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Non-zero spontaneous magnetic moment along crystalline b-axis for rare earth
orthoferrites

Abstract

© 2020 Author(s). Rare earth orthoferrites demonstrate great application potentials in spintronics and
optical devices due to their multiferroic and magnetooptical properties. In RFe03, magnetic R3+ undergo
a spontaneous spin reorientation in a temperature range determined by R (rare earth), where the magnetic
structure changes from I'2 to ['4. The b-axis component of their magnetic moment, Mb, is reported in
numerous neutron diffraction studies to remain zero at all temperatures. More sensitive magnetometer
measurements reveal a small non-zero Mb, which is minute above ~200 K. Mb increases with cooling and
reaches values of ~10-3 uB/f.u. at temperatures within or below the spin reorientation temperatures. Our
results can be explained by assuming the Fe3+ spins as the origin of non-zero Mb, while R3+ spins
suppress Mb. The representation analysis of point groups shows that non-zero Mb is associated with a
small admixture of the '3 phase to '2 or '4. Such a mixing of the three magnetic phases requires at least
a fourth order of the spin Hamiltonian for RFeO3 to describe the non-zero Mb
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ABSTRACT

Rare earth orthoferrites demonstrate great application potentials in spintronics and optical devices due to their multiferroic and magnetoop-
tical properties. In RFeOs, magnetic R>* undergo a spontaneous spin reorientation in a temperature range determined by R (rare earth),
where the magnetic structure changes from I', to I'y. The b-axis component of their magnetic moment, M, is reported in numerous
neutron diffraction studies to remain zero at all temperatures. More sensitive magnetometer measurements reveal a small non-zero M,
which is minute above ~200 K. M, increases with cooling and reaches values of ~107> up/f.u. at temperatures within or below the spin reori-
entation temperatures. Our results can be explained by assuming the Fe>* spins as the origin of non-zero M,, while R>* spins suppress M,
The representation analysis of point groups shows that non-zero M,, is associated with a small admixture of the I'; phase to I'; or I'y. Such a
mixing of the three magnetic phases requires at least a fourth order of the spin Hamiltonian for RFeOj; to describe the non-zero M,,.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5115518

I. INTRODUCTION

Rare earth orthoferrites, RFeOs, have been intensively studied
since the 1960s due to their interesting magnetic properties.
Research interest in these systems was recently renewed because
some RFeO; perovskites can exhibit magnetic field-induced ferro-
electric polarization at a low temperature, thus becoming
multiferroic.' ™ Furthermore, the ferroelectric polarization can be
induced in these systems by strain breaking of space symmetry in
their thin film form.”® Another interesting feature of RFeOs is
their ultra-fast spin dynamics.”* This makes them attractive candi-
dates for the development of novel spintronic devices, where spin
instead of the charge degree of freedom could be used in ultra-fast
computers and terahertz sources.””'" Their properties desirable for
practical applications come at a cost: the magnetic interactions in
these systems are very complex and are still not fully understood.

However, potential practical applications of these systems provide
motivation to further elucidate their magnetic interactions, which
this contribution attempts to do.

RFeO; crystallize in an orthorhombic structure with space
group Pbnm. Magnetic Fe** ions form a canted antiferromagnetic
structure, with the Néel temperature between 650 and 700 K for the
various rare earths, R.'”"'° Their magnetic structure has been
reported using the notation by Wollan and Koehler'® and Bertaut.'”
Four Fe** ions are needed to describe this structure. At high temper-
atures, the magnetic structure of Fe** ions is Ty=(G, A, F..
The notations G, F, and A represent the (+ — + =), (+ + + +), and
(+ — — +) spin arrangements of the four Fe** ions, respectively. The
indices a, b, and ¢ represent the crystalline directions corresponding
to each of the spin arrangements. The main ordering at room tem-
perature is antiferromagnetic of G-type along the crystalline a axis.
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The Dzyaloshinskii-Moriya interaction is responsible for slight
tilting of the Fe’* spins.'**" This tilting is symmetric into the crys-
talline a axis, producing the ferromagnetic F-type ordering along the
crystalline ¢ axis. It is antisymmetric along the crystalline b axis, pro-
ducing the antiferromagnetic A-type order. Therefore, there is a net
ferromagnetic-type moment along the crystalline ¢ axis. RFeO;
systems with magnetic R** undergo a spontaneous, gradual spin
reorientation upon cooling within a temperature range that spans
from several K to several tens of K. For almost all RFeO, the mag-
netic structure of Fe®* ions below the spin reorientation temperature
(SRT) is I',=(E,, Cp G.), where C, represents the spin tilting
arrangement (+ + — —) along the crystalline b axis. Therefore, there
is a net ferromagnetic-type moment along the a axis below the spin
reorientation temperature. The reorientation of the ferromagnetic
spin component is reported to occur in the (a, ¢) plane.'>”'~*°
Consequently, a net magnetic moment along the crystalline b axis is
expected to be zero at all temperatures, which is also reported in
numerous neutron diffraction studies of RFeO; magnetic
structures.'>”’ ™’ The magnetic moments of R** ions order magneti-
cally only below ~5 K. However, R>* ions become polarized by mag-
netically ordered Fe’* ions at T>5K, and they are in turn
resp()117151i1|:>2l§:2 fg)r the spontaneous spin reorientation of the Fe®*
ions. > 47#20

RFeO; have recently attracted much attention owing to their
potential applications as spintronic and multiferroic materials.”"**
The focus of this research is mostly on the exact mechanisms of the
spin reorientation, as well as on the details of their magnetic struc-
ture that can help explain the complex magnetic interactions and
occurrence of multiferroicity in some of these systems. Neutron
techniques have been the method of choice in many reports on
magnetic properties of RFeO;, providing detailed information on
magnetic interactions and structures for these systems.'®*”***
However, neutron techniques cannot provide as much sensitivity to
the net magnetic moment as a vibrating sample magnetometer
(VSM) can. Here, we report on accurate measurements of magnetic
moments along the three crystalline directions for several types of
RFeOj; single crystals. We show that there is a small but non-zero
spontaneous net magnetic moment along the crystalline b axis,
which had not been picked up by the neutron techniques.
Furthermore, the magnetism of R*" ions is not a prerequisite for
this non-zero b axis moment. Implications of the non-zero mag-
netic moment along the b axis are discussed in terms of the repre-
sentation theory of space groups.” Our findings indicate the
existence of another weak interaction in RFeOj; systems, which has
not been accounted for in the current models.

5

Il. EXPERIMENTAL TECHNIQUES AND ANALYSIS
PROCEDURE

Single crystals of NdFeOs, ErFeO;, HoFeOs;, and YFeO; were
measured. YFeO3 was the only system for which the rare earth ion,
Y3*, was non-magnetic.lz’l3’36’38 It will help determine whether
Fe® *, R*", or both contribute to the non-zero b axis magnetic
moment of RFeO;. The polarization of Nd** and Er** results in
their net magnetic moment being the opposite to the net magnetic
moment of Fe**, while it is in the same direction as Fe’* for Ho>*.
The floating zone method was used for the growth of all crystals.

ARTICLE scitation.org/journalljap

A mixture of 99.99% pure powders of R,O; and Fe,O; was used in
a stoichiometric ratio. The powders were initially sintered at 1100 °C
and then crushed and ground. Further sintering at 1350 °C resulted
in polycrystalline seed-rods. These rods were used for single crystal
growth in a floating zone furnace. The furnace had four ellipsoidal
mirrors, with four 1.0 kW halogen lamps as the heat sources. The
rotation of the feed and seed shafts was in the opposite direction.
The crystals were grown in 1 bar of oxygen in the vertical direction,
from the bottom to the top. The melting zone traveling rate was in
the range of 2.5-7.5 mm/h. Our single crystal samples were exam-
ined by x-ray Laue photography to ascertain the crystallinity and
crystallographic orientations. The backreflections of Laue XRD pat-
terns (Fig. 1) confirmed an orthorhombically distorted perovskite
structure with Pbnm symmetry for our single crystal samples,
showing a high single crystallinity of the studied crystals with no
evidence of twinning. The Laue XRD patterns also show that the
cutting planes are perpendicular to a, b, and ¢ axes.

To further ascertain if there is any twinning in our crystals,
single crystal x-ray diffraction studies were performed at 294 K
using monochromated Mo Ko radiation (A=0.71073 A) on
samples of ErFeO; using a Rigaku XtaLAB mini II Benchtop Single
Crystal X-ray Diffractometer (SXRD).

This single wavelength technique is more sensitive for the
detection of twins than Laue diffraction; however, it provides infor-
mation only about a thin surface layer of the crystal. Small crystals
(<0.2 mm in size) were cleaved from the surface of a large ErFeO;
crystal for these measurements. We determined that these small
samples contained between 2% and 5% of twin components: 90°
around 001, 180° around 001, 100 and 0.74 0.67 0.

In order to verify whether the results obtained on the cleaved
samples were representative of the entire crystal, neutron diffraction
measurements were performed using WOMBAT, the high intensity
neutron diffractometer at the Australian Nuclear Science and
Technology Organisation. Monochromatic neutrons with a wave-
length of 1.5 A were used on the same ErFeOs single crystal for
which the magnetic measurements were performed earlier.
Surprisingly, no evidence of twinning was observed. Taking into
account the background noise, our detection limit for twin peaks
was estimated as better than 1%. It is likely that the cleaving of
<0.2mm crystals for the XRD measurements created twins at the
surface of cleaved-off crystallites, resulting in the twin structure
described above. Nevertheless, we will assume that the twinning
will contribute to the b-axis moment and this will be corrected for,
as described in the Appendix.

Magnetic measurements were performed using the vibrating
sample magnetometer (VSM) option of a Physical Property
Measurement System (PPMS-9, Quantum Design). The frequency of
VSM vibration was 40 Hz and amplitude was 2 mm. The sweep rate
of temperature was 2 K/min. The measurements of the temperature
dependence of magnetic moment, M (T), were conducted with the
field-cooled-cooling (FCC) procedure. The value of magnetic
moment was normalized to the formula unit (i.e., RFeOs), fu., to
allow a meaningful comparison between different RFeO; systems.

Several possible artifacts had to be avoided to ascertain
whether there is a spontaneous non-zero magnetic moment in the
crystalline b axis: the effect of magnetic domains, spin tilting by
magnetic field (H), sample misalignment in the sample holder,
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FIG. 1. X-ray Laue photographs for a-, b-, and c-crystalline axes, taken at room temperature for RFeO3, where R=Nd, Y, Er, and Ho.

irreversibilities associated with not heating the crystal to above the Figure 2 displays magnetic hysteresis loops for NdFeOj; at dif-
ordering temperatures of Fe** between different temperature scans ferent temperatures across the spin reorientation temperature (SRT)
and background moment due to the sample holder, and any small range. M (H) loops measured along the ¢ axis are shown in Fig. 2(a),
artifacts of the magnetometer. and those measured along the a axis are shown in Fig. 2(b).
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FIG. 2. Magnetic hysteresis loops for NdFeO3, measured along the crystalline ¢ axis (a), a axis (b), and b axis (c). Nominal b-axis loops are dominated by the projections

of a- and c-axes moments.

There are three prominent features of the hysteresis loops: (a)
abrupt changes in magnetization (rectangular shape) above the
SRT range for the c axis and below the SRT range for the a axis,
(b) a linear reversible change of M below the SRT range for the ¢
axis and above the SRT range for the a axis, and (c) S-shaped
loops through the SRT range (170-100 K).

The values of the coercive field, H, were below 50 Oe, in
agreement with other reports.”” Abrupt changes of the magnetiza-
tion were assigned to the domain wall jumps, which represent
extrinsic properties of the crystals.””"’ Their effects on M (T) can
be avoided by measuring at high enough fields, at which M (H) is
reversible, and there are no jumps in the hysteresis loops. Because
of that, all M (T) measurements were performed in the high-field,
reversible regime. Typically, an applied field of H>100 Oe was
needed in M (T) measurements for NdFeO; to avoid domain wall

jumps at all temperatures. The value of the coercive field, H,, for
ErFeO; was 70 Oe above the SRT along the ¢ axis and below the
SRT along the a axis. Therefore, M (T) measurements were also
performed with an applied field of H>100 Oe. For the HoFeO;
crystal, H. was around 250 Oe when measuring M, so M (T) mea-
surements needed H>3000e to avoid domain wall artifacts.
However, when measuring HoFeO; along the a axis, an anomaly in
M, (T) was observed just below the spin reorientation temperature
at elevated fields. This anomaly indicates the possible occurrence of
a new field-induced magnetic phase at the elevated fields. As these
elevated fields are needed to avoid the effects of magnetic domains
on our measurements for this sample, M, (T) for HoFeO; will not
be considered in further analysis. Finally, for the YFeO; sample, H,
had a high value around 2000 Oe. Therefore, H>2000Oe was
needed to avoid the domain wall artifacts. Hysteresis loops
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measured along the nominal b axis are contributed mainly by
a- and c-axes moments because of small sample misalignment in
the magnetometer [Fig. 2(c)].

The linear, reversible part of the hysteresis loops indicates how
much the spins are tilted by the applied magnetic field through the
temperature-dependent value of magnetic susceptibility. Tilting of
the spins by a magnetic field can result in values of magnetic
moment comparable to the magnetic moment along the crystalline
b axis (M,), and the effect of the tilting needs to be eliminated
from our measurements. To obtain the spontaneous magnetic
moment, M (T) measurements were performed at different values
of the applied field (H) for each crystalline direction with values of
H high enough to eliminate the magnetic domains in the crystals.
Care was taken not to apply a too high field, however, which could
change the underlying magnetic structure so that the extrapolation
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to H=0 would not be meaningful (like in the case of M, for
HoFeO3). For each T, the values of the magnetic moment measured
at different fields were then extrapolated to H = 0. This procedure
was used for all three crystalline directions to avoid the spin tilting
effects at temperatures where M, and M, become small. Figure 3
illustrates this procedure for the case of NdFeOs. For each tempera-
ture, the value of magnetization measured at different fields was
fitted with a straight line and extrapolated to H =0.

When measuring along the nominal b axis, only a small pro-
jection of the external field is aligned with a and ¢ axes due to
small sample misalignment. Because M, and M, are much larger
than M,, M, and M, determine the domain structure of the
sample. The sample was, therefore, pre-magnetized with a large
field (~5000 Oe), ensuring that the sample is in the mono-domain
state represented by the linear M (H) regime in Fig. 2 before

T T
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FIG. 3. Extrapolation of M (T) measured at elevated fields to H= 0 for NdFeO; in the direction of the crystalline: (a) a axis, (b) ¢ axis, and (c) b axis. (d) Linear extrapola-

tion of measured magnetic moment to H= 0 for NdFeOs crystal.
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measuring M, (T) at smaller fields. In this way, consistency
between all measurements was achieved.

As values of M, are expected to be zero (or very small), while
M, and M, are much larger than M,, any sample misalignment in
the magnetometer will result in the projection of M, and M, onto
the nominal b axis that is comparable to any real non-zero M,,.
Furthermore, any twinning of the crystal that could provide a
non-zero projection of M, and M, of the twinned volume onto the
crystalline b axis would also give an artifact of non-zero M,. To
avoid both these artifacts in our experiment, temperature depen-
dence of the magnetic moment was compared along each of the
crystalline axes. If M, occurs through a projection of M, and M,
onto the nominal b axis of the measurement, M, should follow the
temperature dependence of M, and M, i.e., the linear combination
of the two. If, however, a different temperature dependence of the
measured M, is obtained, non-zero M, must exist. This procedure
is described in more detail in the Appendix, which also shows that
the correction for the sample misalignment and twinning has the
same mathematical form.

In our measurements, crystals were measured at temperatures
up to 300 K, which is well below the ordering temperature of Fe>*
spins. This could lead to artifacts associated with irreversibilities of
the Fe>* system and polarization of R*>" ions by ordered Fe**. To
avoid these artifacts, sample demagnetization from above 1T in
field cycles with amplitude gradually decreasing to zero helped
maintain the reproducibility of the measurements. If there were any
unusual non-reproducible jumps or steps obtained in M (T), the
whole measurement was discarded.

To eliminate the magnetic moment of the sample holder and
any other artifacts of the magnetometer, we performed M (T) mea-
surements of the paramagnetic Dy,O3 sample in the same way and
with the same sample holder as for M (T) measurements of RFeO;
samples at the same magnetic fields. Extrapolation of M (T) for
Dy,05 to H=0 gave the background M (T) that was subtracted
from the measurements for RFeQ;. This correction was much
smaller than typical values of M, extrapolated to H=0 and cor-
rected for the sample misalignment and twinning effects.

I1l. RESULTS AND DISCUSSION

The temperature dependence of the magnetization extrapo-
lated to H=0 along the three crystalline axes is shown in Fig. 4
for all RFeO; samples measured. For crystals with magnetic rare
earth, R=Nd, Er, and Ho, the magnetization at room temperature
lies along the crystalline ¢ axis. M, slowly decreases with cooling
for R=Nd>" and Er’*, because the average moment of polarized
R>" ions is oriented in the opposite direction to the ferromagnetic
spin component of magnetically ordered Fe** ions."' ™" As the
polarization of R*" strengthens with cooling, the net magnetic
moment decreases. For R = Ho, M, increases with cooling because
the polarized moment of Ho®" is oriented in the same direction
as the ferromagnetic component of the ordered Fe’ ions."'
Spontaneous spin reorientation occurs continuously within a tem-
perature range specific to each R, which we denote as the SRT
range. In the SRT range, M, decreases with cooling and M, at the
same time increases. The range of SRT is 100-170 K, 85-95K,
and 49-58 K for R=Nd, Er, and Ho, respectively. The reorientation
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of the ferromagnetic spin component is commonly described as
occurring in the (a, ¢) crystalline plane.'>*"** M, of Fe’* is
expected to be zero at 300 K and M, is expected to be zero below
SRT. A deviation in measured M, and M, from zero is often due
to the sample misalignment in the magnetometer so that the pro-
jection of M, appears in the measurements of M, above SRT or
the projection of M, appears in the measurements of M, below
SRT. The deviation from zero can also be caused by the polariza-
tion of R** ions by magnetically ordered Fe** ions. The sample
misalignment effects can be corrected for, however, only the mea-
surements with a near-zero M, at 300K and near-zero M, just
below SRT were used for the extraction of M,, for which there
was no need for further corrections. ErFeO; additionally displays
an abrupt magnetization reversal from negative to positive values
on cooling at temperatures well below SRT (below 50 K). This
abrupt magnetization reversal at field-dependent temperatures
renders our procedure for the magnetization extrapolation to
H =0 unsuitable at these temperatures, and for this reason, the M
(T) curves of ErFeO; will not be considered in the analysis of M,
(T) below 45 K.

The gradual change of the magnetization in the SRT region
does not suffer from such issues. The magnetization reversals also
occur for NdFeO; but below 10 K in our samples, and they are not
shown in Fig. 4. M, is small but non-zero in our measurements for
all the samples, especially in the SRT region. We will show later
that the obtained non-zero M, (T) cannot be interpreted by the
sample misalignment in the magnetometer or crystal twinning, but
it is a real phenomenon. Measurements of YFeO; are shown in
Fig. 4(d). The net magnetization of YFeO; is oriented along the
crystalline ¢ axis at all temperatures, without spontaneous spin
reorientation. This magnetization is contributed by Fe’* only, as
Y is non-magnetic in YFeO;.”® Non-zero M, (T) and M, (T) are
also measured for YFeOs.

The temperature dependence of the measured M, extrapolated
to H=0 is shown in Fig. 5. M, is apparently non-zero for all
samples measured. To ascertain if this non-zero M, was obtained
because of slight sample misalignment in the sample holder and/or
twinning effects, we attempted to fit it with a linear combination of
M, and M Mg =aM.+BM,. As shown in the Appendix, agree-
ment between My, (T) and measured magnetic moment along the
b axis would signify that the real M,, (T) is zero. Fitting parameters
a and S contain the cosines of the misalignment angles, accounting
for the projections of M, and M, onto the magnetometer axis,
together with the Euler angles representing the projections of the
twinned sample volumes (Appendix). Initial values of a and 3 were
obtained from the experiment. The value of @ was obtained as
M,/M, at 300K for the samples with magnetic R**, where M, ~0.
The value of § was obtained as M,/M, at a temperature just below
the SRT region, where M, ~ 0. Further refinement of the values for
a and f was performed to further improve the agreement between
M, (T) and the nominal measured M, (T). As seen in Fig. 5, the
measured M, is rather different to the best data-matching M, .
For HoFeO;, only the data above spin reorientation are shown
because M, (T) could not be obtained at lower temperatures, as
described above. Therefore, the measured non-zero M, is not an
artifact of crystal twinning or the sample misalignment in the mag-
netometer, but an intrinsic property of the samples measured.
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FIG. 4. Temperature dependence of magnetic moment measured along crystalline a, b, and c axes in extrapolation to H=0: (a) NdFeO,, (b) ErFeOs, (c) HoFeO3, and

(d) YFeO;.

Qualitatively, the same argument was obtained by using the data
measured at a non-zero field, i.e., not extrapolated to H=0.
Subtracting the M5, (T) from the measured M, (T) provides the
temperature dependence of intrinsic M,,.

For YFeOs, M, (T) can be fitted well with the projection of M,
(T) onto the magnetometer axis and it occurs in our measurements
because of the sample misalignment in the magnetometer by 5°
when measuring M, (T). M, (T) cannot be fitted by linear combi-
nations of M, (T) and M, (T), just as for the other crystals. As
YFeO; does not undergo spin reorientation, it is obvious for this
sample that M, (T) would have to be proportional to M, (T) if
sample misorientation and twinning were responsible for the
obtained non-zero M;. Our measurements unquestionably exclude
this possibility (Fig. 5), indicating that YFeO; has intrinsic
non-zero M, (T).

The final M, (T), after all of the corrections described above,
is shown in Fig. 6. By obtaining the M, (T) through subtraction of
the M, ;; from the measured My, it is assumed that the net value of
the intrinsic M, is zero at room temperature. This assumption can
be justified for systems with magnetic R** by the negligible experi-
mental value of M, and its weak temperature dependence, if any,
for T>200K. Furthermore, the measured M,/M, is temperature
independent above 200 K for NdFeO; and ErFeOs, suggesting that
the measured M,, is merely a projection of M, onto the magnetom-
eter axis at these temperatures. Without this assumption, the values
of M, for each RFeO; would be given up to an unknown additive
constant above SRT. The value of M,, for RFeO; with magnetic R*>"
is the largest at the peak within the SRT region and also at a lower
temperature. This would indicate that the polarization of R*>" ions
is responsible for the non-zero M,, as the polarization is strongest
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FIG. 5. The temperature dependence of the measured, fitted, and intrinsic M, (i.e., measured M,—fit to M,) for all RFeO; measured: (a) NdFeOs, (b) ErFeOs,

(c) HoFeOs, and (d) YFeOs.

at low temperatures. Measurements on YFeOs, for which Y** is
non-magnetic, help assess the validity of this hypothesis. Figures 5
and 6 show that the value of M, is non-zero for YFeQs, as well, but
the temperature dependence is qualitatively quite different than for
the other RFeO;. The value of M, can no longer be assumed to be
zero at room temperature for YFeOs because M,/M, is not temper-
ature independent. Therefore, the absolute values of M, cannot be
determined by our method for YFeOs, and Figs. 5(d) and 6 show
its temperature dependence up to an additive constant. The
remarkable difference in M, (T) between YFeO; and other RFeOj3
crystals with magnetic R*, as well as the non-zero M, (T) of
YFeOs, together imply that for magnetic R>*, both R>" and Fe’*
contribute to the net value of M,

Figure 6 shows that M, is close to zero at room temperature
for all RFeO; with magnetic R>*. For R=Nd, Er, and M, remains
zero upon cooling above the SRT region and then increases

strongly with further cooling below the onset temperature of spin
reorientation, reaching a positive maximum within the SRT
region. It reaches another maximum below the SRT region. For
HoFeOQs;, for which the net moments of R** and Fe** are in the
same direction above SRT, M, increases with cooling below
~250K, even above the SRT range. M, cannot be obtained below
SRT with the methods employed here for HoFeO;. For YFeOs,
M, just increases monotonously with cooling. We emphasize that
our procedure of fitting the measured M, (T) with a linear com-
bination of M, (T) and M, (T) and then taking the intrinsic M,
(T) to be the difference between the measured M, (T) and this fit
can result in a distortion of the thus obtained M, (T). This is
because we are first assuming that our measured M, (T) might
consist only of the projections of M, and M, on the magnetome-
ter axis when measuring M, (T). With this assumption, we take
for the measured M, that M, =M, at the temperature just below
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HoFeOs.

the spin reorientation, which fixes the value of the “real” M, to
zero at this temperature. However, it is possible that the intrinsic
M, at the temperature just below the spin reorientation is
non-zero, which would change the slope of M, (T) in Fig. 6.
Despite this ambiguity, our procedure still shows that the intrin-
sic M, (T) is non-zero in a broad temperature range for RFeO;
and it provides M, (T), defined up to an unknown additive linear
function of T.

Figure 6 shows that YFeO; has the largest M, and conse-
quently, Fe** ions are the main contributors to M, above SRT. We
note that M, was arbitrarily assumed to be zero for YFeO; at 300 K
through our procedure correcting for the sample misalignment and
crystal twinning. Because M, (T) for YFeO; is a monotonously
decreasing function of T and YFeO; has no known magnetic phase
transition in this temperature range, it is unlikely it would become
negative above 300 K. No spin reorientation is reported for YFeOs;.
Consequently, it would make sense to assume that M,, should reach
zero at the Néel temperature for YFeQ;, i.e., at ~645K*>""* and
not at 300 K. This means that the true values of M, for YFeOs;
could be larger than shown in Fig. 6.

These measurements of M, can be explained by assuming
that the magnetic moment of R** strongly suppresses M, at
temperatures above ~200K, giving M;,~0. This suppression
appears to be significantly disrupted in the SRT region and also
at temperatures well below the SRT range, where the polariza-
tion of R*" is strong. The polarization of R** was shown to
change substantially through the SRT region, which supports
our argument.’® Therefore, the polarization of R*" spins plays a
significant role in M,. While it may sound odd that R** spins
would have such a strong effect at temperatures where they are
only weakly polarized, it is worth mentioning that these

ARTICLE scitation.org/journalljap

unpolarized spins are also responsible for the occurrence of
spontaneous spin reorientation in these systems. Nevertheless,
these arguments should be further tested by measuring other
RFeQ; with non-magnetic R*>*.

We note that the obtained M, (T) is at odds with the idea of
M, being an artifact of crystal twinning. XRD measurements on
small cleaved crystals revealed the presence of 180° and 90° twins.
The 180° twins around the principal axes merely change the sign of
the crystalline axis without affecting the magnetic moment. For
twinning that contributes to M, a and b axes are exchanged in a
limited sample volume, i.e., they are 90° twins. This means that a
small M, (T) contribution by the twinned volume would be
observed below SRT when measuring along the crystalline b axis.
However, the obtained M, has a rather different temperature
dependence than M,. Furthermore, the direction of the magnetic
moment may vary randomly within a family of 90° twins, as mag-
netic anisotropy energy is the same for + and — direction of the
crystalline axis. Therefore, with statistically significant distribution
of the twins, their magnetic moment would add up to ~0, similar
to a system of magnetic domains. Finally, neutron diffraction
experiments show no presence of the twins in a large ErFeO;
crystal on which the magnetic measurements were performed,
which further implies the effect of twinning on the measured M,
would be insignificant.

The literature overwhelmingly reports M, of RFeO; to be zero,
mostly on the basis of neutron techniques. However, the antiferro-
magnetic axis tilts toward and away from the b axis with a tempera-
ture change. For example, a neutron powder diffraction study of
ErFeOj; reveals an antiferromagnetic spin component of Fe** along
the b axis of ~1 ug/fu. at 4K."” Its value decreases with T and is
no longer detectable above 8 K. A similar trend is reported for Er**
spins. Magnetic resonance, "’ magnetostriction,4q and Mossbauer
studies of HoFeOj crystals show that the antiferromagnetic vector,
G, of Fe’* s tilted by up to 20° toward the crystallographic b axis
in its SRT region and ~10° outside this region. These reports show
that the antiferromagnetically coupled spin components in RFeO;
spontaneously rotate out of the (a, ¢) plane with a temperature
change. These spin components do not contribute to the net mag-
netic moment along the crystalline b axis. However, any disruption
of the symmetry within this antiferromagnetic coupling, affected by
the change of complex magnetic anisotropies in RFeO; with T,
would effectively result in a ferromagnetic component along the
b axis.

The representation analysis of space groups'” gives all possible
magnetic structures that are allowed on the basis of the symmetry
of a particular crystal. The crystal structure of RFeO; can be
described by the space group Pbnm. All magnetic reflections can be
indexed by the crystallographic system with the propagation vector
k=0." The irreducible representations I'; — I’y obtained in this
analysis describe the allowed magnetic structures for Pbnm space
group on the basis of symmetry considerations, as given in
Table 1.'” The symmetry-allowed representations I's - I's are not
realized for Fe>*. T consists only of antiferromagnetic components
A, G, and C and, therefore, does not describe the spin structure of
those of RFeOs, for which experiments reveal ferromagnetic com-
ponents. I'; is reported to co-exist with I, in the SRT region of
HoFeO;* or on its own below the SRT region of DyFeOs;’
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TABLE |. Allowed magnetic structures for Pbnm space group, obtained from the
representation analysis of space groups.'” The subscripts a, b, and c¢ refer to crys-
talline a, b, and ¢ axes, respectively. The spin arrangement of the four Fe** or the
four R** sites in the unit cell is described by the base vectors: A= (+, —, —, +),
G=(+, —, +, =), C=(+,+, — —),and F=(+, +, +, +).

Irreducible Structure for Structure for
representation Fe®" sites R sites
1—‘1 AuGch Cc

FZ F aCch F, aCb

1—‘3 CuF bAc CaF b

r4 GuAbF c F, c

Is G,Ay

I's A,

T, G,

Ty AGy

however, because M, is considered to be zero for RFeO; systems,
their magnetic structure is usually described by I', and I'y, which
do not have ferromagnetic components along the crystalline b axis
(Table I).

Our measurements, however, give non-zero M, over a broad
temperature range (Fig. 6). The only irreducible representation that
allows the net non-zero M, is I's (Table I), for which both Fe** and
R** sites have a ferromagnetic component along the crystalline b
axis. This is in excellent agreement with our measurements for
RFeO; with magnetic R*" and YFeO; with non-magnetic R>*
(Fig. 6), which can be explained only if both Fe** and R*>* have a
magnetic component along the crystalline b axis. The b axis ferro-
magnetic component of R>* seems to be oriented in the opposite
direction to Fe®*, fully compensating the M, contributed by Fe>*
above ~200K (Fig. 6). Therefore, our measurements imply that
there is a small admixture of the I's structure to either T, or T’y
structure outside the SRT region. Within the SRT region, I',, T3,
and T’ structures co-exist. This is in agreement with the symmetry
considerations since any spin system can belong to up to three irre-
ducible representations.” This T'; occurs spontaneously in RFeOs,
as opposed to the field-induced T'; structure reported earlier for
HoFeO,.”’

The observation of non-zero M, (T) also points to the type of
the spin Hamiltonian required for the description of the corre-
sponding magnetic structure. The representation analysis shows
that for RFeO; systems with non-magnetic R**, fourth or even a
higher order of spin Hamiltonian is required if the spin compo-
nents do not belong to the same irreducible presentation at a given
temperature.17 For RFeO; with magnetic R**, however, the
Hamiltonian does not necessarily have to be of the order larger
than two if spins belong to more than one irreducible representa-
tion. Therefore, the appearance of non-zero M, (T) associated with
an admixture of the I'; phase for YFeO; requires the Hamiltonian
of the order four or more in the spins, to account for the observed
non-zero M, (T). Even though the representation analysis does not
require such a Hamiltonian for RFeO; with magnetic R*, it also
does not exclude it either, and the same may also be true for them,
at least below 200 K.
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IV. CONCLUSIONS

Our magnetic measurements show that rare earth orthoferrites
exhibit a non-zero spontaneous magnetic moment along the crys-
talline b axis, M,. These measurements are consistent with a
picture where M, is contributed by both Fe’* and R** ions. The
measurements suggest that the magnetic R*" ions suppress M, con-
tribution of Fe’" to zero above 200 K. The polarization of R>* by
the ordered Fe** ions alleviates this suppression of M,, resulting in
non-zero M, below 200 K that peaks at around 107 ug/f.u. in the
spin reorientation region. Representation analysis of space groups
shows that non-zero M,, for RFeOj; systems implies an admixture of
the I'; magnetic phase to already well-documented I'; or T'. In the
I’ phase, both Fe** and R** spins have a small ferromagnetic com-
ponent along the crystalline b axis, which is in the opposite direc-
tion for Fe** and R*' spins for the samples measured. The spin
Hamiltonian of at least YFeO; has to include the fourth or higher
even order of spins to describe the I'; phase. Our measurements
may look at odds with numerous reports based on neutron tech-
niques, reporting M, =0. However, neutron techniques lack the
sensitivity to measure the small non-zero M, reported here.
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APPENDIX: CORRECTIONS

Even though our crystals were of very high quality, a minute
amount of twinning was observed. This, together with the sample
misorientation in the magnetometer, results in non-zero projec-
tions of M, and M, onto the nominal b axis of the sample (i.e., the
magnetometer axis). Corrections of the values of M, for both of
these artifacts are performed, as described below.

The observed twinning allows for minute projections of the
magnetic moment along each of the crystalline axes onto both of
the other axes. Therefore, the measured magnetic moments along
the three nominal crystalline axes can be described as

M, = M, +TM, + OM, + AM,,
M. = M, +TIM,, + yMj + nM,, (A1)
My = My, + EM, + M, + OM, + ¥M,,

where M,, M;, and M, are the true magnetic moments along the
corresponding crystalline axes. The terms with T, ©, IT, %, Z, and X
are contributions to the measured moment by the twinned crystal
volumes. They depend on the Euler angles and volume fraction of
each twin. Their values are much smaller than 1, as less than 1% of
the crystal volume is occupied by the twins. The terms with A, n,
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®, and ¥ are contributions to the measured moment by the projec-
tions of M, and M, onto the axis of the magnetometer through the
sample misalignment in the magnetometer. They represent cosines
of the small misalignment angles. As an experiment shows
that M, <M,, M,, the contribution of M, to M, and M. due
to the sample misalignment was neglected. Rearrangement of
Eq. (A1) gives

M, =M, +TM, + (© + AM,,
M/c =M.+ XMb + (n + n)Ma, (AZ)
My =M, +E+P)M, + (Z + P)M,.

Therefore, the combined contribution of the sample misalign-
ment and twinning results in the measured moment along a partic-
ular axis to consist of a linear combination of the true moments
along all the three crystalline axes. To obtain the true magnetic
moment along the crystalline b axis, we need to consider only Mj,
which can be re-written as

M}, = My + aM, + BM.. (A3)

Measured temperature dependence of M, and M, shows that
M, =0 at high temperatures and M.=0 below the temperatures of
spin reorientation (Fig. 4). If we assume that M, =0, as the litera-
ture reports, M} (T) should be possible to fit with linear combina-
tions of M, (T) and M, (T), as given by Eq. (A3). To achieve that,
the initial value of o was obtained from an arbitrarily chosen low-
temperature value of M,, where M, =0, as o = M;,/M;. The initial
value of 3 was obtained at high temperatures, where M, =0, as
B = M, /M.. These values of o and S were further refined through
the fitting procedure to obtain the best agreement between the
measured M’ (T) and the fit by Eq. (A3) (assuming M;,=0).
Obtaining a good fit to M (T) at all temperatures would signify
that M, =0. However, if the fit cannot follow Mj(T) at least at
some temperatures, M, has to be non-zero at these temperatures.
The temperature dependence of M, is then obtained as

My(T) = My(T) — aM,(T) — BM(T). (A4)

The fitting coefficients & and f depend on the crystal twinning
and sample misalignment in the magnetometer, and they are not
temperature-dependent. We assumed here that the twins have the
same temperature dependence of M,, M, and M, as the main
crystal body. In this way, now in the temperature dependencies of
magnetic moments, it was possible to eliminate the effects of twin-
ning and sample misalignment to the measured M,

One has to stress that thus obtained M, (T) is not completely
defined. It, in principle, depends on the choice of the temperature
range for which the fit agrees with the measured M;(T), as M, and
M. are not exactly zero at high and low temperatures, respectively.
This means that the M, (T) obtained from Eq. (A4) can be slightly
tilted, as defined approximately by a straight line connecting the
points in the M(T) diagram that gave us the initial estimates of
o and .

Equations (A1)-(A3) assume that the effects of crystal twin-
ning are superimposed linearly to the measured magnetic moment.
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However, spins at the interface between the twins and parent
crystal can undergo complex re-arrangements. In the spin reorien-
tation temperature range, spontaneous reorientation of the spins
could result in complicated interactions at this interface. Such pro-
cesses may contribute to the magnetic moment along the crystalline
b axis that is not proportional to M, or M, in which case
Egs. (A1)-(A3) would not be correct. However, we note that the
largest values of M, were obtained outside the spin reorientation
temperature range (Figs. 5 and 6). Therefore, this mechanism
cannot be responsible for the obtained non-zero M, at least
outside the spin reorientation range.

We now discuss the possibility that the twin boundary spins
contribute to M, by themselves, without the need for spin reorien-
tation. XRD data show that 90° twins could produce non-zero M,,
whereby the M, of the twins is oriented along the b axis of the
parent crystal. The boundary between the twins and parent crystal
would represent a form of Néel domain wall. Magnetic poles form
at such a boundary, which could produce the measured M. These
poles could have different temperature dependences than M, and
M, and above equations would again not be satisfied. However, M,
would then have to be non-zero at all temperatures, assuming these
poles are the main contribution to M, as twins do not disappear
from the crystal with a temperature change between 5 and 300 K.
This is contrary to the experimental findings (Fig. 6).
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