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In this work we present the magnetic structures and spin reorientation (SR) transitions of the mixed
orthochromite-orthoferrite perovskites RFe(sCrgs0; (R = Tb, Dy, Ho, Er). Magnetization as a function of
temperature and external magnetic field as well as neutron powder diffraction measurements were used to
characterize the magnetic transitions, including the SR transitions in the transition metal sublattice and the
ordering of the rare earth sublattice. The studied compounds order antiferromagnetically below 270 K in a
Gy configuration compatible with the I'y representation. As temperature decreases, all the compounds show a
SR transition from G4 (I'y) to G, (I';). This transition occurs in a wide temperature range, where both magnetic
configurations coexist. Below this SR, the behavior in each case depends on the rare earth. HoFe( 5CrysO3
shows Ho’* sublattice ordering at a relatively high temperature (45 K). DyFe( 5Cry 503 and ErFe, 5Cro 503 show
asecond SR transition of the transition metal sublattice, from G, (I';) to Gy (I';) at low temperatures (15 and 8 K,
respectively). Below these temperatures a metamagnetic (MM) transition is observed for these two compounds
at an external magnetic field of H ~ 7 kOe. The fact that this is only observed for compounds showing G,
(I"y) to Gy (I'y) transition suggests that there is a correlation between the Gy (I';) order and the MM transition.
Finally, TbFe( 5Cr( 505 is a peculiar case, since it is the only compound in this family that shows a re-entrant SR
to Gy (I'y) at very low temperatures. By combining these results with previous reports on RFeO3;, RCrO;, and
RFe( 5Cry 503, we develop a method to qualitatively estimate the SR temperature and the type of transition. We
also propose a complete magnetic phase diagram containing the SR transitions and R>* ordering temperatures

for all the RFe(5CrysO; (R = Tb, Dy, Ho, Er, Tm, Yb, and Lu) compounds.

DOI: 10.1103/PhysRevB.98.134417

I. INTRODUCTION

Materials with the ABO3 perovskite structure have been
regarded for a long time as a playground for solid state
chemistry because of the wide extent of properties that can be
achieved within them. This is due to their enormous flexibility
in composition, the different types of order that might arise
in its sublattices, and also to the possibility of displaying
vacancies and nonstoichiometry, among other reasons. A par-
ticular group of perovskites RMOs3, with rare earth cations
(R*%) in the A site and first-row transition metal cations
(M3*) in the B site has been thoroughly investigated for more
than 50 years. Many of their interesting properties arise from
the complex magnetic interactions between cations contain-
ing unpaired 3d and 4 f electrons. Two particular families
have been extensively studied: orthochromites (RCrO3) and
orthoferrites (RFeOj3). The Cr3t sublattice in orthochromites
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usually orders antiferromagnetically between 120 and 300 K,
while in orthoferrites the Fe** sublattice also orders anti-
ferromagnetically but at higher temperatures, between 620
and 740 K. In both cases, the temperature of this transition
depends on the rare earth [1,2]. The notorious difference in the
ordering temperature between these two families is attributed
to the Fe3*-0O%~-Fe** superexchange interactions being much
stronger than Cr3*-0%~-Cr3* superexchange interactions. Al-
though the ordering is mainly antiferromagnetic, it allows a
small canting that produces a net weak ferromagnetic moment
[3,4]. In some cases, magnetic order is also observed in the
rare earth sublattice. This occurs at much lower temperatures,
usually below 10 K. Above this temperature, R3T cations
behave paramagnetically [1,2].

Among the properties of these compounds, we focus on
the presence of spin reorientation (SR) transitions, which
consist of a rotation of the magnetic moments with respect
to a crystallographic axis. The SR transition can be triggered
by a temperature change, an external magnetic field [5],
or even by a laser pulse [6]. The SR transition is caused

©2018 American Physical Society
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by both anisotropic-symmetric exchange and antisymmetric
Dzyaloshinskii-Moriya (DM) interactions between M+ and
R3*. The temperatures at which this type of transition occurs
as well as the magnetic structures before and after SR are all
conditioned by the combination of cations and their magnetic
interactions [7]. SR has also been reported in YFe;_,Mn, O3,
which contains a nonmagnetic ion in the A site and two
different transition metal cations randomly distributed in the
B site. In this case, SR is thought to be caused by the different
magnetic anisotropy contribution of each transition metal
cation [8].

Various other striking properties have been observed in
related orthochromites and orthoferrites including magne-
tocaloric effects [9—12], magnetization reversal [13,14], neg-
ative thermal expansion [14], and diverse magnetoelectric
effects [11,15—-17]. All these properties are highly dependent
on magnetic interactions between the involved cations [18].
Another interesting observation is the appearance of ferro-
electricity in connection with the weak ferromagnetism of
the transition metal sublattice, since polarization disappears
when the perovskites undergo a SR transition onto a magnetic
structure with no canting [19-22]. It is clear that different mix-
tures of cations add further complexity to the system which
can lead to new properties. Furthermore, a deep knowledge
of the relevant interactions allows tuning of these properties
and the temperature at which they occur by modifying the
stoichiometry of the designed compound [17,23-25].

In this context we explore the magnetic structures
and SR transitions of the mixed orthochromite-orthoferrite
RFe( 5Cry 503 perovskites (R = Tb, Dy, Ho, and Er) by
means of neutron powder diffraction (NPD) and magnetiza-
tion measurements. Combining our data with a recent report
on the related RFe(sCrys03 (R = Tm, Yb, and Lu) system
[14], we propose a complete magnetic phase diagram contain-
ing all the SR transitions and R3* ordering temperatures for
all the compounds RFes5Crys03; (R = Tb, Dy, Ho, Er, Tm,
Yb, and Lu).

II. EXPERIMENTAL DETAILS

RFe( 5Cry 503 (R = Tb, Dy, Ho, and Er) samples were
prepared in polycrystalline form via a precursor obtained
by a wet chemical route. Stoichiometric amounts of R,Os3
(99.94-%, STREM), Fe(NO;3);-9H,O (analytical grade,
Merck) and Cr(NOj3); - 9H,0 (99.94+%, STREM) were dis-
solved in a mixture of nitric and citric acid. By producing
a reactive precursor from a solution, a random distribution
of cations was facilitated. The citrate solution was slowly
evaporated, leading to a gel, which then turned into dry flakes
with further evaporation. This product was dried and then
decomposed at 600 °C in air for 12 h. The resulting precursor
was ground, pressed into pellets, and treated at 1050 °C in air
for 12 h. The final product is a brown-orange powder.

Neutron powder diffraction (NPD) patterns were obtained
from experiments carried out in the HRPT instrument at the
SINQ facility in the Paul Scherrer Institut (PSI), Villigen,
Switzerland. Patterns were collected at various temperatures
for each sample, with A = 1.8857 A in the 3.55° to 164.5° 20
range with a 0.05° step. With the obtained data, the refinement
of crystal and magnetic structures was performed by means
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FIG. 1. Observed (red circles) and calculated (black line)
NPD patterns at different temperatures with A = 1.8857 A for the
ErFe(5CrysO3 sample. Vertical marks below the patterns indicate
Bragg reflections (upper: nuclear; lower: magnetic). Difference pat-
tern plotted at the bottom (blue line).

of the Rietveld method [26] with the FULLPROF program
[27]. To aid in the determination of magnetic structures, the
program BasIReps was used to generate possible candidates
for symmetry analysis.

Magnetic measurements were performed using a commer-
cial MPMS-5S superconducting quantum interference device
magnetometer on powdered samples in capsules, warming
from 5 to 400 K at 100 Oe in zero-field-cooled and field-
cooled (ZFC-FC) modes. Isothermal magnetization loops
were performed from —5 to +5 T at 5 K. For erbium
and dysprosium samples, additional isothermal magnetization
measurements were performed in the 0 to +5 T range at
selected temperatures.

III. RESULTS AND DISCUSSION

A. Crystallographic characterization and symmetry
considerations

From room temperature NPD data of the RFe(sCrsO3
perovskites, a distorted perovskite structure belonging to the
orthorhombic Pbnm space group was refined in all cases. Fig-
ure 1 shows five representative NPD patterns obtained at dif-
ferent temperatures for ErFeg 5Crp 503 and their correspond-
ing calculated patterns. Table I summarizes the refined cell
parameters at 298 K. The refined structure contains four unit
formulas per unit cell and is shown in Fig. 2(a). Table SM-I
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TABLE L. Refined cell parameters and cell volume from NPD data at room temperature for RFe, 5Crys03. R3* size decreases from left to
right, which is reflected in the refined parameters. Space group is Pbnm.

TbFeO,5Cr0<503 DyF8045Cr0.503 HOF60‘5CI'().503 EI‘FC()45CI'0.503
a (A) 5.31334(3) 5.28895(5) 5.26562(4) 5.24501(3)
b (A) 5.56029(4) 5.56140(6) 5.55746(4) 5.55222(3)
c(A) 7.61125(6) 7.59252(7) 7.57493(5) 7.55682(4)
V(/o\z) 224.864(3) 223.326(4) 221.669(3) 220.065(2)

in the Supplemental Material [29] presents the refined atomic
positions, isotropic temperature factors, and occupancies. R3*
cations occupy 4c (x, y, 1/4) sites. Fe** and Cr** cations
are randomly distributed in the 45 (1/2, 0, 0) sites and are
octahedrally coordinated by O®~ anions, which occupy two
different Wyckoff positions: 4c¢ (x, y, 1/4) sites and 84 (x, y,
z) sites. For future convenience, transition metal and rare earth
cations inside the Pbnm unit cell are numbered as follows:

4bsite(Fe*t /Cr*t) :n = 1(1/2,0, 0);2(1/2, 0, 1/2);
3(0,1/2,1/2);4(0,1/2,0) and
4esite(R¥T) i n = 1(x, y, 1/4); 2(—x, —y, —1/4);
3x+1/2, -y +1/2,-1/4);
4(—=x +1/2, y +1/2, 1/4).

For symmetry analysis and interpretation of magnetic
structures, the formalism of representation theory, as sum-
marized by Bertaut [30], was used. This method is based on
the use of irreducible representations of the crystallographic
space groups to investigate the symmetry transformation
properties of magnetic structures.

We call S,; the magnetic moment component of ion n
along the ¢ direction. Four basis vectors are proposed as a

means to decompose a three-dimensional magnetic structure.
For example, for the x direction:

Fx = Six + Sax + S3x + Saxs
Ay = Six — Sox — Sax + Sax,
Gx = Six — Saox + S50 — Sux,
Cx = Six + Sox — S50 — Sy

Ty- (GO

T, +T) - (GGM  T,-(GM

The F basis vector corresponds to a ferromagnetic order,
while the others represent three types of antiferromagnetic or-
ders. The eight irreducible representations for the Pbnm space
group when the propagation vector is k = (0, 0, 0) can now
be expressed as a function of basis vectors in each direction.
These are summarized in Table II. Each irreducible repre-
sentation produces a magnetic structure defined within one
Shubnikov magnetic space group, also included in Table II.
A magnetic structure displaying combinations of irreducible
representations will lead to a lower-symmetry space group,
i.e., the magnetic space group resulting from the intersection
of the magnetic space groups associated with each involved
irreducible representation. This “general group” may be mon-
oclinic or even triclinic, which can be of special interest when
considering magnetoelectric couplings, noncentrosymmetric
polar structures, and symmetry-based properties in general.

B. Magnetization measurements and G4-G, spin
reorientation transition

ZFC and FC dc magnetic susceptibility curves as a func-
tion of temperature under an applied field of 100 Oe are
shown in Fig. 3. Even if the temperature evolution of the
magnetization is highly dependent on the rare earth, the
curves do share some similarities. The main shared feature
is the onset of the splitting of ZFC and FC curves around
270 K. This is related to the antiferromagnetic ordering of
the Fe3*/Cr** sublattice. Another similarity between these
samples is a change in slope of the magnetization curve,
usually in the 120-200 K range, which we relate to the
first SR as we will show later. Below this temperature all
samples except HoFe sCrp 505 exhibit an increase in mag-
netization, leading to a maximum followed by an abrupt drop.
These drops are related to SR and magnetic ordering of the

TABLE II. Irreducible representations for Pbnm space group
when k = (0, 0, 0) in terms of F, C, G, and A basis functions for
each site, together with the Shubnikov magnetic space group where
the possible resultant magnetic structures are defined [30].

4b site (Fe*t/Cr*t) 4c site (R3T) Magnetic group

& I AcGyC, .. C, Pbnm
I, F,C,G, F,Cy- Pbn’m’

FIG. 2. (a) Drawing of a typical RMOj3 orthorhombic perovskite. Iy C.F,A, C.F,- Pb'nm’
R3* in green, M** in brown, presenting octahedral coordination by T, Gy AF, ..F, Pb'n'm
0% in red. (b)—(d) Schematics of the SR transition on the transition s .. Gy A, Pb'n’'m’
metal sublattice, from Gy to G,. Magnetic moments are multiplied Ts . A, Pb’'nm
by a factor of 1.88 in (b) and 1.18 in (c) for clarity. All structural T, ... G, Pbn’m
drawings in this article were elaborated with the VESTA software Ty . A\Gy- Pbnm’

[28].
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FIG. 3. Magnetization curves for RFe(5CrysO3; (R = Tb, Dy, Ho, and Er) as a function of temperature measured at 100 Oe. Insets highlight

the magnetic transition at 270 K.

R3t sublattice, as shown below. HoFeqsCro 503 does not
display a magnetization drop but it does show ordering in the
Ho** sublattice at low temperatures.

Isothermal magnetization measurements as a function of
applied field are shown in Fig. 4. The nonlinear responses
observed at 5 K are understood as a combination of the
canted antiferromagnetic order of the Fe3*/Cr** sublattice
combined with the R** paramagnetic behavior. This is sim-
ilar to the observations performed in TmFe(sCrys03 [14].
Again, the exception is HoFe(s5CrsO3, displaying a loop
consistent with ferromagnetic behavior. ErFe sCry 503 and
DyFe(5Crp 503 show a metamagnetic (MM) transition at
approximately 7 kOe. Additional isothermal magnetization
measurements were performed to assess the nature of these
transitions. The specific results of these experiments are ana-
lyzed later in this article.

In agreement with the magnetic behavior, all these
RFe( 5Cr 503 perovskites also share similarities in their mag-
netic structures. These structures were obtained from the
analysis of the NPD data. As an example, five NPD patterns
measured at different temperatures for ErFejsCry 503 have
been included, together with their corresponding calculated
patterns, in Fig. 1. At the onset of magnetic order, near room
temperature, a Gy structure belonging to the I'y representation
is adopted in all cases [Fig. 2(b)]. It is known that rare earth
orthoferrites adopt this structure below Ty [1]. On the other

hand, some orthochromites, including TbCrOs, DyCrOs, and
HoCrOs;, exhibit a different magnetic structure below their
Tn1, i.e., a G, ordering, consistent with the I'; representation
[Fig. 2(d)]. It follows that the Gy order is most likely due to
the Fe3*-0O%~-Fe3* exchange interactions. The appearance of
the Gx magnetic structure occurs at lower temperatures than
in pure RFeO; because of a dilution effect of Cr** ions.
It is important to notice that a ferromagnetic F component
along the c axis and an A-type antiferromagnetic arrangement
along the b axis are allowed by symmetry within the same
irreducible representation, but the M, and M, components
were found to be close to zero or below the limit of detection
during the initial refinement attempts, and were consequently
fixed to zero during subsequent refinements.

As the temperature is lowered, the perovskites undergo a
SR transition to a G, ordering (I";) in all cases. This occurs
at different temperatures for each sample. The transition is
not abrupt, occurring continuously within a finite temper-
ature range in which the spin structure has two different
G components. Gy, GxG;, and G, structures are shown in
Figs. 2(b), 2(c), and 2(d), respectively. This type of continuous
rotational SR is caused by an increase in the polarization of
the rare earth ions, which increases their effective anisotropy
over the Fe3* /Cr** ions. The antisymmetric Dzyaloshinskii-
Moriya and the anisotropic-symmetric exchange interactions
produce an effective field for the Fe3*/Cr3* ions. At lower
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FIG. 4. Magnetization as a function of external magnetic field at 5 K for RFe(sCr 503 (R = Tb, Dy, Ho, and Er). Insets show dM/dH,
displaying a characteristic break for DyFe( sCr( 503 and ErFe( 5Cry 503 ascribed to a metamagnetic transition.

temperatures this effective field increases due to the increase
of the R** magnetic moment polarization. The SR transition
occurs when the absolute value of the interaction energy
of Fe3*/Cr3*t with the effective field exceeds that of the
anisotropy energy of the M®* ion. [7]. The presence of Cr3*+
cations in the compounds adds complexity to this scenario
because the strength of R3**-Cr’* coupling is higher than
R3>*-Fe** coupling [2]. This will be reflected in the SR
transition temperatures. These effects and the low temperature
magnetic structures will be discussed separately for each
sample in the following sections.

C. TbFeo,sCr0_503

The first Gy to G; SR for this sample takes place between
~180 and 125 K. It is interesting to note that the Néel temper-
ature for TbCrOj3, which adopts the same G, ordering [31], is
higher (167 K). TbFeOj3 eventually adopts this configuration
too, but at much lower temperatures, close to 8 K [32,33].
It is clear that the Cr®*-Tb*" interaction is stronger than
the Fe3*-Tb3* interaction, having a profound effect on the
reorientation temperature. The refined magnetic moments, the
magnetization curves, and the proposed magnetic configura-
tions are shown in Fig. 5. In this figure, literature data for the
magnetic structures as a function of temperature for the parent
compounds TbFeO3 and TbCrOs; is schematically shown at
the bottom of Fig. 5 [1,2,4,33].

The magnetic structure remains mostly invariant down to
15 K, where the ordering of the Tb*>* sublattice becomes evi-
dent. The magnetic structure of the transition metal sublattice
is still consistent with the I'; representation, displaying an
F,C, ordering for Tb3* ions [Fi gs. 5(b) and 6]. The maximum
of net magnetization is also reached at this temperature. It is
likely that the increase in magnetization while lowering the
temperature down to this point is mainly due to the param-
agnetic moments of Tb**. Below 15 K, the configuration of
Tb** sublattice displays a net ferromagnetic component along
the a axis. This type of ordering is also adopted by TbCrO3
at approximately 4 K [36] and by TbFeO3; between 3 and
8.5 K [33]. The same magnetic structure is conserved down
to ~8 K, where a new SR occurs in a narrow temperature
range. The intermediate structure during this SR was solved
from the NPD data and is sketched in Fig. 6. Below 8 K,
the Fe3*/Cr’* moments revert to the high-temperature Gy
ordering. This type of re-entrant SR transition, consisting of
the return to a state compatible with the I'y representation,
has also been observed for TbFeOs;. When both sublattices
are ordered in a manner compatible with I'; it is likely that
there exists some degree of coupling between Fe’* /Cr3* and
Tb3*+. Below a certain temperature, these sublattices become
decoupled, causing the return to a configuration belonging
to I'y. It has been suggested that this decoupling is due to
an increase in the dipolar interaction between Tb3* cations
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FIG. 5. (a) Magnetization and magnetic moment components obtained from NPD as a function of temperature for TbFe( 5CrysOs. (b)
Zoom of the low temperature region. Lower panel corresponds to magnetic structure as a function of temperature for TbFeO; and TbCrO;

obtained from literature [1,2,4,33].

at low temperatures [32]. The refined magnetic structure for
TbFe( 5Cr 503 at low temperature is shown in Fig. 6.

A puzzling observation in this low temperature region is
the fact that the Tb?* magnetic moment components seem
to drop abruptly with the SR transition at 8 K, with its
ferromagnetic component (Fyx) becoming zero. At 1.9 K, only
a small Cy component remains. This is accompanied by the
appearance of diffuse scattering features in the low 26 region
of the NPD patterns, as seen in diffraction patterns for 1.9 and
25 K shown in Fig. 7. These features are indicated by two ver-
tical arrows. Similar features have been previously reported
in TbCrOs3, ascribed to short range magnetic interactions in
the vicinity of a magnetic transition into a structure with a

T<7K 9K<T<I5K
(F2+F4) (F2+r4) FZ
GM(C)™ (GGM(F,C)™ (GYV(F,CY™

FIG. 6. Different magnetic structures of TbFesCrgs03. Tb>*
ions are shown as blue spheres, Fe3* /Cr3* cations as brown spheres.
O anions are omitted for clarity. Magnetic moments are not scaled
between temperatures. Tb** magnetic moment at T < 7 K has been
multiplied by 3 to improve its visualization.

doubled unit cell. The remaining Cy component is explained
by weak remains of the Tb**-Cr** coupling [36]. Broad
features in the diffraction pattern have also been observed
in NPD patterns for orthorhombic TbFeysMng 505 in the
26 region immediately below the 011 reflection, becoming
more important at low temperatures. In that case, the authors
proposed that this feature is related to spin fluctuations in the
Tb3*+ sublattice. Interestingly, this compound also shows a
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FIG. 7. NPD patterns for TbFe(sCrys05 at 1.9, 15, and 25 K.
Two wide features appear in the low angle region at the lowest
temperature, indicated with arrows.
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in Tb** are likely antiferromagnetic in nature, which would
explain the magnetization drop after abandoning the previous
FC, ordering that allowed a net ferromagnetic moment. This
short range order of Tb®* is also a probable cause for the
disappearance of most of the Tb3+-M?3* coupling [38].

This perovskite displays another interesting property. Usu-
ally, as temperature lowers, cell parameters also decrease. In
the case of TbFe( sCry 503 this does not apply completely.
As shown in Fig. 8, the a parameter markedly increases
below 125 K. The increase goes up to 0.065%. This occurs
simultaneously with the magnetic ordering of the transition
metal sublattice into the G, mode, belonging to I';. Similar
observations have been made for YbFej5Cr 503 (0.06% in
volume) and TmFe,5Cry 503 (0.04% for a axis) [14]. The
linkage between the onset of the expansion and the spin
reorientation strongly points at a magnetic origin for the
change in size. It has been suggested that this effect is due
to a magnetoelastic effect produced by the repulsion between
magnetic moments of neighboring transition metal ions [14].
This effect was not observed in any other of the perovskites
presented in this study.

D. HOFeo‘s Cl‘().s 03

The magnetization and the individual magnetic moment
components refined from NPD data for this sample are dis-
played in Fig. 9, together with literature data for the magnetic
structures of HoFeOs and HoCrOj3 schematically shown at
the bottom of Fig. 9 [1,2,4]. The first SR for this compound
begins between 200 and 180 K, ending around 130 K. As
in the case of TbFe(sCrys03, this transition temperature
range matches the antiferromagnetic ordering temperature of
HoCrOj3, which also orders in a G, structure [2], hinting at the
importance of Cr3* interactions. The transition temperature
also matches with a report on very similar HoFe;_,Cr,O3
compounds, being higher than in HoFe( ¢Crp 403 but lower
than in HoFe4CrpsO3 [39]. The trend confirms that
Cr’*-Ho" interactions are more prominent than Fe3*-Ho*

Temperature (K)

FIG. 9. Magnetization and magnetic moment components ob-
tained from NPD for HoFe( sCr(503. Lower panel corresponds to
magnetic structures as a function of temperature for HoFeO; and
HoCrO; obtained from literature [1,2,4].

interactions, as an increase in Cr’* content produces an
increase on the SR temperature.

At 45 K Ho** ions are found to be ordered with an
FyCy mode, also belonging to the I', representation. The
configuration of this ordering is equivalent to the one found
for TbFe(5Crg503 between 8 and 15 K. This ordering of
Ho** has also been noticed recently at 35 K in the similar
compound HoFey 4Cry O3 [39]. No changes in the magnetic
structure were observed with further decrease of temperature
down to 1.9 K except for the continuous increase of the
magnetic moment for Ho®* ions.

E. ErFeysCrys03

In the ErFe(s5CrgsOs; magnetization measurement there
is a visible change on the slope at approximately 160 K (see
Figs. 3 and 10). This is very close to the temperature observed
as the onset of the first SR transition in the NPD measurement,
as shown in Fig. 10. Literature data for the magnetic
structures for the parent compounds ErFeOs; and ErCrOj is
schematically shown at the bottom of Fig. 10 [1,2,4,34,35].
The G4 to G, SR transition is observed in ErFeOs close to
100 K [35]. This transition is continuous in nature, but a
two-step transition under an oscillating magnetic field has
been reported, suggesting a more complex magnetic structure
[40]. The increase in the SR temperature in our ErFe( 5Crg 503
sample compared to ErFeOj;, also suggests that Cr’*-Er’*
interactions are more prominent than Fe**-Er** interactions.

The G, configuration for the Fe*/Cr* sublattice re-
mains invariant down to 9 K, where a C, component (from
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FIG. 10. (a) Magnetization and magnetic moment components obtained from NPD for ErFe( sCry503. (b) Zoom of the low temperature
region. Lower panel corresponds to magnetic structure as a function of temperature for ErFeO; and ErCrO; obtained from literature

[1,2,4,34,35].

representation I';) appears on the Er’* sublattice. Very close
to this temperature, at 8 K, a second SR transition takes place
on the Fe**/Cr®* sublattice: a Gy component appears, also
belonging to I'y. This has been assigned as an “incomplete”
transition, since the final structure at 1.9 K still includes both
Gy and G, components. The observed sequence of magnetic
structures in this reorientation is illustrated in Fig. 11. All
these processes happen in a rather narrow temperature range
of about 2 K while displaying a sudden drop in the magneti-
zation. This drop could be explained by the ordering of the
paramagnetic Er’* ions into an antiferromagnetic structure
C,. This specific sequence of ordering and reorientation has
been reported previously for ErFeO; in the vicinity of 4.5 K
[41]. A G, to Gy transition has also been reported for ErCrOs
close to 9 K, accompanied by disappearance of magnetization
[42]. Both reports agree on the abrupt nature of the transition.
The mechanisms and exchanges that produce these rotations

I+ T+T)
(G,G(C)™ (GYM(C)™

FIG. 11. Different magnetic structures of ErFe,sCrysO; at low
temperatures. Er’t ions are shown as green spheres, Fe**/Cr3*
cations as brown spheres. O>~ anions are omitted for clarity.

are not completely clear, but it is probable that the Er3*
sublattice becomes cooperatively ordered, inducing rotation
on the Fe3*/Cr3* sublattice. All explanations are in agree-
ment with an increase in the strength of the (Fe3* /Cr**)-Er**
interaction at low temperatures.

F. Discussing DyFey sCr( 503 as a combination
of DyFeQO; and DyCrO;

Taking into account the observations made in the com-
pounds discussed above it is likely that at least some of the
transitions of DyFe( sCrj 503 can be predicted from a combi-
nation of the transitions observed in DyFeO; and DyCrOs3,
albeit with some temperature shifts. DyFeOs; orders anti-
ferromagnetically in a Gy configuration (I's) below 650 K,
and presents a SR transition to a Gy configuration (I'y) at
approximately 36 K [43]. The Dy** sublattice shows order-
ing below 3.7 K [44]. Meanwhile, DyCrOs orders in a G,
configuration (I";) below 147 K and presents no SR. In this
last case, the Dy** sublattice orders at 2.1 K [4]. We could
therefore infer that a continuous SR transition from Gy to G,
configuration might take place at a temperature close to 147 K,
with an additional SR transition from G, to Gy configuration
occurring at a lower temperature, below 36 K.

This is similar to what is observed in our NPD measure-
ments for DyFe 5Crg 503. The refined magnetic moments and
the magnetization measurements as a function of tempera-
ture are shown in Fig. 12. Literature data for the magnetic
structures for the parent compounds DyFeOs; and DyCrOs
is schematically shown at the bottom of Fig. 12 [1,2,4,15].
The high temperature magnetic order belongs to the Gy
configuration (I'4), until the first SR transition to G, (I'2)
takes place between ~125 and ~65 K. In this range, the
system shows a mixed G4G; configuration, as observed in
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FIG. 12. (a) Magnetization and magnetic moment components obtained from NPD as a function of temperature for DyFe( sCry 503. (b)
Zoom of the low temperature region. Lower panel corresponds to magnetic structure as a function of temperature for DyFeO; and DyCrO;

obtained from literature [1,2,4,15].

ErFe( 5Crp503. Below ~65 K the configuration is completely
G, belonging to the I'; representation. The second SR takes
place between ~15 and ~8 K, moving onto a Gy ordering
(I'). In between these temperatures a mixed GyG, ordering
is observed. Finally, below 8 K the magnetic structure reaches
a Gy order. There is no evidence on any type of long range
ordering in the Dy3* sublattice at the measured temperatures.

The good agreement between the sequence of transitions
inferred from DyFeOs; and DyCrO; properties and the ex-
perimental results proves a certain predictive capacity of this
method. Thus, the final magnetic properties of the mixed
orthochromite-orthoferrite systems are tightly connected to
their Fe-only or Cr-only counterparts.

G. Metamagnetism in ErFej sCry 503 and DyFe( 5sCry 503

Erbium and dysprosium perovskites display a metamag-
netic (MM) behavior in their isothermal magnetization mea-
surements at 5 K (see Fig. 4). It must be emphasized that
these are the two systems in which the Fe**/Cr3* sublat-
tice displays a Gy ordering (I';) at this temperature. As a
means to assess the connection between these phenomena,
additional isothermal magnetization measurements were per-
formed for these samples. The results of these measurements
for DyFe(sCrysO3; are shown in Fig. 13. The transition
field value for the MM transition is arbitrarily taken as that
displaying the maximum in dM/dH. The MM transition is
observed in the 5 < T < 12 K temperature range for H values
between 4 and 7 kOe. This is in perfect agreement with the
temperature at which the I'; configuration is completed for
this compound [see Fig. 12(b)]. The MM transition becomes
smoother as the temperature increases. Above 13 K this tran-
sition is suppressed, i.e., at the end of the 'y — I'; transition

[see Fig. 12(b)]. ErFe(sCry 503 which also shows the MM
behavior below 9 K presents a SR transition between the T
and I', configurations below that temperature (see Fig. 10(b)
and Fig. SM-1 in the Supplemental Material [29]). This

4 DyFeo_SCrOjO3
o0
(a) o @
&34 o2
2 oo
22 7
=
1_
0 T T T T T T
R ® o2 o T=5K
o —o—T=7K
3 ——T=9K
Z )~ Q —4—T=11K
;% . —o—T=13K
S 2
]_
T T T T T T T T
0 4 8 12 16
H (kOe)

FIG. 13. (a) M and (b) dM/dH as a function of temperature for
DyFe( 5Crp503. The external magnetic field for the metamagnetic
transition occurring in the temperature range 5 < 7' < 12 K is taken
at the maximum of dM/dH.
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FIG. 14. Magnetic phase diagram for RFe(s5Crys05; (R = Tb,
Dy, Ho, Er, Tm, Yb, and Lu). Results for Tm, Yb, and Lu obtained
from Pomiro et al. [14]. A detail of the low temperature region is
included in Fig. SM-2.

further supports the relationship between the MM transition
and the I'; configuration.

The MM transition is proposed to occur when the exchange
field (H,,) or the anisotropy field (H,) acting on the magnetic
moments is comparable to the applied external field [45]. In
general the MM transition in rare earth complex oxides has
been assigned to the field-induced destruction of the antifer-
romagnetic order of the rare earth sublattice [46]. This last
explanation is not valid in our case since the MM transition is
observed in DyFe( 5Cry5O3 in which Dy3+ is not ordered at
least down to 1.9 K. Moreover, for HoFe( 5Cr( 503, although
Ho?t is ordered at ~45 K, no MM transition is observed.
Another possible explanation was attributed to the coexistence
of two magnetic phases, i.e., AFM and FM, as in the case of
(Pr, Ca, Sr)MnOj perovskites [47,48]. Again, this magnetic
phase coexistence is not observed in our compounds.

The MM transition occurs in the temperature range
where the I'y phase exists, only for DyFe(sCrys03; and
ErFe(sCrpsO;. As the I'y — I'; reorientation is observed
by NPD only at very low temperature (&9 K), it suggests
that those magnetic orderings possess very similar energies.
Accordingly, we suggest that the application of the external
magnetic field H in the temperature region where I'; exists
might induce a switching of the magnetic ordering from I'; to
['>. However, NPD experiments under applied magnetic field
are necessary to confirm this hypothesis.

IV. CONCLUDING REMARKS

Based on the present results, we have been able to build
a complete magnetic phase diagram for the RFe(sCrys503
compounds with details of the transition metal sublattice SR
transitions and the R** sublattice ordering by means of mag-
netization measurements (as a function of temperature and
applied field) and NPD experiments in the temperature range
1.9-300 K (Fig. 14, with a low temperature detail in Fig. SM-2
in the Supplemental Material [29]). All compounds present a
high temperature 'y magnetic phase for the transition metal
sublattice. For all the compounds a second order transition
'y > (I'y +T',) — TI'> [5] is observed in a more or less
broad temperature range, with the exception of Lu’t, ie.,

a diamagnetic R3* cation. At first, it may seem that the
presence of a paramagnetic R3* is necessary condition for the
appearance of a SR transition. However, it is important to note
that this is not always the case. Some RMO; perovskites with
paramagnetic R>* cations do not display a spin reorientation
transition, e.g., GdFeO3 and TbCrO3 [12,31]. As it was men-
tioned before, there are also cases where R3t is diamagnetic,
but the SR transition is caused by the magnetic anisotropy
contribution of an M3t cation, e.g., Mn** in YFe;_,Mn,O3
[8].This highlights the uniqueness of each R3*-M?>* exchange
interaction, and shows how mixtures of multiple cations will
result in even more complex magnetic behaviors.

Below this transition temperature, the behavior is highly
dependent on the rare earth cation. At the temperature range
of the I'y — TI"; SR all rare earth cations are in a paramagnetic
state, but they feel the internal magnetic field created by the
Fe3* /Cr3* sublattice which tends to partially order them [1].
HoFe 5Cry 503 does not show any other SR transition down
to 1.9 K but shows Ho®* sublattice ordering at a relatively
hlgh temperature 45 K). DyFe0_5Cro_5O3 and ErFeg 5Cry 503
exhibit a second SR transition in their transition metal sublat-
tice, from I', to I'; at very low temperatures (15 and 8 K, re-
spectively). For the Er compound the transition is incomplete,
displaying a magnetic structure compatible with a combina-
tion of I', and I'; even at 1.9 K. For these two compounds a
metamagnetic transition is observed for an external magnetic
field of H =~ 7 kOe. The fact that this is only observed for
the compounds showing the second SR from I', — I'{, and
around the transition temperature, suggests that a correlation
exists between this SR transition and the MM transition.
We propose that the external magnetic field might induce a
transition I'y — I',. The latter cannot be simply ascribed to
the R3* magnetic ordering since the Dy** sublattice does not
display long-range order at any temperature down to 1.9 K,
while the Er** sublattice orders at 8.5 K.

TbFe( 5Crg 503 is the only member that shows a re-entrant
SR to I'y at very low temperatures. This type of re-entrant
SR transition consists of the return to a state compatible
with the Iy representation. When both sublattices are ordered
within I'; it is likely that there exists some degree of coupling
between Fe** /Cr** and Tb’*. Below a certain temperature,
these sublattices become decoupled as evidenced by the return
to a configuration belonging to I'4. It has been suggested that
this decoupling is due to an increase in the dipolar interaction
between Tb>t cations at low temperatures [32].

Finally, our study allows us to propose a methodology.
The spin reorientation transition temperature and the type
of magnetic ordering can be qualitatively predicted for the
RFe( 5CrysO5 series based on the observed results for the
pure compounds RFeO3; and RCrOs.
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