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In this paper, we present a comprehensive study of magnetic dynamics in the rare-earth orthoferrite YbFeO3

at temperatures below and above the spin-reorientation (SR) transition TSR = 7.6 K, in magnetic fields applied

along the a, b, and c axes. Using single-crystal inelastic neutron scattering, we observed that the spectrum of

magnetic excitations consists of two collective modes well separated in energy: 3D gapped magnons with a

bandwidth of ∼60 meV, associated with the antiferromagnetically (AFM) ordered Fe subsystem, and quasi-1D

AFM fluctuations of ∼1 meV within the Yb subsystem, with no hybridization of those modes. The spin dynamics

of the Fe subsystem changes very little through the SR transition and could be well described in the frame of

semiclassical linear spin-wave theory. On the other hand, the rotation of the net moment of the Fe subsystem at TSR

drastically changes the excitation spectrum of the Yb subsystem, inducing the transition between two regimes

with magnon and spinonlike fluctuations. At T < TSR, the Yb spin chains have a well defined field-induced

ferromagnetic (FM) ground state, and the spectrum consists of a sharp single-magnon mode, a two-magnon

bound state, and a two-magnon continuum, whereas at T > TSR only a gapped broad spinonlike continuum

dominates the spectrum. In this work we show that a weak quasi-1D coupling within the Yb subsystem JYb-Yb,

mainly neglected in previous studies, creates unusual quantum spin dynamics on the low-energy scales. The results

of our work may stimulate further experimental search for similar compounds with several magnetic subsystems

and energy scales, where low-energy fluctuations and underlying physics could be “hidden” by a dominating

interaction.

DOI: 10.1103/PhysRevB.98.064424

I. INTRODUCTION

Quantum phase transitions have been a matter of special
interest in condensed matter physics during the last decades
[1–3]. In contrast to the classical phase transitions induced
by thermal fluctuations, quantum phase transitions are driven
by quantum fluctuations and can be induced by an external
tuning parameter, like pressure, magnetic field, uniaxial strain,
etc. Among all quantum critical systems, the antiferromagnetic
(AFM) Heisenberg S = 1/2 chain is one of the simplest
examples: at zero field it has a tangled singlet ground state and
fractionalized magnetic excitations, the so-called “spinons”
carrying spin 1/2 [4,5], whereas in a magnetic field it undergoes
a transition into the field-polarized state, with a well defined
classical FM ground state and S = 1 magnon quasiparticles as
elementary excitations [6]. In this work, we studied the spin

*Corresponding author: podlesnyakaa@ornl.gov

dynamics of YbFeO3, which contains two magnetic sublattices
and observed an intriguing coexistence of the classical high-
energy spin waves and unconventional low-energy spin excita-
tions, which spontaneously transform from classical magnon
to quantum spinon quasiparticles with increasing temperature.

YbFeO3 belongs to the family of iron-based orthorhombic
perovskites, RFeO3 (R is a rare-earth element, Bi, or Y), which
attract considerable attention due to the high-temperature
multiferroic properties of BiFeO3 [7,8], anisotropic mag-
netic entropy evolution [9], laser-pulse induced ultrafast spin-
reorientation [10–12], etc. Magnetic property investigations of
the rare-earth orthoferrites RFeO3 have shown that the Fe3+

moments (S = 5/2) are ordered in a canted AFM structure Ŵ4
at high temperature with TN ≈ 600 K (details of the notations
are given in Ref. [13]), and the spin canting gives a weak net
ferromagnetic moment along the c axis [Fig. 1(c)] [13–15].
Furthermore, symmetry analysis and careful neutron diffrac-
tion measurements have found a second “hidden” canting along
the b axis, which is symmetric relative to the ac plane and does
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FIG. 1. [(a) and (b)] Magnon excitations in YbFeO3 along (103)-(303)-(301)-(321) directions of reciprocal space taken at temperatures

below (T = 2 K, left) and above (T = 15 K, right) the SR transition (indices are given in reciprocal lattice units). Dotted lines represent results

of the linear spin-wave calculations. [(c) and (e)] Sketches of magnetic structures of YbFeO3 below (c) and above (e) the SR transition. Blue

spheres show Fe ions, green ellipsoids represent anisotropic magnetic moments of Yb. In the magnetic phase Ŵ2 (c), below TSR, Fe moments

align along the c axis, and spin canting results in a net moment along the a axis. Above TSR (Ŵ4 phase), Fe moments rotate to the a axis, and

spin canting gives a net moment along the c axis. (d) Temperature dependencies of the magnetization of YbFeO3 measured at H = 0.01 T

along the c (red) and a (blue) axes.

not create a net moment [16,17]. With decreasing temperature,
a spontaneous spin-reorientation (SR) transition from Ŵ4 to the
Ŵ2 magnetic configuration occurs in many orthoferrites with
magnetic R ions [13,14] in a wide temperature range from
TSR ≈ 450 K for SmFeO3 down to TSR ≈ 7.6 K for YbFeO3,
and the net magnetic moment rotates from the a to the c axis
[see Figs. 1(c)–1(e)]. Most of previous work that was devoted
to the investigation of the SR transition in RFeO3, associated
this phenomenon with the R-Fe exchange interaction, because
orthoferrites with nonmagnetic R = La, Y, or Lu preserve the
Ŵ4 magnetic structure down to the lowest temperatures.

Taking into account three characteristic temperatures:
T Fe

N ∼ 600 K, TSR ∼ 10 K, and T Yb
N ∼ 1 K (known for the

isostructural YbAlO3 [18]), one could expect a similar hier-
archy of the exchange interactions JFe-Fe ≫ JFe-Yb ≫ JYb-Yb

and multiple magnetic modes, corresponding to each of the
energy scales. From the experimental point of view, the best
experimental technique to study the details of the magnetic in-
teraction is the inelastic neutron scattering. However, to the best
of our knowledge, investigations of the spin dynamics in the
orthoferrites were mainly focused on the Fe subsystem. Results
of the INS experiments have shown that the Fe spin fluctuations
are dominated by the high-energy gapped magnons with an
energy scale of E ≈ 60 meV and could be reasonably well
described using a simple linear spin-wave theory (LSWT)
[19–22], while the details regarding the dispersion of magnetic

modes, associated with R-Fe and R-R exchange interactions,
were mainly unexplored.

In this paper, we present the results of a detailed study of
the spin dynamics in YbFeO3 that covers the energy scales
mentioned above. We observed the high-energy spin-wave
modes within the Fe-subsystem at E ≈ 4–65 meV, which
are almost unaffected by the SR transition. Well below the
gap of the Fe excitations � ≈ 4 meV, we observed a second
gapped excitation, with dispersion along the c axis only, which
can be associated with the fluctuations of the Yb moments
coupled in quasi-1D XXZ spin chains. The most remarkable
outcome of our work is an unusual low-dimensional spin
dynamics of the highly anisotropic Yb subsystem, which
significantly changes through the SR transition. Below TSR,
Yb moments are fully polarized by the effective Fe field,
giving rise to the conventional magnons accompanied by a
higher-energy 2-magnon bound state and a broad continuum.
On the other hand, above TSR, an effective field is transverse
to the easy axis, leading to the nonpolarized ground state
and to the rise of unconventional spinon excitations, which
are clearly seen as a broad continuum above the single-
particle mode in the excitation spectrum. INS measurements
of low-energy spin dynamics under magnetic field along
different axes show that the external magnetic field has a
similar effect as the effective internal field, induced by the Fe
subsystem.
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II. EXPERIMENTAL DETAILS

INS experiments were carried out on two YbFeO3 single
crystals with the masses of∼3.8 g [used in time-of-flight (TOF)
measurements on the SEQUOIA and CNCS instruments] and
∼1.2 g [for measurements on the triple-axis spectrometer
(TAS) FLEXX] with a mosaicity ≤1◦. The crystals were grown
by the floating-zone method and using the fluxed melt crystal-
lization (on seeds) technique, respectively (see Refs. [23,24]
for details). Most of the INS measurements were performed
using TOF spectrometers: Cold Neutron Chopper Spectrom-
eter (CNCS) [25,26] and SEQUOIA [27] at the Spallation
Neutron Source (SNS) at Oak Ridge National Laboratory. For
the high-energy measurements on the SEQUOIA instrument,
we fixed the incident neutron energy Ei = 100 meV and
oriented the sample with the [010] direction vertically. Data
were taken at temperatures above (T = 15 K) and below (T =

2 K) the SR transition. For the low-energy measurements,
we used the CNCS instrument. The sample was measured in
two orientations, with either [100] or [010] directions pointed
vertically, and the vertical magnetic field was applied along
the a and b axes, respectively. The measurements were carried
out using the rotating single crystal method at temperatures of
T = 2 and 10 K. The data were collected using a fixed incident
neutron energy of Ei = 3.0 meV resulting in a full-width at
half-maximum energy resolution of 0.07 meV at the elastic
position.

All time-of-flight data sets were combined to produce
a four-dimensional scattering-intensity function I (Q, h̄ω),
where Q is the momentum transfer and h̄ω is the energy
transfer. For data reduction and analysis we used the MAN-
TID [28], HORACE [29], and SPINW [30] software packages.
For the crystal electric field (CEF) calculations and numer-
ical diagonalization of the 1D-XXZ Hamiltonian, we used
MCPHASE [31] and ALPS [32,33] software, respectively.

Low-energy INS measurements with horizontal magnetic
field applied along the c axis were performed using the
cold-neutron triple-axis spectrometer FLEXX (V2) [34] with
the HM-1 magnet at the Helmholtz-Zentrum Berlin (HZB).
The sample was mounted and mechanically fixed in a special
aluminum container in order to avoid magnetic field-induced
torque due to a strong anisotropy of magnetization of YbFeO3

at low temperatures. Measurements were carried out with a

fixed final energy (kf = 1.3 Å
−1

) at temperatures between
2 and 10 K and magnetic fields up to H = 4 T.

Specific-heat measurements were carried out using a com-
mercial PPMS-6000 from Quantum Design in magnetic fields
up to 12 T applied along the a axis. Magnetization curves were
measured using a vibrating-sample magnetometer MPMS-3
with a magnetic field up to 7 T applied along the a and c axes.

III. ZERO-FIELD MEASUREMENTS:

EXPERIMENTAL RESULTS

A. High-energy INS data

The spin dynamics of the Fe subsystem of rare-earth
orthoferrites with various rare-earth ions (R = Lu, Y, Tm,
Er) were a matter of comprehensive investigations [19–22].
However, to the best of our knowledge, the details of spin
dynamics of YbFeO3 have not been published yet and we

FIG. 2. Constant energy slices of the INS intensity within the

(H0L) scattering plane taken at [(a), (c), (e), and (g)] T = 2 and [(b),

(d), (f), and (h)] 15 K. The scattering intensities were integrated

within the energy windows indicated between the corresponding

panels. The intensities of (a) and (b) have been scaled ×0.1 due to

the proximity of the elastic line.

start the discussion of our INS data with the report of the
high-energy spin dynamics. Figures 1(a) and 1(b) presents
experimental INS spectra along all principal QH , QK , and
QL directions, taken at temperatures T = 2 and 15 K, below
and above the SR transition, respectively. Observed magnon
branches stem from the magnetic Bragg peaks with an even
sum of H + K + L, and the maximum energy of spin-wave
branches Emax ≈ 65 meV is similar to that observed in other
orthoferrites and could be clearly associated with a collective
excitation of the Fe3+ magnetic moments. The horizontal
dispersionless line at E ≈ 20 meV was associated with the
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FIG. 3. Low-energy excitation spectra of YbFeO3 at (a) T = 2 (a) and (b) 0 K (b) taken at CNCS. Energy slices are taken along the (00L)

direction with (0K0) and (H00) integrated over the range [−0.5, 0.5]. The intensity of the upper part of the panels has been scaled ×100 and

×30 to make two-kink excitations visible. The shadow in the center is due to direct beam. (c) Energy cuts through the (001) direction taken

for the both temperatures. Solid lines show results of fitting with one and two Gaussians for T = 2 and 10 K, respectively. The intensity of the

T = 10 K spectrum was scaled with a factor of 3. (Inset) Zoom of the energy cut at [1.2, 2.5] meV range, showing two-kink excitations at 2 K.

(d) Energy cuts at Q = (101), taken at T = 2 and 10 K to show the gap in the excitation spectrum of Fe3+ magnons.

Yb3+ single-ion CEF transition from the ground state to the
first excited doublet (see the CEF calculations in Ref. [23]).

Figure 2 shows constant-energy slices in the (H0L) plane
taken around energies E = 1, 20, 40, 60 meV at T = 2 K (left)
and T = 15 K (right). Slices at E = 40, 60 meV show the
clean spin-wave excitations caused by the Fe-Fe interaction
for both temperatures, and one can see the redistribution of the
INS intensity, which is concentrated either along the L or H

direction, at T = 15 and 2 K, respectively, as expected from
the known SR transition of the Fe moments. For E = 1 and
20 meV, one can see additional intensity, which corresponds
to the ground state splitting and first excited CEF doublet
of Yb3+, respectively. In contrast to the conventional CEF
excitations without significant Q dependence, here one can
see that the INS intensity has an X shape (hourglass) for both
temperatures, which does not change through the SR transition
for both excitations [35].

Due to the experimental resolution limitations (�E ≈

3 meV for our setup), we were not able to precisely extract
the gap values from the SEQUOIA data sets and performed
additional measurements with Ei = 12 meV on the CNCS
instrument. Figure 3(d) shows the energy cuts taken along the
(101) direction at T = 2 and 15 K. In order to extract the gap

value, we took the inflection points, as shown in Fig. 3(d), and
found � = 4.03(5) meV for 2 K and � = 4.88(5) meV for
15 K.

B. Low-energy INS data

According to specific-heat measurements published previ-
ously [36], the Yb3+ ground-state doublet has a splitting of
1 meV, therefore, in order to investigate the spin dynamics
of the Yb subsystem, we performed measurements on the
CNCS instrument with Ei = 3 meV in the (H0L) and (0KL)
scattering planes. The experimentally observed intensity maps,
I (Q, E) along the (00L) direction, are shown in Figs. 3(a)
and 3(b) for temperatures below and above the SR transition.
The excitation spectrum at T = 2 K is dominated by a high-
intensity sharp mode, which disperses only along the QL

direction. At the zone center, this mode peaks at E1 ≈ 1 meV.
We also observe a weak dispersionless excitation at E2 ≈

1.5 meV and a continuum centered at E3 ∼ 1.8 meV with
dispersive boundaries and a bandwidth of �E ≈ 0.3 meV at
the zone center. Above TSR, a different spectrum emerges.
A bow-tie-shaped continuum arises at E ≈ 0.6 meV with a
sharp mode observed at the lower boundary. The low-intensity
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excitation E2 and the continuum E3, present at T = 2 K, totally
disappear. Figure 3(c) shows energy cuts taken at Q = (001).
One can see that all E1, E2, and E3 peaks, observed at T = 2 K,
could be described with a single Gaussian function, whereas
a cut, taken through the center of the continuum at T =

10 K, consists of two peaks: a relatively narrow, intense peak
centered at E = 0.47 meV, and a second broad peak at E =

0.63 meV. All observed excitations have negligible dispersion
along other directions (see additional figures in Ref. [23]),
indicating that the Yb moments form weakly coupled spin
chains running along the c axis despite the three-dimensional
perovskite structure, in a similar fashion as it was proposed for
isostructural YbAlO3 [18].

Moreover, in both spectra taken above and below TSR, we
observed a second “shadow” mode [37] with similar disper-
sion, but shifted periodicity. It has no intensity at QK = 0,
but becomes visible at higher QK . We describe the spectrum
taken at 2 K using a LSWT calculation and show that this mode
is associated with the buckling of the Yb chains along the b

axis [38] (details are presented in Ref. [23]).

C. Effect of the polarization factor on the INS spectra

Before one can start a discussion or some quantitative
analysis of the spin dynamics in magnetic materials, it is very
important to establish the static magnetic structure, which, in
the general case, could be obtained from neutron diffraction
measurements. The magnetic structure of the Fe subsystem
was determined and published for both Ŵ4 and Ŵ2 magnetic
configurations [13,14,17,39]. To the best of our knowledge,
there is no magnetic ordering of the Yb sublattice down
to T ≈ 100 mK [40]. Therefore we can only discuss the
preferred orientation of Yb moments, which can be caused by
both Yb single-ion anisotropy due to the CEF [41] and Yb-Fe
interactions, including both dipole-dipole and exchange terms.
Previous measurements of YbFeO3 using Mössbauer spec-
troscopy [42], as well as theoretical work by Yamaguchi [43],
concluded that the Yb moments are strongly coupled to the
Fe subsystem and therefore, Yb spins rotate from the a to c

axis at TSR. Our qualitative analysis of the polarization of INS
presented below disagrees with this conclusions.

The polarization factor of neutron scattering affects the final
scattering intensity, because only magnetic moment compo-
nents perpendicular to the scattering vector Q contribute to
the magnetic cross section. The longitudinal component Szz

that is mostly contributed from the moments along the Qi

(i = H,K,L) direction should follow the polarization factor:

pi = 1 −
(Qi )

2

(QH )2 + (QK )2 + (QL)2
. (1)

Taking into account the form factor of the magnetic ion |f (Q)|,
the integrated scattered intensity has the Q dependence

∫

I (Q, E)dE ∝ |f (Q)|2 · pi . (2)

Equation (2) predicts a cone-shaped scattering, and the
strongest intensity is recorded Q ⊥ Qi .

The CEF lifts the degeneracy of the 4f 13 electronic con-
figuration of Yb3+ into four Kramers doublets. Since the spin
dynamics at the energy scale of E ≈ 1 meV is associated with

FIG. 4. Measured [(a)–(d)] and calculated [(e) and (f)] constant

energy plots in the (H0L) (left column) and (0KL) (right column)

scattering plane at [(a) and (b)] T = 2 and [(c) and (d)] 10 K.

The scattering intensity was integrated within E = [0.8, 1.2] and

[0.4, 0.8] meV for T = 2 and 10 K, respectively.

fluctuations of Yb moments, the low-energy INS should reflect
the wavefunctions anisotropy of the Yb ground-state doublet.
The CEF is controlled by the near neighbor coordination,
which is little affected by isostructural substitution of rare-earth
ions in the RFeO3 family. Therefore, in order to estimate
an effect of crystal field and the ground state wavefunctions
of Yb3+, we used CEF parameters determined for NdFeO3

[44]. We found that the Yb moments have a strong Ising-like
anisotropy and lie in the ab plane forming an angle within α =

±21◦ to thea axis (See [23,45,46] for details). Figure 4 presents
Q-dependencies of INS scattering taken within (H0L) and
(0KL) planes for temperatures above and below the SR
transition [47]. At both temperatures, T = 2 and 10 K, the
INS intensity integrated over the range of Yb-spin excitations
has a strong anisotropy in the (H0L) plane, whereas the signal
in the (0KL) plane is almost isotropic. In order to describe
such scattering intensity, we calculated Q dependencies of the
INS intensity in the both (H0L) and (0KL) planes, assuming
that the Yb moments lie in the ab plane with α = ±21◦ degree
to the a axis. In this case, Eq. (1) describing a polarization
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factor of the neutron scattering can be rewritten in a following
forms:

p(H0L) =
(QL)2 + cos2α(QH )2

(QH )2 + (QL)2
, (3)

p(0KL) =
(QL)2 + sin2α(QK )2

(QK )2 + (QL)2
, (4)

for (H0L) and (0KL) scattering planes, respectively. Because
we assumed, that the magnetic moments of the Yb lie close to
the [100] direction, INS intensity, calculated for the (H0L)
plane, has a strong anisotropy [Fig. 4(e)]. On the other hand,
the polarization factor of the INS scattering in the (0KL)
plane has only a weak Q dependence with maximums of the
intensity along the (00L) direction as shown in Fig. 4(f).
At both temperatures, T = 2 and 10 K, the INS intensity
integrated over the range of Yb spin excitations is qualitatively
consistent with the calculations, as one can see in Figs. 4(a)–
4(f). Thus, at both temperatures below and above SR transition,
the fluctuations we observed are dominated by the longitudinal
component Szz along the easy axis of Yb magnetization.

Note that the INS intensity of the first CEF excitation
at E ≈ 20 meV is concentrated along the (100) direction
[see Figs. 2(c) and 2(d)], perpendicular to the low-energy
E ≈ 1 meV excitation. A strong similarity of Yb excitations at
T = 2 and 10 K confirms that the magnetic anisotropy and the
symmetry of wave functions of Yb3+ remains the same despite
the SR transition, contrary to previous reports [42,43]. This fact
is also in a good agreement with the magnetization data as well
as the results of the CEF calculations for YbFeO3 [23], showing
that the ground-state doublet of Yb has a strong Ising-like
anisotropy with easy-axis lying close to the a axis, whereas
the first excited doublet, which has a different symmetry, is
located at the energy transfer of ∼20 meV, and therefore, can
not influence the low-temperature magnetic properties.

IV. ZERO-FIELD MEASUREMENTS: INTERPRETATION

A. Magnetic Hamiltonian of YbFeO3

Coming to the quantitative description of the experimen-
tal results, we want to point out that in the general case
Hamiltonian describing the spin dynamics of YbFeO3 for both
rare-earth and Fe sublattices should take into account three
different terms:

H = HFe-Fe + HYb-Yb + HFe-Yb, (5)

where the first two terms describe exchange interactions
and single-ion anisotropies within Fe and Yb subsystems,
respectively. The third term is an effective interaction between
the Fe and Yb subsystems, including both dipole-dipole and
exchange terms. A few decades ago, Yamaguchi proposed and
analyzed a model, which took into account all symmetric and
antisymmetric exchange interactions within the Fe sublattice
as well as interactions between Fe and R sublattices, whereas
the interactions and anisotropy within the R sublattice were
neglected [43]. The excitation spectrum of this model consists
of a number of entangled collective Fe-R spin-wave modes,
as was shown for many other compounds with magnetic
interaction between different sublattices [48–53].

In contrast, for both temperatures, below and above the SR
transition, in our experimental spectra, we were able to separate
two groups of collective excitations with rather different energy
scales: (i) quasi-1D mode, caused by Yb-Yb exchange along
the c axis atE ≈ 1 meV [see Figs. 3(a) and 3(b)] and (ii) gapped
high-energy spin-waves modes [see Figs. 1(a) and 1(b)],
similar to other orthorhombic orthoferrites and associated
with Fe-Fe exchange and Fe single-ion anisotropy [19,20].
Therefore, in order to phenomenologically describe the main
features of the observed spin dynamics, we decouple the Yb
and Fe subsystems and construct the effective Heisenberg-like
spin Hamiltonians for each of them separately.

Previously it was shown that in the RFeO3, the influence
of the Fe subsystem on the R moment can be described in
terms of an effective field [54–56], and here we followed
the approach of the “modified mean-field theory,” recently
developed for RFeO3 [15,57,58]. Bazaliy et al. analyzed a
free energy functional of ErFeO3 [57]. They assumed that the
ordered Fe subsystem polarizes nearly paramagnetic, strongly
anisotropic moments of R-ions by an internal molecular field
HFe. In this model, one can take into account the influence
of ordered Fe moments on the Yb subsystem with a simple
Zeeman term and write down the magnetic Hamiltonian for
the Yb moments in a form:

HYb =
∑

l,m,i

B l
mO l

m

(

JYb
i

)

+ J
∑

〈i,j〉

JYb
i · JYb

j + HFe
∑

i

JYb
i , (6)

where the first term is an one-site CEF Hamiltonian in Stevens
notations [59,60], the second term is the Yb-Yb intersite
Heisenberg exchange interaction, and the third term represents
an influence of the Fe molecular field on the Yb magnetic
subsystem.

Now, let us focus on the choice of the model Hamiltonian for
description of the magnetic structure and spin dynamics of the
Fe subsystem. Without taking into account the Yb subsystem,
it could be written in the following form:

HFe =
∑

〈i,j〉

SFe
i · Jij · SFe

j −
∑

i

SFe
i · Ki · SFe

i , (7)

where Jij is a 3 × 3 matrix, containing both symmetric
and Dzyaloshinskii-Moriya (DM) Fe-Fe intersite exchange
interactions and Ki is a diagonal 3 × 3 matrix describing
the effective single-ion anisotropy of the Fe moments. Due
to the orthorhombic symmetry of the Fe environment, the
anisotropy matrix Ki contains two nonequivalent constants
Ka and Kc. In this Hamiltonian, the first term dictates an
overall shape and maximum energy of the Fe excitations, the
anisotropy determines a magnetic ground state [61] and gives
rise to the gap in the Fe magnon spectrum [19]. In RFeO3

with nonmagnetic R-ions, a dominating Ka stabilizes the Ŵ4
phase, whereas in compounds with magnetic R, the R-Fe
interaction induces renormalization of the effective anisotropy
constants. At T ≈ TSR, Ka and Kc become approximately
equal, and the term ∝ (Sz)4 controls the rotation of the Fe
spins [61]. Below the SR transition Kc > Ka stabilizes the
Ŵ2 phase. Having in mind that (i) the high-energy magnons
in YbFeO3 do not change through the SR transition and (ii)
there are no collective Fe-Yb modes, we describe the evolution
of the magnetic ground state and high-energy spin dynamics
of the Fe subsystem, introducing a temperature dependency
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FIG. 5. Sketch of the Fe-Fe exchange paths in [001] (a) and [110]

(b) planes.

of the effective anisotropy constants K ′
a (T ) and K ′

c(T ) due
to the Yb-Fe interaction. Note that the K ′

c dominates in Ŵ2,
while K ′

a dominates in the Ŵ4 phase [62]. In Ref. [23], we
present a detailed analysis of the free energy functional of
YbFeO3 at temperatures close to TSR and clarify, why the R-Fe
exchange interaction leads to the SR transition and induces
renormalization of the effective anisotropy constants.

We should point out that this is an entirely phenomeno-
logical approach, which, however, describes the details of the
magnetic behavior of YbFeO3 as well as most of the features
of the observed spin dynamics. Construction of the micro-
scopically full magnetic Hamiltonian without decoupling of
the Fe and Yb subsystems goes far beyond the scope of our
work, but we hope that the results of our study will motivate
further theoretical work on the unconventional spin dynamics
in YbFeO3 and explain the microscopic mechanism of theR-Fe
interaction in rare-earth orthoferrites.

B. Linear spin-wave model for the Fe magnons

As the first step, we focus on high-energy spin dynamics of
the Fe subsystem. Recently, a general Hamiltonian [Eq. (7)],
describing the magnetic properties of the Fe subsystem, was
written in a following form, in order to describe spin structure
and dynamic properties of the isostructural YFeO3 [19]:

HFe = Jnn

∑

〈i,j〉

SiSj + Jnnn

∑

〈i,j〉′

SiSj − D1

∑

Rj = Ri

+a(x ± y)

Si × Sj

−D2

∑

Rj = Ri

+a(x ± y)

Si × Sj − K ′
a

∑

i

(

Sx
i

)2
− K ′

c

∑

i

(

Sz
i

)2
.

(8)

It contains two isotropic exchange interactions between
nearest-neighbor and next-nearest-neighbor Fe ions (see
Fig. 5), two DM exchange interactions within the ab plane, and
two effective easy-axis anisotropy constants K ′

a and K ′
c. As we

discussed above, in order to take into account Yb-Fe exchange
interaction and stabilize the correct ground state, either Ŵ4 or
Ŵ2, we assume that the effective K ′

a and K ′
c are changing with

temperature. A large gap in the magnon spectra � ≈ 4 meV
[see Fig. 3(d)], observed at both temperatures, T > TSR and
T < TSR, indicates an easy-axis character of the dominating
anisotropy constant.

In rare-earth orthoferrites, DM exchange interactions give
rise to the canted magnetic structure and an optical magnon
branch at E ≈ 65 meV [19]. However, the effective values
of the DM parameters are rather small and, therefore, the

TABLE I. Parameters of the magnetic Hamiltonian (8) derived

in this work. All values are given in meV.

Magnetic phase Jnn Jnnn D1 D2 K ′
a K ′

c

Ŵ2 (T = 2 K) 4.675 0.158 0.086 0.027 0 0.023

Ŵ4 (T = 15 K) 4.675 0.158 0.086 0.027 0.033 0

corresponding branches have a vanishingly small spectral
intensity, so we could not observe them in our INS data. On the
other hand, knowing the canting angles θ = 0.35◦ and φ =

0.18◦ [63] from the room-temperature neutron diffraction
measurements [17], we calculated both D1 and D2 using
Eq. (3,4) from [19].

We would like to note that the first two symmetric Heisen-
berg exchange interactions define the energy scale and overall
shape of the magnon branches. The dominating anisotropy
constant determines the ground state (Ŵ4 or Ŵ2) and gives rise
to the gap in the excitation spectrum. The presence of the DM
exchange leads to a spin canting of the Fe spins [17,19]. The
DM terms and the second anisotropy constant play a minor
role in the spectrum and their spectroscopic determination
requires additional careful measurements [20]. Therefore, to
reproduce the magnon excitations of the Fe subsystem, we
used Hamiltonian (8), with Jnn, Jnnn, K ′

a (for T > TSR), and
K ′

c (for T > TSR) as free parameters, whereas D1 and D2

constants were calculated from the canting angles and fixed
for both temperatures. In order to derive parameters from
the experimental spectra, we fit the experimental data at 28
different points of Q space along nonequivalent directions
and extracted the energy and intensities of the magnon mode.
Then, we fitted these points to our model Hamiltonian using
SPINW software [30]. The best sets of exchange parameters
for both phases are shown in Table I. Calculated dispersion
curves, shown in Figs. 1(a) and 1(b) as the white dashed lines,
are in good agreement with experimental data.

C. Quantum quasi-1D excitations in the Yb subsystem

Having described the high-energy magnetic excitations of
the Fe sublattice, we now discuss the low-energy magnetic
excitations of the Yb3+ moments observed in YbFeO3. The
CEF term in Hamiltonian (6) gives a large splitting of the
J = 7/2 multiplet of Yb3+. The energy gap between the
ground state and the first excited doublet is � = 20 meV [64].
Therefore, for the description of the low-energy spin dynamics,
we can take into account the ground-state doublet alone and
use the pseudospin S = 1/2 approximation. As we mentioned
above, nearest-neighbor Yb moments are coupled along the c

axis by an exchange interaction. In a simple approximation, the
influence of the Fe subsystem on the Yb ions could be taken
into account via the effective molecular field, which is created
by the Fe sublattice as was discussed previously. We transform
Eq. (6) into the one-dimensional XXZ S = 1/2 Hamiltonian:

HYb = Jz

∑

i

Sz
i S

z
i+1 + Jxy

∑

i

(

Sx
i Sx

i+1 + S
y

i S
y

i+1

)

+
∑

i

Hef · Si, (9)
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where the first two terms correspond to the anisotropic ex-
change interaction between the nearest-neighbor Yb along c

axis, and the last term is an effective Zeeman term—sum of
the external field and the molecular field of the Fe subsystem.

At temperatures T < TSR, the net moment of the Fe subsys-
tem is directed along the a axis, as shown in Fig. 1(c), creating
a longitudinal field for Yb3+ spins. In order to describe the
low-T spectrum, we performed calculations of the eigenstates
of Eq. (9) using the zero temperature exact diagonalization of
a finite chain (L = 20) with ALPS software [32,33]. A cosine-
shape dispersion of the lowest excitation with a maximum
at the zone center suggests that the exchange interaction is
antiferromagnetic [23] and that the effective field Hef is large
in comparison to Jz and Jxy . In this case, all spins are parallel,
〈Sz

n〉 = S [6]. The excitation spectrum of such a fully polarized
state is similar to that of a FM chain and was discussed in detail
a few decades ago [65–70]. A single sharp mode with energy
E ≈ 1 meV occurs due to scattering by a single-flip quasipar-
ticle. Besides, modes of an anisotropic FM or field-polarized
AFM chain contain a two-kink bound state and a continuum
consisting of pairs of independently propagating kinks. We
found the cross section of two-kink states to be about two orders
of magnitude weaker than that for the single-flip excitation,
in agreement with the theoretical prediction [65]. In case of
both Jz > 0 and Jxy > 0, the calculated two-magnon bound
state mode lies above the continuum, which contradicts our
experimental data [Fig. 3(a)]. Our data would be reproduced
well for Jz < 0 and Jxy > 0. However, the situation when a
single exchange bond has both FM and AFM correlations
between different spin components seems to be unrealistic.
Furthermore, the magnetic ground state of the isostructural
YbAlO3 was found to be AFM [18]. This question requires a
separate theoretical study.

At temperatures T > TSR, the Fe net moment reorients
along the c axis, inducing a transverse field for the Yb
spins [see Fig. 1(e)]. However, at T = 10 K, the observed
superposition of a bow-tie-shaped spinonlike continuum with
a sharp excitation at the bottom [see Fig. 3(b)], suggests that
the Yb sublattice is in a partially polarized state, as if a
weak longitudinal field were still present. A weak coupling
between the magnetic chains in the ab plane, evident from
a weak dispersion along H and K directions (see Figs. 5
and 6 in Ref. [23]), could be a possible explanation of the
observed spectrum. Such coupling in a first approximation can
be replaced by an effective longitudinal mean field [71,72].
The spin-excitation spectrum in a skew (Hx , Hz) field is
indeed characterized by a combination of a continuum due to
scattering by pairs of kinks, which interpolate between regions
with magnetization “up” and “down” and a sharp mode created
by single spin-flip quasiparticles. The finite temperature model
of an XXZ chain is required to describe the details of the
experimental spectra in this case.

V. MAGNETIC FIELD EFFECT ON THE

LOW-ENERGY SPIN DYNAMICS

In previous sections, we assumed that the influence of the
ordered Fe subsystem on the Yb subsystem can be taken into
account via the effective molecular field, which rotates from
the c to a-axis at TSR. In this section, we present the results

of INS measurements with magnetic field applied along all
a, b, and c axes of the orthorhombic YbFeO3 and show that
the effect of the external magnetic field on the spin dynamics
is similar to that of the internal Fe-induced field. The results
of the measurements for the H ‖ [100] and H ‖ [010] are
summarized in Fig. 6 [73].

First of all, let us consider the low-temperature (T < TSR)
spectra under the magnetic field along the a axis, Figs. 6(a)–
6(c). In this case, Yb spins are already polarized along the
easy a axis even without an external magnetic field. The
external field leads to further Zeeman splitting of the ground
state, whereas the total INS intensity of the excitation is
decreasing.

At T = 10 K, YbFeO3 is in the Ŵ2 phase, and the net
moment is directed along the c axis. Application of the
magnetic field H ‖ [100] at this temperature has a dual effect:
(i) it polarizes the Yb subsystem and (ii) induces a SR transition
of Fe-moments Ŵ4 → Ŵ2. According to the specific-heat
measurements [23], at T = 10 K, such a SR transition takes
place at H ≈ 4.3 T. In our INS data [see Figs. 6(d)–6(f)], we
observe Zeeman splitting, whereas the continuum, dominating
at zero field, is rapidly suppressed and becomes undetectable
already at H = 3 T. At H = 5 T, above the field-induced SR
transition, the magnetic phase Ŵ2 is stabilized. The spectra
at both temperatures, T = 2 and 10 K, become identical.
Assuming the linear dependence of the energy splitting within
the low-temperature Ŵ2 phase, we calculated an effective g

factor gŴ2
a = 4.135.

In contrast to the relatively simple case of H ‖ [100], a
magnetic field applied along the b axis qualitatively changes
the excitation spectra. At temperatures below TSR [Figs. 6(g)
and 6(h)], the single-particle mode splits into two parallel
modes, whereas above TSR magnetic field up to 2 T has a minor
effect on the spectra [see Figs. 6(i) and 6(j)] [74]. According to
the our model, below TSR the Yb moments have an Ising-like
anisotropy, lie in the ab plane with α ≈ ±21◦ to the a axis and
are fully polarized by the molecular field of the Fe subsystem.
Schematically, molecular-field-induced magnetic structure of
the Yb subsystem below TSR is shown in Fig. 6(k). Application
of a magnetic field along the b axis lifts the degeneracy
between neighbor magnetic chains, increasing the energy of
fluctuations with the positive Yb moment projection on the
b axis, α = +21◦, and decreasing the energy for the opposite
direction, α = −21◦. A further increase in field would suppress
the energy of the lower mode down to zero with a simultaneous
polarization of Yb moments along the b axis.

In YbFeO3, Yb moments are coupled in chains running
along the c axis, creating the dispersion along the (00L)
direction. To apply a magnetic field along the c axis, an
experimental arrangement with horizontal field is preferred,
since only magnetic moment components perpendicular to the
scattering vector Q contribute to the magnetic cross section, as
we discussed in Sec. III C. Therefore, for INS measurements in
this geometry, we oriented the sample in the (H0L) scattering
plane and used the triple-axis FLEXX instrument with the
horizontal cryomagnet HM-1. However, due to the instrument
restrictions (dark angles of the magnet) we were limited with

the Q range from (0 0 0.5) to (0 0 1.1) for kf = 1.3 Å
−1

.
The magnetic-field–temperature phase diagram of YbFeO3

reconstructed from the magnetic measurements is shown in
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FIG. 6. Effect of magnetic field on the low-energy spin dynamics of YbFeO3. Experimental spectrum along the (00L) direction, measured

at magnetic fields along the [(a)–(c)] a and [(g)–(j)] b axes, at temperatures [(a)–(c),(g), and (h)] 2 and [(d)–(f),(i),and (j)] 10 K. A visible linear

diagonal line on the spectra is due to an instrumental effect. (k) Sketch of the field-induced magnetic structure of Yb moments below TSR.

Fig. 7(a). One can see that the low-T phase Ŵ2, where the
weak net moment of the Fe subsystem is aligned along the a

axis, could be suppressed by the magnetic field along the c

axis. The critical field HŴ2→Ŵ4
crit gradually increases with the

temperature decreasing.
Inelastic spectra taken at Q = (001) and H = 4 T are de-

scribed by the combination of two modes, a resolution-limited
intense peak (“main” mode) and an additional broad peak at
higher energy, see Fig. 7(b). We use two Gaussian functions
for fitting the spectral line-shape. The low-temperature scans
(T = 2 and 3 K) in the Ŵ2 phase show the largest contribution
of the “main” mode. The center of the second peak is located
very close to the first one. At T = 4 K, a field-induced SR
transition occurs. The second peak shifts to higher energies and
its intensity grows, whereas further increase in temperature has
no major effect on the spectra.

Figure 7(c) shows magnetic field dependence of the “main”
mode taken at different temperatures. The spectra taken at T =

2 and 4 K show that the excitation energy is always growing
up in the Ŵ2 phase. However, we found different behavior of
the “main” magnetic peak at T = 6, 8, and 10 K. First, the
excitation energy goes down until the critical field HŴ2→Ŵ4

c [see
Fig. 7(a)], and it starts growing at higher fields. Thus, in the
Ŵ2 phase, increasing field reduces the energy of the excitation,
whereas in the Ŵ4 phase excitation energy rises with the field.
We also calculated the effective g factor for the Ŵ4 phase,
which was found to be gŴ4

c = 1.09, almost four times smaller
compared to a gŴ2

a = 4.135.

VI. DISCUSSION AND CONCLUSIONS

A large number of independent parameters of the full mi-

croscopic spin Hamiltonian of YbFeO3 [43] makes the analysis

ambiguous and complicated. However, quantitatively, one can

consider three energy scales JFe-Fe ≫ JFe-Yb > JYb-Yb. Strong

JFe-Fe interaction induces an AFM ordering in the Fe subsystem

with TN ≈ 600 K and its manifestations are clearly seen

in high-temperature magnetic susceptibility or specific-heat

measurements, magnetic neutron diffraction and INS spectra.

The intermediate strength Yb-Fe interaction induces a spon-

taneous SR transition Ŵ4 → Ŵ2 at decreasing temperature,

and can be extracted from the low-temperature magnetization

and specific-heat measurements, but the presence of JYb-Fe

exchange does not introduce new collective Yb-Fe modes

or hybridization. Finally, the weakest 1D Yb-Yb correlations

create unusual low-energy excitation spectra, which include a

two magnon bound state, “shadow” mode, a spinon continuum,

etc. Note that on one hand, details of the Yb-Yb correlations are

hidden for the most of the experimental macroscopic probes by

dominating JFe-Fe and JFe-Yb interactions. On the other hand,

an ab initio DFT calculation, which can be used to identify the

1D character of Yb correlations does also fail to capture weak

Yb-Yb correlations, due to the low one-site symmetry of both

magnetic ions and presence of a second magnetic subsystem

with much larger exchange energy. Therefore high-resolution

cold-neutron spectroscopy is a unique probe, which can ex-

plore details of the spin dynamics in the Yb subsystem and it is
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FIG. 7. Effect of magnetic field along the c axis on the low energy

spin dynamics of YbFeO3. (a) Magnetic-field–temperature phase

diagram of YbFeO3 taken at H applied along the c axis. Color-plot

shows magnetization data. (b) Energy scans, measured on the FLEXX

instrument at H = 4 T and Q = (001) at various temperatures. Solid

line is an overall fit of the magnetic signal. Dotted lines represent two

Gaussian functions, used for the fitting. (c) Magnetic field dependence

of the “main mode” peak as a function of magnetic field. Dotted lines

are drawn to guide the eyes.

not surprising, that despite more than 60 years of investigations

of rare-earth orthoferrites [14], quasi-one-dimensional Yb-Yb

correlations have never been observed.
The main aim of this work is to present an experimental

observation of the decoupled spin dynamics of the Fe and Yb
subsystems, coexisting on different energy scales and to give
a phenomenological description of the observed spectra. We
constructed spin Hamiltonians for each magnetic subsystem
separately. The key simplification was to treat Yb-Fe inter-
action in terms of an effective “mean-field” approximation,
instead of constructing a combined microscopic Hamiltonian,
which should include both magnetic subsystems, and, there-
fore, terms ∝SFe · SYb.

We show that the magnetic structure and spin dynamics of
the Fe subsystem can be well described using the semiclassical
LSWT. This model takes into account the nearest neighbor
exchange interaction and assumes the dominating effective
easy-axis anisotropy constants K ′

a or K ′
c for the Ŵ4 or Ŵ2

phases, respectively.
Because the low-energy excitations were found to have

a dispersion along the c axis only, we concluded that the
Yb nearest-neighbor AFM exchange interaction along the c

axis dominates the exchange interactions within the ab plane,
despite the 3D crystal structure of YbFeO3. For the description
of the Yb dynamics, we propose a 1D-XXZ S = 1/2 [Eq. (9)]
Hamiltonian with the additional Zeeman term describing the
effective interaction with the Fe subsystem. The calculated
excitation spectrum is in a reasonable agreement with the
low-temperature experimental spectrum, when the molecular

field of the Fe subsystem is longitudinal to the easy axis of the
Yb moments (at T < TSR). The observed spectrum consists of
the sharp intense single-magnon mode and two multi-magnon
excitations: the dispersionless two-magnon bound state and
the two-magnon continuum. At T > TSR in the Ŵ4 phase, the
molecular field of the Fe subsystem is aligned along the c axis
and transverse to the easy axis of Yb moments, which lies
in the ab plane, with α = 21◦ to the a axis [23]. We found
that the single particle mode is shifted down in energy and
accompanied by a broad spinon continuum, as it was reported
for many other S = 1/2 1D magnets [5,6,75,76].

We performed calculations of the eigenstate spectrum for
the 1D XXZ model including the transverse field (9) but
could not find any set of parameters, which satisfactorily
describes the experimentally observed excitations [23]. The
apparent reason for such disagreement is that the model
Hamiltonian (9) is oversimplified and not sufficient to describe
the details of the low-energy spin dynamics in YbFeO3 at
finite temperatures. We assume three main approximations:
(i) we took into account the Yb-Yb exchange interaction
along the c axis only; (ii) the J = 7/2 multiplet of Yb3+ was
substituted by the two-level pseudo-S = 1/2 system; (iii) we
considered Yb-Fe exchange interaction as an effective internal
field, following Refs. [15,57,58]. The two first approximations
are based on a number of experimental facts: 1D dispersion of
Yb excitations; broad maximum on the temperature dependent
magnetic susceptibility of the YbAlO3, associated with the 1D
spin correlations [18]; spinonlike excitations above TSR; the
large CEF gap in the INS spectrum � = 20 meV. The third
approximation is a common simplification, used for systems
with several magnetic sublattices, where one energy scale
significantly exceed others [77–79].

Besides, instead of the temperature dependent dynamical
spin susceptibility χ ′′(Q, h̄ω) measured at the INS experiment,
we calculated the zero-temperature eigenstates of the spin
Hamiltonian. In the low-temperature case T < TSR, we have
an energy hierarchy of H Fe ≫ J Yb-Yb ≫ T , and the calculated
spectrum is split into the series of well define modes as clearly
seen in Fig. 7 in Ref. [23]. Above the TSR, H Fe ∼ T > J , and
zero-T calculations become inapplicable. Finite temperature
effects should be taken into account in order to describe the
dynamical spin susceptibility.

In summary, we present a comprehensive INS study
of the spin dynamics in YbFeO3 at temperatures close
to the SR transition and in magnetic fields applied
along three crystallographic directions. We constructed an
effective model describing spin dynamics and static magnetic
structure of Fe moments for both temperatures above and below
TSR assuming the temperature dependence of the effective
single-ion anisotropy constants K ′

a and K ′
c. In the low-energy

magnetic spectra we observed an unusual transition between
two regimes of the quasi-1D Yb fluctuations, induced by the
rotation of the Fe molecular field, which serves as an intrinsic
“tuning parameter.” Our model Hamiltonian describes the
main features of the low-temperature spectrum, whereas for
the correct description of the spectrum at T > TSR further
theoretical work will have to be done. We leave several open
questions here: (1) what is the origin of the quasi-1D behavior
within the Yb subsystem? (2) How to describe the unusual
Yb excitation spectrum at T > TSR with coexisting spinon
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and magnon modes? (3) What is the correct microscopical
approach to describe the Fe-Yb exchange interaction instead
of the mean-field approximation? We hope that the presented
INS data and intriguing underlying physical phenomena
would motivate further theoretical studies on YbFeO3 and
renew the interest to the rich physics of rare-earth orthoferrites
in general, along with other materials with a coexistence of
several magnetic subsystems on different energy scales.
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