
CrystEngComm

PAPER

Cite this: CrystEngComm, 2023, 25,

2125

Received 27th December 2022,
Accepted 7th March 2023

DOI: 10.1039/d2ce01697d

rsc.li/crystengcomm

Nd3+ induced twofold continuous spin
reorientation transition and magnetization along
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Rare-earth orthoferrites have attracted intensive attention in the last few years for their abundant physical

capabilities. In the present paper, a Nd3+ doped Dy0.9Nd0.1FeO3 (DNFO91) single crystal with high quality

was grown by an optical floating zone method, and the magnetic properties have been investigated. We

report an intriguing hybrid magnetic configuration Γ4+3 consisting of Γ4(Gx, Ay, Fz) and Γ3(Cx, Fy, Az), and it

has a non-zero spontaneous magnetic moment along both the b-axis and c-axis. With lowering the

temperature, the DNFO91 crystal experiences two continuous spin reorientation transitions from Γ4+3 to Γ2

at 45 K and finally to Γ1 below 43.8 K; here, Γ2 is an incomplete metastable phase transition induced by a

magnetic field and disappears at 5000 Oe. Further research directly distinguished the rare-earth ion

contributions for the first time, the magnetization along the b-axis originates from Nd3+ while that along

the a-axis comes from Dy3+, and the relative strength can be further manipulated with an applied magnetic

field. An exchange bias behavior was also observed in the M–H curves, revealing the exchange interaction

between Dy3+/Nd3+ sublattices and Fe3+ sublattices. These features of single-crystal DNFO91 can help

understand the influence of rare-earth doping on the magnetic structure and physical phenomenon in

RFeO3, and this crystal has great application potential.

1 Introduction

The rare-earth orthoferrites RFeO3 crystallize in a distorted
orthorhombic perovskite structure with the space-group
Pnma. Due to the Dzyaloshinskii–Moriya (DM) interaction,
there's a slight canting of opposite spins with an angle of
0.5°, giving rise to spontaneous magnetization.1 Below the
Neel temperature of Fe (∼636 K), the Fe3+ spins are G-type
antiferromagnetic (AFM), and the noncollinear structure
causes a weak ferromagnetic (FM) component along the c-axis
(Fz) or a-axis (Fx). In RFeO3, the coupling of magnetic spins

and crystal lattices originating from the 4f-electrons of R3+

sublattices and 3d-electrons of Fe3+ sublattices results in a
richness of physical phenomena, such as spin reorientation
transition (SRT), spin switching effect,2 compensation
temperature,3 multiferroicity4 and ultrafast optical control of
spins.5,6 The spin reorientation transitions that exist in RFeO3

are divided into two types: one is a first-order transition from
Γ4(Gx, Ay, Fz) to Γ1(Ax, Gy, Cz) in DyFeO3 (ref. 7) and CeFeO3,

8

and the other one is a second-order transition from Γ4(Gx, Ay,
Fz) to Γ2(Fx, Cy, Gz) in RFeO3 (R = Nd, Sm, Er, etc.).3,9,10

Considering that the interaction between rare-earth ions
and iron ions plays a fairly important role in RFeO3, a great
deal of research focusing on the introduction of new
interactions through doping of rare-earth ions has been
done, and good results have been achieved. For example,
adjusting the SRT temperature effectively through changing
the Tb concentration in SmxTb1−xFeO3 affects the trigger
temperature of the spin switching effect by applying different
magnetic fields in Dy0.5Er0.5FeO3 and results in threefold SRT
with Γ4 → Γ4+2 → Γ1 → Γ2 in Dy0.75Nd0.25FeO3.

11–13 Also, the
doping of Tb3+ and Gd3+ in DyFeO3 can realize the generation
and reversal of the ferromagnetic moment, as well as the
interconversion of multiferroic domains and domain
walls.14,15 Previous research on RFeO3 suggested that the
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b-axis magnetization (Fy) conflicts with the observed strong
AFM coupling between nearest iron neighbors; therefore the
configuration of Γ3(Cx, Fy, Az) doesn't exist. However, recent
studies have found that the doping of rare-earth ions will
change the doped environment, modify lattice parameters
and cause new competition between two sublattices, resulting
in the emergence of a Γ3(Cx, Fy, Az) magnetic configuration in
Er0.6Dy0.4FeO3.

1,16 Also an unusual spin reorientation
transition from Γ2(Fx, Cy, Gz) to Γ3(Cx, Fy, Az) was observed in
Sm0.5Y0.5FeO3 single crystals, and Raman spectroscopy
corroborates the strong anisotropic spin–phonon coupling in
the crystal.17 Substitution at the R site provides the
possibility of achieving the tunability of magnetic properties
in orthoferrites RFeO3. But the specific contributions of
doped rare-earth ions in RFeO3 haven't been distinguished
yet, which would have a great influence on the synthesis and
properties of the materials.

The Fe3+ spins of both NdFeO3 and DyFeO3 orders in an
AFM configuration Γ4(Gx, Ay, Fz) below 636 K. The magnetic
moments of Nd3+ and Fe3+ tend to be antiparallel and exhibit
a magnetic compensation behavior, while those of Dy3+ are
parallel with the spin-flop behavior. Nd3+ and Dy3+ are both
Kramer ions with an odd number of electrons, and Dy3+ has
a larger single-ion anisotropy; the spin reorientation
transition in DyFeO3 is Γ4(Gx, Ay, Fz) to Γ1(Ax, Gy, Cz) without
the FM component. In view of this, we hope to observe how
rare-earth ions affect the magnetic structure and properties
with substitution in compound DyxNd1−xFeO3. Therefore, a
Dy0.9Nd0.1FeO3 single crystal was grown in our work, and the
research on magnetic properties shows that DNFO91 crystal
has a unique twofold continuous SRT from Γ4+3 to Γ2 and
finally to Γ1. It shifts to a lower temperature with an
increasing magnetic field. The magnetic field induces an
incomplete phase transition of Γ2. The Γ4+3 configuration is a
hybrid magnetic configuration with the symbols Γ4(Gx, Ay, Fz)
and Γ3(Cx, Fy, Az), and both the b-axis and c-axis show
relatively large magnetization characteristics compared to the
a-axis at high temperature. For the first time, the dependence
of magnetization of different crystalline axes on rare-earth
ions was observed, and it shows that the magnetization along
the b-axis relies on Nd3+, while Dy3+ influences a-axis
magnetization. And moreover, the relative magnetization
strength along the a-axis and b-axis can be manipulated by
applying a magnetic field. Meanwhile, an exchange bias
behavior was also observed in the M–H curves of the DNFO91
crystal.

2 Experimental
2.1. Synthesis of polycrystalline powders and production of
raw ceramic rods

Polycrystalline raw material powders Nd2O3 (99.99%), Dy2O3

(99.99%), and Fe2O3 (99.99%) are weighed according to the
stoichiometric ratio 1 : 9 : 10 and fully ground with a ball mill
for 8 hours to mix evenly. The powders were calcinated at
1200 °C for 10 hours and slowly cooled to room temperature,

making them fully react. The powders after the solid-phase
reaction were made into ceramic rods and shaped by cold
isostatic pressing of 100 MPa for 1 hour, which was then
followed by secondary sintering at 1350 °C for 24 hours. The
prepared ceramic rods were polished to make the diameter
uniform for subsequent crystal growth.

2.2. Crystal growth process

The Dy0.9Nd0.1FeO3 single crystal was grown using a four-
mirror optical floating zone furnace. Four halogen lamps
with a power of 1.5 kW were used as infrared radiation
sources under flowing air. The growth rate was 5.1 mm h−1,
accompanied by the counter-rotating of the seed rod at 20
rpm under an air flow rate of 5 liters per min. A single crystal
sample 5 cm in length and 5 mm in diameter was obtained.

2.3. Crystal characterization

The crystal structure of Dy0.9Nd0.1FeO3 was measured using
an X-ray diffractometer and Raman spectrometer. The crystal
orientations were confirmed using an X-ray Laue photograph.
We used a physical property measurement system (PPMS 14,
Quantum Design) to measure the magnetization as a
function of temperature (M–T curves) and magnetic field (M–

H curves).

3 Results and discussion
3.1. Structure characterization

Fig. 1(a) shows the X-ray diffraction pattern (XRD) of the
DNFO91 single crystal, and the result shows that the sample
was synthesized in the single phase without any detectable
impurity because no extra peaks are observed in the XRD
pattern. The XRD pattern is fitted with Rietveld refinement,
considering the Pnma space group. The reliability factors
obtained from the Rietveld refinement model are as follows:
Rwp = 6.91; Rp = 5.16; Rexp = 4.03. The good agreement
between the observed and refined profiles of the XRD pattern
indicates the single phase formation of the DNFO91 crystal
with a distorted orthorhombic perovskite structure. The
obtained lattice parameters a, b and c are 5.599 Å, 7.636 Å,
and 5.318 Å, respectively, while those of DyFeO3 are 5.598 Å,
7.623 Å and 5.326 Å, and the results show that the doping
mainly induces lattice distortion along the b-axis and c-axis.
The Laue XRD patterns of the DNFO91 single crystal along
the a-axis, b-axis and c-axis are shown in Fig. 1(b), confirming
the high single crystallinity.

Raman spectroscopy was performed along the sample
directions of the three crystallographic axes of the DNFO91
crystal at room temperature. At the center of the Brillouin
zone, the irreducible representation is given by Γ = 7A1g +
8A1u + 7B = +8B1u + 5B = +10B2u + 5B3g + 10B3u, in which 24
are Raman-active modes, 28 are infrared modes and 8 are
inactive modes.18,19 The modes below 200 cm−1 are lattice
modes due to rare-earth ions. The modes between 200 and
300 cm−1 are characterized by FeO6 octahedral rotation, and
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those above 300 cm−1 are attributed to the O2− or FeO6

octahedral vibration. We can obtain from Fig. 1(c) that the
location of the appearing Raman peaks is basically the same
along the three axes and matches the result of DyFeO3,

20

while the b-axis exhibits more active lattice and FeO6

octahedral vibration. It's worth noting that in DyFeO3, there's
a sharp peak around 645 ± 5 cm−1 representing impurity-
related phonons.18 The impurity peak in the DNFO91 crystal
at 649 cm−1 changes from sharp to flat, because the partial
substitution of Nd3+ alters lattice parameters and decreases
the strength of the peak. In addition, the Raman peaks of the
DNFO91 crystal shifts to a lower wavenumber compared to
that of DyFeO3. As we know, the ionic radius of Nd3+ is bigger
than that of Dy3+, so it will lead to a larger cell volume and
longer chemical bond when Nd3+ partially replaces Dy3+,
which has been confirmed by the XRD results, and the cell
volume of DNFO91 is 227.365 Å3, and that of DyFeO3 is
227.279 Å3. This will cause the Raman peaks to shift towards
a lower wavenumber position. The emergence of the above
phenomenon represents the successful doping of Nd3+ in the
sample.

3.2. Magnetic properties–spin reorientation phase transition

The temperature dependence of the magnetization (M–T
curves) of the DNFO91 crystal along the a, b, and c-axes

measured at 200 Oe during the zero-field cooling (ZFC)
process is shown in Fig. 2(a), exhibiting a strong magnetic
anisotropy. The magnetization intensity along the b-axis (Mb)
remains to increase and is even bigger than that along the
a-axis (Ma), while the a-axis exhibit a paramagnetism-like
behavior with an almost zero magnetization resulting from
the AFM coupling between Fe3+–Fe3+ sublattices. This is
different from the SRT in DyFeO3 from Γ4 to Γ1 or Γ4 to Γ2 in
NdFeO3,

3,21 but it's more like the magnetic structure of Γ3(Cx,
Fy, Az) in the Er0.6Dy0.4FeO3 crystal along the b-axis has a
significant magnetization.16 Therefore, we consider that
there's not only the Γ4(Fz) magnetic configuration in the
crystal, but also the Γ3(Cx, Fy, Az) configuration when the
temperature is higher than 45 K, and this hybrid magnetic
structure is represented as Γ4+3. Then a sharp drop changing
from 2.81 emu g−1 to 0.18 emu g−1 in Mc is observed at 45 K
accompanied by a decrease in Mb, indicating that the
magnetic moments of both rare-earth ions and Fe3+ have
experienced a spin reorientation transition.7 This transition
temperature is close to the spin reorientation temperature of
the DyFeO3 single crystal (∼50 K), and the doping of Nd3+

makes the transition shift to a lower temperature.
To understand the coexistence of Γ4 and Γ3, we first need

to recognize the two main functions of doping Nd3+ ions: one
is the change in the lattice parameters of the structure, and
the other is the new exchange interaction with Dy3+ and Fe3+

Fig. 1 (a) X-ray diffraction pattern obtained from the single crystals of DNFO91 as shown by black circles. The red solid line is the calculated
pattern using Rietveld analysis in the Pnma space group. Bragg peaks are shown to be indexed. (b) The back-reflection Laue photography of the
DNFO91 single crystal along the a-axis, b-axis and c-axis. (c) Room temperature Raman spectra along the a-axis, b-axis and c-axis of the DNFO91
single crystal. The symbols represent the Gaussian peak fit of the experimental profile.

Fig. 2 (a) The M–T curves of the DNFO91 single crystal measured in ZFC mode along the a-axis, b-axis and c-axis with an applied magnetic field
of 200 Oe; (b) the detailed magnetization along the a-axis and b-axis from 43 K to 45 K.
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induced by Nd3+. The relevant explanation is given as follows:
we can obtain from the XRD that Nd3+ causes a large lattice
distortion along the b-axis and c-axis, and the lattice
parameter of the a-axis is almost unchanged. The Raman
results above also show that the b-axis has a more active
lattice and FeO6 octahedral vibration than the a-axis. This
structural distortion results in a larger magnetization along
the b-axis under an applied magnetic field. On the other
hand, considering the exchange interaction between ions, the
exchange interaction strengths of Nd3+–Fe3+ are −0.62 meV
(along the ab plane) and −0.68 meV (along the c-axis). And for
Dy3+–Fe3+, they are 0.015 meV (along the ab plane) and 0.02
meV (along the c-axis), the “+” and “−” signs correspond to
AFM and FM, respectively.22 Hence, the Nd3+–Fe3+ anisotropic
exchange interaction plays an important role in breaking the
equilibrium state dominated by Dy3+ in the DNFO91 crystal,
and moreover, the Γ2(Fx, Cy, Gz) spin configuration of Fe3+

sublattices can induce a noticeable polarization of Nd3+

moments with the same symmetry Γ2(f
R
x , c

R
y , g

R
z ) through the

Nd3+–Fe3+ exchange interaction at low temperature.23 The
magnetic moments ordering in the cRy configuration will
cause the effective field of Nd3+–Fe3+ to develop the y
component along the b-axis, and the y component will induce
a new spin reorientation of the Fe3+ spins, which results in
the emergence of Γ3(Cx, Fy, Az) magnetic configuration. As for
Γ4, it's a stable configuration at high temperature, because
the free energy of Γ4 is the lowest compared to that of Γ2 and
Γ1.

24 The above discussion indicates that Γ4 and Γ3 coexist in
the DNFO91 crystal.

In RFeO3, the anisotropic parts of the effective fields will
increase as the sublattice moments increase and influence
the value of interaction energy, and the SRT only happens
when the absolute value of the interaction energy exceed that
of R3+ anisotropy energy.24 Therefore, if the anisotropic
effective field is too weak to induce the SRT for a given
applied magnetic field, an incomplete phase transition will
appear. Instead, a strong enough magnetic field will break
this metastable phase transition and make it disappear.25

Fig. 2(b) specifically shows an incomplete phase transition
induced by magnetic field during SRT, and it can be divided
into three successive stages: stage I, stage II and stage III.
The temperature ranging from 44.1 K to 45 K is stage I, in
which Mb remains the same and Ma increases, indicating that
spin reorientation begins transitioning from Γ4+3 to Γ2. By
now the dominant interaction changes from Fe3+–Fe3+

sublattices to Dy3+/Nd3+–Fe3+ sublattices. In stage II, there's a
systematic decrease in the magnetic moment along the
crystallographic b direction, while correspondingly, the
magnetic moment along the a direction shows an increase
from 43.8 K to 44.1 K, implying the magnetic structure now
is Γ2. The magnetic structure of Dy3+–Fe3+ sublattices
experiences the change from Γ4(Gx, Ay) to Γ1(Ax, Gy), and the
Nd3+–Fe3+ sublattices change to Γ2(Fx, Cy) during this process.
The results of the combination of the two interactions above
show that the FM strength along the a-axis and the AFM
strength along the b-axis increases, corresponding to the

increase in Ma and a decrease in Mb in Fig. 2(b). Below 43.8
K, Ma and Mb continuously rise with temperature decreasing
in stage III, and Mc approaches near zero, changing from FM
to AFM. The magnetic configuration now is Γ1(Ax, Gy, Cz),
and the magnetization curves exhibit paramagnetic
characteristics similar to those in DyFeO3. The value of Mb is
more than Ma in all three regions due to the lattice distortion
along the b-axis, which has been discussed before. This
phenomenon shows that the SRT in the DNFO91 crystal is
from Γ4+3 to Γ2(Fx, Cy, Gz) and finally to Γ1, and the Γ2 is an
incomplete phase transition. The schematic representation of
Fe3+ and rare-earth magnetic structures along with
temperature-dependent twofold spin reorientation transition
is depicted in Fig. 3.

3.3. Exchange-bias behavior

The spin reorientation transition from Γ4+3 to Γ2 and to Γ1 in
the DNFO91 crystal was proved by the magnetization
hysteresis loops for the b-axis and c-axis at different
temperatures, which is shown in Fig. 4. It can be seen from
Fig. 4(a) that the hysteresis loops for the b-axis exhibit a
relatively high coercivity force at 100 K, indicating the
existence of weak FM corresponding to the Γ3(Cx, Fy, Az) spin
configuration of Fe3+ sublattices. The hysteresis loop at 45 K
is S-shaped rather than linear, indicating the presence of
residual weak ferromagnetism. Then it becomes completely
AFM with a decreasing temperature, corresponding to the
SRT from Γ3 to Γ1. In contrast, the magnetic behavior along
the c-axis changed from FM to a typical AFM with linear
characteristics that are sensitive to a magnetic field at low
temperature in Fig. 4(b). These results further validate the
spin reorientation transition from Γ4+3 to Γ2 and to Γ1.
There's also an interesting phenomenon in the M–H curves
where the hysteresis loops for the b-axis shift from the origin,
exhibiting an exchange bias (EB) behavior. In the RFeO3

family, ErFeO3, NdFeO3, SmFeO3 and composite ferrimagnet
Er0.6Dy0.4FeO3 have been reported to have EB effects, which
usually happen in magnetic films.16,26–29 The DyFeO3 itself
doesn't exhibit an EB behavior. Its explanation is as follows:
the magnetic moments of Nd3+ and Fe3+ always remain
antiparallel, and the magnetic moments between Dy3+ and
Fe3+ change from parallel to antiparallel at low temperature;
therefore, a G-type AFM with antiparallel arrangement is
formed. Meanwhile, there're FM components of Fe3+ spins
existing along the b-axis, thus forming an FM/G-AFM
interface with noncollinear spins, as shown in Fig. 4(c).
Under the combination of the Dzyaloshinskii–Moriya
interaction and applied magnetic field, the pinning effect
between the AFM interface spins and the FM spins leads to
an EB behavior in the DNFO91 crystal.30

3.4. Field dependence of SRT

In order to investigate the effect of the magnetic field on
SRT, magnetization as a function of temperature was
measured at different fields, as shown in Fig. 5. It can be
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seen that when the magnetic field is up to 50 KOe, no SRT
symbol was observed, and the curves of the three axes show a
similar tendency, which means that the SRT has been
completely suppressed by the applied magnetic field. When
the magnetic field is below 50 KOe, we can see from Fig. 5(c)

that both the beginning and ending temperatures of the SRT
shift to a lower temperature as the magnetic field increases.
This is because the applied magnetic field is large enough to
change the free energy of the magnetic configuration and
lead to the occurrence of SRT. The magnetic field
dependence of an incomplete phase transition along the
b-axis is exhibited in Fig. 5(d). It shares the same
phenomenon with SRT, moving to a lower temperature with
an increasing magnetic field. The transition along the b-axis
disappears with the applied magnetic field of 5000 Oe, while
the SRT along the c-axis still exists, as shown in Fig. 5(c). This
confirms that the twofold transition between 43 K and 45 K
is an incomplete phase transition induced by the magnetic
field, and the stability of the metastable states is broken by
the magnetic field; the SRT of the DNFO91 crystal now is
from Γ4+3 to Γ1.

3.5. Differentiation of rare earth ion contributions

The contributions of rare-earth ions Nd3+ and Dy3+ to the
magnetization intensity along the a-axis and b-axis are
distinguished directly for the first time, as shown in Fig. 6(a).
When the temperature is higher than the compensation
temperature of Nd (TNdComp ∼ 7.3 K), Mb is higher than Ma;
meanwhile Mb is weaker than Ma at the temperature between
TNdComp and TDyN (∼4.2 K). Then Mb starts to increase and

Fig. 3 Schematic representation of the DNFO91 magnetic structure at (a) 100 K: Γ4+3, (b) 45 K: Γ2, which is an incomplete metastable phase
transition induced by magnetic field, and (c) 43.8 K: Γ1.

Fig. 4 The magnetization hysteresis loops at Hmax of 1000 Oe along the (a) b-axis and (b) c-axis at different temperatures. (c) The interactions
between three ions lead to an exchange-bias behavior in the DNFO91 single crystal. The arrows represent the magnetic moments of the different
ions.

Fig. 5 The M–T curves of the DNFO91 single crystal measured in the
ZFC mode along the (a) a-axis, (b) b-axis and (c) c-axis at different
magnetic fields; (d) the detailed magnetization along the b-axis at
different magnetic fields from 36 K to 45 K.
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exceeds Ma again by further decreasing the temperature to T
< TDyN . Taken in combination with the magnetic moment
analysis of the temperature in the DNFO91 crystal, the
magnetic moments of Nd3+ and Fe3+ always maintain an
antiparallel arrangement, and at compensation temperature,
the net magnetic moment of the Fe3+ sublattice is canceled
by the antiparallel magnetic moment of the Nd3+ sublattice,
while the magnetic moment of Dy3+ remains as it is.
Therefore, the magnetization intensity along the b-axis is
weaker than that along the a-axis below TNdComp. As the
temperature drops below TDyN , the effect of the Fe3+ sublattice
effective field on Dy3+ is weakened, and the interaction
between Dy3+ and Dy3+ dominates; the Dy3+–Dy3+ interaction
will lead to the order of rare-earth Dy3+ and exhibit a strong
single-ion anisotropy.31 At the same time, the spin of Dy3+

will form a noncollinear Ising-like AFM order which
corresponds to the Γ5 (gRx , a

R
y ) spin configuration in Bertaut's

notation, and the Ising axes rotate from the b axis by
±33°.32,33 This transition indicates that a G-type AFM
component having strong coupling strength forms along the
a-axis and reduces the magnetization intensity of the a-axis,
which is consistent with the observed phenomena of b-axis
magnetization exceeding that along the a-axis. It turns out
that rare-earth ions Nd3+ contribute to the magnetization
along the b-axis, and the magnetization along the a-axis is
mainly derived from Dy3+ ions combined with the above
phenomena and analysis.

We further investigated the magnetic field dependence of
Nd3+ and Dy3+ on the contributions of the b-axis and a-axis
magnetization as shown in Fig. 6(b), since the applied
magnetic field can effectively regulate the interaction
between Nd3+ and Dy3+, and it displays that the relative
magnetization strength along the two axes can be
manipulated by magnetic field effectively. The temperature
range where the a-axis magnetization is larger than that
along the b-axis increases significantly with a lower magnetic
field, indicating that Dy3+ ions dominate in a low magnetic
field (<200 Oe) while Nd3+ ions dominate in a high magnetic
field. Meanwhile, the magnetization along the b-axis tends to
be higher than that along the a-axis with an increasing
magnetic field and is completely larger at 1000 Oe. When the
magnetic field is up to 5000 Oe, the point of TDyN has
disappeared and the magnetic moments of both rare-earth
ions are polarized by the external magnetic field and the
spontaneous magnetization of Fe3+–Fe3+ sublattices, resulting
in a monotonic increase along the a-axis and b-axis with
decreasing temperature. In particular, the magnetization
curves for the a-axis and b-axis remain parallel throughout
this process, indicating that the order of rare-earth ions Dy3+

at TDyN and the magnetic moment reversal of Nd3+ at TNdComp all
disappear. This is consistent with the phenomenon in
NdFeO3 where the compensation temperature decreases with
the increase of the applied magnetic field and disappears at
5000 Oe eventually.3 From the b-axis magnetization of the

Fig. 6 (a) The low temperature M–T curves for the a-axis and b-axis measured under a magnetic field of 200 Oe. (b) The M–T curves of the a-axis
and b-axis measured with an applied magnetic field of 100 Oe, 150 Oe, 500 Oe, 1000 Oe, and 5000 Oe. (c) The M–T curves of the DNFO91 single
crystal measured in the ZFC mode along the b-axis at different magnetic fields. (d) The M–T curves of the DNFO73 single crystal measured in the
ZFC mode along the b-axis at different magnetic fields.
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single crystal samples with different Nd doped
concentrations shown in Fig. 6(c) and (d), it can be clearly
observed that the b-axis magnetization of the crystals with
high doping concentrations (DNFO73) is higher than that
with low doping concentrations (DNFO91) in the same
magnetic field. The decrease in magnetization caused by the
simultaneous reversal of the magnetic moment of rare earth
ions and iron ions is also more obvious in the DNFO73 single
crystal. These further verify the magnetization contribution
of rare earth ion Nd3+ to the b-axis, and the corresponding
magnetization intensity can be changed by increasing the
doping concentration.

4 Conclusions

To summarize, we successfully grew a Nd3+ doped Dy0.9Nd0.1-
FeO3 single crystal by an optical floating zone method, and
the magnetic properties were studied in detail. The magnetic
properties of the DNFO91 crystal are different from DyFeO3.
It exhibits a hybrid magnetic configuration Γ4+3 with
magnetization along the b-axis and c-axis at high
temperature, arising from the lattice distortion and the
exchange interaction energy induced by Nd3+. The spin
reorientation transition beginning at 45 K in the DNFO91
crystal is from Γ4+3 to Γ2 and finally to Γ1 below 43.8 K, with
increasing magnetic field, and it will shift to a lower
temperature. The transition to Γ2 is metastable and can be
broken when the applied magnetic field is up to 5000 Oe,
and then the SRT become Γ4+3 to Γ1. We further
distinguished the contributions of two rare-earth ions (Nd3+

and Dy3+) to the magnetization along the a-axis and b-axis at
low temperature, and the results show that the magnetization
along the b-axis is mainly derived from Nd3+ while that along
the a-axis is mainly from Dy3+. More importantly, by applying
magnetic field, the relative strength between the a-axis and
b-axis can be effectively regulated. An exchange bias behavior
was also observed in the M–H curves, resulting from the
pinning effect under the action of the Dzyaloshinskii–Moriya
interaction and applied magnetic field. This work is
significant for further investigation of the physical
phenomenon in RFeO3 and its applications.
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