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We report a comprehensive investigation of the excitation spectrum of ErFeO; orthoferrite by means of time-
of-flight neutron spectroscopy. The spectrum consists of two distinct components: strongly dispersive spin wave
excitations of the Fe>* sublattice spanning ~9-65 meV, and crystal electric field (CEF) excitations of Er** ions
below 36 meV. The observed spin wave dispersions and spectral weight are well captured within linear spin
wave theory, enabling extraction of the key Fe-Fe exchange parameters. Low-energy incident neutrons with their
enhanced energy resolution, further revealed the dispersive character and splitting of Kramers-degenerate CEF
levels. We show that the dispersion is caused by the exchange coupling between Er** ions, while the degeneracy
is lifted by interactions between the Er** and Fe** sublattices. We further explore the influence of dipolar and
antisymmetric exchange interactions with the focus on the magnetic ground state of ErFeO;, with particular
attention to the low-temperature spin arrangement. Taken together, our results provide a detailed account of the
spin dynamics in ErFeO; and reveal a hierarchy of interactions scales characteristic for orthoferrites.

DOI: 10.1103/m411-7jkp

I. INTRODUCTION

Rare-earth orthoferrites (RFeO3; with R = rare-earth ele-
ment), and in particular ErFeOs3, have garnered considerable
attention due to their rich magnetic phase diagrams and
promising functionalities for next-generation spin-based tech-
nologies [1-9]. These materials exhibit a unique combination
of high Néel temperatures (TL® > 600 K), spin reorientation
transitions, and strong 3d—4 f magnetic interactions [10-12],
which give rise to tunable spin dynamics and complex mag-
netic structures [5,13]. ErFeO; is especially noteworthy for
its capacity to host multiple magnetic phases, including
temperature-driven reorientations of Fe>* spin configurations,
and long-range ordering of Er** moments at cryogenic tem-
peratures. The weak ferromagnetic moment of canted Fe’*
spins and induced Er’* moment compensates at the tem-
perature around 45 K [14-16]. Such characteristics make
ErFeOj3 an ideal candidate for exploring phenomena like spin
switching [3,4,16], magnetoelectric coupling [17], multifer-
roicity [15,17-19], and exchange bias [16]—key features for

“Contact author: d.bhosale @fz-juelich.de
fContact author: m.stekiel @fz-juelich.de

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOL

2469-9950/2026/114(9)/094403(11)

094403-1

potential applications in magnonic logic, memory devices,
and antiferromagnetic spintronics [8]. Additionally, intrinsic
weak ferromagnetism stemming from spin canting render it
a valuable model system for investigating the interplay be-
tween crystal and magnetic structure, magnetic anisotropy,
and collective magnetic excitations. Thus, understanding the
magnetic interactions that drive these properties in RFeOj3
orthoferrites is of fundamental interest as well as practical rel-
evance for designing energy-efficient, high-speed spintronic
components.

ErFeO; crystallizes in orthorhombically distorted per-
ovskite structure with lattice parameters a = 5.262 A, b =
5.583 A, c = 7.593 10\, and Pbnm (nonstandard setting of
Pnma, #62, space group) symmetry [20]. The isolated Fe’*
sublattice has higher, Cmmm, symmetry, but considering 0%~
ions forming distorted FeOg octahedra, and Er*" ions filling
voids between them, reduces it to the Pbnm space group.
Neglecting both: (i) a 6% difference between a and b lattice
parameters, and (ii) a 1% difference between the ¢ lattice
parameter and ~/2(a 4 b)/2, one can describe the Fe>* sublat-
tice using Pm3m space group, i.e., within nondistorted cubic
perovskite approximation. While the Cmmm symmetry leads
to symmetry equivalent Fe — Fe bonds corresponding to ex-
change interactions: Jfb, Ji, J3, JP and JS, the approximate
Pm3m symmetry reduces those bonds/interactions into J; and
J> as shown in Fig. 1(a).

Below TE = 620 K, the Fe’* ions’ magnetic moments
adopt a G-type antiferromagnetic ordering along the a axis
[21] with a weak ferromagnetic component along the ¢ axis

Published by the American Physical Society
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FIG. 1. Overview of magnetic exchange interactions in ErFeOs;.
(a) Magnetic unit cell (dotted line) of ErFeO; below spin reori-
entation transition (SRT), highlighting the exchange interactions
within Fe** sublattice (4b Wyckoff position with 1 site symmetry
point group). Arrows represent the main G, (I', Pbn’m’") component
of Fe** magnetic moments, characterized by antiferromagnetic ar-
rangement of all nearest neighbors. Nonequivalent interactions up to
fifth coordination shell are shown. Those are aggregated into nearest-
neighbor (J;) and next-nearest-neighbor (J,) interactions, arising
from two district Fe-Fe distances in approximate cubic perovskite
symmetry, which unit cells are given with the solid line. (b) Magnetic
unit cell of ErFeOs below T, highlighting the exchange interactions
within Er** sublattice (4c Wyckoff position with ..m site symmetry
point group). Arrows represent the C, (T';, Pbnm. 1) ordering of Er**
magnetic moments, characterized by ferromagnetic arrangement of
Er** moments within chains along the ¢ axis, and antiferromagnetic
arrangement of nearest-neighbors chains. Nearest-neighbor intra-
chain exchange interactions are marked with .. Weak interchain
interactions are not shown as they are not required to describe the
INS spectra.

[22], or in short G F; configuration [23]. Over the temperature
range Tg$ ~ 88-98 K, a spin reorientation transition (SRT)
[3,24] occurs, in which the Fe3* moments rotate around b axis
to F,G, configuration, see Fig. 1(a). Below 7,¥" = 4.1 K the
Er** ions establish a C, long-range antiferromagnetic ordering
[Fig. 1(b)] and further modify Fe** ordering by inducing the
component along the b axis. Early studies report the G, G, [22]
and F,G,G; configurations [14], but a more recent study [15]
determines the F,C,G; configuration for magnetic structure of
Fe*" below T,F*.

The Er**" fine structure in ErFeO3 was studied by optical
absorption in 1960s by Faulhaber et al. [25] and Wood et al.
[26,27]. Faulhaber et al. [25] established the fine structure of
the *I;5 /2 ground multiplet of Er**. In the first approxima-
tion, it consists of eight double degenerated levels, due to
Kramers theorem. However, a splitting of the ground state
of approximately 6.1cm™! (~0.75 meV) was observed [25],
affected by the onset of Er** sublattice ordering below TE.
These results demonstrated that the ground-state splitting
(6.44cm™!) arises from internal dipolar fields generated by
Er*t (3.27cm™!) and Fe** (1.39 cm™") sublattices along with
Er-Fe exchange interactions (1.78 cm™!). Wood et al. [26]
reported a change in the fine structure of the optical absorption
spectrum near the spin-reorientation transition, with the Er>*
level splittings decreasing by at least a factor of four upon
crossing the reorientation region. In a follow-up study [27],
optical spectra were measured under an applied magnetic

field, revealing a splitting of the Kramers doublets. Based on
these observations, the authors concluded that the effective
field at the Er’t site is dominated by the Er-Fe exchange
interaction, while the magnetic dipolar contribution is com-
paratively small. Subsequent terahertz and ultrafast optical
spectroscopy studies [28,29] extended this understanding to
the dynamic regime, revealing resonant magnetic and elec-
tric dipole-active modes in the frequency range 0.3-2 THz
(1.2-8.2 meV) associated with low-energy excitations of Er**
transitions. Furthermore, optical magnetospectroscopy studies
on ErFeOj; revealed a magnonic super-radiant phase transition
in the terahertz and gigahertz frequency ranges at temper-
atures below 4 K [10]. Their measurements considered the
underlying magnetic interactions in the system, encompass-
ing Fe-Fe, Er-Er, and Er-Fe exchange couplings, as well
as magnetic anisotropies, within a mean-field Hamiltonian
framework.

While optical studies in ErFeOs; are limited to probing
zone-center (I"-point) excitations, inelastic neutron scattering
(INS) allows to resolve magnetic excitations throughout the
Brillouin zone, offering a more comprehensive understanding
of the magnetic excitations. Extensive INS investigations of
RFeO;3 series (R =Y [30], Nd [11], Tb [31], Ho [32], Tm
[33], Yb [12]) have established some universal characteris-
tics of the magnetic interactions in the family [34], driven
by fundamental characteristics of transition-metal and rare-
earth systems. Fe sublattice is subject to relatively strong
exchange interactions leading to coherent spin excitations,
spin waves, spanning the energy band up to 70 meV, with
the gap of 1-10 meV induced by small easy axis anisotropy
which changes across the spin reorientation. These excitations
are accurately modeled using a four-sublattice Hamiltonian
incorporating nearest- and next-nearest-neighbor exchange
interactions (J; &~ 4—5meV, J, ~ 0.1-0.3meV). Fe3* jons
are also subject to Dzyaloshinskii-Moriya interactions (DMI)
due to strong spin-orbit coupling in the system, that accounts
for spin canting and weak ferromagnetism and can intro-
duce subtle features in the INS spectra [30], at the border
of detectability limits. In contrast, the rare-earth ions exhibit
strong spin-orbit coupling resulting in CEF excitations [35],
while weak R — R interactions can result in a weakly disper-
sive character of low-energy excitations [34]. In particular,
NdFeOs; [11] shows dispersive character of the 0.5 meV ex-
citation along main crystallographic directions modeled by
dominating in-plane Nd-Nd interactions. In TmFeOj3 [33] two
lowest excitations below 8 meV exhibit pronounced disper-
sion along both directions of the (OKL) plane, while YbFeO;
[12] shows weakly dispersive dispersion confined to the (00L)
direction. For the latter the spin-chain model is established
for the Yb*+ subsystem, which evolves from a field-polarized
magnon regime below the spin-reorientation temperature of
7.6 K to a spinonlike continuum above it, reflecting the strong
influence of Fe’* molecular fields on rare-earth anisotropy.

In ErFeOs;, previous neutron scattering studies reported
only the low-energy dynamics and revealed temperature-
dependent shifts and splitting of low-energy excitations
[5,36]. In particular, the 6 meV excitation is split by 0.5 meV
and shows mode-dependent polarization while the lowest CEF
level shifts from 0.4 meV at 6 K to 0.8 meV at 1.5 K,
reflecting the sensitivity of the Er’™ sublevel structure to
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the evolving magnetic environment shaped by both Er** and
Fe3t magnetic orders [5]. Further, Shapiro et al. [36] studied
the temperature-dependent low-energy spin dynamics across
the SRT region and treated the excitations observed across
0 to 5 meV as a ‘low-energy magnon’ and discussed the
softening of the observed magnon mode as a function of
temperature [36].

These observations underscore the need for a compre-
hensive investigation of the magnetic excitation spectrum
in ErFeOs, extending beyond the previously explored low-
energy regime [5,37] dominated by Er** crystal-field dynam-
ics to include the high-energy spin wave excitations arising
from the Fe** sublattice. In this work, we reveal the mag-
netic excitation spectrum of ErFeOj3 across the relevant energy
scales and establish a unified model of magnetic interactions
encompassing Fe-Fe, Er-Er, and Er-Fe couplings, consistent
with frameworks reported for other orthoferrites. Importantly,
we highlight the role of dipolar along with exchange inter-
actions as an effective Er-Fe coupling mechanism, driven
by the large magnetic moment of Er’*, which influences
the Fe3* spin subsystem and the resulting magnetic ground
state. By capturing these intertwined magnetic interactions,
our study establishes a hierarchy of energy scales governing
the magnetic dynamics in ErFeOs, bridging low- and high-
energy excitations and laying the foundation for the design
of orthoferrite-based materials optimized for magnonic and
spin-transport applications.

II. EXPERIMENTAL DETAILS

The single-crystal ErFeO; used in this study was grown by
the floating zone method from a polycrystalline ingot, using
the protocol used for synthesis of various RFeO3 orthoferrites
described in Ref. [38].

The cylindrical sample (7 mm length, 6 mm diameter)
was oriented in the (HOL) scattering (horizontal) plane and
mounted in an orange-type He cryostat. The sample was mea-
sured at 1.5 and 6 K, spanning below and above the Néel
temperature of Er’t, as well as at 120 K, above the spin
reorientation transition of Fe*.

Inelastic neutron scattering measurements were carried out
at the MERLIN thermal neutron time-of-flight spectrometer at
the ISIS Neutron and Muon Source, UK [39]. The MERLIN
spectrometer was operated with the Gd chopper package, en-
abling repetition-rate multiplication (RRM), which allows for
simultaneous measurements with multiple neutron incoming
energies (E;). To probe the broad energy range relevant to
both spin wave and CEF excitations, measurements were per-
formed at chopper frequencies of 300 Hz (at 1.5, 6, and 120 K)
and 350 Hz (at 6 K). At 300 Hz, the available incident energies
E; were 100, 33.44, 16.54, and 9.84 meV; while at 350 Hz,
E; energies included 160, 49.89, 24.01, and 14.07 meV. The
sample was rotated in steps of 1° over the range of 0°-90°
to determine the spectral weight as a function of momentum
transfer vector and energy [S(0, E)]. Momentum averaging
was performed to determine S(Q, E) = (S(0.E)),_, and
investigate nondispersive excitations.

Data reduction was performed in Mantid [40,41] and Ho-
race [42], accessed via the ISIS Data Analysis as a Service
[43]. Data analysis based on the linear spin wave theory

E (meV)
Intensity (a.u.)

0 5 10

Q (1/A) Q (1/A)

FIG. 2. Overview of powder-averaged inelastic neutron scatter-
ing (INS) spectrum of ErFeO; collected with an incident energy
E; =100meV (a) and E; = 9.84meV (b) at T = 6K. (a) shows
dominated regions for (i) dispersive spin wave excitations (magnons)
from the Fe* sublattice at low momentum transfer Q, (ii) almost
nondispersive crystal electric field (CEF) excitations of Er’" ions,
and (iii) phonon contributions at higher Q. (b) reveals further details
of CEF excitations with weak dispersive character. The rectangle in
the bottom left corner of (a) shows the region covered by (b).

[44] utilized our own python implementation [45] while cal-
culations involving dipolar excitations were done in SUNNY
[46], crystal-field excitations were investigated with PYCRYS-
TALFIELD [47]. VESTA [48] was used for crystal structure
visualization.

III. RESULTS

The representative powder-averaged inelastic neutron scat-
tering spectrum of ErFeO3, measured with an incident energy
of E; = 100meV over a wide momentum-transfer range, is
shown in Fig. 2(a). The spectrum reveals three distinct compo-
nents: (i) strongly dispersive spin wave excitations originating
from the Fe** sublattice with a band maximum near 62 meV,
(ii) crystal electric field (CEF) excitations associated with
Er** ions below 36 meV, and (iii) phonon contributions
corresponding to lattice vibrations appearing at higher mo-
mentum transfers (Q > 8 A~'). The low energy spectrum
(E; = 9.84meV) due to its enhanced resolution further re-
vealed weak dispersive character of CEF excitations, as shown
in Fig. 2(b). Focusing on the magnetic interactions that gov-
ern excitations in ErFeOs, the system can be described by
a Hamiltonian comprising three primary contributions: in-
teractions within the Fe’T sublattice (M), within the Er’*+
sublattice (Hg;), and between the two sublattices (Hpe—_g;):

Hre
W=
+Hir + HE A+ HE e+ H (M
Her Herr

where Ex stands for exchange interactions, SIA for single-ion
anisotropy, and DIP for dipolar interactions.

We present the experimental observations together with
their corresponding modeling, organized according to the
decomposition of the full Hamiltonian in Eq. (1). Table II
summarizes all the terms that lead to the full Hamiltonian
together with refined values of interaction parameters. The

094403-3



DNYANESHWAR R. BHOSALE et al.

PHYSICAL REVIEW B 114, 094403 (2026)

high-energy, strongly dispersive spin wave excitations origi-
nating from the Fe3* sublattice, their temperature evolution,
and the associated energy gap are discussed in Sec. II A. The
medium-energy CEF excitations of the Er** ions, including
their weakly dispersive nature and splitting of Kramers dou-
blets, are analyzed in Sec. III B. The final parts of Sec. III B
address the intersublattice coupling between Fe’" and Er**
ions. Section IIIC discusses fine interactions required to
model the magnetic ground state, the DMI leading to canting
of Fe** magnetic moments and the dipolar interactions giving
rise to additional antiferromagnetic component of Fe** order
induced below 7,¥" = 4.1K.

A. Iron sublattice excitations

The spin wave band associated with the Fe** sublattice
extends from approximately 9 to 62 meV, with a single, well-
defined excitation branch observed across the entire energy
range. The overall dispersion remains unchanged within ex-
perimental resolution across all measured temperatures, as
exemplified by the representative spectra collected at 120 K
shown in Fig. 3. The persistence of the dispersion shape at all
measured temperatures indicates that the underlying exchange
interactions governing the Fe>* spin waves remain unchanged
across the magnetic transitions in ErFeOs;. The apparently
single excitation branch is, in fact, doubly degenerate, given
the antiferromagnetic arrangement of the Fe sublattice. There
is also a doubling of the spin wave periodicity relative to the
crystallographic lattice, reflecting Brillouin zone unfolding
typical for antiferromagnetic spin waves. Such behavior sug-
gests an apparent higher Cmmm symmetry of the Fe sublattice
and a dominant G-type component of the magnetic order. The
presence of DMI, manifested through a small canting of the
Fe moments that restores the Pbnm symmetry, was shown in
earlier rare-earth orthoferrites studies to induce weak spectral
intensity in the otherwise silent high-energy branch [30] and
to cause fine structure within the spin wave gap [49]. While
these subtle DMI-related features remain below the detection
limit of present measurements, their influence on the magnetic
ground state will be discussed in detail in Sec. III C.

While the overall dispersion relations remain unchanged,
the spectral weight distribution exhibits a pronounced temper-
ature dependence; distinct between 120 and 6 K, yet nearly
identical at 6 and 1.5 K. This effect is clearly visualized in
the constant-energy maps presented in Fig. 4, which capture
the spectral weight redistribution across temperatures. The
variation arises from the SRT occurring between 88 and 98 K,
during which the dominant antiferromagnetic G-type compo-
nent of the Fe>™ magnetic order rotates from G, above 98 K to
G, below 88 K [3]. This reorientation redistributes the spectral
weight of the spin waves, clearly seen in constant-energy
maps in Fig. 4(b) (6 K) and Fig. 4(c) (120 K). The onset of the
long-range order of Er sublattice below T5" = 4.1 K does not
modify the spectrum significantly, as compared in Fig. 4(a)
(1.5 K) and Fig. 4(b) (6 K). The temperature-dependent redis-
tribution of spectral weight is well reproduced by our linear
spin wave theory simulations, shown in the upper-left parts of
Figs. 4(a)-4(c), constrained to the experimentally measured
momentum-transfer range. For completeness, Fig. 4(d) dis-
plays the unconstrained intensity from Fig. 4(c).

E (meV)

Hin (H 0 -3) (r.l.u.)

K in (1 K-3) (r.I.u.)

Hin (H 0 -3) (r.l.u.)

-3 -1 1 3 -3 -1 1 3
Lin(30L)(r.l.u.) Lin(30L) (r.lu.)

e ————

0 2 4 6
Intensity (a.u.)

FIG. 3. Spin wave dispersion relations of ErFeO; at 120 K. Ex-
perimental data [(a), (c), (e)] at 120 K and model [(b), (d), (f)] are
displayed along the high-symmetry Q-directions [(a), (b)] (H 0 -3),
[(c), (d)] (1 K=3), and [(e), (f)] (3 0 L). The data reveal pronounced
variations in dispersion curves and spectral weight across different
directions in reciprocal space and are used to extract the exchange
interactions in the Fe sublattice and model the dispersions according
to the G, F; spin arrangement. Intensity cutoff was used to visualize
spin wave dispersions in (a), (c), (e), and as a result, the low energy
range of energy dominated by CEF excitation is oversaturated. The
experimental maps were obtained by integrating the measured signal
in £0.05r.l.u. range in directions perpendicular to the selected cut.

Measurements conducted with a lower incident neutron
energy of E; = 33.4 meV reveal a spin wave energy gap
of approximately 9 meV, as shown in Fig. 5, along with
distinct low-lying CEF excitations. Within the experimental
energy resolution of §E = 1.5 meV at zero energy transfer,
the energy gap remains unchanged between 1.5 and 6 K,
consistent with earlier observations [5]. Notably, the gap
persists at roughly 9 meV even at 120 K, indicating that
the spin reorientation transition has little influence on the
anisotropy-driven energy gap. Nevertheless, higher-resolution
measurements would be required to establish the accuracy in
spin wave gap energy measurement.

To model the observed spin wave excitations we employed
a minimal J; — J, Heisenberg model HEX + HPA previously
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FIG. 4. High-energy spectral weight of ErFeO;. Panels show in-
tensity integrated over the energy range 50-62 meV, as a function of
momentum transfer with (HOL) coordinates. (a)—(c) show measured
(lower-right) and modeled (upper-left) spectral weight at 1.5 K (a),
6 K (b), and 120 K (c), as well as schematic spin arrangement
of magnetic moments in the central inset. To facilitate comparison
between the calculated and measured intensity the modeled intensity
is constrained to the momentum transfers covered by measurements.
(d) shows unconstrained intensity of the 120 K model as in (c).
Reconstructions highlight temperature-dependent variations in the
spectral weight arising from the change in magnetic structure as
indicated by arrows, while the dispersion relations are unaffected.

reported for various orthoferrites [12,30,36,50,51], which ac-
counts for nearest- (NN, J;) and next-nearest-neighbor (NNN,
J») Fe-Fe exchange interactions [Fig. 1(a)] as well as single-
ion anisotropies (K, K;):

,HEQ:(:JI Z Si-S;+./» Z Si-S;, 2

i,jeNN i, jENNN

HIA =K (S) KD (S 3)

where S are Fe>™ magnetic moments operators, and S* (S¢)
are their x (z) components. This model was implemented
within the framework of linear spin wave theory (LSWT)
[44] and found to reproduce the experimentally observed
dispersion relations (curvature, bandwidth, spectral weight,
and energy gap) with remarkable accuracy. The exchange
parameters obtained from the refinement of the model to
the observed magnon energies were J; = 5.09 (46) and J, =
0.31 (18) meV. The gap in the observed spectra suggests easy
axis anisotropy, that is negative anisotropy value K < 0. To
account for the spin reorientation, we use an effective model,
where above the spin reorientation we use K, = K and K, = 0
to reproduce the arrangement of Fe moments along the a
axis, while below the spin reorientation K, = 0 and K, = K
where moments align with the ¢ axis. We obtained K =

(a) 1.5K (b) 6 K

c) 120 K
30 (). :

25
— 20
>
(0]
£ 15
Y10
5
0
10 1 10 1 10 1
K K K
" Kin (1K-3)(r.l.u.)
0 5

Intensity (a.u.)

FIG. 5. Intermediate energy magnetic excitations in ErFeO;
measured at (a) 1.5 K, (b) 6 K, and (c) 120 K. At each temperature
spectra consist of strongly dispersive Fe** spin wave excitation cen-
tered around K = 0 revealing a pronounced energy gap of ~9meV,
and nondispersive Er** crystal electric field (CEF) excitations. There
is little difference between spectra measured at 1.5 and 6 K (a), (b)
as the principal component of the Fe*™ moments is the same. The
spectrum at 120 K (c) features broadened excitations as compared
to lower temperatures. The maps were obtained by integrating the
measured signal in +0.05r.1.u. range in H and L directions.

—0.117 (35) meV, which gives rise to the 9 meV energy gap.
This approach reproduces the spin wave dispersions very well
(Fig. 3), including the redistribution of the spectral weight due
to the spin reorientation transition (Fig. 4).

B. Erbium sublattice excitations

To investigate CEF excitations in ErFeO; we explored
momentum-averaged excitation spectra up to 140 meV and
found five CEF excitations, all below 40 meV, see Fig. 6.
Measurements at 6 K performed with an incoming energy
of 49.89 meV and resolution of approximately 2 meV (at
zero energy transfer) reveal excitation energies 5.8, 14.0,
20.3, 25.7, and 35.9 meV, consistent with previous reports
[5,25,26,37]. These excitations exhibit a typical magnetic
character, with intensities diminishing with increasing mo-
mentum transfer Q0 due to the magnetic form factor, see
Fig. 6(b) with constant-Q cuts of integrated intensity dis-
played on the logarithmic scale. They are well separated from
phonon contributions [Fig. 2(a)], which dominate the high-Q
region.

We revise the CEF scheme of Er®* in ErFeOs based on the
CEF Hamiltonian term in Stevens formalism:

HE™ + HEe™™ = > " BrOY + upged - Ber,  (4)

n,m

where B are CEF parameters and O] are Stevens operators
[52], while the Zeeman term includes any effective fields Begr
acting on the dipolar moment of Er ion. The Er** ion is
located at the 4c site, where the interaction with the local
environment splits the 16-fold degenerated J = 15/2 state
into eight Kramers doublets and allows for 12 nonzero CEF
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FIG. 6. Intermediate energy spectra of ErFeOj; resolving the CEF
excitations. (a) Inelastic neutron scattering spectrum as a function of
direction-averaged momentum transfer Q, recorded with an incident
neutron energy of 49.9 meV. The spectrum reveals multiple exci-
tations with (b) corresponding dynamical structure factor S(Q, w)
presented as constant-Q cuts, integrated over selected Q ranges for
an energy transfer window of 2—40 meV. The spectral weight of these
nondispersive bands diminishes with increasing Q, characteristic for
CEF excitations. (c) and (d) Fits to the spectra measured at 6 K
(c) and 120 K (d) and integrated over Q < 8 A-! range. Fits include
the initial (green, dotted line) and refined spectra (red, solid), where
the initial spectrum is based on the point-charge model. Note that at
120 K the spectrum was measured with E; of 33.4 meV.

parameters. Modeling of the CEF spectra is challenging as we
observed only five peaks in the measured spectra, implying
the presence of accidental degeneracies or silent transitions.
Further, we observed dispersion of the lowest excitation, see
Fig. 7, which contributes to the excitation’s width, and inter-
feres with the convolution fit of the whole spectrum.

We used a set of CEF parameters constrained by the ..m
(monoclinic, Cy) site-symmetry point group of Er** [53] and
zero effective field. We determined the initial parameters by
employing the point-charge model [54] in the coordinate sys-
tem aligned with the main crystal axes and a 3 A neighbor
distance cutoff of the Er*™ site, i.e., considering eight nearest-
neighbor O%~ ligands. This model gives a good approximation
of the observed CEF excitations energies and relative inten-
sities at 6 K [Fig. 6(c)] and 120 K [Fig. 6(d)], as shown
with the green vertical bars. Next, we conducted least-squares
refinement of the CEF parameters, by fitting the calculated
spectrum convoluted with instrumental resolution to the mea-
sured one. Some parameters gave errors larger than their value
and were set to zero. The refinement of the CEF parameters to
the 6 K data resulted in excellent agreement and yielded the

(b) 1.5 K

E (meV)

S
()
E
Wy
0.0 ———T T T = T - 1
s  (e)ErEr (f) Er-Er
(0]
£
Wy
= (g) Er-Fe (h) Er-Fe
S
v 6
£ ——
w D
-2 0 2 -4 -2 0

Hin (HO0-2) (r.l.u.) L in (0OL) (r.l.u.)

FIG. 7. Dispersion and splitting of crystal electric field exci-
tations in ErFeO; measured with E; = 9.84 meV. Excitations are
mapped along the main directions in reciprocal space (H00) and
(O0OL) in the left and right column panels, respectively. Spectral
weight measured at (a) and (b) 1.5 K, and (c) and (d) 6 K. Dispersive
crystal field excitation modeled with (e) and (f) Er-Er exchange
interactions and (g) and (h) Er-Fe exchange interactions.

spectrum showed with the red line in Fig. 6(c), with the pa-
rameters summarized in Table I. However, the fit results in two
close-lying excitations around 6 meV with equal intensities,
see Fig. 6(c), inconsistent with high-resolution measurements
shown in Fig. 7. This originates from the dispersion of the
low-lying level, which artificially broadens the excitation,
and encourages the fit algorithm to fit two excitations in this
region. It remains possible that the excitation at 5.8 meV ex-
hibits accidental degeneracy with energy difference less than
0.1 meV between the close lying states.

To further explore the validity of the refined CEF param-
eters, we calculated the g-tensor of the Er3t ion. It reveals
strong easy axis anisotropy along the z direction, that is,
the ¢ axis in the Pbnm setting. This is consistent with the
g-tensor determined by the optical measurements [27], and
the C, magnetic ordering of the Er sublattice, as observed in
neutron diffraction measurements [14]. Further, we simulated
the neutron scattering spectrum of ErFeOs; at 120 K, with
the results shown and compared to the measured spectrum in
Fig. 6(d). These results reinforce the validity of our model,
however, they do not take into account the molecular field
affecting erbium ions.

Finally, we observed the splitting of the ground state as
shown in Figs. 7(a) and 7(b). Previous works report that the
internal field is responsible for lifting the Kramers degeneracy
of the Er ground state and splitting it by 0.4 meV at 6 K and
0.8 meV at 1.5 K [5,25], consistent with our observations, see
Figs. 7(a)-7(d). The internal field was ascribed to the Er-Fe
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TABLE 1. Crystal electric field parameters of Er*" in ErFeOs,
according to the Hamiltonian term HSEF [Eq. (4)]. The symme-
try allowed parameters are labeled in the left column, the values
determined from the point-charge model used as the initial values
for the refinement in the middle column, and the finalized, refined
parameters in the right column. The numbers in parentheses give
the uncertainty in the final digits of the quoted values, for some
parameters the refinement resulted in error larger than the value, and
these parameters were set to zero.

Label Point-charge (meV) Refined (meV)

B 427 x1072 5.599 (33) x1072
B} 29.13 x1072 26.04 (12) x1072
B3 —1.82 x1072 0
BY —6.47 x107* —4.650 (28) x107*
B} 16.78 x10~* 31.44 (26) x107*
B? 9.23 x10~* 0
B} —70.89 x10~* —70.58 (54) x10~*
B} —4.55%x107* —18.47 (16) x107*
BY —0.28 x1076 —1.350 (25) x1076
B} —14.88 x107° 19.85 (29) x107°
B? 9.51 x107° 0
B} —39.57 x1076 —55.55(82) x1076
B} 13.99 x10~° 6.81 (24) x107¢
B} 64.13 x107° 0
BS —3.73 x107° 0

interaction by means of dipolar and exchange interactions
with estimated contributions of 1.39cm™! = 0.17meV for
dipolar and 1.78 cm~! = 0.22 meV for exchange interactions
at 6 K [25,26]. This can be incorporated to the CEF model
in Eq. (4) by introducing an effective field (Hg) along the
¢ axis direction, incorporating dipolar and exchange interac-
tions. The field of 0.5 T introduces splitting of the ground state
by 0.4 meV and the first excited state of 1 meV, as in our
measurements. Theoretical calculations [25] suggest the 0.2 T
dipolar field from Fe sublattice, and equal contribution from
Er-Fe exchange interactions, consistent with our results.

The interaction between Er- and Fe sublattices should re-
sult in hybridization of the CEF and magnon excitations and
potentially anticrossing. We did not observe such effects in
the measured spectra, see for example Fig. 5, suggesting the
effect is below the measurements resolution or manifests in
unexplored regions of reciprocal space. On the other hand, we
have observed a clear dispersion of the 5.8 meV CEF excita-
tion along the (O0L) direction as in Figs. 7(b) and 7(d), with
no dispersion along the (H00) Figs. 7(a) and 7(c), or (0K0)
(not shown) directions. The oscillation is sinusoidal, with
maxima at even L positions on the (00L) line and bandwidth
of 0.25 meV, suggesting antiferromagnetic coupling between
ions stacked along the ¢ axis.

To elucidate the observed dispersive nature of the Er’*
CEF excitation, we utilized the linear spin wave theory in-
cluding the erbium sublattice. We considered effective spin
operators S for erbium ions that accommodate the spin
number J = 15/2 and couple with strength J,, where n in-
dexes the bond. We take only quadratic anisotropy terms
from CEF Hamiltonian in Eq. (4), which result in easy axis
roughly along the ¢ axis IC; < 0 [55]. The minimal model that

describes the dispersion of the lowest CEF level is described
by the Hamiltonian

HE+Y BIOy =T Y S8+ K(8) )

i, jeNN, i

It contains the anisotropy term with refined value K, =
—0.3799(16) meV, and only a single coupling term between
nearest Er ions forming the chain along the c-axis direction,
see Fig. 1(b), with coupling strength J. = 0.004 89(74) meV.
These parameters were obtained by refining the Hamiltonian
parameters to the dispersion relations of the lowest CEF
excitation measured at 6 K, see Figs. 7(c) and 7(d), with
the modeled spectral weight shown in Figs. 7(e) and 7(f).
The most important result is that the single antiferromagnetic
coupling between intrachain Er ions fully reproduces the char-
acteristics of the measured spectra: dispersive character for the
(00L) direction, and no significant dispersion for the in-plane
directions.

Following previous optical studies [10,25,26] we also in-
cluded (i) the dipolar interactions and (ii) nearest-neighbor
Er-Fe exchange interaction. Dipolar interactions introduce
very weak dispersion of excitations across all propagation
vectors and bandwidth of 0.05 meV [56]. Exchange inter-
actions between Er and Fe sublattices introduce dispersion
along the c-axis direction, with the minima at even L posi-
tions, regardless of the exchange interaction sign, as shown
in Figs. 7(g) and 7(h). This is due to the G-type ordering
of the Fe sublattice: Er-Fe bonds related by the mgy; mirror
plane include Fe ions with antiparallel spins, thereby result-
ing in fully compensated exchange field. In consequence,
the Er-Fe exchange enters the dispersion relation in terms
of absolute value that disregards the sign of the interaction:
® o /A% — |Jg;_re|%, where A contains single-ion anisotropy.

In conclusion of this section, the coupling between Er ions
forming the chain running along the ¢ axis fully reproduces
the characteristics of the measured spectra. However, there
are limitations to our model, as we are not able to repro-
duce the splitting of the ground state Kramers doublet of
0.8 meV observed at 1.5 K. The splitting was attributed to
the Er-Fe coupling by means of exchange [26] and dipolar
interactions [25], which do not comply with our observa-
tions. In addition, the 7. coupling is antiferromagnetic, while
diffraction measurements showed a ferromagnetic arrange-
ment of the intrachain ions [14,15]. These qualities would not
be conflicting in the presence of a stabilization mechanism
arising from higher energy scales. Our measurements provide
a comprehensive overview of the relevant energy scales, sum-
marized in Table II, none of which stabilize the ferromagnetic
arrangement.

C. Ground state: DMI and dipolar interactions

Our inelastic thermal neutron scattering data give direct
access to the high- and intermediate-energy scales of the
magnetic interactions in ErFeOs. At the lowest energy scale,
the dipolar and Dzyaloshinskii-Moriya interactions govern
the fine structure of magnetic arrangement and the interplay
between Er and Fe sublattices. They manifest themselves in
the static spin correlations, accessed by magnetization and
diffraction measurements.
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TABLE II. An overview of the Hamiltonian terms in Eq. (1) and their corresponding energy scales. A symbol, a defining equation and
a short description are provided for each term in the “Term’, ‘Equation’, and ‘Description’ columns, respectively. The ‘Spectrum’ column
denotes the energy scale at which the given term influences the excitation spectrum. The ‘Parameters’ column includes refined values of the
interaction parameters, where the Fe-Er dipolar interaction, HFDeili o> 18 self-consistent, i.e., it does not contain any refineable parameter. The
‘Experimental evidence’ column lists the physical phenomena that require the given Hamiltonian term for modeling. Those phenomena are
gathered according to the experimental techniques: inelastic neutron scattering (INS), neutron diffraction (ND), magnetometry (MAGN), and
optical studies (OPT) with the corresponding literature references. The corresponding figures are given for all evidence marked ‘INS’. The

‘FM’ and ‘AFM’ stand for ‘ferromagnetic’ and ‘antiferromagnetic’, respectively.

Term Eq. Spectrum Parameters Description Experimental evidence
’HE; 2) ~65 meV Ji =5.09 (46) meV Exchange interaction Fe spin wave dispersion (Figs. 3, 4): INS
J> = 0.31(18) meV within Fe sublattice Fe G-type magnetic ordering: ND [14,15,22]
HEEF 4) ~36meV B" see Table 1 Er crystal electric field Er CEF levels presence (Fig. 6): INS [5,37]
K. =—0.3799 (16) meV Er effective anisotropy Fe spin reorientation: ND OPT [10,25,28,29]
HIA 3) ~9 meV K\K, = —0.117(35)meV  Fe single-ion anisotropy Fe spin wave energy gap (Fig. 5): INS [5,37]
Fe spin reorientation: ND [14,15,22]
HPP 7 ~0.5meV  Self-consistent Dipolar interactions Er CEF splitting (Fig. 7): INS [5,37]
and OPT [10,25,28,29]
Fe weak AFM canting: ND [14,15,22]
HEM! (6) ~0.5meV Dy, =0.3meV Antisymmetric exchange Fe spin wave degeneracy lifting (not observed)
within Fe sublattice Fe weak FM canting: MAGN [16,57,58]
HE: 5) ~0.1 meV J. = 0.004 89 (74) meV Exchange interaction Er CEF levels dispersion (Fig. 7): INS [5]

within Er sublattice

In particular, magnetization measurements [16,58] have
shown the presence of a weak ferromagnetic moment (WFM)
of F ~ 5 x 1072 per formula unit ErFeOj3, which changes
its orientation from F, above TSFlf to F, below Tsg. This weak
FM component is common in orthoferrites and arises from the
DMI between the Fe>* ions [12,30,34]. To simulate the tilting
of antiferromagnetic component of Fe** moment within the
ac plane, we introduce to the Hamiltonian the DMI between
the Fe** ions within the ab plane, with a single D, component:

HR' = " Dy3-(Si xSy, (©6)

ijENN“[,

where the summation takes nearest-neighbors in the ab plane,
S; and S; are Fe spins, and  denotes the unit vector along the
b axis. The value of D, = 0.15meV accurately reproduces the
WEM observed in magnetization measurements [16,58], and
corresponds to the canting of Fe>* moments of around 0.5°,
very similar to the case of YFeOs3 [30], YbFeOs [12], and
NdFeOs; [11]. Important to note, this single DMI component
gives rise to tilting above and below the spin reorientation
transition.

The spin reorientation transition in orthoferrites is a well-
studied phenomenon, rooted in the temperature-dependent
magnetocrystalline anisotropies arising from CEF [59]. At
high temperatures, where CEF levels above the ground state of
Er are occupied, the Er magnetic moment is roughly isotropic
and the Fe ion will follow its own single-ion anisotropy, that
is order the moments along the a axis. At low temperature Er
4 f electrons occupy only the highly anisotropic ground state,
introducing effective anisotropy on Fe3* ions. As shown here,
the CEF causes Er ions to align its magnetic moment along
the ¢ axis, and the Fe spins follow. The reorientation thus
occurs at temperatures relating to the first excited state kg7 =

5.8 meV giving T = 70K in agreement with 7d¢ ~ 88-98 K,
but more importantly, explains its continuous character. It
also explains why orthoferrites with nonmagnetic rare-earth
element, LaFeO3, LuFeO3, YFeOs3, do not undergo spin reori-
entation [59]. Here, we used an effective model for description
of Fe anisotropies across the spin reorientation, as detailed in
Sec. I[IT A.

Neutron diffraction measurements report an additional an-
tiferromagnetic C, component of the Fe sublattice ordering
below the T [14,15]. As the Cy component is concomitant
with the development of the long-range order of the Er sub-
lattice, we suggest that the interlattice coupling influences the
Fe sublattice order by means of dipolar interactions. In the
Hamiltonian we include the term

DIP po [ 3(m; - Ryj)(m; - Ry)  m; -m;
=y K = . a
" % 4”[ IRj;1° IRy @

where (i, j) enumerates pairs of interacting magnetic mo-
ments m; connected with the bond vector R;;. This couples
all sublattices, that is Fe-Fe, Er-Fe, and Er-Er. We use the
Ewald summation method as implemented in SUNNY [46].
As a starting point of the calculation, we take the collinear
arrangement of magnetic moments with G, for Fe and C, for
Er sublattices. Minimizing the energy of the system results
in the G,G, arrangement for the Fe sublattice, and C; for Er
sublattice. Thus, the arrangement type of the Fe sublattice is
in agreement with an older report [14], but contrary to the
recent one [15]. Both G, and C; follow the same irrep, I'y,
consistent with the idea that Fe’* G, component is induced
by the interaction with the ordered Er’* sublattice. The tilting
of the moments from the ¢ axis reported at 1.5 K is 48° [14],
while our calculations yield 8°.
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IV. DISCUSSION

We summarize our model in Table II based on the spec-
troscopic signatures. It reveals a hierarchy of the interaction
scales and their characteristic energy, typical for orthofer-
rites. The system is dominated by strong, antiferromagnetic
exchange interaction between iron spins, giving rise to the
G-type magnetic order with high transition temperature. The
single-ion anisotropies of either Er or Fe ions are in the
intermediate energy scale. The iron spins exhibit easy axis
anisotropy affected by temperature-dependent magnetocrys-
talline anisotropies, originating from change in the occupation
of CEF levels of Er ions. At the lowest range lie Er-Er
exchange interactions, dipolar interactions, and DMI. The
hierarchy of interaction scales is also reflected in the char-
acteristic temperatures of the system: Fe-Fe exchange sets at
TR = 620 K, magnetocrystalline anisotropies result in spin
reorientation at TSI;{’ ~ 88-98 K, and the Er-related interac-
tions setting in below T¥" = 4.1 K.

Throughout this work, we have utilized linear spin wave
theory to model dispersive excitations, as well as the Stevens
formalism to model crystal field excitations. In order to ex-
plain the dispersion of the first excited state and the splitting
of the ground state, an approach incorporating two methods
simultaneously is required. It is apparent that constraining the
physics of the Er sublattice to the 1/S approximation as per
LSWT does not allow us to fully describe the spectral signa-
tures in the system and may account for some inconsistencies
between our model and the experimental observations. On
the other hand, incorporating the full manifold of J = 15/2
states for Er and S = 5/2 for Fe and coupling them is beyond
current methods. Orthoferrites thus host a rich interplay of
multipolar and spin-wave physics, making them a complex
and fascinating class of magnetic materials.

V. SUMMARY AND CONCLUSIONS

This work presents a comprehensive investigation of the
magnetic excitation spectrum and establishes a hierarchy of
magnetic interactions in ErFeQs, considering both Fe** and
Er** sublattices.

Our results are consistent with previous low energy spec-
troscopy studies and allow for deeper insight into the magnetic
interactions, owing to momentum-resolved spectroscopy. In
particular, we report the thorough Fe** spin wave dispersion
over the entire Brillouin zone, a revision of the Er’t CEF
energy levels, and dispersive character of the CEF levels.
Further, with incorporation of previous neutron diffraction
and magnetization results we investigate fine details of the
interaction scheme influencing the magnetic ground state.
These allowed to construct a full Hamiltonian that accounts
for both the magnetic ground state and the excitation spectrum
of ErFeO; over the investigated energy scales in the system.

Our results reveal a marked contrast between the energy
scales governing the two magnetic subsystems. In the Fe’*
sublattice, the exchange interactions dominate over magne-
tocrystalline anisotropy, whereas in the Er’* sublattice the
crystal electric field constitutes the leading energy scale,
greatly exceeding the Er-Er exchange interaction. The cou-
pling between the Fe and Er subsystems is comparatively
weak and arises from a combination of magnetic dipole-
dipole and exchange interactions, yet it plays a crucial role in
CEF splitting and in stabilizing the low-temperature magnetic
ground state.
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