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Abstract

The perovskite SmFeO; exhibits type-G AF ordering at Ty = 670 K and an easy axis
rotation transition at Tsg = 480 K. Owing to the peculiar site anisotropy of rare-earth
Sm””, the moment on Sm”" is oriented antiparallel to the canted spin from the Fe’"
sublattice along the a axis at T < Tsg. Development of the magnetic moment on Sm’" as
temperature decreases makes it possible to balance the two magnetic moments at Tcomp.
Application of a moderate external magnetic field along the a axis can trigger an abrupt
reversal of the moment on Sm®* and the canted spin relative to the external field at a
temperature around Tcomp. We report here a study of the field-induced magnetic-moment
reversal in a single crystal SmFeO3; by measuring the magnetization and specific heat

with the external field along different crystallographic axes.



Although the physical properties of the perovskite oxides RMO; (R = rare earth, M =
transition metal) are dominated by the M-ion array, the interaction between the rare-earth
R and M sublattices can induce unusual phenomena such as spin rotation transitions on
both sublattices and charge transfers. For example, the sharp metal-insulator transition in
the PrysCaysCoOj3 perovskite, which was previously attributed to a spin-state transition of
Co ions, ' was recently clarified as being due to a real charge transfer between Pr and Co
ions, i.e. 0.5 Pr’" + Co®" — 0.5 Pr*" + Co®". % ? Recent studies on perovskite SmMnO; *
> have shown another unusual magnetic phenomenon associated with the coupling
between the rare-earth Sm®" and the Mn®". In this compound, the Mn®"-ion sublattice
exhibits the type-A antiferromagnetic order below Ty = 60 K with a weak canted-spin
ferromagnetic moment along the crystallographic ¢ axis of the Pbnm structure. Below Ty,
the magnetic moment on Sm>" ions is progressively oriented antiparallel to the canted-
spin ferromagnet moment parallel to the ¢ axis from the Mn®"-ion array due to an internal
exchange field Hi, along the ¢ direction. When a small magnetic field, e.g. 500 Oe, is
applied along the ¢ axis, the Sm®” moment dominates the canted-spin Mn®" moment
below a compensation temperature Teomp = 9 K, leading to a negative magnetization.
Moreover, applying an external magnetic field Hex > 1 T along the ¢ axis results in a
simultaneous reversal of both the moment on Sm*" and the canted spin moment from
Mn®" relative to the direction of the external field at temperatures TE= Teomp £ 0; this
reversal manifests as a sudden jump in the magnetic susceptibility, specific heat, and
dielectric constant.* The thermal hysteresis loop AT = T, - T( associated with this first-
order transition depends sensitively on the magnitude of Hey, i.e. the larger Hey, the
smaller AT. This unusual magnetic moment reversal is due to the peculiar site anisotropy
on Sm’" that places the rare-earth moment antiparallel to the exchange field from the
Mn’" array. This type of temperature-induced magnetization reversal has also been
observed in some other RMO; antiferromagnetic materials. ®'° In comparison, the
moment on Nd*" in the perovskite NdMnOj is along the direction of the canted-spin from
Mn’"; "2 while the moment on Pr’" is perpendicular to the canted spin on Mn®" in the
perovskite PrMnOs. ' In order to verify whether all the observations made on the
RMnOs crystals are applicable only to the type-A AF magnets or are universal for all

types of AF magnets with a canted spin structure, we have carried out a similar study on a
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perovskite SmFeO; crystal. In this compound, the Fe’* sublattice exhibits a type-G
antiferromagnetic order at a Ty = 670 K. 3 In contrast to SmMnO;3, the spin direction on
Fe*' in SmFeO; changes from the b axis at T < Ty to the ¢ axis at T < Tsg =480 K, 14
which makes the canted moment along the a axis at T < Tsg. It is also reported that the
magnetization M, for the magnetic field (H = 0.01 T) along the a axis crosses zero at T~
5K, "*'* which may signal a magnetic moment compensation between the moments on
Sm’" and the canted spin on Fe’* similar to that between the moment on Sm’* and the
canted spin on Mn’" in SmMnOj. Therefore, we have explored the possible moment
reversal at higher magnetic fields. In this paper, we report measurements of the
magnetization and specific heat on a single crystal of SmFeOs under different magnetic
fields applied along all principal crystallographic axes. Nearly identical observations
made on SmFeO3; and on SmMnOs give rise to a simple rule that the moments on Sm>*
are always opposite to the canted-spin moment of the MOjs array in the orthorhombic

perovskites.

The SmFeOs single crystal used in the present study was grown in an infrared-heating
image furnace (NEC SC-M35HD). The starting ceramic rods of SmFeO; were the
product of a reaction between Sm,03 (Alfa Aesar, 99.9%) and Fe,O3 (Alfa Aesar,
99.998%) in a 1:1 ratio. The crystals were grown by the floating zone method '° in a flow
of air. The phase purity was confirmed by powder X-ray diffraction. Laue back reflection
was used to check the crystal quality and to orient the crystals along the three principal
axes with an error less than 1°. Measurements of the magnetization have been carried out
in a commercial Superconducting Quantum Interference Device (SQUID) magnetometer
(Quantum Design). The specific heat was measured in different applied magnetic fields
with a Physical Property Measurement System (Quantum Design) by using the two-t
relaxation method at temperatures from 2 to 20 K and under different magnetic fields up
to 10 T. The background from the sample holder and the Apiezon N grease was recorded

in different magnetic fields and was subtracted from the total specific heat.

Fig. 1 shows the temperature dependence of the magnetization M(T)/H of the SmFeOs

crystal oriented along the three principal axes with H= 0.1 T and in the temperature



range 2-300 K, which is far below the long-range antiferromagentic ordering temperature
Tx = 670 K and the spin-reorientation temperature Tsg = 480 K. Consistent with the fact
that the magnetic easy axis of SmFeO; changes from the b axis to the ¢ axis and the
canting direction is along the a axis below Tsg, the M,(T) is nearly one order of
magnitude higher than My(T) and M(T). The main features of the M(T) curves occur at
low temperatures where the moment on Sm®” starts to align with the exchange field from
the Fe*" sublattice. The influence of Sm>” moments on the overall magnetization along
the a axis shows up at T = 140 K. The net moment experiences a crossover from a
dominant canted spin from the Fe’" sublattice to a dominant Sm>" moment on cooling
through Teomp = 3.7 K. The observed M, in our crystal grown with the floating-zone
method is almost identical to that measured by Lee et al.; '* their crystal was grown with
the flux method. We noticed that the My(T) curve in Fig. 1 also crosses zero at T~ 3.7 K
and resembles the same feature as that of ,(T). The most likely reason for this behavior
is the twinning formed during crystal growth. As a matter of fact, twinning on the ab
plane has been widely observed in the orthorhombic Pbnm perovskite oxides in which
there is a phase transition to the phase with higher symmetry, i.e. the rhombohedral phase
R-3c or the tetragonal phase 14/mcm at high temperatures. The twinning is difficult to
detect with Laue back reflection, especially in the case of a = b. However, this kind of
twinning should not affect the magnetization along the ¢ axis and this is indeed confirmed
by the M((T) shown in Fig. 1. A totally detwinned SmFeOs crystal requires a slow
cooling process under uniaxial pressure through the Pbnm-to-R3-c phase transition. The
phase transition temperature remains unknown to us. The crystals used in this study are
not totally detwinned. In the following, we will focus on measurements of the SmFeO3
crystal with magnetic field oriented along the a axis where the highest magnetization has

been detected.

The M,(T) curves of the SmFeOs crystal shown in Fig. 2 were measured with thermal
cycling between 2 and 10 K under various magnetic fields Hex up to 5 T. At Hex > 0.2 T,
an abrupt change of My(T) has been observed on cooling at T; = Tcomp - 6 and warming at
T = Teomp + &, resulting in an asymmetric butterfly-shaped hysteresis loop. The field

dependence of T, and T;” are shown in the inset of Fig. 2. With increasing Hey, the
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thermal hysteresis loop AT = T;- Ty” becomes smaller and the loop becomes less obvious
at Hex > 1.5 T. The magnetization M no longer crosses zero for Hex > 0.3 T. These
features observed for M, in the present SmFeO; are very similar to those of the M, found
in a SmMnO; crystal with Hey applied along the ¢ axis. * From these observations and
their comparison with those for SmMnQOs;, we conclude that applying an external field Hex
> (.2 T along the spin canting direction leads to a simultaneous flipping of both the Sm**

moments and the canted-spin magnetization of the FeOs array.

As demonstrated in the case of a SmMnOj single crystal, * the magnetic-field-induced
moment reversal can be verified by low-temperature specific-heat measurements. The
ground state of the free Sm>* ion, 6H5/2, is split into three Kramer’s doublets in the crystal
field. According to the result of inelastic neutron scattering on the isostructural SmNiO3,
these three doublets are separated by 220 K and 450 K, respectively. '’ The internal
exchange field on the Sm’" site further splits the lowest Kramer’s doublet by AE = Ao/ks,
where kg is the Boltzmann constant. This splitting is reflected in the specific heat C(T)
measurement by a Schottky anomaly at T <20 K. Fig. 3 shows the specific heat C(T) of a
SmFeOs; crystal measured upon both heating and cooling in the temperature range 2-20 K
and under various magnetic fields up to 10 T applied along the a axis. The C(T) at H=0
exhibits a dramatic increase down to 2 K relative to that of LaCrO; due to the Schottky
contribution of Sm*"; but a complete profile of the Schottky contribution to C(T) is not
fully developed at 2K, the lowest temperature in this study, since the gap Ag/kg(H = 0) is
small. There is no observable difference between the curves during heating up and
cooling down. Although the spin reversal can be clearly seen in the magnetization
measurement of Fig. 1 with He as large as 1 T, the magnetic field is still too small to
make an obvious change on the Schottky anomaly to C(T), which is dominated by a huge
internal exchange field Hi, ~ 11 T as determined by the following curve fitting. With
increasing applied magnetic field, the Schottky anomaly moves to higher temperatures,
which allows us to see the more complete profile of C(T) from the Schottky anomaly.
Moreover, in accordance with the abrupt change at T; in the M,(T) data, an abrupt

drop/jump of C(T) was observed at T; and Ty’ during heating/cooling, which can be seen



more clearly in the inset of Fig. 3. However, these anomalies are less pronounced than

those observed in SrnMn03.4

Fitting the C(T) under different magnetic fields to the formula of the Schottky anomaly,
we can obtain the quantitative information on such parameters as the gap A,/kg(H), the
internal exchange field Hi,, the effective moment of the Sm>* ions, as well as the relative
orientation of Hj, with respect to the Hex. We have fitted the C(T) data of SmFeOs in
Fig. 3 by taking into account three contributions, e.g. the lattice and spin wave Cjy + Cgy,
the Schottky contribution Csp,, and the crystal-field contribution Ccr. Both the Cjyt + Cqy
and Ccr terms do not contribute to the low-temperature enhancement of C(T). The C(T)
of isostructural LaCrOs was used to represent the Cy, + Cgy, While the crystal-field
splitting of Sm’>" in SmNiO; was used to obtain the Ccr, 17 see Ref. 4 for details on how
to decompose contributions from Cjy, Csy, and Ccr. The Schottky contribution Csy, 18
expressed as

Cy, = R(Ag/kBT)2 exp(Ag/kBT)/[l+exp(Ag/kBT)]2 (1)
where A,/kg 1s the splitting of the ground Kramer’s doublet, kg is the Boltzmann constant,
and R is the ideal gas constant. For Hex > 0.3 T, the external field triggers the moment
reversal. In this case, the canting angle and therefore the exchange field at Sm®” varies
depending on whether the canted spin direction is parallel or antiparallel to the external
field. The canting direction becomes antiparallel to the Hex at T < T, and parallel at T > T;
as illustrated in Fig. 4. The canting angle and therefore the exchange field at the Sm’” site
depends on the configuration between the canted spin and the external magnetic field.
The abrupt change of C(T) on crossing T; truly reflects a discontinuous change of the gap
in the Schottky formula. Therefore, we have carried out the fitting procedure separately
for T <Tiand T > T; with two different energy gaps Ay/kg. As shown in Fig. 5, the fitting

curves for each field can excellently reproduce the experimental data.

The obtained Ay/kg as a function of external magnetic field Hey is plotted in Fig. 6. As can
be seen from the plot, A /kg for T < T; increases gradually with Hy, but it does not follow

a linear field dependence of Ay/kg o< Hi, + Hex for T < T as expected for the He, applied



along the a axis. Similarly, for T > Ty, A,/kg should be proportional to H;, - Hex. However,
we have found that Ay/kg decreases slightly and then increases with He, with a broad
minimum. Although we have applied the external magnetic field Hex along the a axis of a
crystal disk, the non-linear field dependence of Ay/kg indicates that the He, is actually
neither parallel nor perpendicular to the internal exchange field Hi,. Taking into account
the twin formation within the ab plane as already observed in the yy, the actual situation
in our C(T) measurements could be a combination of the magnetic field effect on both a
and b axes. For a twined crystal, a magnetic field Hex 1s applied within the ab plan and it
has an angle 0 relative to the a axis, the Ay/kg will have the following field dependence:

Aglks = 2ptesr [(Hex'c080 + Hip)* + (Hexsind)’]"? for T < T, )
and
Aglkp = 2ptesr [(Hex'c080 - Hip” + (Hey-sin®)*]" for T > T.. (3)

As shown in Fig. 6, the Ay/kg(H) for both T< T; and T > T can be described perfectly
with Equations (2, 3). The fitting parameters are given in Table 1. As can be seen, the
parameters at T < T, and T > T, are highly consistent with each other, which confirms our
assumption and analysis above. The obtained effective moment of Sm®*, 0.33(1) us, is
perfectly in line with 0.36 pg found in SmMnOs; the Hi, ~ 11 T is smaller than that of ~
18 T found in SmMnOs. The angle 6 indicates that most of the crystal has its a axis
perpendicular to the external field in this measurement. The crystal cut for the
magnetization measurement with the Hex along the a axis has a smaller cross section in
the bc plane than that used for the specific-heat measurement. Therefore, the chance to
include twining domains with different orientations is significantly higher in the crystal
for the specific-heat measurement. From the analysis of the specific-heat data, we further
confirmed the magnetic-field-induced spin reversal of both the Sm>* and the canted-spin

ferromagnetic Fe’" moments in SmFeOs.

In conclusion, the detailed magnetic measurements and specific-heat analysis on a
SmFeOs; single crystal are consistent with the scenario that the rare-earth Sm®* moment is
antiparallel to the canted-spin ferromagnetic moment of the Fe**-ion array along the a

axis. A moderate external magnetic field Hex > 0.2 T applied along the a axis can induce
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a simultaneous reversal of Sm®" and the Fe’* canted-spin moments relative to the external
field; the magnetic moment reversal results in a sharp anomaly in both magnetization and
specific heat at T,. The analysis of the Ay/kg(H) splitting on the Sm’" ions further supports
the above scenario. The nearly identical observations in both SmMnQOj; and SmFeO5
indicate that the moment reversal should be a generic feature of the Sm>” moment in

canted-spin antiferromagentic perovskite oxides.
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Table 1. The fitting parameters to Ao/kg(H) in Fig. 6

T<T, T>T,
Mert/Sm (up) | 0.33 £0.01 0.30 +0.04
Hex (T) 10.7+£0.2 11.8 1.4
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Fig. 1 (Color online) Temperature dependence of the magnetization M(T) of the SmFeO;
single crystal with magnetic field H = 0.1 T applied along all three major crystallographic

axes a, b, and c. The crystal weights for the magnetization measurements: 11.9 mg (a

T (K)

axis oriented), 7.3 mg (b axis oriented), 70.3 mg (c axis oriented).
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Fig. 2 (Color online) Temperature dependence of magnetization M(T) for the SmFeOs
crystal with magnetic field applied along the a axis; the inset plot shows the transition

temperatures T, and T;’ found for different magnetic fields.
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Fig. 3 (Color online) Temperature dependence of specific heat C(T) for the SmFeO;
crystal with different magnetic fields applied along the a axis; the insert shows the C(T)
near Ty. Solid symbols: C(T) measured on cooling down; open symbols: C(T) measured
on heating up. A thermal hysteresis loop near T; becomes visible at H > 2 T. The C(T) of
LaCrOs is shown for comparison. The disk-shaped crystal for the specific heat
measurement was oriented with the Laue back reflection in such a way that the a axis
(and therefore the direction of external magnetic field) is normal to the crystal surface.
However, the curve fitting to the magnetic field dependence of the gap A in Fig. 5
indicates that the external magnetic field is actually applied inside the ab plane and closer

to the b axis. The crystal weight: 8.1 mg.
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Fig. 4 (Color online) A schematic view of the relative orientation of the Sm®>" moment
(Hin), the canted-spin ferromagnetic Fe" moment (/ a axis) and the external magnetic

field Hex at T<Tiand T > T..

12



i H//a
7 —O— Exp. Data
0-
2
0
e
g ]
= 04
@) 2_:
0
2
0
2
0_ T T T T | T T T T | T T T T | T T T I|
0 5 10 15 20
T (K)

Fig. 5 (Color online) The detailed fitting curves for the C(T) for the SmFeO; crystal

under different magnetic fields.
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Fig. 6 (Color online) The magnetic field dependence of the energy gap Ay/xg and the
curve fitting by using Eq.1 and Eq.2 in the text.
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