system underwent a
spin orientation phase transition. Since the incorporation
of Mn?* replaces the position of Fe?t in the system, and
Mn3t has a large magnetic anisotropy, when the temper-
ature is lower than 295 K, the interaction of Fe3t-Fe3+
and the interaction of Fe?* /Mn3t-Pr3* jointly cause the
system to be in the I'y phase, which has also been ob-
served in ThFe;_,Mn,O3 [34]. With the increase of Mn
ion concentration, the spin reorientation phase transition
temperature move towards the high temperature direc-
tion, as shown in Fig. 3. The transition temperature
of the doped PrFeOs is related to the anisotropy fields
that is dependent on the Mn concentration. The formalism
“T(x) zﬁlog(;—c)” (where £’ is a positive constant related
to the second-order anisotropic field and x. represents a
critical doping concentration) developed by Holmes [35]
well describes the Mn doping dependence of the spin-
reorientation temperatures of our grown samples with Mn
doping from 0.1 to 0.3. In addition, the magnetization
along the three directions has a significant increase at low
temperatures, which is due to the ordering of Pr3*t rare
earth ion at low temperatures.

In order to get a clearer insight into the magnetic be-
havior of PrFeg 75Mng 2503 single crystal, we performed
M—-H measurement along the c-axis as well as along the
a-axis at different temperatures. We chose four different
temperatures including 50 K, 250 K that are below the SR
transition temperature and 300 K, 350 K that are above
the SR phase transition temperature. As shown in Fig. 5,
we observe straight lines of M—H curves along both the ¢
axis and a axis measured at 50 K and 250 K, which indi-
cates a collinear antiferromagnetic structure described by
I'y where the spins of the rare-earth ions and transition-
metal ions are aligned anti-parallel to each other and a

Wencheng Fan, et al., Front. Phys. 17(8), 33504 (2022)
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ferromagnetic component is forbidden. In contrast, mag-
netic hysteresis is observed at 300 K and 350 K along the
c axis, indicative of a weak ferromagnetic component aris-
ing from a canted antiferromagnetic structure described
by I'y with antiferromagnetically coupled spins along the
a axis and an allowed net magnetization along the c axis.
The M—H measurement therefore further confirms the I'y
to I'y SR transition of the grown Mn-doped PrFeOg single
crystals, consistent with the M—T measurement in Fig. 4.
It should be noted that the I'y to I'; spin reorientation
transition reported here is considerably less investigated
and rarely reported compared to the I'y to I's transition
which is the case for the parent PrFeOs and many other
orthoferrites.

The study of the magnetic phase transition of PrFeOs
single crystal under different magnetic fields shows that
the PrFeO3 sample is very sensitive to the change of the
magnetic field [26]. In order to study the influence of the
magnetic field on the I'y—I"; transition temperature of the
Mn-doped PrFeOgs, we carried out the magnetization mea-
surements of PrFeq 75Mng o503 single crystal under differ-
ent magnetic fields. Since there is negligible magnetization
along the a-axis and b-axis in the whole temperature range
of measurement, we only present the M-T curves along
the c-axis here. It can be seen from Fig. 6 that the SR
transition temperature remains almost the same in a wide
range of magnetic fields from 10 Oe to 10000 Oe. In ad-
dition, the process of the I'y/—I'; SR transition completes
within an interval of 2 K. Based on the combined numer-
ous features they possess: the capability of modulating
the SR transition temperature in a wide range of temper-
atures including room temperature, the robustness of the
SR transition temperature against perturbation of mag-
netic fields, together with a narrow SR transition interval
of 2 K, the Mn-doped PrFeQOj single crystals are expected
to be a temperature sensitive material device for thermo-
controlled magnetic switching. It should be noted that
these findings further prove that the doping of manganese
enriches the interaction between rare earth ions, iron ions
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Fig. 6 M-T curves of PrFeg.75Mng 2503 single crystal along
c-axis under different applied magnetic fields.
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Fig. 7 (a) The magnetization versus time curve of

PrFe;_;Mn,O3 (z = 0.25) single crystal along the ¢ axis. (b)
The temperature vs. time curve of PrFe;_;Mn,O3 (z = 0.25)
single crystal along the c axis.

and manganese ions, and has a significant impact on the
magnetic properties of the system.

As a new type of magnetic thermo-sensitive material,
spin reorientation phase transition material may be used
in magnetic thermo-sensitive devices to enrich the appli-
cation range of such devices. But to be able to apply,
in addition to the spin reorientation temperature at room
temperature, the material also needs to be magnetically
stable, able to withstand repeated magnetization and de-
magnetization. So we did the experiment in Fig. 7. Re-
peated heating and cooling tests were carried out in the
¢ axis of PrFe;_,Mn,O3 (z = 0.25) single crystal with a
temperature range of 250-350 K. The magnetization in-
tensity and temperature were respectively charted with
time, and it was found that the heating and cooling curves
of each repetition could completely coincide with the pre-
vious one. The dotted green line in Fig. 6 corresponds to a
transition temperature of 297 K. The sample belongs to I'y
phase above 297 K, but quickly changes to I'y phase below
297 K. The above measurements in the temperature range
near the phase transition repeatedly raised and dropped, it
was found that in this process, the change path of the mag-
netization value was almost the same every time, which
has a good repeatability and stability, so it can be used
as the material for magnetic thermal sensing devices.

4 Conclusion

In summary, we have successfully fabricated a series of
Mn-doped PrFe;_,Mn,Og3 (where z = 0, 0.1, 0.2, 0.25,
0.3) single crystals by optical floating zone method. The
SR phase transitions from I'4 to I'y have been observed in
all the Mn-doped PrFeOj3; single crystals and confirmed by
magnetization measurement along different crystal axes.
Interestingly, the SR phase transition of the Mn-doped
PrFeQOgsis dramatically different from the SR transition

Wencheng Fan, et al., Front. Phys. 17(8), 33504 (2022)
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from I'y to 'y of the parent PrFeO3 compound without
doping. The transition temperature can be modulated
from 196 K towards 317 K by different Mn doping. Re-
markably, PrFe;_,Mn,O3 with thermo-controlled mag-
netic switching effect is expected to be a new type of tem-
perature sensitive material. The origin of the modification
of the SR transition type and transition temperature in
Mn-doped PrFeOgs remains unknown which requires future
investigation using neutron scattering. One possible ori-
gin is the competing coupling between Pr—Fe and Pr-Mn
exchange interaction. This demonstrated control scheme
of spin reorientation transition temperature by Mn sub-
stitution of Fe on the transition-metal site is expected to
be applicable to many other rare-earth orthoferrites and
can be used as device materials for thermal controllable
magnetic switching.
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