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Room-temperature tuning of magnetic anisotropy in samarium-thulium orthoferrites
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Rare-earth orthoferrites (RFeO3) provide a flexible playground for magnetic materials design, combining
the magnetic properties arising from complex interactions between R** and Fe*™ cations within the robust
framework of the perovskite structure. The most important magnetic property common to most orthoferrites
is a spin reorientation transition in which the magnetic moments of Fe*' cations rotate with respect to a
crystallographic axis. SmFeQ; is unique among orthoferrites due to its high-temperature spin reorientation. It is
possible to tune the spin reorientation transition to occur at room temperature by replacing Sm with Tm in the
Smg 70Tmg 30FeO5 perovskite. In this study, we show how small changes in composition in the Sm;_, Tm,FeO3
(x = 0.30-0.50) series provide a high degree of control over the magnetic properties. This work also offers a
rather unusual look into the magnetic structure of a samarium-based perovskite by means of neutron powder
diffraction, which was made possible by using '*>Sm. The combination of these results and magnetization
measurements allowed the construction of the magnetic phase diagram of the series.
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I. INTRODUCTION

Rare-earth orthoferrites (RFeO3) have been studied exten-
sively for a long time, in part due to their outstanding magnetic
properties, which include magnetodielectricity [1,2], mag-
netocaloric effects [3—5], negative magnetization [6-8], and
complex magnetic structures [9]. In these perovskites, the
magnetic moments of the Fe** cations adopt an antiferromag-
netic (AFM) ordering along one crystallographic axis with
a slight canting that produces a net magnetic moment in a
different direction, which is referred to as weak ferromag-
netism (WFM) [10]. This AFM ordering is mainly caused
by the AFM Fe’*-0?-Fe** superexchange interaction, while
the canting of the Fe’* magnetic moments has been gen-
erally ascribed to the antisymmetric Dzyaloshinskii-Moriya
exchange interaction [11], although recent studies suggest that
single-ion anisotropy may play a larger role than previously
thought [12]. Under certain conditions, the magnetic moments
can rotate with respect to a crystallographic axis while retain-
ing their relative orientations, in a transition known as spin
reorientation (SR). When R** is a paramagnetic cation, this
transition is ascribed to a change in the magnetic anisotropy
generated by R** cations around Fe’' cations. SR transi-
tions can be the product of a change in temperature, as
magnetization of the R3* cations increases with decreasing
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temperature [13], but it can also be induced by an external
magnetic field [14,15] or even by a laser pulse [16]. Given the
growing interest in anisotropy control of AFM materials for
applications in memory and spintronics devices [17-19], the
search for relevant transitions related to magnetic anisotropy
at room temperature is an attractive field of research. In this
context, rare-earth orthoferrites are also promising candidates
for ultrafast order parameter manipulation and spin-current
generation [20]. Moreover, some orthoferrites have already
been considered for information storage applications thanks
to their complex magnetic properties [21-23].

When discussing spin reorientation in orthoferrites,
SmFeOj3 quickly stands out. This perovskite has a Ty between
670 and 680 K in which the magnetic moments of the Fe’*
substructure order antiferromagnetically in a G-type order
along the x axis [9,11,24,25] (G,, in Bertaut’s notation [26]).
This component of the magnetic structure is a base vector of
the T’y irreducible representation of the Pbnm space group,
which also allows an F-type ordering (ferromagnetic) along
the z axis and an A-type ordering (AFM) along the y axis [26].
This type of magnetic order is common to all orthoferrites at
high temperatures [9]. In SmFeO; the magnetic moments of
the Fe>* substructure gradually rotate towards the ¢ axis into
a G, configuration, a base vector of the I', irreducible rep-
resentation, which also allows a ferromagnetic F, component
and an AFM C, component [11,26]. SmFeO; has an unusu-
ally high SR temperature, occurring above room temperature
between 450 and 480 K [9,11,25,27]. This transition takes
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place at higher temperatures than in other related orthoferrites,
which usually display SR transitions below 150 K [9]. This
high SR temperature can be tuned to room temperature by
partially replacing samarium in SmFeO; with another rare
earth, as demonstrated for praseodymium [28], europium [29],
gadolinium [30], terbium [31], dysprosium [32,33], erbium
[23,34], and yttrium [9]. Recently, thulium has been added
to the list of possible substituents of samarium, achieving a
room-temperature SR in Smg 70 Tmg30FeOs [35]. The ability
to tune this transition does not seem to be intrinsically related
to the magnetic characteristics of R**, since the SR tuning
can also be achieved with substitution by Y3+, a diamagnetic
cation [9]. This suggests that the main cause of the change
in the transition temperature is an overall weakening in the
Sm3*-Fe3* exchange interactions across the material due to
their lower number [28,30]. In all cases, the SR transition
temperature decreases with respect to that of SmFeOj3 in an
approximately linear manner with increasing R** content,
although the exact trend presents slight variations depending
on the identity of R3* [30,31,33]. Thus, the exact composi-
tion Sm;_,R,FeOs that will produce a SR transition at room
temperature will ultimately depend on R*™.

In this study, we explore the fine tuning of SR transitions
by substituting Sm** with Tm** in the Sm,_,Tm,FeO; per-
ovskite within small x intervals, obtaining Sm;_,Tm,FeO;
perovskites with x = 0.30, 0.35, 0.40, 0.45, and 0.50. In this
way, the SR transition can be meticulously controlled and set
to a specific temperature in the vicinity of room temperature.
For a deeper understanding of this particular SR transition,
we studied the Smg70Tmg30FeOs perovskite in detail by a
combination of magnetization studies and neutron powder
diffraction (NPD). In addition, we studied the magnetoelectric
properties of the Smg 70 Tmg 30FeO3 perovskite at low temper-
atures.

II. EXPERIMENT

A. Synthesis

Sm;_,Tm,FeO3; (x = 0.30, 0.35, 0.40, 0.45, and 0.50)
samples were prepared starting from a precursor ob-
tained by a wet chemical route. Stoichiometric amounts of
Sm,03 (99.9+%, STREM), Tm;03 (99.9+%, STREM), and
Fe(NO3)s3 - 9H,0 (99.999+%, STREM) were dissolved in a
mixture of nitric and citric acid. By producing a reactive
precursor from a solution, a random distribution of the cations
is facilitated, as observed in previous syntheses of related per-
ovskites [36,37]. The solution was slowly evaporated, leading
to a gel that turns into dry flakes with further evaporation.
This product was dried and decomposed at 600°C in air for
12 h. The resulting precursor was ground, pressed into pellets,
and heated at 1050°C in air for 12 h. The final product was a
brown-orange powder in all cases.

Natural Sm is unsuitable for diffraction with thermal neu-
trons due to its very high absorption cross-section (5922 +
56 b for neutrons with A = 1.798 A [38]). Possible solutions
to this issue include diffraction at much shorter wavelengths
[39], dilution [40], or isotopic substitution [41]. This latter ap-
proach was chosen since either short wavelengths or dilutions
would hinder the study of the magnetic structure. For this

reason, a sample of '32Smg ;o Tmg30FeO; was synthesized
replacing natural Sm for the '3>Sm isotope (with an absorption
cross section 206 £ 6 b [38]). This was achieved by using
isotopically pure '32Sm,0;3 (Isotope JSC — ROSATOM) as a
reagent while following the procedure detailed above.

B. Sample characterization

X-ray powder diffraction (XRPD) patterns were collected
at room temperature in a PANalytical X Pert Pro diffrac-
tometer, equipped with a PIXcel detector and a Co source.
Neutron powder diffraction (NPD) patterns were obtained for
1528m 70Tmg 30FeOs in experiments carried out in the D1B
and D2B instruments at the Institut Laue Langevin (ILL)
[42—44]. The powder sample was placed in a cylindrical vana-
dium container. Diffraction patterns were collected with A =
2.5285 A in the 0.77°~128.67° 20 range in the DIB instru-
ment, and with A = 1.5946 A in the 0.00°~159.95° 26 range
in the D2B instrument. For temperature control, a cryofurnace
was used for measurements between 1.5 and 450 K in the
DI1B instrument, and furnaces were used for measurements
between RT and 700 K in both DIB and D2B. Diffraction
patterns were collected at selected temperatures as well as in
dynamic conditions while heating and cooling between 1.5
and 700 K. The analysis of diffraction data was performed
by means of the Rietveld method [45] with the FULLPROF
software [46,47]. The BASIREPS software [48] was used to
perform a symmetry-based representation analysis to help in
the determination and study of magnetic structures.

Magnetic measurements were performed using a MPMS-
XL SQUID magnetometer (Quantum Design) on pressed
powder in capsules, warming from 5 to 400 K in zero-field-
cooling and field-cooling (ZFC-FC) modes with an applied
magnetic field H = 100 0Oe. Additional FC magnetization
curves were measured with H = 500, 1000, 2000, and 5000
Oe. Isothermal magnetization curves were measured between
+5 and —5 T at different temperatures for each sample. Ad-
ditional isothermal magnetization curves were measured for
Smg 70Tmg 30FeO3; between +9 and —9 T at 8, 16, and 50 K
in a PPMS (Quantum Design) in VSM mode.

Electrical properties measurements were performed on a
thin circular platelet of sintered Smg79Tmg 30FeOs [3.59(1)
mm diameter and 0.28(1) mm thickness]. Both flat surfaces of
the platelet were coated with silver paste to form two parallel
electrical contacts. Copper wires were attached to each con-
tact and soldered to the sample holder, which also holds the
platelet standing on its curved face, adhered with electrically
insulating GE varnish. These wires were soldered to a sample
holder and inserted into a PPMS (Quantum Design) to mea-
sure the dielectric constant at low temperature as a function
of temperature and applied magnetic field, using an Agilent
4384A LCR meter. The magnetic field varied between —9 and
+9 T and was applied in the direction parallel to the coated flat
surfaces of the sample.

III. RESULTS AND DISCUSSION

Room-temperature XRPD data analysis shows that the
structure of these perovskites can be described within the
Pbnm (62) space group. In this structure, schematized in
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FIG. 1. (a) Crystal structure for Sm,_,Tm,FeOj, highlighting the FeOs octahedra. Yellow and green spheres: Sm*" and Tm>" cations.
Orange spheres and octahedra: Fe** cations. Red spheres: O%" anions. (b) Unit cell parameters and volume vs Tm** content (x).

Fig. 1(a), Sm*" and Tm?* cations are randomly distributed
over a 4c (x, y, 1/4) site, while Fe3* cations occupy the
4b (1/2, 0, 0) site. Each iron cation is octahedrally coordi-
nated by six O>~ anions, which occupy two different Wycoff
sites: a 4c¢ (x, y, 1/4) site and an 8d (x, y, z) site. The
progressive replacement of samarium by thulium causes a
contraction of cell parameters and unit cell volume (V), as
shown in Fig. 1(b). This is expected due to the smaller radius
of Tm3* [effective ionic radii for coordination nine being
r(Sm**) = 1.132 A versus r(Tm>") = 1.052 A [49]]. a and
¢ parameters show a steady decrease with increasing Tm>*
content, as does the volume V. The b parameter, on the
other hand, has a less defined trend and remains roughly
constant, varying less than 0.18%. These behaviors are similar
to those reported for the Sm;_,Tm,FeOs series [35], and
also in the related Sm;_,Gd,FeO3 [50] and Sm;_,Dy FeO3
[33]. The variation of cell parameters also matches the gen-
eral tendencies observed in RFeO3 perovskites as a function
of r(R3*), considering r(R**) as the weighted average be-
tween Sm>* and Tm>* radii [49]. The *?Smg7oTmg 3FeOs
sample was also characterized by XRPD and it was
found to be indistinguishable from "Smg70Tmg30FeO3
samples.

Magnetization versus temperature curves in ZFC and FC
modes with H = 1000e are shown in Fig. 2 for all sam-
ples in the series. In all cases, the Ty corresponding to the
AFM ordering of the Fe** substructure is above the higher-
temperature limit of the magnetization experiments (400 K),
in line with previous observations for orthoferrites [9]. The
magnetization curves of these perovskites display common
features with noticeable shifts in the transition temperatures.
Magnetization in orthoferrites can be understood as a combi-
nation of the net WFM moment of the Fe** substructure and
the contribution of the rare-earth cations. Rare-earth cations
usually have a mainly paramagnetic behavior and are highly
influenced by the effective magnetic field originated from the
transition metal WFM, with a lesser contribution from a weak

exchange interaction with the Fe** cations [11,25,51]. The
overall shape of the ZFC magnetization curves is very similar
regardless of composition, displaying a gradual increase in
magnetization as temperature decreases interrupted by a drop,
followed by another gradual increase at lower temperatures.
The distinctive drop in the magnetization curves in ZFC mode
has been associated with the temperature region in which
the SR transition takes place in both SmFeO3 [24,27,35] and
TmFeO; [1,52], as well as in other orthoferrites [9,33]. To
delimit the temperatures of the transition, the temperature of
minimum magnetization below the drop and the temperature
of maximum magnetization above the drop have been desig-
nated as Tsg; and Tggo, respectively. These temperatures are
indicated in Fig. 2 for two of the perovskites, and are consid-
ered boundaries for the beginning and end of the SR transition.
It is also possible to determine a Tgg value, defined as the tem-
perature for the inflection point in the magnetization curves
across the SR transition, readily observed as a maximum in
the first derivatives of these curves. The derivative curves are
included in Fig. SM1 [53], together with markers indicating
Tsgr1, Tsg, and Tsgo. It becomes evident that the changes in
composition are producing a shift in the SR temperatures.
At higher Tm contents, the transition moves towards lower
temperatures, affecting Tsg1, Tsg, and Tsgy. For example, the
SR transition can be tuned to have its middle point at RT
(Tsg = 301 K) for Smg 70Tmg30FeOs3, to begin slightly be-
low RT (Tsg, = 289 K) for Smg 6o Tmg 490FeO3, or to happen
completely below RT for higher Tm content. Figure 3(a)
reflects the variation of the different SR temperatures with
x for all the Sm;_,Tm,FeOs perovskites, outlining a mag-
netic phase diagram. Small changes in composition produce
noticeable shifts in both Tsg; and Tsg», as the incorpora-
tion of Tm>* reduces the number of Sm**-Fe®* interactions
[31,33]. The SR temperature decrease correlates with the
change in composition in an almost linear way, which consti-
tutes an important tool for the tuning of the SR transition on
itself.
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FIG. 2. Magnetization Vs temperature curves for
Sm;_,Tm,FeO; in both ZFC and FC modes (H = 100 OQOe).
Dashed line corresponds to room temperature (298 K).

Magnetization measurements versus an applied magnetic
field were performed as a way to further probe the magnetic
properties of these materials, particularly in the surround-
ings of the SR transition. The curves for Smy 70Tmg 30FeO3
are displayed in Fig. 3(b). Hysteresis loops are observed at
temperatures close to the frontiers of the SR transition at
200, 250, and 350 K, with different loop shapes but similar
coercive fields (H,) and remnant magnetizations. These small
loops are evidence of a WFM contribution due to a net F
component of the canted Fe>* magnetic moments. As detailed
below, this is compatible with the characteristic F,C,G,(I"2) —
G.A,F,(I'4) SR transition described for many orthoferrites,
where both magnetic phases allow a net FM component in the
transition metal substructure. The small hysteresis loops ap-
pear superimposed with the paramagnetic contribution of the
R** cations. At 300 K & Tg, a thinner hysteresis loop is
observed, with a notably lower H,. This indicates a lower

overall anisotropy during the reorientation, facilitating the ori-
entation of magnetic moments by the applied magnetic field,
as observed in SR transitions of other orthoferrites [29,54,55].
Similar results are obtained in the other samples of the family
with the corresponding temperature shifts. The H, extracted
from multiple M(H) curves at different temperatures before,
during, and after the SR transition for all samples are mapped
in a contour plot included in the background of the magnetic
phase diagram shown in Fig. 3, while the corresponding H,
values are supplied in Table SM1 [53]. In this schematic
visualization, the boundaries of the SR transition also outline
magnetic phases displaying a higher magnetic anisotropy, re-
flected as a higher H,., which decreases approaching Tz in
the middle point of the transition. In this way, Tsz represents
a valuable point in the phase diagram that indicates a state
of minimum coercivity and thus lower magnetic anisotropy,
which means that the tuning of the SR transition can be
extended to the tuning of the magnetic anisotropy of these
materials.

To complete the characterization of this room-temperature
magnetic transition on Smg 70Tmg 30FeOs, its magnetic struc-
ture was studied with NPD. Given the large difference in
scattering lengths for 2Sm (—5.0 £ 6 fm) and "Tm (7.07 +
3 fm) [38], it was possible to determine the stoichiometry by
refining the occupation of each cation in the R** (4c) site,
leading to *2Smy 71(1)Tmg 29(1yFeO3, within experimental er-
ror of the intended stoichiometry. Oxygen content was also
refined, and no deviations were observed from the stoichio-
metric value. Three diffraction patterns (at T = 700, 450,
and 1.5 K) are shown in Fig. 4, together with their corre-
sponding Rietveld refinements. At 700 K, Smg 70Tmg 30FeO3
is paramagnetic, with no contributions from any long-range
magnetic structure. NPD measurements performed in a broad
temperature range allowed for the determination of cell pa-
rameters versus temperature, as shown in Fig. 5. There is
a steady contraction of all cell parameters with decreasing
temperatures. This follows an approximately linear trend for
a wide range of temperatures, as observed for SmFeOj3 [40].
The a parameter reaches a plateau below 125 K, while b and
¢ do so below ~50 K. No evidence of structural transitions
or superstructures was observed in the explored temperature
range. NPD experiments also allowed the determination of the
high-temperature Ty of Smg70Tmg 30FeOs, which lies at 652
K. This is the temperature at which peaks corresponding to the
(011) and (101) reflections from the magnetic structure (also
signaled in Fig. 4) first appear, as can be seen in the diagram
presented in Fig. 6. Both of these peaks become more intense
as temperature decreases. The magnetic structure between 652
and 400 K determined by Rietveld analysis of NPD data is
a G, (I'y) ordering of the magnetic moments of the Fe3t
substructure, which is schematized in Fig. 7.

When comparing Figs. 4(b) and 4(c), a change in the
relative intensities of the first two peaks in the diffraction
pattern, i.e., the (011) and (101) reflections, is observed, cor-
responding to the rotation of the magnetic moments of the
Fe3T substructure in the SR transition. In fact, the magnetic
structure at 1.5 K [Fig. 4(c)] corresponds to a G, (I';) or-
dering, also schematized in Fig. 7. To characterize this SR
transition in detail, diffraction patterns were collected while
heating the sample between 1.5 and 450 K, as shown in
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from NPD for Smg 70Tmg30FeO; are also indicated. (b) Magnetization vs applied magnetic field for Smg70Tmg 30FeOs. Inset: low magnetic
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Fig. 8 in the range of temperatures corresponding to SR. The additional peaks, and all intensities are correctly calculated
(101) peak becomes stronger with decreasing temperature, using a magnetic and nuclear structure model that does
while the (011) reflection decreases. Below 205 K, these two not consider a magnetic contribution of the R3* cations or
peaks have very similar intensities, and Rietveld analysis of = any additional components in the magnetic moments of the
the diffraction patterns indicates a G, (I';) ordering down to Fe’* substructure. This excludes possible long-range mag-
1.5 K. The diffraction pattern collected at 1.5 K shows no netic ordering of the magnetic moments of lanthanides in
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Smg 70Tmg 30FeO3, contrary to previous asseverations [35].
The total refined magnetic moment for the Fe’* ions at low
temperatures is close to 4.1up, lower than the Sup expected
for a free Fe’* ion, but in accordance with other reports of
NPD in orthoferrites [56,57].

The individual diffraction patterns that compose the dia-
grams shown in Figs. 6 and 8 were integrated and analyzed
by the Rietveld method, extracting the x and z magnetic
components of the Fe’* cations. The results are shown in
Fig. 9 along with the corresponding ZFC magnetization curve
(H = 100 Oe). This figure represents the behavior of the mag-
netic moment of the bottom-left Fe3* cation in the magnetic
structures shown in Fig 7, positioned at (1/2, 0, 0). The
neighboring Fe’* cations will adopt the same magnitude for
the components of their magnetic moments but with relative
orientations defined by the G-type AFM magnetic ordering.
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FIG. 6. Temperature-dependent NPD for '%2Smg ;o Tmg 30FeOs
between 450 and 700 K obtained in the D1B instrument.
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FIG. 7. Schematic representation of the SR transition between
G, (I';) and G, (I'y) magnetic structures in the transition metal
substructure of an orthorhombic perovskite.

There was no evidence of other Fe’* magnetic moment com-
ponents in the NPD data within the detection limits of the
experiments, although a WFM component in the Fe** sub-
structure can be inferred above and below the SR transition
from the small hysteresis loops observed in the magnetization
versus applied magnetic field shown in Fig. 3, as mentioned
above. As temperature decreases, there is a gradual rotation
of the Fe*™ magnetic moments from the x direction to the z
direction that takes place across a wide range of temperatures,
from 210 to 390 K. The x component decreases with the
temperature, while the component in the z direction increases.
During the transition, the Fe’>* magnetic moments keep their
relative G-type ordering in both directions, making it a G,-G,
SR transition, which is also schematized in Fig. 7. This type of
rotation is also reported for SmFeO3; and TmFeO; [9,25,58].
The rotation is closely correlated to the drop in magnetization
in the ZFC magnetization curve also shown in Fig. 9. The
SR has its middle point almost at room temperature, which
also matches the middle point of the magnetization drop (Tsg).
The low-temperature boundary of this gradual rotation (7sg;)
is in good accordance with the estimates performed over the
magnetization curves, while the high-temperature boundary
determined by NPD (7sgo npp) Occurs at higher temperatures
than the temperature of the maximum in the magnetization
curve (Tsr2). The SR takes place in an unusually wide range
of temperatures spanning over 180 K, which, compared to
other reports on orthoferrites, may be caused by differences
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FIG. 8. Temperature-dependent NPD for 152Smyg 70 Tmg 30FeO;
in the SR temperature region obtained in the D1B instrument.
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FIG. 9. Upper panel: magnetization vs temperature for

Smg70Tmg30FeO; (ZFC, H = 1000e). Lower panel: x and z
components of the magnetic moment of one Fe®™ cation [Fe’*
at (1/2, 0, 0), lower left in Fig. 7], in '32Smg7oTmg3oFeOs vs
temperature. Dashed lines indicate relevant temperatures. In these
refinements, the components of the Fe’* magnetic moment do not
reach zero at any temperature, but the values are arbitrarily made
equal to zero when the relative error of the refined values begins to
exceed 20%.

between powder and single-crystal samples [27,59]. Another
possible cause is the local change in the magnetic anisotropy

around the Fe* cations due to a random distribution of the
different R3* cations. For example, a similar widening of the
SR range has been observed in substituted magnetic alloys
with random distributions of magnetic atoms [60]. The differ-
ent magnetic structures found across the SR transition are also
relevant to the construction of the magnetic phase diagram.
Given the correspondence between the ZFC curve and the ro-
tation of the Fe3+ magnetic moments in 1528mg 70 Tmg 30FeOs,
and the strong similarities between ZFC curves of all the per-
ovskites in the series, it is possible to extrapolate the magnetic
structures with the corresponding changes in SR temperatures,
completing the magnetic phase diagram presented in Fig. 3.
Considering the progressive and rotational nature of the SR
transition, it follows that the value of x will control not only
the SR temperature range, but also the specific magnetic struc-
ture at every temperature.

To further probe the magnetic behavior of
Smy70Tmg30FeO; at lower temperatures, additional
isothermal magnetization measurements versus applied

magnetic field were performed at several temperatures, as
shown in Fig. 10. When temperature is decreased below
200 K, the hysteresis loops become thinner, being practically
nonexistent in the isotherms below 50 K, displaying a
behavior similar to a paramagnetic material, with an
increasing magnitude of magnetization due to the higher
magnetic polarization of the R3* cations at low temperatures.
The disappearance of the hysteresis loop can be explained
by the magnetic coupling between R** and the transition
metal becoming stronger at lower temperatures, and thus both
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FIG. 10. Magnetization vs applied magnetic field for Smg7oTmg30FeO;. Magnetization cycles measured at different temperatures are
offset along the x axis to facilitate visualization and comparison. Scales in the x axis are presented for first and last cycle for reference. Lower

panel: detail of the low magnetization region and the WEM loop.
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FIG. 11. Detail of the low-temperature region of magnetic sus-
ceptibility (M/H) vs temperature in FC mode for Smg 7oTmg 30FeO;
at different applied magnetic fields.

change their orientations together when a magnetic field is
applied, decreasing the coercive field H. [59,61]. A similar
disappearance of the hysteresis loop has also been observed
in reports about Smg70Tmg30FeO; [35], TmFeO3; [62],
and in SmFeOj; [27,59]. Additionally, magnetization versus
temperature curves were measured in FC mode, as shown
in Fig. 11. The curve at 500 Oe shows a similar behavior
to that at H = 1000e. Below 100 K, these curves display
a decrease in magnetization that can still be appreciated
down to =25 K. This feature differs from the ZFC curves
and is associated with the appearance of a FM component
in the R** substructure that becomes AFM coupled to the
WEM of Fe** in SmFeO; below 150 K [25,27,59,63]. This
coupling would also relate to the thinning and disappearance
of the hysteresis loops due to a coordinated behavior as
discussed above. Meanwhile, the FC magnetization curves
for H > 1000 Oe display a different behavior, similar to
the ZFC curves, with only a subtle decrease in slope at low
temperatures. This is evidence of the coupled Sm**-Fe’*
magnetic moments rotating as an ensemble due to the applied
magnetic field. This is reminiscent of the spin-flip transition
observed in SmFeOs single crystals, where the Sm?*-Fe3*
ensemble changes orientation when the crystal is subjected
to H > 2000 Oe [25]. In a powder sample, where all crystal
orientations are represented, this would mean that at high
applied magnetic fields the resultant magnetic moment of
the Sm**-Fe’* ensemble is pointing in the direction of
the applied magnetic field, behaving more like the general
paramagnetic dependence of R** moments with temperature
and canceling the negative trend in magnetization displayed at
lower magnetic fields. In addition to this, the Tm>* ions will
certainly play some role in the complex magnetic behaviors.
Tm>* develops a FM component parallel to the WFM of
Fe’* in TmFeO; due to magnetic dipolar interaction [64].
Assuming that R**-R3* interactions in general are weak and
only become relevant at very low temperatures, different
relative orientations of Sm** and Tm** with the Fe’* WFM
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FIG. 12. (a) Magnetodielectric effect (MDE) for

Smy 70Tmg30FeO; at 8, 16, and 50 K (f = 50kHz). (b) Magnet-
ization vs applied magnetic field for Smg70Tmg30FeOs between O
and 9 T at 8, 16, and 50 K.

moments will produce a competition or compensation effect
that could explain the oscillations observed in the FC curves
with H < 1000 Oe below 25 K.

Dielectric constant measurements were also performed on
Smg 70Tmg 30FeO3 at low temperatures under an applied mag-
netic field. A small magnetodielectric effect (MDE) was found
at 8 K, becoming smaller as temperature is increased to 16 K,
and almost nonexistent at 50 K, as shown in Fig. 12(a). A
MDE with very similar behavior regarding magnetic field
and temperature was observed in TmFeO; [1], where a link
between the compensation temperature of R+ and Fe*™ mag-
netic moments and the appearance of MDE is proposed,
suggesting changes in magnetic anisotropy and magnetostric-
tion as possible factors. In Smg 79Tmg 30FeO; there are hints
about the complex interplay between Sm>*, Tm’*, and
Fe’* magnetic moments that may give rise to these effects.
Although no compensation temperature is observed in the
different measurements performed, the low-temperature FC
curves shown in Fig. 11 hint that these magnetic interactions
between the different cations will be disturbed by an increas-
ing magnetic field, as described above. Additional isothermal
magnetization curves were measured for Smg 79 Tmg30FeO3
up to 9 T to replicate the conditions during the dielectric
constant measurements, as shown in Fig. 12(b). The curves
at 8 and 16 K display an S-shaped closed curve with no hys-
teresis, previously associated with a strong magnetic coupling
between R3t and Fe3t, while the curve at 50 K shows a
slightly open loop, suggesting that this coupling is weaken-
ing at increasing temperatures. The MDE vanishing with a
decreasing R**-Fe>* magnetic coupling is in accordance with
observations in other related perovskites. The strong magnetic
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interaction between R>* and M>* cations that prevails at low
temperatures has been proposed as the responsible for MDE
in perovskites such as ErCrO; and HoFeg 50Cog 5003, where
MBDE also decreases with increasing temperature [65,66]. On
the other hand, there is no clear correlation between the
features of the isothermal magnetization curves shown in
Fig. 12(b) and the saturation of MDE, happening approxi-
mately between 5.5 and 6.5 T depending on the temperature.
Saturation of MDE has also been observed in TmFeO3; and
Mn;0,, although no unique explanation has been offered
[1,67]. Further studies are needed to clarify the origin of the
MBDE, its dependence with temperature, magnetic field, and its
implications regarding a possible magnetoelectric coupling in
these perovskites.

IV. CONCLUSIONS

The combination of magnetization measurements and
NPD data has provided a very detailed insight into the
G,(I,) to G, (I'y) SR transition of Sm;_,Tm,FeO3; per-
ovskites. By tuning the composition, the SR below RT for
Smy oTmg 40FeOs (and higher x) evolves to a SR finishing
at RT for Smg ¢5Tmg 35FeO5 and then to a SR with its middle
point exactly at RT for Sm 79Tmg 30FeOj3. The tuning of com-
position not only achieves specific SR transition temperatures,
but also a specific magnetic structure at a certain temperature
because of the gradual nature of the SR transition. Magne-
tization isotherms have allowed us to associate the SR with
a marked decrease in the magnetic anisotropy, which means
that x also affects this property. This unveils multiple possibil-
ities available for future research in simultaneous control of

magnetization, magnetic structure, and magnetic anisotropy
within this range of compositions, temperatures, and mag-
netic fields. A small MDE effect was also observed at low
temperatures for Smy 70Tmg 30FeOs, which may be related to
the complex interplay between Sm**, Tm>*, and the WFM
from Fe’* magnetic moments at low temperatures. Besides
the changes in the SR transition temperatures, no other drastic
changes in magnetic behavior were observed, which suggests
that most of the effects are mainly due to a dilution in the
Sm>*-Fe** exchange interactions by the substitution of Sm**
with Tm>*. For this reason, the observations in this study
could be extended to substitutions with other lanthanides in
the SmFeOj3 perovskite, providing useful tools and guidelines
for the design of oxides with tailored magnetic properties and
magnetic structures in the vicinity of room temperature.
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