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TABLE I. Analytical and x-ray diffraction data for rare-earth perovskites.

Sample

Tetravalent iron
Total iron (wt '%%uo) percentage of
obs calc total iron

Lattice parameters (A )
Orthorhombic Pq

G2 C3
Monoclinic

82

LaFe03'
NdFe03
GdFeO-b
HoFe03
ErFeOg

21.1

22.4
19.9

22.5

20.8
20.6

6.1

5.4
2.0

5.556
5.450
5.346
5.282
5.252

5.565
5,587
5.616
5.592
5.576

7.862
7.761
7.668
7.606
7.579

3.932
3.902
3.877
3.846
3.830

3.931
3.880
3.834
3.803
3,790

90.2
91.4
92.8
93.3
93.4

a Yakel (reference 8), Geller and Wood (reference 6).
b Geller (reference 5).

positional parameters for GdFe03. These parameters
were adopted as a first approximation for the analysis
of the magnetic scattering data.

III. IRON-ION SPIN SYSTEM

1. Spin Con6guration

It is convenient to consider together the results of
the high-temperature experiments for the several
samples since the neutron diGraction patterns of
NdFeO~, HoFe03, and ErFe03 all exhibit magnetic
reflections characteristic of the antiferromagne tie
conlguration already reported for I,aFe03. A typical
set of data is illustrated in Fig. 1 in which are shown
portions of diffraction patterns obtained for ErFe03 at
room temperature and at 955'K. At the higher tem-

perature the pattern consists of the coherent nuclear
reflections of ErFe03 superposed upon the angularly
dependent paramagnetic scattering background which
at this temperature is contributed to by both the erbium
and the iron ions. In the room-temperature pattern
additional coherent reQections appear at the (011) (101)
and at the (013) (103) (211) (121)positions. The indices
here and in subsequent discussions refer to the ortho-
rhombic crystallographic unit cell.
The magnetic unit cell can clearly be chosen in a

number of ways, but an approximate unit cell which
is appropriate to the chemical unit is one for which
Or= a2=v2cp', ap= 2ap where ap is the ideal cubic lattice
period. With this cell, only reflections for which
Hr+Hp=2m+1; Hp=2e+1 are observed. The con-
figuration inferred from these indicial relations in the
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FIG. 1. High-temperature neutron diffraction data for ErFe03.
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A neutron diffraction study has been made of the magnetic
properties of the rare-earth-iron perovskites, NdFe03, HoFe03,
and ErFe03, at temperatures ranging from 955 to 1.25'K.The
iron ions in each of these compounds undergo a transition to an
antiferromagnetic connguration in which each moment has six
oppositely directed moments at nearest neighbor distances. The
Neel temperatures are 760'K, 700'K, and 620'K, respectively,
for the compounds of Nd, Ho, and Er. The moment directions in
HoFe03 and ErFe03 are parallel and antiparallel to the ortho-
rhombic L100] direction at room temperature: at 43'K the
moments are found to be in a (110)plane. In HoFe03 the iron-ion
moments at 1.25'K are parallel to L001$; in ErFeoa at the same
temperature they are parallel to L110j. The magnitudes of the
ordered iron moments at temperature saturation are 4.5~, 4.60,
and 4.62 Bohr magnetons in NdFe03, HoFe03, and ErFe03,

respectively. In the liquid helium temperature range, magnetic
ordering transitions of the rare-earth ions in HoFe03 (T~=6.5'K)
and ErFe03 (T~=4.3'K) are observed. The Er+s ion moments
form a nearly ideal antiferromagnetic configuration in which a
chain of parallel moments is surrounded by four chains of oppo-
sitely directed moments at nearest neighbor distances. In this
compound the Er+' ion moments are parallel and antiparallel to
L001j and at 1.25'K have a magnitude of 5.8 Bohr magnetons.
In HoFe03 the ions are ordered in a distorted antiferromagnetic
configuration in which, at 1.25'K, each Ho+' moment with
magnitude of 7.5 Bohr magnetons, makes an angle, in the (001)
plane, of about 27' with the L010$ direction so as to produce a net
ferromagnetic moment of 3.4 Bohr magnetons per HoFe03
molecule parallel to L100j.

I. INTRODUCTION

~ ARLIER neutron diGraction studies on perovskite-
~ like compounds ABO3' ' have been restricted to

those having nonmagnetic A site ions. The present
work is concerned with rare-earth-iron perovskites in
which both A and 8 site ions possess magnetic moments.
In this case there is the complicating factor of inter-
actions between unlike magnetic ions.
It has proved convenient to divide the paper into

three main sections, the first of which has to do with
the magnetic ordering of the iron-ion spin systems in
the compounds NdFe03, HoFeO~, and ErFe03 at high
temperatures. In the second section the neutron data
relative to the magnetic ordering of rare-earth-ion
moments at low temperatures are treated. The analysis
in this temperature region is somewhat more involved,
for, in certain cases, both ionic systems are magnetically
ordered. In the third section the di6raction results are
discussed in reference to the complex macroscopic
magnetic properties of these compounds.

II. SAMPLE PROPERTIES AND PROCEDURES

The rare-earth-iron perovskite samples were prepared
and analyzed by methods similar to those described
previously for LaFe03.' Within the limits of powder
x-ray diffraction techniques the orthoferrites of Nd, Ho, .
and Er were found to be isostructural with GdFeOg, the
structure of which has been determined by Geller4
from single crystal x-ray data. In the orthorhombic

*The work. herein reported was presented in part to the Inter-
national Union of Crystallography, Montreal, Canada, July,
1957.' E. O. Wollan and W. C. Koehler, Phys. Rev. 100, 545 (1955).' U. H. Bents, Phys. Rev. 106, 225 (1957).
3W. C. Koehler and E. O. Wollan, J. Phys. Chem. Solids 2,

100 (1957).
4 S. Geller, J. Chem. Phys. 24, 1236 (1956).

unit cell are four distorted simple perovskite cubes.
The iron ions are in parameterless special positions
within the limits of detection of the data but significant
displacements from ideal positions are found for the
gadolinium ions and for the two sets of nonequivalent
oxygen ions. The most probable space group is I'~
Geller and Wood' and Bertaut and Forrat' have shown
that the orthoferrites of La, Ce, Pr, Nd, Sm, and Eu
are all isostructural with GdFe03 with varying degrees
of distortion. Recent studies by Forrat' indicate that
compounds of the heavier rare earths including Ho
and Er are also isostructural with GdFe03.
The results of chemical analyses and room-

temperature x-ray diffraction measurements' are
collected in Table I, where lattice parameters of
I aFeO~ and GdFe03 are included for comparison. The
relative distortions in the orthoferrite series as measured
by the deviations of the pseudocell parameters from
their ideal values may be seen in the last columns of the
table.
Neutron di6raction data were collected at tempera-

tures ranging from 955'K to 1.25'K with the samples
in briquet form or as finely divided powders according
to experimental expediency. Extended diffraction
patterns were taken at one or more elevated tempera-
tures, at room temperature, at 77'K or at 43'K, at
4.2'K, and at 1.3'K. Limited regions of the patterns
were studied as well at intermediate temperatures.
In this study the nuclear intensities observed for

HoFe03 and ErFe03, in particular, were found to be
in fair agreement with predictions based on Geller's

' S. Geller and E. Wood, Acta Cryst. 9, 563 (1956).' E. F. Bertaut and F. Forrat, J. phys. radium 17, 129 (1956).
F. Forrat, thesis, Institute Fourier, Universite de Grenoble

(unpublished).' We are indebted to Dr. H. I.Yakel for these measurements.

Orthoferrites (RFeO3)



Using y ¼ 0.3333, k 2 ¼ 0.4 and Q ¼ 50 (refs 15, 21), we have
K ¼ 8.45324 £ 1027 yr21. Assuming an initial rotation period of Mercury of 10 h, we
estimated that the time needed to despin the planet to the slow rotations would be about
300million years. This is why we started our integrations in the slow-rotation regime, with
a rotation period of 20 days (x < 4.4) and a starting time of24Gyr, although these values
are not critical.
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All magnetically ordered materials can be divided into two
primary classes: ferromagnets1,2 and antiferromagnets3. Since
ancient times, ferromagnetic materials have found vast appli-
cation areas4, from the compass to computer storage and more
recently to magnetic random access memory and spintronics5. In
contrast, antiferromagnetic (AFM) materials, though represent-
ing the overwhelming majority of magnetically ordered
materials, for a long time were of academic interest only. The
fundamental difference between the two types of magnetic

materials manifests itself in their reaction to an external mag-
netic field—in an antiferromagnet, the exchange interaction leads
to zero net magnetization. The related absence of a net angular
momentum should result in orders ofmagnitude faster AFM spin
dynamics6,7. Here we show that, using a short laser pulse, the
spins of the antiferromagnet TmFeO3 can indeed be manipulated
on a timescale of a few picoseconds, in contrast to the hundreds of
picoseconds in a ferromagnet8–12. Because the ultrafast dynamics
of spins in antiferromagnets is a key issue for exchange-biased
devices13, this finding can expand the now limited set of appli-
cations for AFM materials.

To deflect the magnetization of a ferromagnet from its equili-
brium, a critical field HFM

cr <HA of the order of the effective
anisotropy field is required. In contrast, the response of an anti-
ferromagnet to an applied field remains very weak before the
exchanged-enhanced critical field HAFM

cr <
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HAHex

p
is reached. In

most materials the exchange field H ex .. HA (HA , 1 T,
H ex < 100 T) and thus HAFM

cr ..HFM
cr : This difference is related to

the fact that in an antiferromagnet, no angular momentum is
associated with the AFM moment. This large rigidity of an anti-
ferromagnet to an external field also shows up in the magnetic
resonance frequency14, where spin excitations start at q<
g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HAHex

p
: This is in contrast to q< gHA in a ferromagnet,

which can result in a difference of more than two orders of
magnitude.

Indeed, dynamical many-body theory calculations15 show a
possibility of AFM dynamics with a time constant of a few
femtoseconds only. Experimentally, the ultrafast dynamics of an
antiferromagnet is still an intriguing question. The problem how-
ever is far from trivial, as there is no straightforward method
for the manipulation and detection of spins in AFM materials.
Therefore, an appropriate mechanism should be found that would
deflect the AFM moments on a timescale down to femtoseconds,
and this change should subsequently be detected on the same
timescale.

The solution to this problem can be found in the magnetocrystal-
line anisotropy. Indeed, a rapid change of this anisotropy can lead,
via the spin–lattice interaction, to a reorientation of the spins11,12.
Such anisotropy change, in turn, can be induced by a short
femtosecond laser pulse in a material with a strong temperature-
dependent anisotropy. The subsequent reorientation of the spins
can be detected with the help of time-resolved linear magnetic
birefringence16, which enables us to follow the change of the
direction of spins in antiferromagnets, similar to the Faraday and
Kerr effects in ferromagnets.

The rare-earth orthoferrites RFeO3 (where R indicates a rare-
earth element) investigated here are known for a strong tempera-
ture-dependent anisotropy17,18. These materials crystallize in an
orthorhombically distorted perovskite structure, with a space-
group symmetry D16

2h (Pbnm). The iron moments order antiferro-
magnetically, as shown in Fig. 1, but with a small canting of the
spins on different sublattices. The temperature-dependent aniso-
tropy energy has the form19,20:

FðTÞ ¼ F0 þK2ðTÞsin2vþK4sin
4v ð1Þ

where v is the angle in the x–z plane between the x axis and the AFM
momentG, see Fig. 1, andK2 andK4 are the anisotropy constants of
second and fourth order, respectively. Applying equilibrium con-
ditions to equation (1) yields three temperature regions corre-
sponding to different spin orientations:

G4ðGx FzÞ : v¼ 0; T $ T2

G2ðGz FxÞ : v¼ 1=2p; T # T1

G24 : sin
2v¼ K2ðTÞ=2K4; T1 # T # T2 ð2Þ

where T1 and T2 are determined by the conditions K2(T1) ¼ 22K4
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Laser-induced ultrafast spin dynamics in ErFeO3
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Using 100-fs optical laser pulses, we have been able to excite and probe spin dynamics in the rare-earth
orthoferrite ErFeO3. The investigation was performed in a broad temperature range with the focus on the
vicinities of the compensation point Tcomp ≈ 47 K and the spin reorientation transition region in the interval
86 K ! T ! 99 K. Spin precession excited by the laser pulse was present in a large part of the investigated
temperature range, but was especially strong near the spin reorientation region. In this region the laser pulse also
caused an ultrafast spin reorientation. By changing the laser pulse fluence, we could vary both the reorientation
amplitude and the reorientation speed. We show that the laser-induced spin dynamics in ErFeO3 is caused in part
by heating and in part by the inverse Faraday effect. Comparing to the results of similar experiments in other
rare-earth orthoferrites, we found the speed of the laser-induced spin reorientation to be significantly lower. We
attribute this finding to the weaker electron-phonon coupling of the Er3+ 4f electrons with the lattice.

DOI: 10.1103/PhysRevB.84.104421 PACS number(s): 75.78.Jp, 78.47.−p, 75.50.Ee, 78.20.Ls

I. INTRODUCTION

In the past years it has been shown that with
the help of femtosecond laser pulses the magnetic or-
der in condensed matter systems can be changed at a
(sub)picosecond time scale.1 Laser-induced demagnetization,2

excitation of precession,3 orientation phase transitions,4

changes in magnetic anisotropy,5 and even complete reversal
of magnetization6,7 have been observed. This has triggered
a plethora of experimental and theoretical work and opened
a new research area of magnetism. In contrast to metals,
the rare-earth (RE) orthoferrites form a class of insulating
materials that is very suitable for fast, laser-induced switching:
being canted antiferromagnets, their spin dynamics is governed
by the exchange interaction and is therefore about two orders of
magnitude faster than in metallic or insulating ferromagnets.4

In the RE orthoferrites two mechanisms have been demon-
strated by which a laser pulse affects the magnetization. The
first is ultrafast heating in the vicinity of a spin reorientation
transition (SRT). The SRT is a phase transition region which
comprises two second-order phase transitions within a certain
temperature interval, where the spins rotate by 90◦ from one
symmetry axis to another (see Fig. 1). In TmFeO3 ultrafast
heating resulted in a rotation of the magnetization within a
few picoseconds and the simultaneous excitation of one of
the spin resonance modes.4,8 The second mechanism is based
on the inverse Faraday effect (IFE): a circularly polarized
laser pulse can generate a strong effective magnetic field in
the material.9 This was shown to excite resonance modes in
DyFeO3, TmFeO3, and HoFeO3 and to cause an inertia-driven
spin rotation in HoFeO3 (Refs. 3,8, and 10).

The process of ultrafast heating and the subsequent spin
reorientation is not completely understood. This is mainly
because such a subpicosecond excitation brings the material
into a strongly nonequilibrium state. From experiments with
TmFeO3 we know only that the spin reorientation occurs on
a time scale in the order of a quarter of the period of the
antiferromagnetic precession, which is a few picoseconds. In
the RE orthoferrites, the SRT is driven by a repopulation
of electronic sublevels within the RE ground multiplet.11,12

However, the details of the electronic structure differ much
between the various RE ions and the question is how this
influences the ultrafast heating and the laser-induced spin
dynamics.

ErFeO3 is very different from TmFeO3 in some important
details in the electronic structure of the RE ion. First of
all, Er3+ has an odd number of 4f electrons (Kramers ion)
and therefore the electronic states in the ground multiplet
form doublets.13 In contrast, Tm3+ has an even number of 4f
electrons and its electronic states are isolated singlets.14 Also,
the electron-phonon coupling between the RE 4f electrons and
the lattice is weaker in ErFeO3 than in TmFeO3 (Ref. 15).
There are two temperature regions where ultrafast heating
can induce magnetization dynamics in ErFeO3. The first is
the SRT, which is of the same type as in TmFeO3 and in
the same temperature range. The second is the magnetization
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FIG. 1. (Color online) (a) The a sample and c sample were cut
perpendicular to the a axis and c axis, respectively. (b) Orientation of
the ferromagnetic vector m and antiferromagnetic vector l of the Fe3+

sublattices in the a sample and c sample at temperatures T around
the region of the spin reorientation transition.

104421-11098-0121/2011/84(10)/104421(8) ©2011 American Physical Society
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Time-resolved magneto-optical imaging of laser-excited rare-earth orthoferrite ðSmPrÞFeO3 demon-

strates that a single 60 fs circularly polarized laser pulse is capable of creating a magnetic domain on a

picosecond time scale with a magnetization direction determined by the helicity of light. Depending on

the light intensity and sample temperature, pulses of the same helicity can create domains with opposite

magnetizations. We argue that this phenomenon relies on a twofold effect of light which

(i) instantaneously excites coherent low-amplitude spin precession and (ii) triggers a spin reorientation

phase transition. The former dynamically breaks the equivalence between two otherwise degenerate states

with opposite magnetizations in the high-temperature phase and thus controls the route of the phase

transition.

DOI: 10.1103/PhysRevLett.108.157601 PACS numbers: 77.80.B#, 75.50.Ee, 78.47.#p, 75.85.+t

The kinetics of transitions between thermodynamically
stable phases of matter is a subject of intense interest in a
broad spectrum of research fields ranging from solid state
physics to chemistry [1–3]. Conventionally, such transi-
tions are triggered by a change of ambient conditions, such
as temperature, pressure, and magnetic or electric fields.
Controlling a phase of matter by an ultrashort (100 fs or
less) optical excitation is both a new, rapidly developing
research area and a counterintuitive phenomenon in which
subtle excitations of atoms or spins are able to lead to
dramatic changes in crystallographic, electric, or magnetic
properties of media [4–6].

Furthermore, the feasibility of ultrafast control of tran-
sitions to a state described by a directional order parameter,
such as magnetization or electric polarization, may have
tremendous consequences for future recording and infor-
mation processing, pushing these technologies into the
range of unprecedented high frequencies above 10 GHz.
One of the most straightforward approaches to achieve an
ultrafast phase transition is to trigger it with the heating
effect of a femtosecond laser pulse. This has been success-
fully employed for laser-induced spin reorientation in a
broad class of materials including dielectrics [7], semi-
conductors [8], and metallic alloys [9,10]. It was shown,
for instance, that excitation of a rare-earth (RE) orthoferrite
with a 100 fs laser pulse may effectively change its mag-
netic anisotropy and trigger a subsequent 90$ spin reor-
ientation within 10 ps [7]. This opens a route for sub-100 ps
spin manipulation in magnetic media.

That approach, however, has a serious drawback,
since the high-temperature phase in these materials has at
least two degenerate states, which are characterized by
opposite orientations of the magnetic order parameter

(i.e., magnetization ‘‘up’’ and ‘‘down,’’ respectively). As
a result, such a laser-induced phase transition from the
low-temperature to the high-temperature phase proceeds
along one of two equally probable routes, with the material
eventually ending up in a multidomain state. In order to
lift the degeneracy and thus to control the route of the
transition, a magnetic field has to be present at the
moment when the medium reaches the high-temperature
phase [7–10].
In this Letter, we demonstrate a scenario for controlling

the route of an ultrafast phase transition without any mag-
netic field present during the transition. Instead, the pure
optical control is mediated by a coherent, long-living spin
precession excited by the femtosecond laser pulse. In a
striking difference with previously demonstrated mecha-
nisms to control magnetic phase transitions, in this case
laser pulses of the same helicity can create domains with
opposite magnetization directions depending on the laser
pulse fluence and the initial sample temperature.
For this study we have chosen single-crystalline

ðSm0:5Pr0:5ÞFeO3 orthoferrite, grown by the floating-zone
technique [11]. Owing to the balance between Sm and Pr
contents, this orthoferrite possesses a low linear crystallo-
graphic birefringence, which results in a huge effective
Faraday rotation [12,13]. In general, the iron Fe3þ ions in
RE orthoferrites form two pairs of sublattices S1 and S2,
which are coupled antiferromagnetically. Because of the
Dzyaloshinsky-Moriya interaction, the spins are slightly
canted, resulting in a weak magnetic moment [14,15].
Just below the Néel temperature (& 700 K), the spins
are aligned along the x axis with the weak magnetic
moment along the z axis. However, a number of orthofer-
rites, including SmFeO3, show a phase transition to a

PRL 108, 157601 (2012)
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FIG. 3. (Color online) The isothermal magnetization along the
a axis as a function of magnetic field. The three investigated
temperatures are 5, 8, and 20 K.

5 and 20 K are situated below and above Tcomp = 7.6 K,
respectively.

We also examine the magnetic state by performing first-
principles calculations. At T >TSR (=170 K), the Fe sublattice
adopts a G-type AFM vector with the resulting AFM vector
aligned along the a axis, which is denoted as the !4 spin
state or (Gx , Fz).35 It is established that the spin-lattice
interaction dictates the spin configuration and the tilting of
Fe-O octahedra [see illustration in Fig. 4(a) made by Vesta
software36 in the Pbnm structural phase along with this
AFM vector facilitates a Dzyaloshinsky–Moriya (DM) spin
canting or weak ferromagnetic (FM) vector that is aligned
along the c axis,12 as shown in Fig. 1. Here, the x and
z axes are chosen along a and c axes, respectively. Our
0 K first-principles calculations for the !4 spin state, without

considering magnetism due to the Nd sublattice, yields the
following magnetic moments in Bohr magneton µB for the four
Fe ions, as shown in Fig. 4: SFe1 = (3.714, 0.028, 0.025), SFe2 =
(−3.714, −0.028, 0.023), SFe3 = (−3.714, 0.027, 0.023), and
SFe4 = (3.714, −0.028, 0.025). The computations predict the
existence of a net magnetization of 0.023 µB for the !4 spin
state, which is reasonably consistent with the experimental
result of Mc ∼ 0.03 µB displayed in Fig. 1(a) (especially
when it is interpolated to 0 K). In essence, the computational
results endorse the !4 spin state for T > TSR , where the weak
ferromagnetism arises from the Fe sublattice.

The ferromagnetic moment clearly undergoes a gradual
spin reorientation from the c to the a axis as temperature
decreases from 170 to 107K in the Fe sublattice, as illustrated
in Fig. 1; this spin reorientation marks a crossover from the !4
to the !2 spin state. The !2 spin state or (Gz, Fx) indicates that
the Fe sublattice still retains the G-type antiferromagnetism
but with the underlying antiferromagnetic vector rotated to
the c axis from the previous a axis. Our 0 K first-principles
calculations for the !2 spin state (neglecting again magnetism
due to the Nd sublattice) produces the following magnetic
moments in µB : SFe1 = (0.026, 0.024, −3.710), SFe2 = (0.025,
0.024, 3.710), SFe3 = (0.025, −0.024, +3.710), SFe4 = (0.026,
−0.024, −3.710). The net magnetization for the Fe sublattice
amounts to 0.026 µB , which is also reasonably close to the
experimental value (and its interpolation to 0 K) of Ma ∼
0.035 µB (Fig. 1) in the vicinity of 107 K where the crossover
is completed.

As temperature further decreases, the exchange interaction
Ho becomes increasingly significant and causes a spin align-
ment of the weak ferromagnetic vector in the Nd sublattice
that is antiparallel to that of the Fe sublattice; and both the
sublattices obey starkly different temperature dependence with
the Nd sublattice having stronger temperature dependence.

FIG. 4. (Color online) Crystal structure, magnetic configurations of orthorhombic NdFeO3. (a) A unit-cell crystal structure of NdFeO3 in
Pbnm setting (Cyan: Nd, Brown: Fe, Red: O). (b) and (c) Schematic spin structures for low temperature, !2 and !4 configurations. Note the
arrows in (c) are exaggerated for showing clearly the weak ferromagnetisms due to the canted antiferromagnetic orders.
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Fro. 2. Temperature dependence of (011, 101) magnetic reflection of rare-earth orthoferritea.
The Neel temperatures are obtained by extrapolation.

6-type antiferromagnetic configuration, ' or, the simple
cubic (m.mar) configuration. a

2. Neel Temperatures
The Neel temperature for ordering of the iron-ion

moments was determined from the temperature
dependence of the first strong magnetic reAection in
each case, and the results of the measurements are
shown in Fig. 2. The solid curves are calculated from
the Brillouin function corresponding to spin ~ and the
intercepts of these curves with the temperature axes
are taken as the transition temperatures. As shown in
the figure, these are 750'K, 760'K, 700'K, and 620'K,
respectively, for LaFe03, NdFe03, HoFe03, and
ErFe03.

3. Magntic Moments

The moments of the iron ions in the antiferro-
magnetically ordered configurations were calculated
from the j(F/n)'(g')A„values measured at 43'K where
the spin systems are e6'ectively temperature saturated.
When the total intensity in the (011) (101) group is
measured, (q')A„has the value —, irrespective of the
moment direction" and one needs only the iron form

factor to obtain the effective moments. For this purpose
we have chosen an average of published form factor
data" with which moment values of 4.65, 4.5y 4.6p, and
4.62 Bohr magnetons were found for the Fe+' ions in
the orthoferrites of I-a, Nd, Ho, and Er, respectively.
It may be noted that these values are significantly
smaller than the expected values of 5.0 Bohr magnetons.

4. Moment Direction
The line splitting in the neutron diffraction patterns

of LaFe03 and of XdFe03 are sufficiently small that
the equivalent reQections in a powder line are nearly
exactly superposed; in such a case no information
regarding the moment direction relative to the crystal
axes can be obtained. In the patterns of HoFe03 and
of ErFe03, however, some of the smaller angle lines
which are free of interference from nuclear intensity
are sufficiently split by the crystalline distortions that
a partial resolution of their components can be effected.
From estimates of their relative intensities one can
infer the spin direction in the crystal in favorable
cases. By this means the following results have been
obtained:
At room temperature, for both HoFe03 and ErFe03

' H. A. Gersch and W. C. Koehler, J. Chem. Phys. Solid 5, 180
(&958).
"Strictly speaking (q }A& is not exactly —', for the true structure

because of the crystallographic distortions. The maximum error
made by neglecting the distortions is of the order of I jo in the

moment values and this is taken into account in the above
tabulation."C. G. Shull and E.0.Wollan, in Solid-State I'hysics, edited by
F. Seitz and D. Turnbull {Academic Press, Inc., New York,
1956), Vol. II, p. 210.
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A neutron diffraction study has been made of the magnetic
properties of the rare-earth-iron perovskites, NdFe03, HoFe03,
and ErFe03, at temperatures ranging from 955 to 1.25'K.The
iron ions in each of these compounds undergo a transition to an
antiferromagnetic connguration in which each moment has six
oppositely directed moments at nearest neighbor distances. The
Neel temperatures are 760'K, 700'K, and 620'K, respectively,
for the compounds of Nd, Ho, and Er. The moment directions in
HoFe03 and ErFe03 are parallel and antiparallel to the ortho-
rhombic L100] direction at room temperature: at 43'K the
moments are found to be in a (110)plane. In HoFe03 the iron-ion
moments at 1.25'K are parallel to L001$; in ErFeoa at the same
temperature they are parallel to L110j. The magnitudes of the
ordered iron moments at temperature saturation are 4.5~, 4.60,
and 4.62 Bohr magnetons in NdFe03, HoFe03, and ErFe03,

respectively. In the liquid helium temperature range, magnetic
ordering transitions of the rare-earth ions in HoFe03 (T~=6.5'K)
and ErFe03 (T~=4.3'K) are observed. The Er+s ion moments
form a nearly ideal antiferromagnetic configuration in which a
chain of parallel moments is surrounded by four chains of oppo-
sitely directed moments at nearest neighbor distances. In this
compound the Er+' ion moments are parallel and antiparallel to
L001j and at 1.25'K have a magnitude of 5.8 Bohr magnetons.
In HoFe03 the ions are ordered in a distorted antiferromagnetic
configuration in which, at 1.25'K, each Ho+' moment with
magnitude of 7.5 Bohr magnetons, makes an angle, in the (001)
plane, of about 27' with the L010$ direction so as to produce a net
ferromagnetic moment of 3.4 Bohr magnetons per HoFe03
molecule parallel to L100j.

I. INTRODUCTION

~ ARLIER neutron diGraction studies on perovskite-
~ like compounds ABO3' ' have been restricted to

those having nonmagnetic A site ions. The present
work is concerned with rare-earth-iron perovskites in
which both A and 8 site ions possess magnetic moments.
In this case there is the complicating factor of inter-
actions between unlike magnetic ions.
It has proved convenient to divide the paper into

three main sections, the first of which has to do with
the magnetic ordering of the iron-ion spin systems in
the compounds NdFe03, HoFeO~, and ErFe03 at high
temperatures. In the second section the neutron data
relative to the magnetic ordering of rare-earth-ion
moments at low temperatures are treated. The analysis
in this temperature region is somewhat more involved,
for, in certain cases, both ionic systems are magnetically
ordered. In the third section the di6raction results are
discussed in reference to the complex macroscopic
magnetic properties of these compounds.

II. SAMPLE PROPERTIES AND PROCEDURES

The rare-earth-iron perovskite samples were prepared
and analyzed by methods similar to those described
previously for LaFe03.' Within the limits of powder
x-ray diffraction techniques the orthoferrites of Nd, Ho, .
and Er were found to be isostructural with GdFeOg, the
structure of which has been determined by Geller4
from single crystal x-ray data. In the orthorhombic

*The work. herein reported was presented in part to the Inter-
national Union of Crystallography, Montreal, Canada, July,
1957.' E. O. Wollan and W. C. Koehler, Phys. Rev. 100, 545 (1955).' U. H. Bents, Phys. Rev. 106, 225 (1957).
3W. C. Koehler and E. O. Wollan, J. Phys. Chem. Solids 2,

100 (1957).
4 S. Geller, J. Chem. Phys. 24, 1236 (1956).

unit cell are four distorted simple perovskite cubes.
The iron ions are in parameterless special positions
within the limits of detection of the data but significant
displacements from ideal positions are found for the
gadolinium ions and for the two sets of nonequivalent
oxygen ions. The most probable space group is I'~
Geller and Wood' and Bertaut and Forrat' have shown
that the orthoferrites of La, Ce, Pr, Nd, Sm, and Eu
are all isostructural with GdFe03 with varying degrees
of distortion. Recent studies by Forrat' indicate that
compounds of the heavier rare earths including Ho
and Er are also isostructural with GdFe03.
The results of chemical analyses and room-

temperature x-ray diffraction measurements' are
collected in Table I, where lattice parameters of
I aFeO~ and GdFe03 are included for comparison. The
relative distortions in the orthoferrite series as measured
by the deviations of the pseudocell parameters from
their ideal values may be seen in the last columns of the
table.
Neutron di6raction data were collected at tempera-

tures ranging from 955'K to 1.25'K with the samples
in briquet form or as finely divided powders according
to experimental expediency. Extended diffraction
patterns were taken at one or more elevated tempera-
tures, at room temperature, at 77'K or at 43'K, at
4.2'K, and at 1.3'K. Limited regions of the patterns
were studied as well at intermediate temperatures.
In this study the nuclear intensities observed for

HoFe03 and ErFe03, in particular, were found to be
in fair agreement with predictions based on Geller's

' S. Geller and E. Wood, Acta Cryst. 9, 563 (1956).' E. F. Bertaut and F. Forrat, J. phys. radium 17, 129 (1956).
F. Forrat, thesis, Institute Fourier, Universite de Grenoble

(unpublished).' We are indebted to Dr. H. I.Yakel for these measurements.
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Fro. 2. Temperature dependence of (011, 101) magnetic reflection of rare-earth orthoferritea.
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6-type antiferromagnetic configuration, ' or, the simple
cubic (m.mar) configuration. a

2. Neel Temperatures
The Neel temperature for ordering of the iron-ion

moments was determined from the temperature
dependence of the first strong magnetic reAection in
each case, and the results of the measurements are
shown in Fig. 2. The solid curves are calculated from
the Brillouin function corresponding to spin ~ and the
intercepts of these curves with the temperature axes
are taken as the transition temperatures. As shown in
the figure, these are 750'K, 760'K, 700'K, and 620'K,
respectively, for LaFe03, NdFe03, HoFe03, and
ErFe03.

3. Magntic Moments

The moments of the iron ions in the antiferro-
magnetically ordered configurations were calculated
from the j(F/n)'(g')A„values measured at 43'K where
the spin systems are e6'ectively temperature saturated.
When the total intensity in the (011) (101) group is
measured, (q')A„has the value —, irrespective of the
moment direction" and one needs only the iron form

factor to obtain the effective moments. For this purpose
we have chosen an average of published form factor
data" with which moment values of 4.65, 4.5y 4.6p, and
4.62 Bohr magnetons were found for the Fe+' ions in
the orthoferrites of I-a, Nd, Ho, and Er, respectively.
It may be noted that these values are significantly
smaller than the expected values of 5.0 Bohr magnetons.

4. Moment Direction
The line splitting in the neutron diffraction patterns

of LaFe03 and of XdFe03 are sufficiently small that
the equivalent reQections in a powder line are nearly
exactly superposed; in such a case no information
regarding the moment direction relative to the crystal
axes can be obtained. In the patterns of HoFe03 and
of ErFe03, however, some of the smaller angle lines
which are free of interference from nuclear intensity
are sufficiently split by the crystalline distortions that
a partial resolution of their components can be effected.
From estimates of their relative intensities one can
infer the spin direction in the crystal in favorable
cases. By this means the following results have been
obtained:
At room temperature, for both HoFe03 and ErFe03

' H. A. Gersch and W. C. Koehler, J. Chem. Phys. Solid 5, 180
(&958).
"Strictly speaking (q }A& is not exactly —', for the true structure

because of the crystallographic distortions. The maximum error
made by neglecting the distortions is of the order of I jo in the

moment values and this is taken into account in the above
tabulation."C. G. Shull and E.0.Wollan, in Solid-State I'hysics, edited by
F. Seitz and D. Turnbull {Academic Press, Inc., New York,
1956), Vol. II, p. 210.

strates to a spin switching transition. For both FC and ZFC, a com-
pensation temperature (Tcomp53.9 K for H5300 Oe) corresponding
to zero magnetization is obtained. Note that near Tcomp, Ma-T dra-
matically decreases in magnitude and changes its sign, whereas Mc-T
curve remains essentially a zero magnetization below TSR1. In the FC
case, Ma-T shows a less temperature-dependent form in a large
temperature range of 100–350 K, and two strongly temperature-
sensitive regimes at the compensation and spin-reorientation tem-
peratures. This measured behavior of Ma-T after the FC is also in
consistent with Refs. [7,14,20] when H5100 or 500 Oe, but the more
interesting Ma-T curve measured after the ZFC has never been
reported.

Let us now focus on the Ma-T measured after the ZFC along a-axis
of single-crystal SmFeO3 as shown in Figure 2, under an applied
magnetic field of H5300 Oe. When we increase the temperature
from 3 K to 350 K, the total magnetization Ma falls rapidly and
changes sign by crossing a full annihilation (zero magnetization) at
3.9 K, and then achieves a relatively saturate negative magnetization
above 100 K. Note that a similar compensation behavior was also
reported in other RFeO3 (R5 Nd, Er)5,21 and in RMnO3 (R5 Nd,
Sm)22–24 systems. As consistent with what is advocated in the literat-
ure, we interpret such feature as indicative that the resulting mag-
netization associated with the FM vector of Sm-sublattice
considerably decreases in size (with respect to that of Fe-sublattice)
when the temperature increases (see the red and blue arrows illus-
trating the relative directions and magnitudes of FM vectors of Sm-
and Fe-sublattices). At Tcomp53.9 K, the FM vector of Sm-sublattice
is equal in magnitude to that of Fe-sublattice but reversed in direction
(AFM-type coupled with each other), producing in a vanishing total
magnetization. For temperatures above Tcomp53.9 K and below
Tssw5278.5 K, the FM vector of Sm-sublattice becomes smaller than
that of Fe-sublattice (and still reversed in direction), therefore
explaining why the total net magnetization is negative. After a fast
decrease, the total magnetization reaches its relative saturation in the

temperature region of 100–278.5 K, since the magnetic ordering of
the Sm-sublattice is weakened by temperature much faster than that
of the Fe-sublattice.

Figure 2 also highlights the main finding of this work, namely a
remarkable first-order transition at Tssw5 278.5 K. The magnetiza-
tion undergoes a sudden jump with another sign change from nega-
tive to positive value, showing a mirror-like symmetry with respect to
zero magnetization at transition point. We note that the observed
switching with temperature is not reversible, since our ZFC curve is
obtained in a warming up process. This distinctive spin switching
effect should thus be associated with a spontaneous spin-flip trans-
ition of Sm- and Fe-sublattices at the same time, accompanied by an
exchange of their FM vector directions. This is in analogy with what
we observed in NdFeO3 near 29 K when H5100 Oe5. However, the
negative Ma exists in a much wider temperature range from
Tcomp53.9 K to near room temperature of Tssw5278.5 K in
SmFeO3 system, whereas in NdFeO3 it only happens in a narrow
temperature region from 7.6 K to 29 K. This indicates that the
unyielding feature of Sm-sublattice that keeps its magnetization par-
allel to the field H and antiparallel to magnetization of Fe-sublattice
up to a high temperature (even at Tssw5356 K for H5250 Oe as
shown below). This striking result reveals an evidence for the exist-
ence of strong interaction between Sm-4f and Fe-3d electrons in
SmFeO3 system. And we speculate that the Sm-sublattice may have
a long-range ordering to some extent even near room temperature.

In order to study the relationship between the spin switching
temperature Tssw and the applied magnetic field H with a possible
modulation, we have measured the Ma-T curves (in ZFC regime)
under different H. We find that Tssw can be readily controlled in a
wide temperature range by varying the magnitude of the applied
magnetic field, as shown in Figure 3. Thus, Tssw is observed to be
very field-sensitive, but the magnitudes of the positive and negative
Ma around Tssw is less sensitive to the initial increase of field
(Figure 3a, Figure 3b). As the applied magnetic field is strengthened
from 250 Oe to 20000 Oe, Tssw changes dramatically from 356 K to
4 K (Figure 3c). Note that for a large H .2000 Oe, the switched M
values from negative to positive will become nonsymmetrical and a
smaller spin jump to positive M will be observed. It is clear that,
under low magnetic field of 250–600 Oe, Tssw covers the most useful

Figure 1 | (Left part below 350 K) Temperature dependence of the
magnetizations of SmFeO3 single crystal measured along the a-axis under
ZFC (black squares) and FC (green circles) regimes. The measuring fields
are H5300 Oe, and the measurements are performed in a process of
increasing the temperature. The left inset shows zoom-in region near the
critical temperature, and the right inset shows zoom-in region near the
magnetic jump at Tssw5278.5 K. The red and blue arrows schematize the
evolution of the magnetizations arising from Sm (in red) and Fe (in blue)
ions for the FC curve (green circles). (Right part above 300 K)
Temperature dependence of the magnetizations of SmFeO3 single crystal
measured along the a- and c-axes (cyan and red circles). The dashed
rectangle highlights the spin reorientation transition from a-axis to c-axis
for the FM vector of Fe-sublattice between 450 and 480 K. The photograph
at lower right corner illustrates single crystal SmFeO3 grown by the
floating-zone method.

Figure 2 | Temperature dependence of the magnetization of SmFeO3

single crystal measured along a-axis under ZFC regime. The measuring
field is 300 Oe, and the measurements are performed by increasing the
temperature. The arrows schematize the predicted evolution of the
magnetizations arising from Sm (in red) and Fe (in blue) ions. The inset
shows zoom-in region near the critical temperature of spin switching
transition.
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FIG. 3. (Color online) The isothermal magnetization along the
a axis as a function of magnetic field. The three investigated
temperatures are 5, 8, and 20 K.

5 and 20 K are situated below and above Tcomp = 7.6 K,
respectively.

We also examine the magnetic state by performing first-
principles calculations. At T >TSR (=170 K), the Fe sublattice
adopts a G-type AFM vector with the resulting AFM vector
aligned along the a axis, which is denoted as the !4 spin
state or (Gx , Fz).35 It is established that the spin-lattice
interaction dictates the spin configuration and the tilting of
Fe-O octahedra [see illustration in Fig. 4(a) made by Vesta
software36 in the Pbnm structural phase along with this
AFM vector facilitates a Dzyaloshinsky–Moriya (DM) spin
canting or weak ferromagnetic (FM) vector that is aligned
along the c axis,12 as shown in Fig. 1. Here, the x and
z axes are chosen along a and c axes, respectively. Our
0 K first-principles calculations for the !4 spin state, without

considering magnetism due to the Nd sublattice, yields the
following magnetic moments in Bohr magneton µB for the four
Fe ions, as shown in Fig. 4: SFe1 = (3.714, 0.028, 0.025), SFe2 =
(−3.714, −0.028, 0.023), SFe3 = (−3.714, 0.027, 0.023), and
SFe4 = (3.714, −0.028, 0.025). The computations predict the
existence of a net magnetization of 0.023 µB for the !4 spin
state, which is reasonably consistent with the experimental
result of Mc ∼ 0.03 µB displayed in Fig. 1(a) (especially
when it is interpolated to 0 K). In essence, the computational
results endorse the !4 spin state for T > TSR , where the weak
ferromagnetism arises from the Fe sublattice.

The ferromagnetic moment clearly undergoes a gradual
spin reorientation from the c to the a axis as temperature
decreases from 170 to 107K in the Fe sublattice, as illustrated
in Fig. 1; this spin reorientation marks a crossover from the !4
to the !2 spin state. The !2 spin state or (Gz, Fx) indicates that
the Fe sublattice still retains the G-type antiferromagnetism
but with the underlying antiferromagnetic vector rotated to
the c axis from the previous a axis. Our 0 K first-principles
calculations for the !2 spin state (neglecting again magnetism
due to the Nd sublattice) produces the following magnetic
moments in µB : SFe1 = (0.026, 0.024, −3.710), SFe2 = (0.025,
0.024, 3.710), SFe3 = (0.025, −0.024, +3.710), SFe4 = (0.026,
−0.024, −3.710). The net magnetization for the Fe sublattice
amounts to 0.026 µB , which is also reasonably close to the
experimental value (and its interpolation to 0 K) of Ma ∼
0.035 µB (Fig. 1) in the vicinity of 107 K where the crossover
is completed.

As temperature further decreases, the exchange interaction
Ho becomes increasingly significant and causes a spin align-
ment of the weak ferromagnetic vector in the Nd sublattice
that is antiparallel to that of the Fe sublattice; and both the
sublattices obey starkly different temperature dependence with
the Nd sublattice having stronger temperature dependence.

FIG. 4. (Color online) Crystal structure, magnetic configurations of orthorhombic NdFeO3. (a) A unit-cell crystal structure of NdFeO3 in
Pbnm setting (Cyan: Nd, Brown: Fe, Red: O). (b) and (c) Schematic spin structures for low temperature, !2 and !4 configurations. Note the
arrows in (c) are exaggerated for showing clearly the weak ferromagnetisms due to the canted antiferromagnetic orders.
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perature phase in this case (T2 s T s TN,) is 
given as .rJG,, A,, F,: FLR). FzR configuration for 
R3+ spins due to the polarization by M3+ spins is 
consistent with the presence of a compensation 
point in some RMO,[l, 5,9-12, 161. On the other 
hand, the spin configuration of the low temperature 
phase (TN2 s T s T,) is r,(F,, C,, G,: FsR, CUR) 
as shown in Fig. 2(c). FzR and C,R configurations 
have been found in ErFeO, by analyzing the 
optical spectra of E?+ ions[30]. That is, the R3+ 
spins in the a-b plane are separated into two pairs 
along the b-axis and the net R3+ moment is along 
the a-axis. In the SR region, we expect that each 
spin of M3+ and R3+ ions rotates continuously and 
coherently from r., at T2 to r2 at T,. The spin 
configuration in this region is shown in Fig. 2(b). 

From the Hamiltonian (9), the normalized free- 
energy which is compatible with the spin configura- 
tion in this SR region is found to be 

F = <TX>/ <S,,,>‘.h’ 
= (J, -Js+Jc-Jo) G,‘*/2 
+ (J,,-JR-JC+JD)Ay’2/2 
+ (J.4+J‘q-Jc-J,))cy’2/2 
+ (J,+Js+Jc+Jn)Fz’72 
- (D, + B,) G,‘F,’ + (D, - C,) G,‘A,’ cos e 
+ (B, + C,)A,‘F,’ cos 13 
- (D,+C,)C,‘F,’ sine+ (B,-CC,)G,‘C,’ 
X sin 0 + (LIesin* 8 + E.cos*~) Gz’2 + (D.cos2 0 
+ E3in* 0) Fz’z - E(A,‘? + C,‘p) + 2p (G,‘A,’ 
xcose+C,‘F,‘sinO)+2q(A,‘F,‘cose 
- G,‘C,,’ sin 0) + 2rG,‘F, cos 28 
+2s.{(~+J’)F,‘FzR’f (j-p)CIIrCyR’ 
- (&+b,‘)G,‘FzR’+ (b,+‘&r)A,‘F,R’ 
XC0Se+[(D~-D*‘)G,‘C,,R’-(B,+D~‘) 
X C,‘F,“’ + (bz - tiI’)FZ’C’,R’] .sin 0}, (15) 

where the terms of the anisotropic-symmetric 
exchange interaction between M3+ and R3+ spins 
are omitted (see equation (17)). Here, (G,‘, A,‘, 
C,‘, F,‘) and (F,“‘, Cyff’), respectively, are ohe 
normalized basis vectors of the M3+ and R3+ spins, 
compatible with the spin configuration in the SR 
region, in the rotated coordinate system where the 
Y-axis is along the net moment of kf3+ ions. B is the 
rotation angle of the easy axis in the a-c plane. As 
mentioned previously, the mean value of the 
product of spin operators has been approximated 
by the product of the mean values of spin operators. 
s is the ratio of the mean values of the R3+ and M3+ 
Spins, <sR>/<s&,>, which is the only parameter 
depending directly on the temperature. Other 
parameters in equation (I 5) such as the exchange 
constants J, D, 1 and ij and the anisotropy con- 

Fig. 2. Stable spin configurations for the rotational spin- 
reorientation of the r,, + r2 type in orthochromites and 
orthoferrites. S,, S,, S, and S, represent the spins of the 
transition metal ions and S,, S,, S, and Ss the polarized 
magnetic moments of the rare-earth ions. (a) The high- 
temperature phase (Tz s 7’ s TN,) (b) The spin-reorienta- 
tion region (T, c T s TJ (c) The low-temperature phase 

stants K = (D, E, p, q, r) of M3+ ion are assumed 
to be independent of temperature. In this equation 
we have omitted the terms of the anisotropic- 
symmetric exchange interaction between M3+ 
spins, since they are really small enough to be 
neglected for S-state ions such as M3+ ions [6]. 
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Magnetic properties of NdFeO3 single crystal in the spin reorientation region
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High quality NdFeO3 single crystal has been grown by the four-mirror image floating zone
technique. The magnetic properties and specific heat of NdFeO3 single crystal were systematically
studied in the temperature range from 2 to 300 K. A clear spin reorientation behavior is observed in
a wide temperature range from 100 to 170 K, with the gradual transition of the Fe3þ magnetic
moment ordering from {Gz, Mx}-type ordering at low temperatures to {Gx, Mz}-type ordering at
high temperatures. In the temperature range from 170 to 300 K, the value of Mx is not equal to
zero. It is assumed a single {Gx, Mz}-type ordering mixed with {Gxz, Mxz}-type orderings. During
the spin orientation transition process, the hysteresis loops become narrow with very small
coercivity. Based on the specific heat measurement, the Schottky anomaly at very low temperature
and the thermal anomalies induced by the spin reorientation were also discussed. VC 2011 American
Institute of Physics. [doi:10.1063/1.3562259]

Recently, rare-earth orthoferrites have attracted much
attention because of their potential applications, such as
ultrafast photomagnetic excitation,1 spin switching,2 and
multiferroics.3,4 Their chemical formula is RFeO3, where R
is a rare-earth ion. A characteristic feature of RFeO3 is the
presence of two magnetic subsystems of R3þ and Fe3þ. The
competition of Fe–Fe, R–Fe, and R–R interactions leads to a
few interesting phenomena in these materials. They are char-
acterized by spin reorientations, most often of the type5

C4ðGx;FzÞ! C24ðGxz;FxzÞ! C2ðGz;FxÞ:

For all orthoferrites the basal magnetic structure of the iron
subsystem just below TN corresponds to an irreducible repre-
sentation C4ðGx;FzÞ. The corresponding spin arrangement is a
canted antiferromagnetic structure with a small total ferromag-
netic moment F directed along the c(c//z) crystal axis, and an
antiferromagnetic vector G directed along the a(a//x) crystal
axis. The rare-earth ions remain paramagnetic but develop a
magnetic moment m in the molecular field of the iron ions sub-
system. Thus the total magnetization is given by M¼Fþm.5

The spin reorientation is a continuous rotation of vector
F with temperature, happening in the temperature interval
[T1, T2] with T1<T2<TN. As temperature decreases, the
vector F rotates in the (ac) plane from the c axis to the a axis
in the interval. When the temperature T1 is reached the sys-
tem switches into another symmetric configuration
C2ðGz;FxÞ with F//a. Temperatures T1 and T2 mark two sec-
ond-order phase transitions. Recently, spin reorientation
transition in orthoferrites attracted attention due to the obser-
vation of picosecond spin rotation times in orthoferrites.5–8

Among the orthoferrites, NdFeO3 has relatively high
spin reorientation temperature and wider transition tempera-

ture range.9–11 The first neutron diffraction evidence of the
spin reorientation process in NdFeO3 has shown a gradual
change of the ordered Fe3þ magnetic moment between 70
and 160 K.10 However, a systematic study of the magnetic
properties for NdFeO3 in single crystal form is still needed.
In this work, we prepared high quality NdFeO3 single crystal
by the optical floating-zone technique. The magnetic proper-
ties and specific heat of NdFeO3 single crystal were studied
in the temperature range from 2 to 300 K.

The starting materials for the preparation of feed and
seed rods were powders of Nd2O3 (99.9%) and Fe2O3

(99.99%). Polycrystalline feed and seed rods of NdFeO3

were synthesized by the conventional solid-state reaction
technique. Stoichiometric amounts of these powders were
mixed, well ground, and calcined at 1000 %C for 12 h in air.
After cooling down to room temperature, these samples were
reground and pressed into rods under 70 MPa. The rods were
sintered at 1300 %C for 24 h and naturally cooled down to
room temperature and then repeated once in order to obtain
polycrystalline rods. Single phase identification was per-
formed by the powder x-ray diffraction (XRD).

Single crystal growth was performed in the optical float-
ing-zone furnace (FZ-T-10000-H-VI-P-SH, Crystal Systems
Corp.) During the growth, the molten zone was moved
upwards at rate of 9 mm/h, with the seed rod (lower shaft) and
the feed rod (upper shaft) counter rotating at 30 rpm in airflow
by 5 L/h. A single crystal of NdFeO3 about 7 mm in diameter
and 70 mm in length was obtained, as shown in Fig. 1(a).

The magnetic properties and specific heat of NdFeO3

single crystal were measured on the Physical Property Mea-
surement System (PPMS-9, Quantum Design Inc.).

Figure 1(b) shows the powder XRD pattern of the
NdFeO3 polycrystalline rod at room temperature, which can
be well indexed as the perovskite structure. The result shows
that the sample is stoichiometric single phase. The XRD pat-
tern of a cross section of the as-grown NdFeO3 single crystal

a)Author to whom correspondence should be addressed. Electronic mail:
sxcao@shu.edu.cn. FAX: þ86-21-661324208.
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was shown in Fig. 1(c). Only one prominent sharp peak
(200) appears near 32! (2h), indicating high quality of the
single crystal sample.

Figure 2 shows the temperature dependence of magnet-
ization (M–T) of the NdFeO3 single crystal under an applied
field 100 Oe along the x axis (black square) and z axis (red
circle), with field cooling to liquid helium temperature and
then measured while heating the sample to room tempera-
ture. A clear spin reorientation transition is observed through
a wide temperature range from 100 to 170 K. In the spin
reorientation region, the values of Mz start to increase at the
expense of Mx at 100 K, and these changes proceed gradually
up to 170 K. It is associated with the gradual transition of the
Fe3þ magnetic moment ordering from {Gz, Mx}-type order-
ing at low temperatures to {Gx, Mz}-type ordering at high
temperatures. It is worth noticing that in the temperature
range from 170 to 300 K, the value of Mx is not equal to
zero, as shown in Fig. 2. It is assumed a single {Gx, Mz}-type
ordering mixed with {Gxz, Mxz}-type orderings. Below 100
K, the Fe3þ magnetic moment ordering is close to the anti-
ferromagnetic {Gz, Mx}-type ordering. Furthermore, the val-
ues of Mx decrease with decreasing the temperature at much
lower temperatures might be related to the presence of the
compensation point.

Figure 3 shows the hysteresis loops of NdFeO3 single
crystal along the x or a axis at temperatures of 50, 100, 150,
and 200 K, respectively. All of the loops show typical anti-
ferromagnetic feature after saturation, which is consistent
with the weak ferromagnetism (noncollinear antiferromag-
netism) nature of the rare-earth orthoferrites below its Neel
temperature. In the spin reorientation region, the hysteresis
loops become narrow with very small coercivity. Really, the
change of the loop shapes in the reorientation region is a
generic feature of orthoferrites. The coercivity in the spin
rotation intervals of ErFeO3 and TmFeO3 was extensively
studied.6,8 It was shown that the coercivity decreases in the
reorientation region and a theoretical understanding of such
a decrease was also provided in the recent paper.12

Orthoferrites generically exhibit rectangular magnetic
hysteresis loops away from the phase transition regions, such
as ErFeO3 and TmFeO3 as reported before.6,8,13 The phe-
nomena are also observed in NdFeO3, as shown in Fig. 3.
The hysteresis loops are rectangular with larger coercivity at
temperatures below 100 K and higher than 170 K. The coer-
civity increases as the temperature decreases below 100 K
and increases as the temperature increases above 170 K. This
feature is observed up to about 400 K (not shown in the fig-
ure), which implies that the magnetic properties of NdFeO3

single crystal are very stable at temperatures higher than
room temperature, and can be used for some particular cases
with higher working environment temperature.

In order to study the thermal anomalies induced by the
spin reorientation in NdFeO3, specific heat measurements
have been carried out in the temperature range 2–300 K
under zero magnetic field. The results are shown in Fig. 4.
At 2.4 K, there is a peak of Cp called Schottky anomaly
induced by the antiferromagnetic ordering of Nd3þ moments,
corresponding very well to the M–T curves and the studies
reported earlier.14 Near 15 K, there is a specific heat

FIG. 1. (Color online) (a) As-grown NdFeO3 single
crystal; (b) the powder XRD pattern of NdFeO3 poly-
crystalline rod after being sintered two times; and (c)
the XRD pattern of the as-grown NdFeO3 single
crystal.

FIG. 2. (Color online) The temperature dependence of the magnetization of
NdFeO3 single crystal measured in an external field H¼ 100 Oe along the x
or a axis (black square) and z or c axis (red circle).
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Abstract- Mechanisms of the temperature-induced spin-reorientation in rare-earth orthochromites 
(and orthoferrites) are examined. It is concluded that the anisotropic parts of the magnetic interactions 
between Cr3+ (or Fe3+) and rare-earth ions, the antisymmetric and the anisotropic-symmetric exchange 
interactions, are generally responsible for both the rotational and the abrupt types of the spin-reorien- 
tations. These anisotropic exchange interactions produce an effective field for the CP up-spins in the 
direction perpendicular to that of these spins and an effective field for the Cr3+ down-spins in the 
direction opposite to the abbve. These effective fields favor rotation of the Cr3+ spins, retaining their 
original antiferromagnetic configuration. Thus, as the temperature is lowered, this effective field 
increases due to the increase of the rare-earth magnetization, and when the interaction energy of the 
Cr3+ spins with these effective fields exceeds the anisotropy energy of the Cr3+ ion, spin-reorientation. 
takes place. At the beginning and ending of the spin-reorientation a second-order phase-transition 
occurs. The first-order nature of the abrupt spin-reorientation is stressed. Anisotropic exchange 
interactions between Ci” and rare-earth ions also play an important role in inducing the abrupt 
spin-reorientation. 

1. INTRODUCTION 
The class of the rare-earth orthochromites and 
orthoferrites (RM03, R = rare-earth and M = Cr, 
Fe) has two kinds of magnetic ions, M3+ and R3+ 
ions. Then, there are three types of magnetic 
interactions, M3+-M3+ , M3+-R3+ and R3+-R3+, 
each of which generally consists of the isotropic, 
the antisymmetric and the anisotropic-symmetric 
superexchange interactions. This inevitably makes 
the magnetic properties of RMO, complex. How- 
ever, the very variety of magnetic interactions re- 
sults in the various interesting phenomena in 
RM03. The interaction between M3+ spins is the 
180 deg superexchange. The isotropic M3+-M3+ 
exchange constant J[ 11 is of the magnitude 
between 10’ and lo2 cm-‘, and gives the first NCel 
temperature TN1 of the order of lo* “K. The 90 
deg superexchange between M3+ and R3+ spins is 
rather weak compared with the interaction between 
M3+ spins. That is, the isotropic M3+-R3+ exchange 
constant j[2,3] is of the order of 10°cm-‘. The 
anisotropic parts of the magnetic interaction be- 
tween M3+ and R3+ spins, the antisymmetric and 
the anisotropic-symmetric exchange interactions, 

*Work partly supported by the Broadcasting Science 
Research Laboratories of Nippon H&B KyBkai. 

determine the spin-reorientation temperature TSR 
which ranges from loo to 10Z”K. The weakest 
interaction is that between R3+ spins which is also 
the 90 deg superexchange. The isotropic R3+- 
R3+ exchange constant J’ [2,4] is of the order of or 
smaller than 10-l cm-‘, which gives the second 
NCel temperature TlV2 of the order of 1 O” “K. 

One of the prominent phenomena in RM03 is the 
spin reorientation[5] (SR) induced by temperature 
and/or by an applied magnetic field, in which the 
direction of the easy axis of magnetization changes 
from one crystal axis to another with varying tem- 
perature and/or applied field. In this paper, we 
report that the antisymmetric and the aniostropic- 
symmetric exchange interactigns between M3+ 
and R3+ spins are’both responsible for the tempera- 
ture-induced SR. 

RM03 is a weak ferromagnet resulting from a 
small canting[6] of the antiferromagnetic M3+ 
sublattices. The net moment of R3+ ions is polarized 
parallel or antiparallel to the net M3+ moment by 
the M3+-R3+ magnetic interactions. When they are 
polarized antiparallel, a compensation of the R3' 
and M3+ moments occurs. The observed spin 
configurations and the SR in RM03 are classified 
into six categories; (I) Just below TIVI, the sublat- 
tice moments of M3+ and the net moment lie, in 
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FIG. 3. (Color online) The isothermal magnetization along the
a axis as a function of magnetic field. The three investigated
temperatures are 5, 8, and 20 K.

5 and 20 K are situated below and above Tcomp = 7.6 K,
respectively.

We also examine the magnetic state by performing first-
principles calculations. At T >TSR (=170 K), the Fe sublattice
adopts a G-type AFM vector with the resulting AFM vector
aligned along the a axis, which is denoted as the !4 spin
state or (Gx , Fz).35 It is established that the spin-lattice
interaction dictates the spin configuration and the tilting of
Fe-O octahedra [see illustration in Fig. 4(a) made by Vesta
software36 in the Pbnm structural phase along with this
AFM vector facilitates a Dzyaloshinsky–Moriya (DM) spin
canting or weak ferromagnetic (FM) vector that is aligned
along the c axis,12 as shown in Fig. 1. Here, the x and
z axes are chosen along a and c axes, respectively. Our
0 K first-principles calculations for the !4 spin state, without

considering magnetism due to the Nd sublattice, yields the
following magnetic moments in Bohr magneton µB for the four
Fe ions, as shown in Fig. 4: SFe1 = (3.714, 0.028, 0.025), SFe2 =
(−3.714, −0.028, 0.023), SFe3 = (−3.714, 0.027, 0.023), and
SFe4 = (3.714, −0.028, 0.025). The computations predict the
existence of a net magnetization of 0.023 µB for the !4 spin
state, which is reasonably consistent with the experimental
result of Mc ∼ 0.03 µB displayed in Fig. 1(a) (especially
when it is interpolated to 0 K). In essence, the computational
results endorse the !4 spin state for T > TSR , where the weak
ferromagnetism arises from the Fe sublattice.

The ferromagnetic moment clearly undergoes a gradual
spin reorientation from the c to the a axis as temperature
decreases from 170 to 107K in the Fe sublattice, as illustrated
in Fig. 1; this spin reorientation marks a crossover from the !4
to the !2 spin state. The !2 spin state or (Gz, Fx) indicates that
the Fe sublattice still retains the G-type antiferromagnetism
but with the underlying antiferromagnetic vector rotated to
the c axis from the previous a axis. Our 0 K first-principles
calculations for the !2 spin state (neglecting again magnetism
due to the Nd sublattice) produces the following magnetic
moments in µB : SFe1 = (0.026, 0.024, −3.710), SFe2 = (0.025,
0.024, 3.710), SFe3 = (0.025, −0.024, +3.710), SFe4 = (0.026,
−0.024, −3.710). The net magnetization for the Fe sublattice
amounts to 0.026 µB , which is also reasonably close to the
experimental value (and its interpolation to 0 K) of Ma ∼
0.035 µB (Fig. 1) in the vicinity of 107 K where the crossover
is completed.

As temperature further decreases, the exchange interaction
Ho becomes increasingly significant and causes a spin align-
ment of the weak ferromagnetic vector in the Nd sublattice
that is antiparallel to that of the Fe sublattice; and both the
sublattices obey starkly different temperature dependence with
the Nd sublattice having stronger temperature dependence.

FIG. 4. (Color online) Crystal structure, magnetic configurations of orthorhombic NdFeO3. (a) A unit-cell crystal structure of NdFeO3 in
Pbnm setting (Cyan: Nd, Brown: Fe, Red: O). (b) and (c) Schematic spin structures for low temperature, !2 and !4 configurations. Note the
arrows in (c) are exaggerated for showing clearly the weak ferromagnetisms due to the canted antiferromagnetic orders.
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Magnetic Properties of an Antiferromagnetic Orthoferrite* 
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The orthoferrite DyFeOa, weakly ferromagnetic at room temperature, was found to become antiferro-
magnetic at 36°K. Symmetry considerations suggest that at this transition point the iron spin-axis rotates 
out of the plane perpendicular to the Moriya-Dzyaloshinsky vector, becoming parallel to it. On this basis 
the magnetic point group mmm is assigned to DyFe03 below the transition. Further evidence for the cor-
rectness of this assignment has been obtained by the observation of a linear dependence of the susceptibility 
on the magnetic field Xz.= CH" and cyclic permutations as allowed by the mmm symmetry. Another 
transition, which we associate with an antiferromagnetic ordering of the Dy3+moment, is found at TN =3. 7°K. 
The magnetization curves measured below 4.2°K at fields up to 40 kG are interpretable, to a good approxima-
tion, in terms of I ± 15j2) Kramers' doublet whose axis lies in the mirror plane of the crystal, making an 
angle of approximately 30° with the [OlOJ axis. Below TN metamagnetic transitions were observed. Symmetry 
arguments show that provided the chemical and magnetic unit cells are identical, the magneto-electric 
effect is allowed in DyFe03 below TN. 

The rare earth orthoferrites (RFeOa) are ortho-
rhombic crystals which the FeH ions order into a 
G", type structure at relatively high temperatures 
("'6500 K).1,2 The G", structure is associated with a 
weak ferromagnetic moment which arises as a result 
of an antisymmetric exchange interaction. This moment 
can be described to a good approximation by a Moriya-
Dzyaloshinsky vector along the [OlOJ axis of the 
orthorhombic unit cell.a Upon cooling below the Curie 
point several of the orthoferrites undergo magnetic 
transitions at various temperatures.2 The only case 
among the orthoferrites in which such a transition is 
associated with the disappearance of the weak ferro-
magnetism is -DyFeOa.4 We interpret this transition, 
occurring at 36°K (Fig. 1), as due to a rotation of the 
antiferromagnetic spin direction from the [100J axis 
into the [OlOJ axis, namely a change from a G", to Gy 

structure. Thus we have here a transition in which the 
antiferromagnetic axis which is perpendicular to the 
Moriya-Dzyaloshinsky vector at high temperature, 
becomes parallel to it upon cooling. In this sense it is a 
transition analogous to the Morin transition in hema-
tite.5 This transition changes the magnetic symmetry 
from the pyromagnetic m' m' m class6 to the antiferro-
magnetic mmm one. Despite forbidding a spontaneous 
magnetic moment, the mmm symmetry allows a linear 
effect of the magnetic field H, on the susceptibility, 
namely a contribution of Xxy= CH •. 7 Here C is a tem-
perature-dependent constant. The above relation holds 
for any permutation of the orthorhombic axes x, y, 

* Supported in part by the U. S. Air Force contract F61052-67-
C-004O 

t This work was done in partial fullfillment of the Ph.D. re-
quirements. 
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and z. We have observed this effect in antiferromagnetic 
DyFeOa and found its symmetry to agree with that 
required above. This supports our interpretation about 
the transition from weak ferromagnetism to antiferro-
magnetism in DyFeOa. Note that with the present 
interpretation of this transition, only a small anomaly 
in the specific heat is expected, if at all, which is in 
agreement with recent experimental results.8 
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FIG. 1. The spontaneous magnetic moment <To of a single-crystal 
DyFe03 (4.6 mg) as a function of temperature. 

The contribution of the DyH spins system to the 
weak ferromagnetic moment has been discussed pre-
viously.9 It accounts for the large increase in the ferro-
magnetic moment below room temperature. According 
to specific-heat data8 only the lowest Kramer's doublet 
of the DyH is appreciably occupied at liquid-helium 
temperatures. This is in agreement with Mossbauer 
measurementslO which show that at these temperatures 

8 A. Berton and B. Sharon, J. Appl. Phys. 39, 1367 (1967), this 
issue. 

S G. Gorodetsky and D. Treves, Proc. International Conference 
on Magnetism, Nottingham, 1964, p. 606. 

10 I. Nowick and H. J. Williams, Phys. Letters 20, 154 (1966). 
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Specific Heat of DyFe0 3 from 1.2°-80oK* 
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AND 

B. SHARON 

Department of Electronics, The Weizmann Institute of Science, Rehovoth, Israel 

Only one specific-heat anomaly was found in DyFeOa in the range 1.2°-800 K, although two magnetic 
transitions have been reported in the literature. This A-type anomaly at TN=3.7°K is attributed to a 
magnetic ordering of the Dy3+ spin system. The magnetic and lattice contribution to the specific heat have 
been separated, finding OD = 390° ± 7°K. 

When DyFe03 is cooled from high temperature, it 
undergoes three magnetic transitions. (1) At 645°K 
the iron spins order into a weak ferromagnetic struc-
ture.! (2) Near 300 K a transition from the weak ferro-
magnetic state to an antiferromagnetic state has been 
reported.2 (3) A maximum in the susceptibility of 
DyFe03 powder at 4.5°K, reported by Nowick and 
Williams, which has been attributed by them to Dy3+ 
spin ordering.3 

To elucidate the nature of the last two transitions, 
specific-heat measurements were carried out. We have 
used the calorimeter described by Veyssie and followed 
his technique.4 The sample of sintered material was 
cylindrical in form, weighing 16.00 g. The measured 
temperature dependence of the specific heat is shown 
in Fig. 1. We associate the A-type anomaly at TN= 
3.7°K with cooperative ordering of the Dy3+ spins. 
This is supported by magnetic measurements carried 
out by Gorodetsky et al.5 In the region TN«T«OD 
(OD is the Debye temperature found to be about 6800 K 
by Mossbauer studies6) the specific heat C. is expected 
to follow 

C.= a/T2+bP, (1) 

where b=n127r4R/50D
3, n is the number of atoms per 

molecule, and R is the gas constant. The first term is a 
magnetic specific heat contribution, due to short-
range order of the Dy3+.7 The second term is a Debye 
lattice contribution. The iron magnons contribution 
in this region (at low temperature also a T3 term) was 
found to be about three orders of magnitude smaller 
than the Debye term, and was therefore neglected. 

* Supported in part by the U.S.A. Air Force Contract AF 61052 
67 C 0040. 

1 M. Eibschiitz et at., J. Appl. Phys. 35, 1017 (1964). 
2 R. M. Bozorth, V. Kramer, and J. P. Remeika, Phys. Rev. 

Letters 1, 3 (1958). 
a 1. Nowick, and J. H. Williams, Phys. Letters 20, 154 (1966). 
4 J. J. Veyssie, Thesis submitted to the Faculty of Science, 

University of Grenoble, 1965. 

Figure 2 shows that Eq. (1) is obeyed in the region 
5.5°> T> 13°K. The deviation at low-temperature re-
gion is due to the importance of higher-order terms 
in the high-temperature expansion of the specific 
heat.s At high temperature, the discrepancy is due to 
the deviation from the Debye model, for which the P 
law holds typically up to OD/1V 
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FIG. 1. Temperature dependence of the molar specific heat of the 
DyFeOa. Not all measured points are shown on the graph. 

From Fig. 2, we find that OD=390± 7°K and a= 
36±0.5 ;OK/mole. To calculate the entropy AS of the 
Dy3+ ordering, we have used relation (1) to correct for 
the lattice contribution. The entropy below 1.2°K was 
obtained from the extrapolated curve C. vs T which 
was found empirically to follow the relation Cv.......,P 
in the region 1.2°< T<3.5°K, 1.2°K being the lowest 
temperature attained in our experiment. We found 
AS/ R= 0.64±0.01. This value of the entropy is only 
7% short of what is expected for ordering a Kramer's 
doublet mole. Mossbauer studies and magnetization 
measurements,S show also that at these temperatures 
only the lowest Dy3+ Kramer's doublet is occupied. 
The small deficiency in the entropy may be due at least 

6 G. Gorodetsky, B. Sharon, and S. Shtrikman, Solid State 
Commun. (in press); J. Appl. Phys. 39, 1371 (1968), this issue. 

sM. Eibschiitz, S. Shtrikman, and D. Treves, Phys. Rev. 
156, 562 (1967). 8 N. W. Dalton, Proc. Phys. Soc. (London) 88, 659 (1966). 

7 C. Domb, Magnetism (Academic Press Inc., New York, 1965), 9 L. C. Jackson, Low Temperature Physics (Methuen, New 
Vol. IIA, p. 2. York,1962). 

1367 

����	���������������
��
������������ �!"#�����
�$$��%�&$�'%�'��$�%��(��'� ��������

9�� �!�:����-����	��;�
������������
��
%

����	
	�������
��������
�������������

�����	
������	���������������
��
������������ �!"#�����
�$$��%�&$�'%�'��$�%��(��'�
��)��
����*�������� �+,�-)���.''�

�%�/������	���/%�0�	��

� !"#$%��&�'�(�&�)%�"*!% %�!%��"*

1�,��2���1������3�4�������5	&������	���0�����
�������������
�������1	���
6	����*����������

����	���������������
��
�+����'����� � "#�����
�$$��%�&$�'%�'��$�%��(�(�'

5	&��������������
���	����������-	&������*����������
����	���������������
��
������������ �!"#�����
�$$��%�&$�'%�'��$�%��(��' 

7��
�������
�����������	������	�
�����	���
����������	��	�-	��������7�*�
����	���������������
��
���+����� ' ��.'��"#�����
�$$��%�&$�'%�'��$�%8!.�(��

ZHAO, ZHAO, ZHOU, ZHANG, LI, FAN, SUN, AND LI PHYSICAL REVIEW B 89, 224405 (2014)

successive field-induced magnetic phase transitions of Fe3+

spins.

II. EXPERIMENTS

High-quality DyFeO3 single crystals were grown by a
floating-zone technique in flowing oxygen-argon mixture with
the ratio of 1:4. The crystals were cut precisely along the
crystallographic axes after orientation by using back-reflection
x-ray Laue photographs. The sample for magnetization
measurement is rodlike and the dimension is 1.70 × 0.75
× 0.55 mm3 with the length, width and thickness along
the b, c, and a axis, respectively. The sample for electric
polarization measurement is platelike and the wide face is
perpendicular to the c axis with dimension of 2.06 × 2.14
× 0.13 mm3. The dimension of the sample for thermal
conductivity measurement is 3.86 × 0.63 × 0.14 mm3 and
the longest dimension is parallel to the c axis.

Magnetization was measured by a SQUID-VSM (Quantum
Design). Electric polarization was obtained by integrating the
displacement current measured by an electrometer (model
6517B, Keithley) in a 3He refrigerator and a 14 T magnet. P (T )
was measured at a rate of about 2 K/min from 300 mK to 5 K.
In order to stabilize temperature in the P (H ) measurements,
the sweeping-field rate must be slower for lower temperature,
which is 0.25, 0.2, 0.15, and 0.1 T/min at 2, 1.4, 1, and 0.7 K,
respectively. Thermal conductivity was measured by using a
“one heater, two thermometers” technique and three different
cryostats [30–36]: (i) in a 3He-4He dilution refrigerator at
temperature regime of 70 mK–1 K; (ii) in a 3He refrigerator
at 0.3–8 K, and (iii) in a pulse-tube refrigerator for zero-field
data at T > 5 K. In all these measurements, the magnetic fields
were applied along the c axis.

III. RESULTS AND DISCUSSION

A. Magnetization

The basic magnetic properties of DyFeO3 are characterized
by the M(T ) and M(H ) measurements, of which the repre-
sentative data are shown in Fig. 1. These results are in good
consistency with the earlier works [8,22]. The temperature
dependence of M along the c axis measured in H = 500 Oe,
shown in Fig. 1(a), has two transitions at 50 and 4.2 K.
The AF order of Fe3+ spins is known to be formed at a
high temperature of T Fe

N ∼ 645 K, with a GxAyFz (FeI) spin
configuration at room temperature. The transition at 50 K
(T M) is a Morin transition, where the Fe3+ structure changes
to AxGyCz (FeII) [22]. Another transition at 4.2 K (T Dy

N )
corresponds to the AF ordering of Dy3+ moments in the GxAy

configuration. The low-T M(H ) curves shown in Fig. 1(b) are
consistent with these spin structures.

When the field is applied along the c axis, the transition from
FeI to FeII shifts to lower temperature rapidly with increasing
field, but the AF order of Dy3+ is robust against the field,
as seen in Fig. 1(c). It is known that Dy3+ moments have
strong anisotropy and are confined in the ab plane; therefore
the c-axis field can hardly to change either the Néel transition
or the Dy3+ spin orientation. Thus the irreversible M(H ),
P (H ), and κ(H ) behaviors at low temperatures shown in the
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FIG. 1. (Color online) Magnetic properties of DyFeO3 single
crystal. (a) Magnetic susceptibility in H = 500 Oe along the c

axis. (Inset) Zoom in of the low-T data. The transitions at about
50 and 4.2 K correspond to the Morin transition of Fe3+ and the
Néel transition of Dy3+, respectively. The schematics illustrate the
spin structures of Fe3+ (bottom, black) and Dy3+ (top, blue). (b)
Anisotropic magnetization at T = 2 K. (c) Representative data of the
low-T magnetic susceptibility in different magnetic fields along the c

axis. (Inset) Field dependencies of the transition temperatures of the
Dy3+ Néel order and the Fe3+ spin reorientation, determined from
the M(T ) curves.

following sections are unambiguously related to the successive
magnetic transitions of Fe3+ spins.

Figure 2 shows the magnetization of DyFeO3 single crystal
with H ‖ c after ZFC. With T > T

Dy
N , M exhibits an abrupt

increase at H Fe
r , which corresponds to the spin-flop transition

of Fe3+ moments from FeII to FeI [8,24]. With decreasing
temperature, this transition gradually moves to higher field but
becomes weaker, and finally evolves into a change of the slope
[Fig. 2(a)]. With T < T

Dy
N , there is a lower-field transition

shown by a peak at Hm in the differential dM/dH curves,
besides the peak at H Fe

r , as shown in Figs. 2(d) and 2(g).
Moreover, a peculiar irreversible M(H ) behavior is observed
at H < H Fe

r , with the irreversibility field slightly larger than
Hm, as shown in Figs. 2(b)–2(g). Note that this irreversibility
is repeatable at T > 2 K [Figs. 2(c) and 2(d)], which means
that the field-up M for the second time (solid symbol, label 5)
is identical to that for the first field-up process (open symbol,
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field, but the AF order of Dy3+ is robust against the field,
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FIG. 1. (Color online) Magnetic properties of DyFeO3 single
crystal. (a) Magnetic susceptibility in H = 500 Oe along the c

axis. (Inset) Zoom in of the low-T data. The transitions at about
50 and 4.2 K correspond to the Morin transition of Fe3+ and the
Néel transition of Dy3+, respectively. The schematics illustrate the
spin structures of Fe3+ (bottom, black) and Dy3+ (top, blue). (b)
Anisotropic magnetization at T = 2 K. (c) Representative data of the
low-T magnetic susceptibility in different magnetic fields along the c

axis. (Inset) Field dependencies of the transition temperatures of the
Dy3+ Néel order and the Fe3+ spin reorientation, determined from
the M(T ) curves.
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N , M exhibits an abrupt

increase at H Fe
r , which corresponds to the spin-flop transition

of Fe3+ moments from FeII to FeI [8,24]. With decreasing
temperature, this transition gradually moves to higher field but
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Moreover, a peculiar irreversible M(H ) behavior is observed
at H < H Fe

r , with the irreversibility field slightly larger than
Hm, as shown in Figs. 2(b)–2(g). Note that this irreversibility
is repeatable at T > 2 K [Figs. 2(c) and 2(d)], which means
that the field-up M for the second time (solid symbol, label 5)
is identical to that for the first field-up process (open symbol,
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crystal. (a) Magnetic susceptibility in H = 500 Oe along the c

axis. (Inset) Zoom in of the low-T data. The transitions at about
50 and 4.2 K correspond to the Morin transition of Fe3+ and the
Néel transition of Dy3+, respectively. The schematics illustrate the
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Anisotropic magnetization at T = 2 K. (c) Representative data of the
low-T magnetic susceptibility in different magnetic fields along the c

axis. (Inset) Field dependencies of the transition temperatures of the
Dy3+ Néel order and the Fe3+ spin reorientation, determined from
the M(T ) curves.
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magnetic transitions of Fe3+ spins.
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with H ‖ c after ZFC. With T > T
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N , M exhibits an abrupt

increase at H Fe
r , which corresponds to the spin-flop transition
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Hm, as shown in Figs. 2(b)–2(g). Note that this irreversibility
is repeatable at T > 2 K [Figs. 2(c) and 2(d)], which means
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configuration at room temperature. The transition at 50 K
(T M) is a Morin transition, where the Fe3+ structure changes
to AxGyCz (FeII) [22]. Another transition at 4.2 K (T Dy

N )
corresponds to the AF ordering of Dy3+ moments in the GxAy

configuration. The low-T M(H ) curves shown in Fig. 1(b) are
consistent with these spin structures.

When the field is applied along the c axis, the transition from
FeI to FeII shifts to lower temperature rapidly with increasing
field, but the AF order of Dy3+ is robust against the field,
as seen in Fig. 1(c). It is known that Dy3+ moments have
strong anisotropy and are confined in the ab plane; therefore
the c-axis field can hardly to change either the Néel transition
or the Dy3+ spin orientation. Thus the irreversible M(H ),
P (H ), and κ(H ) behaviors at low temperatures shown in the
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FIG. 1. (Color online) Magnetic properties of DyFeO3 single
crystal. (a) Magnetic susceptibility in H = 500 Oe along the c

axis. (Inset) Zoom in of the low-T data. The transitions at about
50 and 4.2 K correspond to the Morin transition of Fe3+ and the
Néel transition of Dy3+, respectively. The schematics illustrate the
spin structures of Fe3+ (bottom, black) and Dy3+ (top, blue). (b)
Anisotropic magnetization at T = 2 K. (c) Representative data of the
low-T magnetic susceptibility in different magnetic fields along the c

axis. (Inset) Field dependencies of the transition temperatures of the
Dy3+ Néel order and the Fe3+ spin reorientation, determined from
the M(T ) curves.

following sections are unambiguously related to the successive
magnetic transitions of Fe3+ spins.

Figure 2 shows the magnetization of DyFeO3 single crystal
with H ‖ c after ZFC. With T > T

Dy
N , M exhibits an abrupt

increase at H Fe
r , which corresponds to the spin-flop transition

of Fe3+ moments from FeII to FeI [8,24]. With decreasing
temperature, this transition gradually moves to higher field but
becomes weaker, and finally evolves into a change of the slope
[Fig. 2(a)]. With T < T

Dy
N , there is a lower-field transition

shown by a peak at Hm in the differential dM/dH curves,
besides the peak at H Fe

r , as shown in Figs. 2(d) and 2(g).
Moreover, a peculiar irreversible M(H ) behavior is observed
at H < H Fe

r , with the irreversibility field slightly larger than
Hm, as shown in Figs. 2(b)–2(g). Note that this irreversibility
is repeatable at T > 2 K [Figs. 2(c) and 2(d)], which means
that the field-up M for the second time (solid symbol, label 5)
is identical to that for the first field-up process (open symbol,
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successive field-induced magnetic phase transitions of Fe3+

spins.

II. EXPERIMENTS
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axis. (Inset) Field dependencies of the transition temperatures of the
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the M(T ) curves.

following sections are unambiguously related to the successive
magnetic transitions of Fe3+ spins.

Figure 2 shows the magnetization of DyFeO3 single crystal
with H ‖ c after ZFC. With T > T
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N , M exhibits an abrupt

increase at H Fe
r , which corresponds to the spin-flop transition

of Fe3+ moments from FeII to FeI [8,24]. With decreasing
temperature, this transition gradually moves to higher field but
becomes weaker, and finally evolves into a change of the slope
[Fig. 2(a)]. With T < T
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N , there is a lower-field transition

shown by a peak at Hm in the differential dM/dH curves,
besides the peak at H Fe

r , as shown in Figs. 2(d) and 2(g).
Moreover, a peculiar irreversible M(H ) behavior is observed
at H < H Fe

r , with the irreversibility field slightly larger than
Hm, as shown in Figs. 2(b)–2(g). Note that this irreversibility
is repeatable at T > 2 K [Figs. 2(c) and 2(d)], which means
that the field-up M for the second time (solid symbol, label 5)
is identical to that for the first field-up process (open symbol,
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hysteresis loop was measured by a Sawyer-Tower bridge
(FCE, Toyo Technica).

Figure 2(a) shows the T dependence of M of DyFeO3

along the c axis measured in H ¼ 500 Oe. The G-type
AFM order of Fe spins is sets in below TFe

N " 645 K, while
the G-type component directs toward the a axis (Gx).
Because of DM interaction, canted components, i.e.,
A-type and WFM components, arise along the b and c
axis, respectively (GxAyFz) [12,21]. In lowering T, the
G-type component of Fe spins reorients toward the b axis
at Tr " 37 K, thus the magnetic configuration changes to
AxGyCz and the WFM component disappears [see Fig. 2
(a)] [21], contrary to the case of other rare-earth orthofer-
rites which show a reorientation transition from GxAyFz to
FxCyGz [22]. On further cooling, the M shows another

anomaly at around TDy
N " 4 K [Fig. 2(a) on the upper and

right-hand scales] which corresponds to the AFM ordering
of Dy moments in the GxAy configuration [Fig. 1(a) or
1(b)]. Below Tr, application of H >HFe

r along the c axis
causes the change of the configuration of Fe spins so as to
produce the WFM component along the c axis [from
AxGyCz toGxAyFz; see Figs. 1(a) and 1(c)]. This transition
occurs both for the T > TDy

N and T < TDy
N , while HFe

r

increase steeply as the T decreases below TDy
N .

Figure 2(b) shows the H-induced P along the a , b , and
c axes in H ¼ 30 kOe (>HFe

r at 3 K) applied along the c
axis measured after ME cooling down to 3 K at H ¼

30 kOe applied along the c axis andE ¼ #2 kV=cm along
the respective axes. A large P is observed only along the c
axis with a polarity depending on the sign of poling E. As
increasing T, Pmonotonically decreases and becomes zero
at around TDy

N , suggesting that the ordered moments of Dy
should contribute to this P. A slight difference in the
transition temperatures seen in the T dependence of M
and P arises from their H dependence. In fact, P k c
measured in H (H ¼ 500 Oe (<HFe

r below TDy
N ) along

the c axis) shows a higher transition temperature
("3:8 K; see a dotted line in Fig. 2(b)].
Figure 3 shows the H (H k c) dependence of M and P

along the c axis at 3 K. The ME poling was executed under
E k c of about þ2 kV=cm and H k c of þ30 kOe. M
along the c axis is 1 order of magnitude smaller than M
along the a and b axes, since the Dy moments show the
strong magnetic anisotropy, lying in the ab-plane.
Therefore, the M along the c axis almost linearly depends
on H, but shows a small jump at HFe

r .
As increasing H, P increases monotonically from zero,

then shows a small drop at around theHFe
r " 24 kOe, while

changing its slope above HFe
r . The P continues to in-

crease with H nonlinearly, at least, up to H ¼ 140 kOe

FIG. 2 (color online). T dependence of M and P in H applied
along the c axis for DyFeO3. (a) M measured in H ¼ 500 Oe in
the temperature range of 2:4 K< T < 6 K (the upper abscissa)
and 2:4 K< T < 150 K (the lower one), respectively. (b) P
along the a, b, and c axes in H ¼ 30 kOe (>HFe

r ; indicated
by filled rectangles, triangles, and circles, respectively). Dotted
line shows T dependence of P magnified by a factor of 50 along
the c axis in H ¼ 500 Oe (<HFe

r ). Open circles indicate P along
the c axis with negative poling E.

FIG. 1 (color online). Schematic of magnetic structures of
DyFeO3 below TFe

N . (a),(b) Magnetic structures for the linear-
ME phase (H <HFe

r along the c axis). The magnetic configura-
tion is GxAy for Dy moments and AxGyCz for Fe spins. The
phase of AFM order of Dy moments is different between (a) and
(b). (c),(d) Magnetic structures for multiferroic phase (H >HFe

r

along the c axis). Magnetic configuration is GxAy for Dy mo-
ments and GxAyFz for Fe spins. The phase of AFM order of Dy
moments is different between (c) and (d). (c) and (d) have
opposite sign of P (see text).
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Low-temperature thermal conductivity (κ), as well as magnetization (M) and electric polarization (P ), of
multiferroic orthoferrite DyFeO3 single crystals are studied with H ‖ c. When the crystal is cooled in zero field,
M , P , and κ all consistently exhibit irreversible magnetic-field dependencies. In particular, with 500 mK < T !
2 K, all these properties show two transitions at the first run of increasing field but only the higher-field transition
is present in the subsequent field sweepings. Moreover, the ultra-low-T (T < 500 mK) κ(H ) shows a different
irreversibility and there is only one transition when the field is swept both up and down. All the results indicate
a complex low-T H -T phase diagram involving successive magnetic phase transitions of the Fe3+ spins. In
particular, the ground state, obtained with cooling to sub-Kelvin temperatures in zero field, is found to be an
unexplored phase.

DOI: 10.1103/PhysRevB.89.224405 PACS number(s): 75.85.+t, 66.70.−f

I. INTRODUCTION

Magnetic phase transition induced by magnetic field is an
outstanding phenomenon in the strongly-correlated electron
systems and is associated with many physical interests,
such as the unconventional superconductivity [1,2], the non-
Fermi-liquid behaviors [3], and the multiferroicity [4], etc.
Multiferroicity induced by spin order has attracted much
attention due to its large magnetoelectric (ME) coupling.
The spin-current model or the inverse Dzyaloshinsky-Moriya
(DM) interaction [5] can explain well the production of
electric polarization (P ) in the noncollinear spin systems,
such as the perovskite RMnO3 (R = rare earth) [4,6,7].
When the spins are aligned collinearly, P can also be
formed through the exchange striction mechanism, such as
in RFeO3 [8–10], Ca3CoMnO6 [11], and RMn2O5 [12–14].
In these materials, the spin structures are playing a key role in
the ME coupling and the formation of the spontaneous electric
polarization. The rare-earth-based orthoferrites RFeO3 have
received a lot of research interests in last several decades,
particularly in the manifestations of the spin structures and
spin reorientations [15–19].

In DyFeO3, the Fe3+ moments exhibit GxAyFz (FeI) spin
configuration in Bertaut’s notation [20] at room temperature,
that is, the main component of the magnetic moment is along
the a axis, accompanying with weak ferromagnetism (WFM)
along the c axis [21,22]. Upon lowering temperature, the
Fe3+ spins undergo a Morin transition [23] at T M = 50 K.
At this transition, the spin configuration changes to AxGyCz

(FeII) [22]. Moreover, with an applied magnetic field, H >
H Fe

r , along the c axis the Fe3+ spin configuration could
change back to FeI [8,24]. With further lowering temperature,

*xiazhao@ustc.edu.cn
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the Dy3+ spins develop a long-range antiferromagnetic (AF)
order below T

Dy
N = 4.2 K [8]. In the AF state, Dy3+ spins

are confined in the ab plane and the spin configuration can
be expressed as GxAy with the Ising axis deviating about
33◦ from the b axis [25,26]. The spin-induced multiferroicity
was observed only at T < T

Dy
N and when the spin flop of

Fe3+ moments is introduced by a c-axis field [8]. Due to the
interaction between Dy3+ and Fe3+ spins, the Dy3+ spins shift
towards the layers of Fe3+ with opposite spin directions and
far away from those with the same spin directions, resulting
in a collective displacement of the Dy3+ ions and producing
a spontaneous P . Therefore both the Dy3+ and Fe3+ spin
structures are crucial for the ME phenomenon. However,
the spin structure of Fe3+ at low temperatures actually has
not been determined. An obvious inconsistency in the early
studies is that the Mossbauer spectroscopy suggested a GxGy

structure [27], while the electric polarization results suggested
a AxGyCz structure [8]. Moreover, the ground state and the
low-T magnetic phase transitions are actually not known since
all the previous works had not studied the physics of DyFeO3
at temperatures lower than 1.5 K.

Heat transport has been proved to be a useful probe for
the low-T magnetic transitions [28–35]. In this work, we
study the low-T thermal conductivity (κ), as well as the
magnetization (M) and electric polarization, of DyFeO3 single
crystals with H ‖ c after a zero field cooling (ZFC) process.
In particular, the P measurements can be done at temperatures
below 1 K, while the κ is measured at temperatures down
to several tens of millidegrees of Kelvin. It is found that
M(H ), P (H ), and κ(H ) all consistently exhibit peculiar
low-field irreversible behaviors at T > 500 mK with the
irreversibility field smaller than H Fe

r . At T < 500 mK, κ(H )
shows a different irreversibility with larger κ in the field-up
process, which is in contrast with the case above 500 mK. The
results suggest a complex low-T H -T phase diagram involving
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Versatile and gigantic magnetoelectric (ME) phenomena have been found for a single crystal of

DyFeO3. Below the antiferromagnetic ordering temperature of Dy moments, a linear-ME tensor com-

ponent as large as !zz ! 2:4" 10#2 esu is observed. It is also revealed that application of magnetic field

along the c axis induces a multiferroic (weakly ferromagnetic and ferroelectric) phase with magnetization

[$0:5"B=formula unit (f.u.)] and electric polarization ($0:2 "C= cm2) both along the c axis. Exchange
striction working between adjacent Fe3þ and Dy3þ layers with the respective layered antiferromagnetic

components is proposed as the origin of the ferroelectric polarization in the multiferroic phase.

DOI: 10.1103/PhysRevLett.101.097205 PACS numbers: 75.80.+q, 77.80.Fm

Materials, which possess two or more ferroic orders,
such as concurrent (anti)ferromagnetic and ferroelectric
(FE) orders, are called multiferroics. Among these mate-
rials, FE (anti)ferromagnets have been extensively studied
in recent years because of possible technical applications,
e.g., to storage devices [1–4]. Although some materials are
reported as multiferroics, very few of them exhibit both
large electric polarization (P) and strong magnetoelectric
(ME) coupling. To attain the large ME coupling, it is
advantageous that the origin of the P is magnetic. In fact,
the large ME coupling is reported for the spiral magnets
such as orthorhombic RMnO3ðR ¼ Tb;Dy; etc:Þ [5,6],
CoCr2O4 [7], MnWO4[8], some hexaferrites[9–11], etc.
These materials show the P below the spiral spin order
transition, which can be easily modified by the application
of a magnetic field (H). The inverse effect of
Dzyaloshinskii-Moriya (DM) interaction is proposed as a
microscopic origin of the P[12,13]. However, the P of
these materials is generally small, typically of the order
of 10#2 "C=cm2 or less, except for some RMnO3 systems
[6]. Note, incidentally, that the well-known multiferroic
BiFeO3 [3] shows the ferroelectricity arising from the Bi3þ

lone-pair 6s2, but not of the magnetic origin.
As other examples of the ME perovskite, a large linear-

ME component is known for orthorhombic DyAlO3 and
DyCoO3 with Dy3þ as the A-site cation [14–16]. In these
materials, Dy moments with Ising nature align antiferro-
magnetically in the configuration of GxAy in Bertaut’s

notation [17] below TDy
N ! 3:5 K. The Ising axis is con-

fined in the ab-plane and its orientation is !30) off the b
axis. The magnetic point group in this state is m0m0m0 and
thus allows ME tensor components of !xx, !yy, and !zz

[14–16,18]. It is noteworthy that both Al and Co are
diamagnetic at the ground state and have no magnetic
contribution to the ME effect in these materials. Thus,

these materials do not have spontaneous P or magnetiza-
tion (M), while hosting the large ME coupling. To establish
a FE ferromagnetic state, it may be useful to further
introduce magnetic ions in the perovskite B sites and
utilize their magnetic order.
For DyFeO3 investigated in this study, the existence of

the linear-ME effect below TDy
N was predicted in 1970s

[19] from the viewpoint of the magnetic symmetry. In
DyFeO3, Dy moments order in the same configuration as
those in DyAlO3 and DyCoO3, while Fe ions (S ¼ 5=2)
show the antiferromagnetic (AFM) order [see Fig. 1(a)].
The proposed magnetic point group below TDy

N is 222, and
hence the ME tensor components !xx, !yy, and !zz are
allowed. However, a possibly large ME effect has not been
reported as yet. It was reported in literature [20] that the
application of H ¼ HFe

r along the c axis causes reorienta-
tion of Fe spins so as to produce a weak ferromagnetic
(WFM) component along the c axis [see Fig. 1(c) or 1
(d)].Here we report on the large linear-ME effects as well
as a H-induced FE state for a single crystal of DyFeO3.
A single crystal of DyFeO3 was grown by a floating-

zone method in a flow of oxygen. The orientation of the
single crystal was determined by using back-reflection
x-ray Laue photographs. Thin plates with wide faces per-
pendicular to the crystallographic a, b, or c axis in Pbnm
setting were cut from the single-crystalline rod. Typical
dimensions of the plates were 3" 3" 0:1 mm3. Each
wide face was mechanically polished to obtain the flat
smooth surface. Electrodes were formed on the both sides
of the plate by a heat-treatment type silver paste to make a
capacitor structure.M was measured by a superconducting
quantum interference device magnetometer (MPMS,
Quantum Design). P was measured by integrating dis-
placement current as sweeping temperature (T) or H with
use of an electrometer (model 6517, Keithley). The P-E
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no further careful neutron diffraction experiments have been
carried out to verify the magnetic structure models for
ErFeO3 according to group theoretical analysis.

In this study, we have reinvestigated the magnetic phase
transitions and structures of ErFeO3 with neutron powder
diffraction. On the basis of symmetry analysis, we propose
the magnetic structures for ErFeO3 in three different temper-
ature ranges. Our experiment and analysis give an unambigu-
ous magnetic structure for the phase below the Er3þ ordering
temperature. The two different space groups of the Fe3þ and
R3þ magnetic sublattices cause the ErFeO3 symmetry to be
broken and reduce to a monoclinic phase. Comparison to the
symmetry breaking in other RFeO3 (R¼Dy, Tb, and Sm) is
discussed.

II. EXPERIMENT

An ErFeO3 polycrystalline sample was synthesized in
Shanghai University by the solid-state-reaction method with
Er2O3 and Fe2O3 as the starting materials. The neutron pow-
der diffraction was carried out on the high-flux neutron pow-
der diffractometer WOMBAT18 at OPAL (ANSTO) with the
nominal wavelength k¼ 2.41 Å from a Ge(311) monochro-
mator. The powder sample was put in a vanadium can 6 mm
in diameter. The temperature on the sample was realized by
using a cryofurnace with temperature control on both the top
and bottom of the sample. Neutron powder diffraction pat-
terns were recorded at a series of temperature steps from 4 K
to 650 K. The Rietveld analysis of the diffraction data was
performed using the Fullprof suite software.19,20

III. RESULTS AND DISCUSSIONS

The ErFeO3 neutron diffraction patterns measured at
various temperatures are shown in Fig. 1 as a three-
dimensional surface plot. The intensities of the two peaks at
the (110) and (011) positions demonstrate obvious tempera-
ture dependencies. From 650 K to 110 K, both the (110) peak
and the (011) peak gradually increase in intensity on cooling.
However, the intensity of the (110) peak is much stronger
than that of the (011) peak. On further cooling, the relative
intensities of these two Bragg peaks change substantially in
the temperature range from 110 K to 100 K. The (110) inten-
sity decreases slightly while the (011) peak increases to a
similar intensity level as the (110) below 100 K. The relative
intensity of these two peaks remains unchanged on further
cooling from 100 K to 4.5 K. Below 4.5 K, two additional
peaks appear at lower angles, corresponding to the (100) and
(001) reflections. According to a previous study,12 ErFeO3

has the GdFeO3 crystal structure above 1.5 K with no struc-
tural phase transition until the N!eel temperature. For
ErFeO3, the intensities of the (110) and (011) structural
peaks are very weak. Thus, these peaks in our neutron dif-
fraction data should be attributed predominantly to the mag-
netic phases, and their variations are due to the magnetic
phase transitions. The powder diffraction data thus indicate
there are three different phases in the temperature region
described above. According to the previous publications21

and our magnetization measurements (not shown here), the
phase transition near 110 K and the other one at around 4.5 K

correspond to the SR transition of Fe3þ and to the long-range
magnetic-ordering transition of Er3þ ions, respectively.

A. Symmetry analysis

In order to reveal the spin configuration of ErFeO3 from
the data presented above, symmetry analysis was performed
with BasIReps.20 The general crystal structure of rare-earth
orthoferrites (RFeO3) is an orthorhombically-distorted perov-
skite structure with symmetry described by the space group
Pnma with four R in the 4c positions and four Fe in the 4b
positions. In the previous publications,5,11,12 the space group
Pbnm was widely used. In this study, we have standardized
the description of the unit cell to the Pnma space group with
a# 5.56 Å, b# 7.56 Å, c# 5.24 Å. The corresponding axis
sequence in Pbnm is a0¼ c, b0¼ a, and c0¼ b, where primes
correspond to the Pbnm setting of the space group. As we
know from Fig. 1, all the magnetic reflections could be
indexed by the crystallographic unit cell with a propagation
vector k¼ (0, 0, 0). With the G, C, A, F notations from
Koehler22 and Bertaut,23 all the possible irreducible repre-
sentations compatible with the crystal structure, which are
generated by BasIreps,20 are listed in Table I for both the
Fe3þsites and the R sites. For the Fe3þ sites (4 b site), the
configurations from U5 to U8 are impossible because the net
magnetic moments on the Fe3þ sites are not compatible in
these space groups. Thus, these magnetic structures are not
allowed. For the irreducible representations from U1 to U4,

FIG. 1. Neutron powder diffraction patterns from ErFeO3 as a function of
temperature: (a) the surface contour view and (b) the false-colour intensity
contour view. The strongest magnetic peaks (110) and (011) for Fe3þ and
(100) and (001) for Er3þ were marked in (a) and (b).
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Rare-earth orthoferrites are very interesting due to their appealing optical and multiferroic
properties. In this study, the magnetic structures and transitions of a typical rare-earth orthoferrite,
ErFeO3, have been reinvestigated in detail. The spin-reorientation transition of the Fe3þ magnetic
phase and the low-temperature magnetic ordering of Er3þ were observed by neutron powder dif-
fraction. The corresponding magnetic structures have been solved anew by symmetry analysis and
refinement of the diffraction results. The magnetic moments of Fe3þ align in an antiferromagnetic
way along the c axis with a weak ferromagnetic component along the b axis below the N!eel tem-
perature and above the spin-reorientation transition. Below the spin-reorientation transition, the
Fe3þ moments rotate into an antiferromagnetic ordering state along the b axis with weak ferromag-
netic alignment along the c axis. The spin-reorientation takes place in the bc plane. The Er3þ

moments align antiferromagnetically with a Cy mode below 4.5 K. For the Fe3þ moments, an addi-
tional Cx mode is induced by the ordering of the Er3þ moments. Namely, they change from GyFz

mode into CxGyFz mode in the Pnma space-group setting. This study resolves the long-lasting dis-
pute about the magnetic structure of ErFeO3 at low temperature. VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4919367]

I. INTRODUCTION

Rare-earth orthoferrites RFeO3 (with R denoting rare-
earth ions) have attracted intensive research attention in the
last few years because they are potential candidates for mul-
tiferroic materials with large magnetoelectric (ME) cou-
pling1,2 and ultrafast optical control of spins.3,4 Most RFeO3

compounds have a similar orthorhombic distorted perovskite
structure with the space group Pnma. At a temperature TN

ranging from 620 K to 750 K, the Fe3þ magnetic moments in
RFeO3 undergo a magnetic phase transition into a canted
antiferromagnetic state.5,6 At a lower temperature, a spin-
reorientation (SR) transition takes place on the Fe3þ sites
due to the anisotropy introduced by the rare-earth cations on
the R sites.5 For most rare-earth ions, the R3þ spins order at
an even lower temperature, too.

Due to their high N!eel temperature (>600 K) and the
large magnetic moments of Fe3þ, RFeO3 compounds are
considered as room-temperature multiferroic candidates with
potential high ME coupling coefficients.1,7 Some studies
have already demonstrated the multiferroicity of RFeO3

materials at room temperature. A magnetic-ordering-induced
polarization of "93 lC/m2 was observed at room tempera-
ture along the a axis in SmFeO3,7 even though a recent work
showed the contradictive result.2 In DyFeO3, it has been
shown that small external magnetic fields could induce
polarizations by its gigantic ME coupling effect.1 Despite
these exciting results, the underlying mechanism of the ME

coupling phenomena in RFeO3 is still a controversial
topic.2,7,8 One reason for this controversy is the complexity
of the magnetic coupling between Fe3þ and R3þ. Besides,
the magnetic structures of these compounds have not been
precisely described or are still under debate, even though
many of them were studied originally in the 1960 s.5 Since
the multiferroic properties strongly rely on the symmetry of
the magnetic phases,9,10 it is indispensable to reveal details
of the magnetic structures and transitions in order to disclose
the mystery of the ME mechanism in these materials.

ErFeO3 is a representative of rare-earth orthoferrites,
which have the archetype GdFeO3 structure and the follow-
ing transition sequence with decreasing temperature common
to most RFeO3 compounds: antiferromagnetic phase transi-
tion, SR transition, and finally long-range ordering of the
Er3þ moments.5,6,11 The magnetic structures of ErFeO3 have
been investigated by Koehler et al.11 and Gorodetsky et al.12

with neutron diffraction at wavelengths k¼ 1.2 and 2.4 Å,
respectively. Due to technical limitations, these early studies,
conducted without symmetry analysis and the Rietveld
refinement method, reached two possibilities for the mag-
netic structure of ErFeO3 below "4.5 K: one with the Fe3þ

moments in the ab plane and another one with the Fe3þ

moments in the ac plane (both in the Pnma setting).5,11–14

Following that, Pinto et al.15 found that the SR transition of
ErFeO3 is not a first-order phase transition but a kind of
gradual rotation of spins. Later, Nuclear Magnetic
Resonance (NMR)16 and M€ossbauer17 measurements pro-
vided evidence supporting alignment of the Fe3þ moments in
the ab plane below the Er3þ ordering temperature. However,
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been reported according to many different measurements.
Amongst them, the M€ossbauer method25 gave the SR transi-
tion range from 86 K to 110 K while it ranges from 97 K to
106 K by optical measurements.26 Our neutron diffraction
results accord with these published results. According to
White,5 the SR phase transition in RFeO3 should be attrib-
uted to the magnetic anisotropy energy. As is well known,
the anisotropy energy strongly depends on the strain applied
on the sample. Thus, the transition temperature difference in
this study could be attributed to the strain effect generated
during the sample preparation.

The low-temperature magnetic structure of ErFeO3

(below TNR¼ 4.5 K) has been highly disputed. According to
our symmetry analysis and refinements, the Er3þ spins order
below #5 K into a magnetic structure denoted by the irreduc-
ible representation U1. Namely, the spin configuration is a Cy

mode, consistent with the previous report. At such a low
temperature, the magnetic interaction between Fe3þ and
Er3þ is enhanced due to the ordering of the rare-earth

moments. The magnetic structure of the Fe3þ sublattice is
slightly different to the structure discussed above. Koehler
et al.11 investigated this structure and suggested that the
Fe3þ magnetic moments aligned in the ac plane at an angle
of 33$ to the a axis (in the Pnma space group), while
Gorodetsky et al.12 proposed an alternative magnetic struc-
ture, in which the Fe3þ moments lie in the ab plane and the
angle between the moments and the a axis is 51$. According
to the analysis of these authors, however, these two magnetic
structures correspond to a mixed Gxz and a mixed Gxy mode,
respectively, which are not compatible with our symmetry
analysis. A simple refinement test shows that two mixed G
components are not able to explain the observed magnetic in-
tensity. From our symmetry analysis and refinements, we
discovered that the Fe3þ magnetic moments keep the same
Gy and Fz modes below TNR as their configuration between
TSR and TNR, but an additional mode, Cx, appears and gradu-
ally increases with decreasing temperature. When this addi-
tional mode, Cx, is included in refinement of the

FIG. 3. Magnetic structure of ErFeO3

in different temperature ranges (a)
T< 4.5 K, (b) 4.5 K<T< 110 K, and
(c) 110 K<T< 650 K. Purple octahe-
dra denote FeO6 and Silver balls
denote Er3þ; Green arrows depict the
Fe3þ moments, and red arrows depict
the Er3þ moments.

FIG. 4. Temperature dependence of
the Er3þ and Fe3þ magnetic moments
over the whole temperature range (a)
and the low-temperature range (b).
Solid lines are guides to the eye, dot-
dash lines are the fitted power-laws.
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been reported according to many different measurements.
Amongst them, the M€ossbauer method25 gave the SR transi-
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106 K by optical measurements.26 Our neutron diffraction
results accord with these published results. According to
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T <  4.5  K

U1 is a canted antiferromagnetic structure with no net mag-
netic moment. All U2, U3, and U4 are canted antiferromag-
netic structures, allowing ferromagnetic components.
Among them, U3 is contradictive to the magnetization meas-
urements reported previously.6 Thus, U3 can be excluded
from the magnetic structure of RFeO3. The possible mag-
netic structure should be one of the U1(0), U2(Fz) and U4(Fy),
where the symbols in parentheses denote the orientation of
the net magnetic moments. On the other hand, the spins on
the R sites (4c site) can have eight possible arrangements,
which are also listed in Table I. The corresponding magnetic
space groups in the Pbnm space group are listed in Table I
for the convenience of comparison.

B. Magnetic structural refinements

Taking into account the possible magnetic structures
discussed above, Rietveld refinements were performed to
test these possibilities with the orthorhombic Pnma structure.
The refinements have been done on data at 45 temperature
points. Three typical refined patterns at 200 K, 10 K, and
4.1 K are plotted in Figure 2. They correspond to the three
different magnetic phases, and the corresponding magnetic
structures are presented in Fig. 3.

For the high-temperature phase above the SR transition
(TSR¼"105 K), U4 with FyGz configuration was found to be
the only solution to reproduce the relative intensities for the
two dominant magnetic reflections, namely, (110) and (011).
The refinement at 200 K gives Rmag¼ 5.1%, RBragg¼ 2.9%,
and v2¼ 3.2 (see the profile and data in the top panel of Fig. 2).
This model corresponds to the Pn’ma’ Shubnikov group. In
this magnetic structure, the neighbour Fe3þ magnetic moments
mainly align in an antiparallel way along the c axis and slightly
cant towards the b axis, producing a net magnetic moment
along the b axis. This magnetic structure model is shown in
Fig. 3(c). The temperature dependences of the refined Fe3þ

magnetic components My, Mz, and Mtotal above the SR transi-
tion are plotted in Fig. 4. These curves can be fitted to the
power law M(T)/(T$TN)b, to give TN¼ 672 K and
b¼ 0.246. The N!eel temperature is slightly higher than the pre-
vious reported N!eel temperature of 641 K, which was measured
by the M€ossbauer technique.6 The critical exponent b value is
very close to 0.25, which is the tricritical exponent value

predicted by the Ginzburg-Landau theory for a system near its
tricritical point in the temperature-magnetic–field phase dia-
gram. This hints that both temperature and magnetic field have
strong influence on the magnetic phases of ErFeO3. As shown
in the plot, the Fe3þ magnetic moments almost saturate below
200 K. The moment value (Mtotal) is around 4.5lB, slightly
lower than the free–ion moment of Fe3þ, but consistent with
the reported Fe3þ moments in other rare-earth orthoferrites.24

Below the SR transition temperature (TSR, although in
reality it is not a specific temperature but a temperature
range), the irreducible representation U2 was found to be the
model which fits the data best. The fitting parameters are
Rmag¼ 4.3%, RBragg¼ 2.6%, and v 2¼ 3.3. The refined pow-
der pattern with this spin configuration and the experimental
data at 10 K are plotted in the middle panel of Fig. 2. The
corresponding magnetic structure is shown in Fig. 3(b). As
can be seen, the fitted profile and the experimental data
match very well. The peak intensities of the (110) and (011)
reflections are similar in this model while the peak of (110)
is much stronger than that of (011) above the SR transition.
The irreducible representation U2 corresponds to the GyFz

spin configuration, meaning that the Fe3þ moments mainly
align antiferromagnetically along the b axis and the net weak
ferromagnetic component is along the c axis. In comparison
to the magnetic structure above the SR transition, the main
component of the Fe3þ magnetic moments rotates away the c
axis towards the b axis in the bc plane through the SR phase
transition. In this study, it was observed that the SR phase
transition took place in the temperature range between 100 K
and 110 K. Various SR transition temperature ranges have

TABLE I. Possible magnetic structures in the (4b) and (4c) positions in the
Pbnm and Pnma space groups, where G donates (þ$þ$), F (þþþþ), A
(þ–þ), C (þþ–) and x, y, and z indicate the orientations parallel to the a, b,

and c axes, respectively.

Parent space group Pnma Parent space group Pbnm

Irreps Space group 4b site 4c site Space group 4b site 4c site

U1 Pnma GxCyAz … Cy… Pbnm AxGyCz …… Cz

U2 Pn’m’a CxGyFz Cx… Fz Pbn’m’ FxCyGz Fx Cy…

U3 Pnm’a’ FxAyCz Fx…Cz Pb’nm’ CxFyAz Cx Fy…

U4 Pn’ma’ AxFyGz … Fy… Pb’n’m GxAyFz …… Fz

U5 Pn’m’a’ ……… Ax… Gz Pb’n’m’ ……… Gx Ay…

U6 Pnma’ ……… … Ay… Pb’nm ……… …… Az

U7 Pn’ma ……… … Gy… Pbn’m ……… …… Gz

U8 Pnm’a ……… Gx… Az Pbnm’ ……… Ax Gy…

FIG. 2. Neutron powder diffraction patterns and refinements including the
magnetic structures at 4.1 K, 10 K, and 200 K. The tick marks in the lower-
most panel show, in descending order, the positions of the Bragg peaks for
the ErFeO3 crystal structure, the Fe3þ magnetic structure, and the Er3þ mag-
netic structure.
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Abstract. The orthorhombic NdMnO3 perovskite (space group Pnma) has been studied on the
basis of magnetization and neutron powder diffraction (NPD) data. Magnetization measurements
suggest the coexistence of ferromagnetic and antiferromagnetic interactions: magnetization versus
magnetic field curves present a remnant magnetization in the ordered region, which is around 1 µB
at T = 6 K. The thermal evolution of the magnetic structure has been followed down to 1.5 K
from the NPD data. These measurements show that the Mn sub-lattice becomes ordered below
TN º 78 K with a spin arrangement (Cx, Fy, 0), in such a way that a ferromagnetic component
appears along the y-direction. The Nd sub-lattice becomes ordered below T º 13 K according
to a ferromagnetic arrangement with the moments parallel to the y-direction. At T = 1.5 K the
magnetic moment values are 3.22(9) µB for Mn atoms and 1.2(2) µB for Nd atoms.

1. Introduction

The observation of a colossal magnetoresistance effect in rare-earth manganite R1°xAxMnO3
(R = lanthanides, A = Ba, Sr, Ca) thin films [1–3] has triggered an intense effort to correctly
characterize these fascinating systems, some of the properties of which (magnetic ordering,
charge ordering, charge disproportionation) have not been completely understood yet. In fact,
the magnetic properties of the parent RMnO3 oxides were first studied a long time ago, and
it was then established that the low-temperature ground state of RMnO3 is antiferromagnetic
[4–6]. It was also known that when substituting Sr for La in the perovskite LaMnO3 the ground
state becomes ferromagnetic and the magnetic transition from the paramagnetic state to the
magnetically ordered state is accompanied by a very strong drop in the resistivity [4]. Recently,
it was discovered that, in Nd0.5Sr0.5MnO3 [7] and Pr1°xCaxMnO3 [8,9], a similar sharp drop
in the resistivity can be induced by the application of a magnetic field.

All of these mixed-valence manganites are based on the parent RMnO3 perovskites. For
rare-earth cations from La to Dy, RMnO3 perovskites are orthorhombically distorted and
the crystal structure is described in the space group Pnma [10]. In spite of the exhaustive
studies carried out on R1°xAxMnO3 manganites, comparatively little work has been done
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the observed and calculated integrated magnetic intensities are compared for both models at
T = 21 K. The results corresponding to the solution proposed by Quezel-Ambrunaz [14],
(Cx, Cy, 0), are also included. However, this last solution, which implies amixture ofmagnetic
modes belonging to two different irreducible representations, gives a result very similar to that
for (Cx, 0, 0). The fitting for (Cx, Cy, 0) gives a y-component of the magnetic moment very
close to zero, for instance, 0.20(15) µB at T = 21 K (see table 5).

Table 5. Discrepancy factors associated with the different models for T = 21 K.

T = 21 K Mn Mn Mn
Solution (Cx, 0, 0) (Cx, Cy, 0) (Cx, Fy, 0)

mx 2.78(3) 2.80(3) 2.80(3)
my — °0.20(15) °1.08(12)
|m| 2.78(3) 2.81(4) 3.00(7)
RBragg 3.80 3.80 3.40
¬
2 1.30 1.30 1.30

As regards the model (Cx, 0, 0), in spite of the good values of the agreement factors of
the refinement, some discrepancies are observed in the peak formed by the (101) and (020)
reflections. Although the deviations between the observed and calculated integrated intensities
do not seem to be important (see table 4), the thermal evolution of this reflection presented
in figure 7 seems to show that a magnetic contribution exists in this reflection. According to
the extinction rules corresponding to theC-mode (k is even) no magnetic contribution should
be observed in this reflection. In contrast, for the solution (Cx, Fy, 0) the agreement between
the observed and calculated integrated intensities for the peak formed by the (101) and (020)
reflections is better, as the extinction rules for the F -mode allow for a magnetic contribution
to this peak. Thus, as the agreement with the rest of the reflections is good, this solution is
preferred. The corresponding magnetic structure is reported in figure 8.

Figure 8. Magnetic structure for NdMnO3. (a) For 65 < T < 78 K only the Mn sub-lattice is
ordered and its structure is Cx . (b) For T < 13 K both the Mn and Nd sub-lattices are ordered.

Therefore, there is a ferromagnetic component along the y-direction and, as regards the
x-component, the magnetic structure consists of a stacking of ferromagnetic planes anti-
ferromagnetically coupled along the b-direction. As is shown in figure 9, where the thermal
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The crystal structure and magnetic ordering of the Mn spins in polycrystalline NdMnO3 have been
investigated by means of neutron diffraction and ac magnetic susceptibility measurements. The
compound crystallizes into an orthorhombic symmetry of space group Pbnm. Three peaks were
observed in the temperature dependence of the in-phase component of the ac susceptibility, !!(T).
Neutron diffraction measurements show that all three peaks observed in !!(T) are of magnetic
origin, and are associated with the ordering and the reorientation of the Mn spins. Both
ferromagnetic and antiferromagnetic couplings between the Mn spins were observed, resulting in a
noncollinear magnetic structure. The Mn spins order at Tm"75 K, and the moment saturates at #20
K at $%z&!2.21 %B . © 2000 American Institute of Physics. 'S0021-8979(00)62308-3*

Although double exchange (DE) interactions1 may be
used to explain the simultaneous observation of itinerant
electron behavior and ferromagnetism in the hole doped
perovskite-type manganites R1"xAxMnO3 (R!rare-earth
ions and A!alkaline-earth ions), the overall lattice symmetry
and local lattice distortions need to be considered as well in
understanding the novel properties of these systems. Appar-
ently, the hole carrier density and the overlap between the
manganese and oxygen orbitals are the two major parameters
that govern the transport and magnetic properties of the sys-
tems. The former can be controlled by partially replacing the
trivalent lanthanide with a divalent alkaline earth, that intro-
duces holes into the eg orbitals. The latter can be modified by
changing the average ionic size of the cations, and thereby
adjusting the eg-electron transfer interaction.2 Generally, us-
ing a smaller rare-earth ion produces a larger lattice distor-
tion of the pervoskite structure, which results in a smaller
Mn–O–Mn bond angle and a narrower eg-electron band-
width. This then reduces the degree of hybridization between
the Mn 3d eg and O 2p + orbitals and weakens the strength
of DE interaction. Compared to the most intensely investi-
gated La-based system, the strength of DE interactions in the
Nd-based system is weaker3 since a larger lattice distortion is
achieved by the smaller Nd ions. This results in a closer
competition between the DE interaction, and the electron–
phonon interaction, and electron–electron Coulomb interac-
tion in Nd1"xCaxMnO3.4,5 In this paper we present the mag-
netic structure of the Mn ions in NdMnO3, studied using ac
magnetic susceptibility and neutron diffraction measure-
ments.

Polycrystalline NdMnO3 was prepared by the standard
solid-state reaction technique. The compound was character-
ized by a complete structural analysis using high-resolution
neutron powder diffraction. The data were collected on

BT-1, the 32-detector powder diffractometer at the NIST
Center for Neutron Research, employing neutrons of wave-
length 1.5401 Å and angular collimations of 15!-20!-7! full
width at half maximum (FWHM) acceptance. Crystal struc-
ture analysis was performed using the GSAS program6 of
Larson and Von Dreele, following the Rietveld method.7 The
refinements were carried out assuming the symmetry of
orthorhombic space group Pbnm. There are no unexpected
peaks at present, showing that the sample is essentially
single phase. Careful analysis of the occupancy factors
shows that both the Nd and O sites are almost fully occupied,
and the chemical composition that we obtained for the com-
pound is NdMnO2.997. We estimated that the impurity level
is less than 3%. The structure may be viewed as a stacking of
MnO2–NdO layers (a-b planes) along the c axis direction.

ac magnetic susceptibility was then measured to search
for magnetic transitions. The data were collected using a
weak driving field of frequency 100 Hz and rms (root-mean-
square) strength 1 Oe, with and without an applied dc field.
Both the in-phase component !! and the out-of-phase com-
ponent !" were measured. Shown in Fig. 1 are the variations
of !! with temperature under various applied fields. The
main feature seen is the sharp peak at #75 K. This peak is
associated with the ordering of the Mn spins, and it has an
antiferromagnetic character as its amplitude decreases and
peak position shifts to a lower temperature when a dc field is
applied. The paramagnetic portion of !!, however, shows a
ferromagnetic character, as it displays a Curie–Weiss behav-
ior as for a ferromagnetic system, !!(T)!!0!#C/(T",)
with , positive. The solid curve shown in the high tempera-
ture portion of Fig. 1 is an extrapolation of a fit to the !! data
obtained between 120 and 325 K (not shown) to the above
expression with fitted ,!85 K and effective moment %eff
!2.03(5) %B . At lower temperatures, two small but defi-
nite peaks with maxima at 44 and 14 K are also clearly seen.
The former is associated with the change of the canting angle
of the Mn moment (see below), and this behavior is mucha)Electronic mail: whli@joule.phy.ncu.edu.tw
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reduced as a dc field is applied. The 14 K transition corre-
sponds to the reorientation of the Mn spin !see below", which
is still clearly evident at an applied dc field of 1 kOe, as can
be seen in the inset of Fig. 1. No ac losses were detected, as
essentially zero values were obtained for #! at all tempera-
tures studied.

Neutron diffraction was performed to explore the spin
structures of the Mn ions. The measurements were carried
out at NIST, and the data were collected on the BT-2 triple-
axis spectrometer operated in double-axis mode, using a con-
ventional setup with pyrolytic graphite monochromator and
filter. Neutrons of wavelength 2.351 Å and angular collima-
tions of 60"-40"-40" FWHM acceptance were used. The
magnetic signal was identified using the standard subtraction
technique.8 In Fig. 2 we show two difference patterns thus
obtained, where the indices marked are based on the nuclear
unit cell. The peaks shown in Fig. 2!a" are the peaks that
develop as the temperature is reduced from 90 to 18 K, and
signify Mn spin ordering. These magnetic peaks may be
grouped into two types that belong to two separate Fourier
components. One has the nearest-neighbor Mn spins aligned
parallel in the a-b planes but antiparallel along the c axis
direction, hence a spin structure consisting of ferromagnetic
sheets coupled antiferromagnetically, as the one marked as
AFM shown in the inset of Fig. 2!a". This component gives
rise to the $001% and $111% magnetic peaks, and will be re-
ferred to as the AFM component of the spin structure. The
second component has the Mn spins aligned parallel along
all three crystallographic directions, hence a simple ferro-
magnetic structure, as the one marked as FM shown in the
inset of Fig. 2!a". This component will be referred to as the
FM component of the spin structure, which produces the
$110%!$002%, $020%, and $200%!$112% magnetic reflections.

The difference pattern shown in Fig. 2!b" clearly indi-
cates that as the temperature is reduced from 18 to 1.8 K the
intensities of the AFM$001% and FM$110%!$002% reflections
decrease, while that of the AFM$111% and FM$200%!$112%
reflections increase. This behavior is associated with a reori-

entation of the Mn spins. Figure 3 shows the temperature
dependence of the intensities of representative magnetic
peaks. There are several points to note about the order-
parameter measurements shown in Fig. 3: !1" The intensity
scales used in the two plots are different by a factor of about
4, with the AFM intensity being the stronger. !2" The order-
ing temperature of the Mn spins, as determined by the inflec-
tion point of the AFM$001% data, is Tm&75 K. This is the
same temperature at which the most pronounced peak in
#"(T) occurs. !3" On reducing the temperature the
AFM$001% intensity increasing monotonically, and it reaches
the maximum at '20 K, where a plateau also appears in the
FM$200%!$112% data. At this temperature the Mn moment
saturates. !4" Below 14 K, the AFM$001% intensity decrease
with decreasing temperature. Shown as an inset in Fig. 3!a"
is a re-plot of the low temperature data, so that these two sets
of data can be compared directly. The data clearly show that
the downturn in the AFM$001% intensity is accompanied by
the further increase of the FM$200%!$112% intensity. These
changes mark the onset of the reorientation of the Mn spins,
which is completed at '4 K. We note that a corresponding
peak, which is only weakly affected by an applied ac field,
also appears in #"(T). !5" Around 40 K, a plateau is seen in
the FM$200%!$112% data. Correspondingly, a weak peak ap-

FIG. 1. Temperature dependence of #" measured using a weak driving field
without and with an applied dc field. Three definite peaks at 75, 44, and 14
K are clearly evident.

FIG. 2. Difference patterns observed !a" between 18 and 90 K and !b"
between 1.8 and 18 K. The solid curves are fits of the data to the Gaussian
instrumental resolution functions. The inset in !a" shows schematic repre-
sentation of the AFM and FM components, where the plus and minus signs
denote that the moments point along opposite directions.
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Abstract. The orthorhombic NdMnO3 perovskite (space group Pnma) has been studied on the
basis of magnetization and neutron powder diffraction (NPD) data. Magnetization measurements
suggest the coexistence of ferromagnetic and antiferromagnetic interactions: magnetization versus
magnetic field curves present a remnant magnetization in the ordered region, which is around 1 µB
at T = 6 K. The thermal evolution of the magnetic structure has been followed down to 1.5 K
from the NPD data. These measurements show that the Mn sub-lattice becomes ordered below
TN º 78 K with a spin arrangement (Cx, Fy, 0), in such a way that a ferromagnetic component
appears along the y-direction. The Nd sub-lattice becomes ordered below T º 13 K according
to a ferromagnetic arrangement with the moments parallel to the y-direction. At T = 1.5 K the
magnetic moment values are 3.22(9) µB for Mn atoms and 1.2(2) µB for Nd atoms.

1. Introduction

The observation of a colossal magnetoresistance effect in rare-earth manganite R1°xAxMnO3
(R = lanthanides, A = Ba, Sr, Ca) thin films [1–3] has triggered an intense effort to correctly
characterize these fascinating systems, some of the properties of which (magnetic ordering,
charge ordering, charge disproportionation) have not been completely understood yet. In fact,
the magnetic properties of the parent RMnO3 oxides were first studied a long time ago, and
it was then established that the low-temperature ground state of RMnO3 is antiferromagnetic
[4–6]. It was also known that when substituting Sr for La in the perovskite LaMnO3 the ground
state becomes ferromagnetic and the magnetic transition from the paramagnetic state to the
magnetically ordered state is accompanied by a very strong drop in the resistivity [4]. Recently,
it was discovered that, in Nd0.5Sr0.5MnO3 [7] and Pr1°xCaxMnO3 [8,9], a similar sharp drop
in the resistivity can be induced by the application of a magnetic field.

All of these mixed-valence manganites are based on the parent RMnO3 perovskites. For
rare-earth cations from La to Dy, RMnO3 perovskites are orthorhombically distorted and
the crystal structure is described in the space group Pnma [10]. In spite of the exhaustive
studies carried out on R1°xAxMnO3 manganites, comparatively little work has been done
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Neutron diffraction data
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Magnetic characterization
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Crystal structure of this compound has been also refined
in two space groups Pbnm and P21/n in order to take into
account a possible ordering of Mn and Fe ions. However,
the refinement in the P21/n group did not improve the
results. This evidences the Mn and Fe ions to be not
ordered. Calculated and experimental profiles of neutron
diffraction patterns are shown in Fig. 6.
Results of the crystal structure refinement in Pbnm space

group are demonstrated in Table 2. Oxygen octahedron
Mn/Fe–O6 is elongated rather strongly along of one axis.
This distortion is caused the most likely by the cooperative
Jahn–Teller effect as the content of Jahn–Teller‘s ions
Mn3+ ions is about 50%. The two angles Mn/Fe–O–Mn/
Fe are approximately equal to 1511 as in the case of
NdMn0.5Cr0.5O3.
The main magnetic contribution has been observed in

the Bragg reflections (0 1 1) and (1 0 1). This indicates a
formation of antiferromagnetic structure of G-type similar
to the case of NdMn0.5Cr0.5O3. Magnetic contribution into
the reflexes responsible for the ferromagnetic component
has not been observed. Values of calculated magnetic
moments are shown in Table 2. Average magnetic moment
per formula unit is 2.2 mB while the expected one should be
twice as much in the case of complete ordering of magnetic
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Fig. 5. FC magnetization of NdMn1!xFexO3 system as function of
temperature.

Fig. 6. Calculated and experimental profiles of neutron diffraction pattern
of NdMn0.5Fe0.5O3 at T ¼ 4:3K. Inset shows regions of neutron
diffraction pattern recorded at 4.3K (circles) and 290K (squares).

Fig. 4. ZFC (open symbols) and FC (closed symbols) magnetization vs.
temperature for NdMn0.5Fe0.5O3 (square) and LaMn0.5Fe0.5O3 (circle).

Table 2
The results of crystal and magnetic structures refinements of
NdMn0.5Fe0.5O3 sample

Temperature (K) 4.3 290
Space group Pbnm Pbnm

a (Å) 5.4203(1) 5.4281(1)
b (Å) 5.6281(6) 5.6241(6)
c (Å) 7.6754(5) 7.6983(1)

Nd:
x !0.0123(3) !0.0112(3)
y 0.0547(2) 0.0539(2)

O(1):
x 0.0878(4) 0.0873(4)
y 0.4781(3) 0.4777(3)

O(2):
x 0.2928(3) 0.2922(2)
y !0.3039(3) !0.3030(2)
z !0.0449(1) !0.0454(1)

Mn/Fe–O(1) (Å) 1.9808 1.9860
Mn/Fe–O(2) (Å) 2.0750 2.0733
Mn/Fe–O(2), Å 1.9637 1.9661

Mn/Fe–O(1)–Mn/Fe, deg. 151.26 151.42
Mn/Fe–O(2)–Mn/Fe, deg. 150.63 150.70

Rp(%)/Rwp (%) 3.53/4.52 3.08/3.95
RBragg (%) 4.84 3.21
w2 2.72 1.92

Magnetic moments
Mn/Fe:
mz, mB: 72.2 70.9

Magnetic R-factor (%) 8.07 8.89
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b (Å) 5.6281(6) 5.6241(6)
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Mn/Fe–O(1) (Å) 1.9808 1.9860
Mn/Fe–O(2) (Å) 2.0750 2.0733
Mn/Fe–O(2), Å 1.9637 1.9661

Mn/Fe–O(1)–Mn/Fe, deg. 151.26 151.42
Mn/Fe–O(2)–Mn/Fe, deg. 150.63 150.70

Rp(%)/Rwp (%) 3.53/4.52 3.08/3.95
RBragg (%) 4.84 3.21
w2 2.72 1.92

Magnetic moments
Mn/Fe:
mz, mB: 72.2 70.9

Magnetic R-factor (%) 8.07 8.89
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FIG. 7. (color online) Experimental and refined neutron
di↵raction patterns of NFMO for various temperatures from
1.5K to 90K. Inset shows the changes in the magnetic Bragg
peak as a function of temperature. Inset in (e): Weak mag-
netic signal at 38� due to Nd magnetism (Fx)

formed at D1B(CRG) using a wavelength of 2.524 Å be-
tween 90 and 1.5K. At this higher wavelength (2.524 Å),
the clearly resolved magnetic peaks appear around 33.2�.
Further detailed analysis has been performed on low tem-
perature neutron di↵raction data (from D1B) to quantify

the magnetic structure and temperature induced spin re-
orientation in NFMO. In Table II, magnetic moments
along with other parameters of NFMO and other ortho-
ferrites (pure as well as substituted) are listed.
The ordering vector in NFMO is k = (0,0,0), which is
same for the two end compounds, indicating that the
magnetic and structural unit cells are identical. Com-
parison of the di↵raction pattern with the two end com-
pounds suggest that the antiferromagnetic ordering is
identical with G-type NdFeO3 rather than the A-type
NdMnO3. To obtain the detailed spin configuration in a

$

$

(a) High temperature magnetic structure (b) Low temperature magnetic structure

FIG. 8. (color online) (a) Magnetic structure of NFMO rep-
resented by �1 space group at >⇠ 70K. (b) Magnetic structure
of NFMO represented by �2 space group at 4K.

unit cell, refinement of the magnetic structure has been
performed for the data collected from D1B(CRG) at 90,
50, 36, 15 and, 1.5K. The five temperatures cover com-
pletely the reorientation transition region. Since Mn and
Fe occupy the same 4b site in NFMO, the Fe-Mn order-
ing is identical. On the other hand, Nd occupies 4c site
and thus can order independently, however in conjunc-
tion with the Fe-Mn ordering.
For experimentally determined magnetic ordering vec-
tor k=(0,0,0), there exists eight irreducible represen-
tations, �1 to �8. Four out of these eight represen-
tations correspond to zero coe�cients. Thus we con-
sider four irreducible representations �1 to �4 which cor-
respond to the Shubnikov magnetic space groups, �1

(Pbnm), �2 (Pbn
0
m

0), �3 (Pb
0
nm

0), and �4 (Pb
0
n
0
m).

Using Bertraut’s notation[55], the four magnetic space-
groups can be written in a simplified manner as AxGyCz,
FxAyGz, CxFyAz, and GxCyFz respectively correspond-
ing to magnetic ordering of the cartesian components of
M

3+ spins in the unit cell. A and C type antiferro-
magnetic ordering is due to hidden canting of the spins,
while Fx is due to overt canting of spins corresponding
to ferromagnetic component. A and C type antiferro-
magnetic orderings are not observed experimentally in
present study probably due to small magnitude of the
overt and hidden angles and have not been discussed fur-
ther. Corresponding to �1, �2, �3, and �4 representa-
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Figure 3. Neutron powder diffraction data from NFMO with a neutron wavelength of 2.52 Å at D1B ILL from T = 300 K–15 K (a) The
prominent diffused scattering peak at 1.4 Å−1, on which the magnetic Bragg peak is superposed, (b) The diffused only magnetic peak
obtained by removing the long ranged magnetic Bragg peaks.

Figure 4. Neutron powder diffraction data from NFMO from (a) T = 300 K to (d) 15 K. The magnetic Bragg peaks are !tted to sum of two
Gaussian functions, while diffused scattering is !tted to Lorentzian function.

coexistence of short ranged ordering of Fe3+/Mn3+ spins with
the predominant long ranged order at low temperatures.

3.3. Two-fold spin reorientation

High temperature (400–120 K) neutron diffraction measure-
ments performed on G4.1, LLB have been studied in detail
using FULLPROF suite of rietveld re!nement. Magnetic
Bragg peak is not observed in the 400–320 K temperature
range, which indicate the absence of long range ordering of

Fe3+/Mn3+ ions. However, we observe the signature of dif-
fused scattering at 400 K with a broad peak near 32◦ as dis-
cussed in the previous section. This indicates the development
of short range ordering above TN.

In !gure 6, we show the neutron diffraction patterns
between 300 and 150 K covering the different magnetic struc-
tures. In !gure 6, we observe the development of magnetic
Bragg peaks superimposed on the diffused scattering peak. At
300 K, (!gure 6(a)) the intensity of magnetic Bragg peak is

5
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Figure 5. (a) Temperature variation of intensity of the (011), (101) magnetic Bragg peaks, and the diffused peak, (b) The temperature
variation of FWHM and correlation length ξ.

Figure 6. Experimental and re!ned powder neutron diffraction
pattern for various temperature in the spin reorientation region
measured at D1B (CRG), marked region shows the magnetic Bragg
peak.

very low but the magnitude of (011) is little bit higher than
(101), thus indicating the direction of easy axis toward x-axis
which again con!rms G-type ordering with majority of Γ4

(Gx, Fz) magnetic structure. The pattern shown in !gure 6(a)
was re!ned with Γ4 + Γ1 structure which resulted in small

Figure 7. Temperature dependence of three components of ordered
Fe3+ magnetic moment obtained from rietveld re!nement of powder
neutron diffraction data.

magnetic moments of 0.28(4) and 0.16(2) µB associated with
Γ4 and Γ1 respectively. The quality of 300 K re!nement data
for pure Γ4 magnetic structure or pure Γ1 magnetic structure
is not good resulting in the higher value of χ2. The presence
of Γ4 can be attributed to the presence of ordering arising due
to Fe3+–Fe3+ interactions as seen in all parent orthoferrites
[20] whereas the observation of Γ1 (Gy) structure is attributed
to altered Fe3+–Mn3+ interaction due to the large single ion
anisotropy of Mn3+ ions.

The small value of the moment suggests that complete
ordering is not achieved even though the FWHM is resolution
limited. With decreasing temperature, the moments associated
with Γ4 and Γ1 structures (Mx and My) (shown in !gure 7)
increase in a gradual manner. The Γ4 structure shows a max-
imum near 250 K, which is the Néel temperature obtained
from the magnetization data [18]. The increase in the absolute
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Nd0.5Dy0.5FeO3 Results

II. TECHNIQUES:

EXPERIMENTAL AND

THEORETICAL

Polycrystalline NDFO was prepared us-

ing standard solid state reaction method.

Nd2O3, Dy2O3 and Fe2O3 powders (from

Sigma Aldrich) of high purity were mixed

in stoichiometric ratio and grounded for 12

hours in Agate mortar pestle followed by sin-

tering at 1200 �C, 1300 �C and 1400 �C for 24

hours with intermediate grinding. To identify

the structural phase, x-ray di↵raction mea-

surements were carried out using Bruker D8

X-Ray di↵ractometer at Cu K↵ wavelength.

Further refinement of di↵raction data was

performed using FullProf program32. using
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FIG. 1. Zero field cool and field cool magneti-

zation as a function of temperature in 10mT.

Inset shows only field cool magnetization data

in 5 and 500mT

Rietveld refinement33. The stoichiometry of

Nd and Dy in NDFO was confirmed using

energy dispersive X-Ray analysis (EDAX)

on sample pellet. Magnetization measure-

ments were carried out using Superconduct-

ing Quantum User interface device (SQUID)

magnetometer of Quantum Design magnetic

measurement system-XL (MPMS-XL). Zero

Field Cooled (ZFC) and Field Cooled (FC)

procedures were adopted to identify the mag-

netic phase and transition temperature be-

tween 5K-300K at 0.01 and 1 T field. De-

tailed M(H) isotherms were measured be-

tween 3-80K and 0-5T to estimate entropy

change with application of magnetic field.

For theoretical calculations, we used Ising

type spin Hamiltonian containing Zeeman

and exchange interaction terms. As the com-

pound has orthorhombic structure and tol-

erance factor is close to 1, we considered a

simple cubic lattice for our calculations, in

which the Nd3+, Dy3+ ions are located at al-

ternate corners. We estimated MCE both

using mean-field theory as well as Monte

Carlo(MC) simulation technique. MC sim-

ulations were performed using metropolis al-

gorithm on a 10⇥10⇥10 lattice with periodic

boundary condition. 500,000 MC steps were

used for equlibriation and another 100,000

steps were used for measurements.
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successive field-induced magnetic phase transitions of Fe3+

spins.

II. EXPERIMENTS

High-quality DyFeO3 single crystals were grown by a
floating-zone technique in flowing oxygen-argon mixture with
the ratio of 1:4. The crystals were cut precisely along the
crystallographic axes after orientation by using back-reflection
x-ray Laue photographs. The sample for magnetization
measurement is rodlike and the dimension is 1.70 × 0.75
× 0.55 mm3 with the length, width and thickness along
the b, c, and a axis, respectively. The sample for electric
polarization measurement is platelike and the wide face is
perpendicular to the c axis with dimension of 2.06 × 2.14
× 0.13 mm3. The dimension of the sample for thermal
conductivity measurement is 3.86 × 0.63 × 0.14 mm3 and
the longest dimension is parallel to the c axis.

Magnetization was measured by a SQUID-VSM (Quantum
Design). Electric polarization was obtained by integrating the
displacement current measured by an electrometer (model
6517B, Keithley) in a 3He refrigerator and a 14 T magnet. P (T )
was measured at a rate of about 2 K/min from 300 mK to 5 K.
In order to stabilize temperature in the P (H ) measurements,
the sweeping-field rate must be slower for lower temperature,
which is 0.25, 0.2, 0.15, and 0.1 T/min at 2, 1.4, 1, and 0.7 K,
respectively. Thermal conductivity was measured by using a
“one heater, two thermometers” technique and three different
cryostats [30–36]: (i) in a 3He-4He dilution refrigerator at
temperature regime of 70 mK–1 K; (ii) in a 3He refrigerator
at 0.3–8 K, and (iii) in a pulse-tube refrigerator for zero-field
data at T > 5 K. In all these measurements, the magnetic fields
were applied along the c axis.

III. RESULTS AND DISCUSSION

A. Magnetization

The basic magnetic properties of DyFeO3 are characterized
by the M(T ) and M(H ) measurements, of which the repre-
sentative data are shown in Fig. 1. These results are in good
consistency with the earlier works [8,22]. The temperature
dependence of M along the c axis measured in H = 500 Oe,
shown in Fig. 1(a), has two transitions at 50 and 4.2 K.
The AF order of Fe3+ spins is known to be formed at a
high temperature of T Fe

N ∼ 645 K, with a GxAyFz (FeI) spin
configuration at room temperature. The transition at 50 K
(T M) is a Morin transition, where the Fe3+ structure changes
to AxGyCz (FeII) [22]. Another transition at 4.2 K (T Dy

N )
corresponds to the AF ordering of Dy3+ moments in the GxAy

configuration. The low-T M(H ) curves shown in Fig. 1(b) are
consistent with these spin structures.

When the field is applied along the c axis, the transition from
FeI to FeII shifts to lower temperature rapidly with increasing
field, but the AF order of Dy3+ is robust against the field,
as seen in Fig. 1(c). It is known that Dy3+ moments have
strong anisotropy and are confined in the ab plane; therefore
the c-axis field can hardly to change either the Néel transition
or the Dy3+ spin orientation. Thus the irreversible M(H ),
P (H ), and κ(H ) behaviors at low temperatures shown in the
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FIG. 1. (Color online) Magnetic properties of DyFeO3 single
crystal. (a) Magnetic susceptibility in H = 500 Oe along the c

axis. (Inset) Zoom in of the low-T data. The transitions at about
50 and 4.2 K correspond to the Morin transition of Fe3+ and the
Néel transition of Dy3+, respectively. The schematics illustrate the
spin structures of Fe3+ (bottom, black) and Dy3+ (top, blue). (b)
Anisotropic magnetization at T = 2 K. (c) Representative data of the
low-T magnetic susceptibility in different magnetic fields along the c

axis. (Inset) Field dependencies of the transition temperatures of the
Dy3+ Néel order and the Fe3+ spin reorientation, determined from
the M(T ) curves.

following sections are unambiguously related to the successive
magnetic transitions of Fe3+ spins.

Figure 2 shows the magnetization of DyFeO3 single crystal
with H ‖ c after ZFC. With T > T

Dy
N , M exhibits an abrupt

increase at H Fe
r , which corresponds to the spin-flop transition

of Fe3+ moments from FeII to FeI [8,24]. With decreasing
temperature, this transition gradually moves to higher field but
becomes weaker, and finally evolves into a change of the slope
[Fig. 2(a)]. With T < T

Dy
N , there is a lower-field transition

shown by a peak at Hm in the differential dM/dH curves,
besides the peak at H Fe

r , as shown in Figs. 2(d) and 2(g).
Moreover, a peculiar irreversible M(H ) behavior is observed
at H < H Fe

r , with the irreversibility field slightly larger than
Hm, as shown in Figs. 2(b)–2(g). Note that this irreversibility
is repeatable at T > 2 K [Figs. 2(c) and 2(d)], which means
that the field-up M for the second time (solid symbol, label 5)
is identical to that for the first field-up process (open symbol,

224405-2

?

?

FIG. 4. (color online) M-H plots of NDFO at 200K, 75K,
45K, 30K, and 2K.

cation of an external magnetic field along various crystal
axes result in multiple spin reorientations. The reorienta-
tion can be spin-flop as well as screw rotations depending
upon the direction of magnetic field. Thus near 77K (well
above the Morin transition), at a critical field of 4.5T
along the a direction the Fe3+ spins in DyFeO3 undergo
a field-induced �4!�2 reorientation[20]. For field along
b and c directions, the �4 magnetic structure is retained
and eventually, the Morin transition is suppressed. This
suggests that, in NDFO the ”x” component of the molec-
ular field HNd�Fe can also cause the reorientation of a
significant fraction of the total Fe3+ spins, in a manner
similar to that of the applied field in DyFeO3. Thus in
NDFO, a continuous �4!�2 reorientation occurs below
75K, eventually suppressing the Morin transition.

Fig. 4 shows the M -H curves, measured at di↵erent
temperatures. At 200K, the magnetization is linear at
higher magnetic field, along with slightly non-linear be-
havior and hysteresis at lower field values as shown in
the inset. The similar behavior is observed qualitatively
for magnetization isotherms measured between 300 and
75 K. Below 75 K, coercivity varies significantly with
a narrow hysteresis loop of the M -H isotherms. The
reduction in loop width coincides with the onset of mag-
netic transition in ZFC-FC measurements. Below 30
K, the magnetization in M -H measurements shows a
non-linear behavior at high fields. At 2 K, the M -H
isotherm shows a completely di↵erent trend qualitatively
as well as quantitatively. A nearly saturation magneti-
zation along with smaller coercivity is observed below
10K. A large magnetization value of nearly 4µB/f.u. is
attained at 5T magnetic field. This can be attributed
mainly to the large magnetic moment associated with
the Dy3+ ion (J=15/2). At 2K, magnetization studies
on single crystals of DyFeO3 revealed that the magnetic
moment along a and b crystallographic directions attain
saturation values of 4.32µB/f.u. and 8.59µB/f.u. re-
spectively, while along c-direction it shows a linear trend

and attains a smaller value of 0.71µB/f.u. at 5T[23].
In our polycrystalline NdFeO3 sample, the magnetic mo-
ment reaches a value of 1.28µB/f.u. in a field of 5T at
2K.Thus considering of 50% substitution by Nd atoms
and polycrystalline nature of our sample, an approxi-
mate value of 2.91µB/f.u. for magnetization of NDFO
is expected at 5T and 2K. This expected value of mag-
netic moments is much lower than the observed one (see
Fig. 4), indicating a greater field induced polarization in
NDFO. Below 10K, Dy3+- Nd3+ and Nd3+- Fe3+ ex-
change interactions play crucial role in observation of
higher value of magnetization induced by the rare-earth
ordering/polarization[36]. The hysteresis loop parame-
ters viz. coercivity and retentivity at 2K suggest a pos-
sible ordering of the rare-earth ions.
Thus, the M -T (ZFC-FC) measurements and M -H

isotherms indicate the presence of a gradual spin reori-
entation below 75K. The FC measurements also rule out
the possibility of a Morin transition. These DC mag-
netization measurements infer a possibility of rare-earth
(Dy3+/Nd3+) ordering at lower temperatures(<10K).
Magnetization measurements can not provide a con-

clusive evidence regarding the spin reorientation as well
as rare-earth ordering. Thus, neutron di↵raction mea-
surements were carried out to understand the low tem-
perature magnetic transitions in NDFO.

2. Neutron di↵raction

In this section, a systematic evolution of the NDFO
magnetic structure, based on neutron di↵raction data, is
discussed. To obtain the detailed configurations of Fe3+

andR
3+(Nd3+/Dy3+) magnetic moments in the unit cell,

the magnetic structure has been solved from refinement
of the powder neutron di↵raction patterns for tempera-
tures between 300 and 1.5K. The Fe atom occupies the
4b Wyco↵ position, while the R atoms occupy the 4c
sites. The magnetic ordering vector remains k=(0,0,0) in
the entire temperature range for both Fe and R atoms.
Eight irreducible representations, �1 to �8, exist from
the symmetry analysis by Bertaut et al.[37]. Four out
of these eight representations correspond to zero coe�-
cients for the Fe site. Thus only four irreducible repre-
sentations �1 to �4 can be considered which correspond
to the Shubnikov magnetic space groups, �1 (Pbnm),
�2 (Pbn

0
m

0), �3 (Pb
0
nm

0), and �4 (Pb
0
n
0
m). Using

Bertraut’s notation[37], �1,�2,�3, and �4 representa-
tions can be written in a simplified manner as Gy, FxGz,
CxFy, and GxFz respectively corresponding to magnetic
ordering of the cartesian components of Fe3+ spins in the
unit cell. Symbols G and C represent type of antiferro-
magnetic ordering and F represents ferromagnetic com-
ponent due to canting of antiferromagneticaly ordered
Fe3+ spins. Subscripts to the symbol represent the di-
rections of Fe3+ spins.

Fig. 5 shows neutron di↵raction patterns between 75
and 1.5K. At 300K, the (101) and (011) magnetic peaks

5

A. Singh et. al. Phys. Rev. B 102, 144432 (2020)

TABLE I. Structural parameters of Nd0.5Dy0.5FeO3 obtained
using combined Retvield refinement of neutron & x-ray
di↵raction data at 300K and refinement of neutron di↵rac-
tion data at 1.5K.

Parameters 300K 1.5K
(Neutron (Neutron)
& X-ray)

a(Å) 5.377(2) 5.364(2)
b(Å) 5.597(2) 5.586(3)
c(Å) 7.694(4) 7.669(2)
Fe-O(1)(m)Å 2.021(3) 1.966(4)
Fe-O(2)(l)Å 2.040(2) 2.018(2)
Fe-O(2)(s)Å 2.027(2) 2.037(2)

Fe-O bond lengths. From Table I, we can infer that a
contraction in out-of plane bond length occurs, while the
in-plane bond lengths remain nearly constant with tem-
perature.

The lattice parameters of NDFO are intermediate to
the lattice parameters of both the parent compounds
(NdFeO3 and DyFeO3)[10, 14]. The ratio b/a, which
increases monotonically with the atomic number of the
rare-earth, has a value of 1.024 in case of NdFeO3. In
NDFO, the value of b/a is 1.040 which is close to the
value obtained for DyFeO3[10, 14]. In Fig. 2, the temper-
ature variation of lattice parameters and unit cell volume
of NDFO is shown. Starting from 300K, a, b and c show
a sharper and continuous decrease till 60K. From 60 K
till 30 K, b shows an increase indicating a crossover from
positive to negative thermal expansion. Below 30 K, b
shows a plateau like behaviour with no significant change
with further decrease in temperature. Similar variation
in b is also reported for NdFeO3[10]. However in NdFeO3,
the rise in b starts at 150K itself which is more grad-
ual and finally converging to a plateau near 50K. This
temperature range (150-50K) also coincide with the spin
reorientation range of NdFeO3. The trend reversal of b
below 60 K is also accompanied by slope changes in a

and c. The variation of c below 60 K is considerably
smaller compared to the fluctuations in a. The slope
change in b coincides with the advent of spin reorienta-
tion of the Fe3+ spins in NDFO, which is discussed in
detail further in the subsequent sections. The variation
of unit cell volume V (Fig. 2(d)) is similar to reported
variation in NdFeO3[10]. The unit cell volume variation
does not show any signs related to magneto-elastic or
magneto-volume e↵ect due to spin reorientation.

B. Magnetic properties

1. DC magnetization

As shown in Fig. 3, zero field cooled (ZFC) and
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FIG. 3. (color online) ZFC-FC plots of NDFO at (a) 100 Oe
and (b) 1000 and 5000 Oe.
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small increase, in the magnetic moment associated with
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low 60 K with the onset of first spin reorientation, there
is a systematic decrease in the magnetic moment along
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the magnetic moment along c direction (Mz) shows an
increase. Mz attains maximum value at 20K conform-
ing the presence of magnetic structure represented by
�2 only. At 10K and below, the Mz magnetic moment
starts to decrease, while the Mx again starts to increase.
The values of total magnetic moment of Fe3+ is nearly
3.7µB, which is lower than the theoretical (ionic) value
5µB. Such a reduction in magnetic moment can be due
to the e↵ects of covalency and polycrystalline nature
of our sample. On the other hand, the magnetic mo-
ment of Nd3+/Dy3+ is nearly 1.8 µB at 1.5K. However,
this value of magnetic moment (1.8 µB) of Nd3+/Dy3+

is twice the value of 0.9 µB which was obtained from
neutron di↵raction measurements on the single crystals
of NdFeO3[16]. This indicates the greater polarization
of the rare-earth sub-lattice due to R

3+-Fe3+ exchange
interaction, which also causes the alignment of highly
anisotropic Dy3+ magnetic moments. As discussed in
sections IV&V, the enhancement of the polarization and
magnetic ordering of rare-earth moments are explained
by calculating the strength of various exchange interac-

tion using DFT. The schematic representation of Fe3+

and rare-earth (Nd3+/Dy3+) magnetic structure along
with temperature dependent successive spin reorientation
is depicted in the Fig. 7.

C. Heat Capacity

The molar heat capacity data of NDFO are shown in
Fig. 8(a) for the temperature range from 2 to 200K. The
heat capacity data could not identify any distinct signa-
ture associated with the spin reorientations of Fe3+ mo-
ments within the limit of measurement resolution. The
heat capacity measurements were extended down to 0.4K
to investigate the possible rare-earth (Nd/Dy) ordering.
The molar heat capacity data over 0.4-15K under 0 and
5T are shown in Fig. 8(b).
To estimate the lattice contribution in the heat ca-

pacity, an isomorphous non-magnetic compound LaGaO3

was synthesized and its heat capacity was measured over
0.4-15K. The lattice contribution for LaGaO3 follows De-
bye function with e↵ective Debye temperatures of 390
and 495K for (La&Ga) and O atoms, respectively[38].
The lattice contribution for the heat capacity of NDFO
has been estimated using the Debye function with e↵ec-
tive Debye temperature of 495K for oxygen atoms and
384.8K (renormalized with the mass) for (Nd/Dy& Fe).
The molar heat capacity data of NDFO after remov-

ing the lattice contribution are shown in Fig. 8(c). Be-
low 10 K, a broad peak in the heat capacity is observed
at ⇠2.2K which shifts to higher temperature under an
applied magnetic field of 5T. The observed broad peak
in NDFO could originate from Schottky anomaly due
to crystal-field splitting of 4f electronic states in Nd3+

and Dy3+ ions. We could not satisfactorily fit the ob-
served peak and its field dependence by considering only
the Schottky term associated with crystal field splitting
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FIG. 5. (color online) Evolution of the neutron di↵raction
data along with refinement as a function of temperature.

associated with G-type antiferromagnetic ordering of the
Fe3+ spins are observed near 2✓= 32�(data not shown).
A ratio of 1/3 between the intensities of (101) and (011)
magnetic peaks indicates that the magnetic structure be-
longs to the �4 representation with a Gx ordering of the

FIG. 6. (color online) Temperature variation of magnetic mo-
ments of Fe3+ and Nd3+/Dy3+ spins from 1.5K to 300K for
the various representations.

Fe3+ spins at 300K which is confirmed by refinement
of the data. The ratio and intensities of (101) and (011)
reflections do not vary down to 75 K. The refined di↵rac-
tion pattern at 75K is shown as Fig. 5 a). Below 75K, the
ratio (I(101)/I(011)) systematically increases with decreas-
ing the temperature, indicating a change in the magnetic
moment direction without modification of G-type mag-
netic structure i.e. spin reorientation. As shown in Fig. 5
a), b), and c), this variation in the ratio of peak intensi-
ties persists down to 20K, wherein the intensities of both
the peaks have become almost equal (I(101)/I(011)=1). At
20K, the presence of magnetic ordering represented by �2

irreducible representation (Fx, Gz) only is evident due to
equal intensities of the (011) and (101) peaks. Below 10
K the intensity of the (101) peak again increases w.r.t
the (011) peak which suggests a second spin reorienta-
tion/reoccurrence of magnetic phase (�2 ! �4 +�2). At
the lowest temperatures viz. 3.5 and 1.5K (Fig. 5 d) and
e)), three additional peaks develop at 2✓=25� and 45�,
which marks the rare-earth magnetic ordering.

In NDFO, from 300K till 75K, the magnetic struc-
ture belongs to �4 representation, wherein the Fe spins
are arranged in Gx type antiferromagnetic structure with
a weak ferromagnetic component (Fz) along crystallo-
graphic c-direction. From the di↵raction pattern, we do
not find any peak corresponding to the ferromagnetic Fz

component i.e. the (002) peak near 2✓=40�. The peak
might be undetected due to small values of canting angle
leading to a small ferromagentic moment of less than 0.1
µB/f.u. which is not seen from our powder di↵raction ex-
periments. However the spin configuration matches with
the orthoferrites.

Below 60K, the magnetic structure is best refined with
the mixture of �2 and �4 representations, indicating the
ongoing process of spin reorientation. As shown in Fig. 5
b), the magnetic structure of NDFO consists 44%�4 and
56%�2 phases at 45K. The refinements down to 20 K
clearly indicate that a gradual �4!�2 type spin reori-
entation takes place in NDFO which is similar to the
the usual second order spin reorientation observed in
NdFeO3[12]. This is in contrast with the �4!�1 type
abrupt spin reorientation observed in DyFeO3[11, 14].
As indicated by the equal ratio of I(101) and I(011) at
20K, our analysis confirmed that the magnetic structure
belongs entirely to �2 representation. Inclusion of �4

leads to higher values of �2. At 10 K and below, high
temperature magnetic phase (�4) again starts to reap-
pear and the magnetic structure belongs to a mixture of
�2+�4 representations. Interestingly, below 10K the vol-
ume fraction of �4 increases grudually, while that of �2

reduces, a trend which is reverse to the observed spin re-
orientation between 60-20K. As shown in Fig. 5 d)& e),
this trend is visible clearly from the variation in intensi-
ties of (101) and (011) peaks. At lowest measured tem-
perature (1.5K), 62% �2 and 38% �4 phases constitute
the antiferromagnetic order of Fe3+ spins in NDFO.

At 3.5K, the (100) magnetic peak at 25� and (012)
and (102) magnetic peaks around 2✓=45�, pertaining to
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FIG. 1. Observed and refined x-ray diffraction pattern of EDFO
at room temperature. We also show the unit cell of EDFO, wherein
the Er and Dy atoms occupy same crystallographic site. The Er/Dy,
Fe, and O atoms are represented by silver/blue, green, and red
spheres, respectively, in the unit cell.

the plane waves. As shown in the inset of Fig. 1 and Fig. 11, an
unit cell containing 4 formula units of EDFO is considered in
our calculations. The structure was relaxed keeping the Er/Dy
4 f electrons as core electrons. Ionic positions were relaxed
until the forces on the ions are less than 0.1 meV Å−1. For the
electronic self-consistent calculations, the Er/Dy 4 f electrons

were treated as valence electrons. We have considered follow-
ing orbitals in the valence band for each atom: Fe: 3d , 4s, O:
2s, 2p, and Er/Dy: 4 f , 5p, 5d , 6s. A 6 × 6 × 6 Monkhorst-
Pack k-mesh centered at the ! point in the Brillouin zone
was used for performing the Brillouin zone integrations. To
establish the nature of the ground-state magnetic order, non-
collinear calculations were performed with the inclusion of
spin-orbit coupling within GGA+U+SO approximation.

III. EXPERIMENTAL RESULTS

A. Structural characterization

Figure 1 shows the room-temperature powder x-ray
diffraction pattern for EDFO. The pattern is refined with the
Rietveld method using the FullProf program. The pattern is
refined to a single phase, with no trace of any impurity or unre-
acted phases. The compound crystallizes in the orthorhombic
Pbnm space group. At room temperature, the estimated lattice
parameters are a = 5.2793(5) Å, b = 5.5835(6) Å, and c =
7.6011(6) Å. The lattice (structural) parameters were also
extracted from neutron powder diffraction patterns collected
between 300 and 1.5 K. In Figs. 2(a)–2(c) the temperature
variation of the three lattice parameters is shown. As expected,
a, b, and c continuously decrease from 300 till 100 K. Further
till 10 K, a and c decrease gradually with temperature, while
b shows a “hump”-like feature between 50 and 10 K. Be-
low 5 K we observe a sharp increase in all the three lattice
parameters with a maximum around 2 K. The temperature
variation of unit cell volume V [Fig. 2(d)] is similar to that
of a and c, with a slope change below 100 K. In Fig. 2(e),
we observe a sharp increase in volume with a maximum

FIG. 2. [(a)–(c)] Temperature variation of lattice parameters, (d) unit cell volume of EDFO, and (e) anomalous rise in volume below 10 K.
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FIG. 3. ZFC-FC magnetization of EDFO at (a) 0.01 T and
(b) 0.1 T. The inset shows enlarged portion of the graph below 70 K.

value at 2 K. In the absence of structural transformation, the
“isotropic” negative thermal expansion effects may be consid-
ered as magneto-elastic or magneto-volume effect [71]. The
anomalous negative thermal expansion is found to be associ-
ated with the long-range arrangement of rare-earth moments.

B. Magnetic properties

1. DC magnetization

Figure 3 shows the temperature-dependent zero-field-
cooled (ZFC) and field-cooled (FC) magnetization measure-
ments for EDFO from 2 to 300 K at magnetic fields of
0.01 and 0.1 T. At 300 K, EDFO is expected to be antifer-
romagnetically ordered in !4(Gx, Ay, Fz) magnetic structure,
due to which we observe a small difference in the ZFC and
FC magnetization. The spin reorientation of Fe3+ spins begins
below ∼100/110 K in ErFeO3 [37–41]. Unlike ErFeO3, the
signature of spin reorientation in EDFO appears below 70 K,
indicated by the increase in bifurcation between ZFC-FC
magnetization (in 0.01 T) as seen in Fig. 3. Near T ∼ 45 K,
the ZFC magnetization shows a drop, whereas the FC mag-
netization increases in a continuous manner with a change
in slope near 15 K. This change in slope might be related
to the polarization of Dy3+ moments, observed in neutron
diffraction measurements in this work and observed earlier by
Hoogeboom et al. [57] in SMR measurements. Below 25 K,
the ZFC magnetization rises again, similar to ErFeO3 [72].
Unlike DyFeO3, signature of a clear Morin-like transition is
not observed in EDFO [45]. The ZFC-FC measurements for
0.1 T are also shown in Fig. 3. With a decrease in temperature,
the ZFC and FC curves for 0.1 T show a continuous increase
with a small slope change near 45 K.

The isothermal field variation of magnetization for various
temperatures is shown in Fig. 4. At 300 K, the M-H curve
shows a typical hysteresis loop of a canted antiferromagnet
with a coercivity of nearly 0.2 T, confirming the weak fer-
romagnetism in EDFO. At 50 and 30 K, the M-H isotherm
loops have relatively narrower hysteresis loops with an almost

FIG. 4. M-H isotherms of EDFO at various temperatures.

linear magnetization at higher magnetic fields. The slope of
linear magnetization at higher fields, which increases with
decreasing temperature, is due to the development of the para-
magnetic moment of both rare-earth ions [72]. At 5 K, the
nonlinear behavior of the magnetization, at higher magnetic
field, suggests polarization of the R3+ moments. In a magnetic
field of 5 T, the magnetization attains a near-saturation (Msat)
value of nearly 8.4 µB. Both Er3+ and Dy3+ ions have a
ground-state angular momentum quantum number J = 15/2,
and their corresponding magnetic moments are ∼9.5 µB and
∼10.6 µB, respectively. Magnetization studies on single crys-
tals of DyFeO3 reveal that the magnetic moment along the
b axis attains a maximum value of nearly 9 µB, while a total
magnetization of 10.6 µB is obtained. Similarly, in ErFeO3,
the total magnetic moment reaches a value of 7.6 µB in a
magnetic field of 5 T [73]. Thus the value of Msat in EDFO
lies between that of the corresponding parent compounds.

2. Magnetic neutron diffraction

In this section, the magnetic structures of EDFO obtained
from neutron diffraction data is discussed. At 300 K (pat-
tern not shown), we observe the structurally forbidden (101)
and (011) magnetic peaks associated with G-type magnetic
ordering of the Fe3+ spins. The neutron diffraction patterns
obtained at 200, 45, and 20 K are shown in Figs. 5(a), 5(b),
and 5(c). The magnetic peaks (011) and (101) correspond to
ordering vector, "k = (0, 0, 0). A ratio of nearly 1/3 between
the intensities of (101) and (011) peaks confirms that the
Fe3+ spins are arranged as Gx in the !4 magnetic structure
at 200 K [74]. Between 200 and 100 K, the ratio between
the peaks remain nearly constant, while the absolute values
of the intensity increase. Below 75 K, we observe relative
increase in the intensity of (101) peak in comparison to the
(011) peak, which indicates the onset of spin reorientation
(data not shown). As shown in Fig. 5(b), at 45 K, the in-
tensity of (011) peak is approximately twice in comparison
to the intensity of (101) peak. Such intensity ratio suggests
that a mixed magnetic structure, Gxz(!4 + !2), exists at 45 K.
The changes in intensity ratio of (101) and (011) peaks are
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FIG. 1. Observed and refined x-ray diffraction pattern of EDFO
at room temperature. We also show the unit cell of EDFO, wherein
the Er and Dy atoms occupy same crystallographic site. The Er/Dy,
Fe, and O atoms are represented by silver/blue, green, and red
spheres, respectively, in the unit cell.

the plane waves. As shown in the inset of Fig. 1 and Fig. 11, an
unit cell containing 4 formula units of EDFO is considered in
our calculations. The structure was relaxed keeping the Er/Dy
4 f electrons as core electrons. Ionic positions were relaxed
until the forces on the ions are less than 0.1 meV Å−1. For the
electronic self-consistent calculations, the Er/Dy 4 f electrons

were treated as valence electrons. We have considered follow-
ing orbitals in the valence band for each atom: Fe: 3d , 4s, O:
2s, 2p, and Er/Dy: 4 f , 5p, 5d , 6s. A 6 × 6 × 6 Monkhorst-
Pack k-mesh centered at the ! point in the Brillouin zone
was used for performing the Brillouin zone integrations. To
establish the nature of the ground-state magnetic order, non-
collinear calculations were performed with the inclusion of
spin-orbit coupling within GGA+U+SO approximation.

III. EXPERIMENTAL RESULTS

A. Structural characterization

Figure 1 shows the room-temperature powder x-ray
diffraction pattern for EDFO. The pattern is refined with the
Rietveld method using the FullProf program. The pattern is
refined to a single phase, with no trace of any impurity or unre-
acted phases. The compound crystallizes in the orthorhombic
Pbnm space group. At room temperature, the estimated lattice
parameters are a = 5.2793(5) Å, b = 5.5835(6) Å, and c =
7.6011(6) Å. The lattice (structural) parameters were also
extracted from neutron powder diffraction patterns collected
between 300 and 1.5 K. In Figs. 2(a)–2(c) the temperature
variation of the three lattice parameters is shown. As expected,
a, b, and c continuously decrease from 300 till 100 K. Further
till 10 K, a and c decrease gradually with temperature, while
b shows a “hump”-like feature between 50 and 10 K. Be-
low 5 K we observe a sharp increase in all the three lattice
parameters with a maximum around 2 K. The temperature
variation of unit cell volume V [Fig. 2(d)] is similar to that
of a and c, with a slope change below 100 K. In Fig. 2(e),
we observe a sharp increase in volume with a maximum

FIG. 2. [(a)–(c)] Temperature variation of lattice parameters, (d) unit cell volume of EDFO, and (e) anomalous rise in volume below 10 K.
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FIG. 6. (a) Temperature variation of intensity of various magnetic peaks between 300 and 1.5 K. (b) Temperature variation of intensity of
various magnetic peaks below 15 K. The development of peaks due to R3+ ordering and anomalous rise in the intensity of (101) magnetic peak
below 4 K is highlighted.

angle. From representational analysis, the (100) peak asso-
ciated with the long-range polarization of the Er3+/Dy3+

moments corresponds to the symmetry of the cR
y magnetic

structure, which belongs the !2 representation. The corre-
sponding magnetic moment is denoted as mR

y . At 2 K, the
sudden development of the (010) peak corresponds to the
arrangement of the Er3+/Dy3+ moments in the cR

z -type mag-
netic structure, which belongs to the !1 representation. The
corresponding magnetic moment is denoted as mR

z . The cR
z

arrangements of Er3+ moments were also observed in ErFeO3
[8,42]. In ErFeO3, the Fe3+ show a probable coexistence of !1
and !2 magnetic structures coinciding with cR

z ordering of the
Er3+ moments [42]. Similarly, at 1.5 K, due to the cR

z -type
polarization of of Er3+/Dy3+ moments in EDFO, develop-
ment of the !1 structure for the Fe3+ spins is also expected in
addition to combined !24 structure [8]. The signature of the !1
magnetic structure of Fe3+ spins can be determined from the
increase in intensity of the (101) peak below 4 K as indicated
in Fig. 6(b). However, to confirm this by refinement, the data
at 2 and 1.5 K are refined to combinations of !24 as well as
!24+!1 structures. At 2 K, the fitting does not converge with
inclusion of three phases. However, at 1.5 K the goodness
of fit is equal in both cases. In Fig. 7 we show a fitting in
!24(upper panel) and !24+!1 (lower panel), highlighting the
(011) and (101) peak. Considering all three representations of
Fe3+(!24+!1), the fitting quality seems to be slightly better.
However, inclusion of the !1 structure in our refinement does
not lead to any observable changes or improvement in the
quality of refinement. Thus, though the coexistence of !1 with
the !24 phase is plausible due to the compatible symmetry
cR

z arrangement of Er3+/Dy3+ moments only with the Gy

arrangement of Fe3+ spins [8], the the presence of the !1
structure, at 1.5 K, can be neither confirmed nor ruled out from
the refinement of our data.

The temperature variation of the magnetic moments for
the Fe3+ and R3+ moments for different representations is
shown in Fig. 8(a). The values of the total magnetic moment

of Fe3+ is nearly 3.2 µB, which is lower than the theoretical
expected value of 5 µB. Such reduction might be due to effects
of covalency, disorder and the polycrystalline nature of our
samples. From 300 to 75 K, we observe a small increase in
the magnetic moment(Mx) associated with Gx configuration.
With the onset of spin reorientation, there is a decrease in Mx,
while correspondingly the Mz shows an increase. Below 20 K
both Mx and Mz remain nearly constant with small fluctuations
as shown in Fig. 8(b). Also, as seen in Fig. 8(b), from 10
to 1.5 K mR

y shows a gradual increase, while mR
z shows a

sudden development at 2 K. The mR
y and mR

z moments attain
values of nearly 1.4 and 1.7 µB respectively, resulting in a total
rare-earth sublattice moment of 2.4 µB at 1.5 K. The possible
My component of the Fe3+ moments which exists only at 1.5 K
has a much larger error bar as shown in Fig. 8(b).

FIG. 7. (011) and (101) magnetic Bragg peaks showing results
of fitting by !4+!2 (upper panel) and !4+!2+!1 (lower panel)
magnetic structures of the Fe3+ spins.
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FIG. 8. (a) Temperature variation of magnetic moment of Fe3+

and Er3+/Dy3+ spins from 1.5 to 300 K for the various magnetic
structures. (b) The variation of magnetic moments in the temperature
range from 10 to 1.5 K. The arrow shows the discontinuity/sudden
rise of mR

z .

In Table I we list the magnetic configurations of EDFO
at various temperatures. The magnetic configurations of the
parent compounds of ErFeO3 and DyFeO3 are also listed as
a reference at the corresponding temperatures. The Fe3+ and
Er3+/Dy3+ magnetic structure of EDFO and its variation is
closer to ErFeO3 rather than DyFeO3. The magnetic struc-
tures of EDFO at 50, 4, and 1.5 K depicting the Fe3+ and
Ed3+/Dy3+ moments are shown schematically in Figs. 9(a)–
(c).

3. Specific heat

The heat capacity Cp of EDFO for 0, 2, and 5 T are shown
in Fig. 10 from 0.4 to 20 K. The zero field heat capacity
shows a rise below 8 K with a peak at 2.2 K. The λ-shaped
anomaly associated with second-order phase transition, seen
in DyFeO3 [49] at 4.2 K, is absent in EDFO. Independent
magnetic ordering of the R3+ ions is absent till 0.4 K, which is
in agreement with our neutron diffraction results. The feature
observed in EDFO is similar to the peak observed in ErFeO3
due to the Schottky effect [77].

FIG. 9. Magnetic structure of EDFO at (a) 50 K: Gx , Gz ar-
rangement of Fe3+ spins, (b) 4 K: (Gx , Gz, cR

y ), and (c) 1.5 K:
(Gx , Gz, cR

y , cR
z ). Red spheres represent Fe atoms, violet spheres

represent Er/Dy atoms.
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FIG. 10. The low-temperature specific heat of EDFO for 0, 2,
and 5 T. The dashed and solid lines show the fitting of specific heat
to Schottky and lattice terms.

In EDFO, the Er3+ and Dy3+ being odd-electron sys-
tems, the ground state of each ion is a Kramer’s doublet
split by molecular, exchange, and dipole fields. Thus the
low-temperature peak in Cp is due to the splitting of the
ground-state doublet of both the rare-earth ions. To extract
information about the splitting of the doublets, the specific
heat is fitted in the temperature range 0.4–20 K as a sum of
“two-level” Schottky terms corresponding to both the rare-
earth ions and the T 3 lattice term as

Cp = 1
2

R
2∑

i=1

wi(
"Ei

kBT
)2

exp
(
−"Ei

kBT

)

[1 + exp(−"Ei
kBT )]2

+ B3T 3. (1)

In Eq. (1) "E1/kB and "E2/kB correspond to the doublet
splitting in each R3+ ion, while B3 is the lattice term. A
single energy splitting is insufficient to simulate the correct
magnitude of the peak in Cp. From the fitting, the value B3 =
4.04 × 10−4 J/mole-K4 is obtained, which yields a Debye
temperature of 457 K for EDFO. At 0 T, we obtain "E1/kB
= 1.5 K and "E2/kB = 5.6 K. These values are in good
agreement with the optical spectroscopy studies on both par-
ent compounds as discussed further.

Optical studies on ErFeO3 revealed that the splitting of the
ground-state doublet in the #2 phase is nearly constant from
77 to 5 K with a value of 3.17 cm−1(0.39 meV or 4.52 K) [78].
Similarly, above the Dy3+ ordering temperature, the splitting
of the ground-state doublet in DyFeO3 is nearly 1.5 cm−1

(0.185 meV or 2.14 K) within experimental resolution [79].
The splitting in both cases is attributed to the R3+-Fe3+ inter-
actions. Thus, the values of "E1/kB and "E2/kB in EDFO
can be attributed to the doublet splitting in the Dy3+ and
Er3+ ions, respectively. However, due to complex temperature
dependence of "E , especially in the case of the doublet of
the Er3+ ion [80], temperature-independent "E terms cannot
satisfactorily fit the Schottky peak, especially for a zero field.

The Cp measured at 2 T, fitting Eq. (1) yields "E1 = 5.9 K,
while "E2 increases to 26 K. At 5 T we obtain "E1 = 13.6 K
and "E2 = 34 K. Thus, the effect of magnetic field on the
ground state of Er3+ is more drastic, indicating greater po-
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FIG. 5. Neutron powder diffraction pattern and refinements of EDFO at 200, 45, and 20 K (left panel) showing the systematic evolution
of intensity of (011) and (101) magnetic peaks. In the right panel, patterns and refinement for 4, 2, and 1.5 K are shown. Additional magnetic
peaks arising due to ordering of Er3+/Dy3+ moments are marked.

much more gradual than the previously studied mixed doped
orthoferrite, Nd0.5Dy0.5FeO3 [75].

Equal intensity ratio between (101) and (011) peaks is
required for a pure !2(Gz) magnetic structure [74]. As evident
from Fig. 5(c), the intensity of (101) and (011) peaks is not
equal, hence the spin reorientation transition does not com-
plete even at 20 K. In Figs. 5(d), 5(e), and 5(f), the neutron
diffraction patterns for 4, 2, and 1.5 K are shown. As shown
in Figs. 5(d), 5(e), and 5(f), the intensity ratio of (011) and
(101) peaks remain slightly higher than 1 indicating presence
of a mixed magnetic structure of Fe3+ sublattice down to the
lowest measured temperature (1.5 K).

Below 10 K, additional peaks near 26◦ and 45◦ develop. In
the Pbnm space group the peak at 26◦ can be indexed to (100),
while the peaks near 45◦ can be indexed to (012) and (102).
All the three peaks are structurally forbidden in Pbnm space
group. Development of additional peaks can be attributed to
onset of a long-range polarization (arrangement/coherence)
of rare-earth ordering. With a decrease in temperature, the
intensity of (100), (012), and (102) magnetic peaks increases
in a systematic manner. At 2 K, an additional magnetic peak
corresponding to (010) reflection appears, along with a sudden
increase in intensity of (100) and (012)/(102)peaks related to
rare-earth moments and (101) peak related to Fe3+ sublattice
ordering. The magnetic peaks that develop below 10 K can
also be indexed to "k = (0, 0, 0).

In Fig. 6(a) the temperature variation of the integrated
intensities of the (011) and (101) magnetic peaks is shown
for temperature range from 300 till 1.5 K. Below 75 K, the
intensity of (011) peak decreases, while that of (101) peak
increases in systematic manner. Such a variation of magnetic
peak intensity confirms the initiation of the spin reorientation
at 75 K. This trend persists till 25 K, though they never
cross over, which is a signature of complete reorientation. In
Fig. 6(b) the enlarged version of intensity variation is shown
between 15 and 1.5 K. Below 15 K, the (011) peak shows a
gradual increase till 4 K, while that of the (101) peak remains
nearly constant with small fluctuations till 4 K. The intensity

of the (101) peak increases considerably below 4 K. Hence,
the ratio of (011) and (101) intensity decreases below 4 K.

Additionally, Fig. 6(b) shows the rise in intensity of the
(100) and (010) peaks, associated with long-range polariza-
tion of R3+ moments. Between 10 and 4 K, the (100) peak
shows a gradual rise in intensity. However, the (100) peak,
similar to the (101) peak, shows a “discontinuous jump” in in-
tensity at 4 K, which is accompanied by sudden development
of the (010) peak. The overall variations in intensity clearly
suggest coexistence of the multiple magnetic structures of
Fe3+ and R3+ sublattices.

The nature of the multiple magnetic phases in EDFO is
understood in detail from magnetic structural refinements us-
ing representational analysis [76]. The Fe atom occupies the
4b Wycoff position, while the R atoms occupy the 4c sites.
The Fe3+ spins can arrange in four possible magnetic repre-
sentations (Shubnikov magnetic space group) !1 (Pbnm), !2
(Pbn′m′), !3 (Pb′nm′), and !4 (Pb′n′m). In Bertraut’s notation
[24], the three spin components for each representation(!1 to
!4) in Cartesian form are written as (Ax, Gy, Cz), (Fx, Cy, Gz),
(Cx, Fy, Az), and (Gx, Cy, Fz), respectively.

In EDFO, the magnetic structure of the Fe3+ sublattice
belongs to !4 representation from 300 to 75 K, which is in
agreement with the general behavior of orthoferrites.

Based on intensity ratios of peaks, the spin reorientation
transition starts to occur at 75 K similar to ErFeO3. Below
75 K, the magnetic structure is refined as a mixed structure
given by !4+!2 representations. The refinements indicate that
the spin reorientation in EDFO is of the !4→!2 type, which
is the usual second-order reorientation observed in various
orthoferrites. In the temperature range below 60 K, we do not
find a signature of !4→!1 abrupt transition as observed in
DyFeO3. However, the !4→!2 reorientation is not complete
even at 1.5 K, the lowest measured temperature.

The rare-earth moments, due to their lower site symmetry,
can arrange in eight possible representations labeled !1 to !8
[25]. As shown in Fig. 6(b), below 10 K, the (100) magnetic
peak starts to originate near the 26◦ value of 2θ diffraction
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FIG. 6. (a) Temperature variation of intensity of various magnetic peaks between 300 and 1.5 K. (b) Temperature variation of intensity of
various magnetic peaks below 15 K. The development of peaks due to R3+ ordering and anomalous rise in the intensity of (101) magnetic peak
below 4 K is highlighted.

angle. From representational analysis, the (100) peak asso-
ciated with the long-range polarization of the Er3+/Dy3+

moments corresponds to the symmetry of the cR
y magnetic

structure, which belongs the !2 representation. The corre-
sponding magnetic moment is denoted as mR

y . At 2 K, the
sudden development of the (010) peak corresponds to the
arrangement of the Er3+/Dy3+ moments in the cR

z -type mag-
netic structure, which belongs to the !1 representation. The
corresponding magnetic moment is denoted as mR

z . The cR
z

arrangements of Er3+ moments were also observed in ErFeO3
[8,42]. In ErFeO3, the Fe3+ show a probable coexistence of !1
and !2 magnetic structures coinciding with cR

z ordering of the
Er3+ moments [42]. Similarly, at 1.5 K, due to the cR

z -type
polarization of of Er3+/Dy3+ moments in EDFO, develop-
ment of the !1 structure for the Fe3+ spins is also expected in
addition to combined !24 structure [8]. The signature of the !1
magnetic structure of Fe3+ spins can be determined from the
increase in intensity of the (101) peak below 4 K as indicated
in Fig. 6(b). However, to confirm this by refinement, the data
at 2 and 1.5 K are refined to combinations of !24 as well as
!24+!1 structures. At 2 K, the fitting does not converge with
inclusion of three phases. However, at 1.5 K the goodness
of fit is equal in both cases. In Fig. 7 we show a fitting in
!24(upper panel) and !24+!1 (lower panel), highlighting the
(011) and (101) peak. Considering all three representations of
Fe3+(!24+!1), the fitting quality seems to be slightly better.
However, inclusion of the !1 structure in our refinement does
not lead to any observable changes or improvement in the
quality of refinement. Thus, though the coexistence of !1 with
the !24 phase is plausible due to the compatible symmetry
cR

z arrangement of Er3+/Dy3+ moments only with the Gy

arrangement of Fe3+ spins [8], the the presence of the !1
structure, at 1.5 K, can be neither confirmed nor ruled out from
the refinement of our data.

The temperature variation of the magnetic moments for
the Fe3+ and R3+ moments for different representations is
shown in Fig. 8(a). The values of the total magnetic moment

of Fe3+ is nearly 3.2 µB, which is lower than the theoretical
expected value of 5 µB. Such reduction might be due to effects
of covalency, disorder and the polycrystalline nature of our
samples. From 300 to 75 K, we observe a small increase in
the magnetic moment(Mx) associated with Gx configuration.
With the onset of spin reorientation, there is a decrease in Mx,
while correspondingly the Mz shows an increase. Below 20 K
both Mx and Mz remain nearly constant with small fluctuations
as shown in Fig. 8(b). Also, as seen in Fig. 8(b), from 10
to 1.5 K mR

y shows a gradual increase, while mR
z shows a

sudden development at 2 K. The mR
y and mR

z moments attain
values of nearly 1.4 and 1.7 µB respectively, resulting in a total
rare-earth sublattice moment of 2.4 µB at 1.5 K. The possible
My component of the Fe3+ moments which exists only at 1.5 K
has a much larger error bar as shown in Fig. 8(b).

FIG. 7. (011) and (101) magnetic Bragg peaks showing results
of fitting by !4+!2 (upper panel) and !4+!2+!1 (lower panel)
magnetic structures of the Fe3+ spins.
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Conclusions 

•Magnetic properties have similarities to NdFeO3: G type 

• Ax Gy Cz antiferromagnetic structure have TN   ~ 250 K

• Ax Gy Cz —> Fx Cy Gz spin reorientation (rotational)  
•  No ferromagnetic component in high temperature phase 

•Gx Ay Fz —> Gx Ay Fz+ Fx Cy Gz spin reorientation (rotational)

•  Cy  + Cz type ordering of Rare-earth (Dy3+/Er3+) 
• Multiple magnetic structures of Fe3+  and Dy3+/Er3+

• Anomalous negative thermal expansion associated with rare-
earth ordering 

NdFe0.5Mn0.5O3

Er0.5Dy0.5FeO3 
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