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The low-temperature spin dynamics of the orthorhombic ThFeO3s perovskite has been studied. It
has been found that the inelastic neutron scattering (INS) spectrum of the investigated compound
contains two modes corresponding to different sublattices. It is shown that the iron subsystem orders
antiferromagnetically at Tn = 632 K and exhibits the high-energy magnon dispersion. The magnetic
dynamics of this subsystem has been described within the linear spin-wave theory and the in-plane
and out-of-plane exchange anisotropy has been demonstrated. The approach proposed previously
to describe the magnon dispersion in the TmFeO3s compound has been used. Three levels of the
non-dispersive crystal electric field corresponding to Th®* ions have been found in the energy region
below 40 meV at about 17, 26, and 35 meV. The behavior of the magnetic correlation length of the
terbium subsystem has been determined by studying the diffuse scattering at different temperatures.
The evolution of this subsystem has been numerically described within the point charge model. It is
shown that the numerical data agree satisfactorily with the experiment and with the general concept
of the single-ion approximation applied to the rare-earth subsystem of orthorhombic perovskites.

I. INTRODUCTION

The magnetic oxide materials containing transition and
rare-earth ions exhibit a diversity of intriguing properties
related to the complex interaction between two magnetic
subsystems. Among such materials are manganites with
the general formulas RMnOs [1, 2] and RMn3Os [3, 4] and
huntites RFe3(BO3)4 [5-8]. A separate class of the oxide
compounds are RFeOj orthoferrites [9], which have been
explored for the last few decades [10-12]. The RFeOjs
crystal structure is described by sp. gr. Pbnm. The recent
renewed interest in these compounds is due to the discov-
ery of several curious phenomena, including multiferroism
below the temperature of ordering of the rare-earth subsys-
tem [13], laser-induced ultrafast magnetization switching
of domain walls [14-16], and the formation of a soliton
lattice in the ThFeOs compound [17].

The family of rare-earth orthoferrites attracts attention
by intriguing magnetic phenomena. The unique magnetic
properties of these compounds are induced by complex
interactions between the 3d and 4f electron magnetic mo-
ments. As shown in [9], the RFeO3 compounds have the
extraordinarily high Neel temperatures (T =~ 600-700
K), below which the moments of iron ions are ordered
antiferromagnetically with a weak sublattice canting re-
sulting in weak ferromagnetism. As the temperature
decreases, the Fe-R coupling strengthens and induces
spin-reorientation transitions at temperatures of T < T.
The temperature Tsgr of the spin-reorientation transition
depends strongly on a rare-earth ion. In particular, in
the HoFeO3 compound, this temperature is Tsg ~ 50—
60 K; for TmFeOs it is Tsr ~ 80-90 K [18]; and, with
Tb as a rare-earth element, it is much lower: Tsg ~ 3—
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10 K [17, 19]. At high temperatures, the subsystem of
rare-earth ions with a relatively weak R-R coupling is
paramagnetic or weakly polarized by the molecular field of
ordered Fe ions. The complex magnetic properties of the
rare-earth subsystem are determined by the diversity of
exchange interactions. Here, along with the Heisenberg-
type Fe-Fe, Fe-R, and R-R exchange interactions, an
important role is played by the Dzyaloshinskii-Moriya
(DMI) interaction [20], which induces a weak ferromag-
netic moment.

In [21], several orthoferrites were investigated and
isostructural perovskite compounds containing different
rare-earth ions were examined by inelastic neutron scat-
tering (INS), a basic tool for studying energy excitation
spectra of magnetic subsystems. In the YbFeOgs single
crystal [22], the quasi-one-dimensional Yb3* chains and
“shadow modes” in the low-temperature spin dynamics of
the rare-earth subsystem were found. A “shadow mode” is
the phenomenon of the coexistence of two magnon disper-
sion branches of identical shapes and similar intensities,
which are shifted relative to each other by half a period.
This effect is possibly induced by buckling of magnetic
chains; at k = 0, there is no “shadow mode” and its in-
tensity increases according to the quadratic law as the |K]|
value increases from 0 [23]. Study of the related YbAlOs
compound [24, 25] disclosed the exotic magnetic quantum
states in the rare-earth subsystem at ultralow tempera-
tures. It should be noted that Yb3* is a Kramers ion, the
ground state of which is split into doublets; therefore, the
pseudospin 1/2 model is applicable. Upon splitting of the
ground state in non-Kramers ions, the latter can create
various combinations of singlet, doublet, pseudo-doublet,
and other energy levels. The more complex picture of the
energy states makes it difficult to describe the behavior
of the rare-earth subsystem and the 3d—4f interaction
between the sublattices, but the interesting effects and
states expected in the compounds containing such ions



FIG. 1. Schematic of the magnetic phases implemented in the
TbFeOg single crystal at different temperatures. Brown and
blue spheres indicate positions of Fe3* and Th3" ions, respec-
tively, and red and blue arrows show their average magnetic
moments. (a) Phase below 3 K with the Fe** subsystem in
the T'4 phase and the Th3" subsystem in the I'8 phase. In
this phase, all the subsystems are ordered. (b) Transition
phase between 3 and 8 K with the Fe3' and Tb3" subsystems
in the I'2 phase. (c) Phase above 10 K up to Tx with the
Fe3T subsystem ordered in the I'4 phase and the disordered
Th3*" subsystem. The data presented are based on the results
reported in [17]

broaden the scope for the development of physics of oxide
materials.

Another compound studied by us was TmFeOg3 [26],
in which the effect similar to the “shadow mode” was
found in the rare-earth subsystem and the spin dynamics
of the second singlet level was explored. The rare-earth
subsystem was described in the approximation of an ion
in an external field. We determined several parameters
that can be used in the magnetic Hamiltonian, although,
due to a variety of magnetic states of the Tm3* ion, this
was a challenge, both numerically and analytically.

In this study, to solve the problem of non-Kramers
rare-earth ions in orthoferrites, the ThFeO3 compound
was investigated. This material orders at two tempera-
tures: TH° ~ 650 K and To® < 10 K [17, 19]. At the
first ordering temperature, the iron subsystem is ordered
antiferromagnetically, but with a weak DMI-induced fer-
romagnetic moment. This magnetic order is observed at
temperatures from about 10 K; below 8 K, the compound
undergoes a spin-reorientation transition. After that, the
terbium subsystem starts ordering (see the schematic in
Fig. 1). This compound was investigated by the tech-
niques used previously to study the TmFeO3 compound
to better understand the physics of interactions in rare-
earth orthoferrites.

II. EXPERIMENTAL DETAILS

The TbFeOg single crystal was grown in a Crystal Sys-
tems FZ-T-4000-H optical floating zone furnace (Japan)
at a growth rate of 3 mm/h and a relative rod rota-
tion at 30 rpm in air under ambient pressure. A sample
5x 5 x 5 mm? in size was cut from the grown rod along
its crystallographic axes. The quality of the single crystal

FIG. 2. (a, b, ¢) Lauegrams of the TbFeOgs single crystal along
different crystallographic directions corresponding to sp. gr.
Pbnm with lattice parameters of a = 5.326 A, b = 5.602 A,
and ¢ = 7.635 A. (d) Photograph of the single crystal obtained
by optical floating zone melting.

was estimated by the Laue method. Lauegrams and a
photograph of the grown crystal are presented in Fig. 2.

The magnetic measurements were performed on a Quan-
tum Design PPMS-6000 Physical Property Measurement
System. The temperature and field dependences of the
magnetization were measured along different crystallo-
graphic directions in the single-crystal sample.

The M (T') dependences shown in Fig. 3 reveal a spin-
reorientation transition in the temperature range of 3.5-8
K. In [17], this transition was identified as the I'2 phase,
which confirmed the results reported in [27]. The slightly
rounded, unsharp form of the curves can be explained
by the difference between the experimental techniques
used. It is noteworthy that the INS experiment used
to draw the main conclusions in this work was carried
out at T =2 K, i.e., below the temperature of the spin-
reorientation transition.

To analyze comprehensively the iron and terbium sub-
system excitations in the ThFeOg single crystal, the INS
study was carried out over wide reciprocal space and
transferred energy ranges. The experiments were con-
ducted using two time-of-flight neutron spectrometers: an
angular-range chopper spectrometer (ARCS) [28] and a
cold neutron chopper spectrometer (CNCS) [29, 30] at
the Oak Ridge National Laboratory’s Spallation Neutron
Source. The data were obtained on a single crystal with a
mass of 3 g oriented in the (0K L) scattering plane. The
incident neutron energies were F; = 100 and 25 meV for
the ARCS and E; = 12 and 3.3 meV for the CNCS.

The experimental data were processed and preliminary
analyzed using the Dave [31], Horace [32], and Mantid-
Plot [33] software. The excitation spectra and neutron
scattering cross sections of the spin Hamiltonian were
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FIG. 3. Logarithmic temperature dependence of the magneti-
zation. The measurements were performed at temperatures
from 2 to 100 K after pre-cooling the sample to 2 K in zero
magnetic field. At 2 K, the hysteresis was measured in fields
of £5 T; after that, the field was decreased to 0.01 T and the
temperature dependence of the magnetization was measured.
Of particular interest is the temperature range of 3.5-8 K
corresponding to the spin-reorientation transition.

calculated within the linear spin wave theory (LSWT) in
the SpinW software package [34]. The crystal electric field
(CEF) was calculated using the McPhase software [35].

III. RESULTS AND ANALYSIS
A. Iron subsystem

In this section, we analyze the data obtained on the
high-energy time-of-flight ARCS at incident neutron en-
ergies of 150 and 50 meV. The cuts along the highly
symmetric directions of the reciprocal space reveal the
magnon dispersion, which attains its maximum energy
of 60 meV and can be considered with confidence to be
the dispersion of the iron subsystem [22, 26, 36, 37]. The
low-energy region was investigated at neutron energies of
up to 25 meV, which made it possible to examine the an-
tiferromagnetic gap of the iron subsystem and determine
the general characteristics of the rare-earth subsystem.

Based on the experimental data, we found positions of
the curves at 72 points of the reciprocal space along the
three highly symmetric directions in order to determine
the spin Hamiltonian. The main challenge was to find
an error of the selected points. The attempt to describe
the selected points by the Gaussian function did not yield
objective results because of the low density of points in the
investigated ranges and a large error. Therefore, we used
another model to determine an error of the points. The
iterative algorithm was used, which compared intensity
I, of a selected point with intensities of its neighbors
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FIG. 4. Cuts along the three characteristic directions of the
reciprocal space. (a-c) Experimental INS spectra recorded at
a temperature of 2 K. The data were obtained by summation
of the symmetric directions and smoothed with a Gaussian.
The integration limit is +0.1 r.l.u. The calculated dispersion
curves (red) are superimposed. (d-f) Model calculation of the
spectra within the selected model.

in the chosen @ or E direction, depending on a cut. If
the ratio between the intensity I of a selected point and
its neighbor’s intensity I was less than a chosen value,
the process was repeated for the next neighbors with the
accumulation of error factor n; otherwise, the solution
was considered to be found and an error equal to 1/2 of
the step in the cut direction -n was assigned to the value.

The behavior of the iron subsystem was described using
the SpinW software package [34] and the classical spin
Hamiltonian:

H= ZJi,jSiSj -I-Kczsi (1)
i i

in which two terms were taken into account: the first
term is the Heisenberg exchange interaction between
neighboring ions and the second term is the effective
anisotropy. The DMI induces the magnon mode splitting
in the vicinity of the I'2 [21]; however, the CEF exci-
tation in the terbium subsystem around 17 meV makes
the signal noisy, so the DMI effect on the spin dynamics
cannot be reliably determined. The first summation is
made over different sets of neighbors of Fe atoms. In
Eq. (1), K, is the effective anisotropy responsible for the
I'2 phase stabilization. The exchange interaction model
used by us is similar to that chosen in [26]; the in-plane
and out-of-plane exchanges are separated. By fitting the
model to experimental points, we found exchange values
of Jup = 4.74 meV, J. = 4.96 meV, Jyp2 = 0.02 meV, and
Je2 = 0.2 meV, an anisotropy value of K, = —0.02 meV,
and deviations of R,, = 2.51.

In addition, this approach allowed us to get rid of the
non-representativeness of errors, but required the more
thorough selection of fitting results in the physical model
used. This was expressed in the variance of the solutions



found; specifically, two stable solutions appeared with
Ry, 2.51% and 2.50% (see TABLE I). The analysis of our
data can be considered satisfactory, since we managed
to obtain the exchange values for the Fe3T subsystem
and thereby characterize the magnon dispersion in all
the three directions of the reciprocal space (see Fig. 4).
Good agreement between the experimental and calculated
dispersions indicated the applicability of the LSWT-based
model. In addition, the results on the iron subsystem ob-
tained in this study are consistent with the data reported
in [26].

TABLE I. Stable exchange solutions for the iron sub-
system

Jap meV J. meV Jag, meV Ja. meV K. meV
4.74 4.96 0.02 0.2 -0.02
4.73 4.30 0.02 0.08 -0.02

First
Second

B. Low-energy excitations

The rare-earth Th®* ion in the TbFeO3 compound is
a 4f element and its electrostatic interaction with sur-
rounding ions can be described using Stevens operators.
Terbium ions in ThFeOs have the monoclinic local sym-
metry Cs, which yields 15 nonzero operators that should
be taken into account in the Hamiltonian [37].

Hcef = ZBZTnOlm (2)
Im

These CEF parameters can be determined using the
point charge model (PCM). The experience in using this
model was demonstrated in [21, 33]. In the PCM, atoms
localized in a selected unit volume are considered to be
point charges at crystallographic sites; this environment
affects electrically the selected ion (in our case, Th3T)
and, in this approach, any special interactions, spin pa-
rameters, etc. are ignored. We investigated neighboring
ions lying within a sphere with a radius of » = 4 A and
calculated the parameters B;"™ (a set of the calculated
BJ"™ values is given in TABLE Al of Appendix) in the
McPhase software package. Using the set of parameters,
the CEF splitting, transition intensities, and magnetic
anisotropy were simulated. The magnetization calculated
using the obtained operators is shown in Fig. 5. It can
be seen that the experimental and calculated data for all
the three directions are in satisfactory agreement. The
experimental magnetizations are consistent with the data
reported in [26] and the comparison of the calculated and
experimental curves confirms the applicability of the PCM
in describing the magnetization evolution in rare-earth
orthoferrites reported previously in [22, 26]. In addition,
it should be noted that the calculated data describe sat-
isfactorily the M (H) anisotropy, even with disregard of
the magnetic contribution of the iron subsystem.
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FIG. 5. Magnetization vs magnetic field at 7 K. The green,
blue, and red curves correspond to the [100], [010], and [001]
crystallographic directions, respectively. Lines with dots show
the experiment and solid lines, the calculation. The magneti-
zation data for the [100] and [010] directions are plotted along
the left-hand axis and the data for the [001] direction, along
the right-hand axis.

Based on the parameters calculated using the PCM,
the transition energies for the Th3*t ion were simulated.
The ground state of this ion is degenerate and consists
of 13 states, 6 of which are quasi-doublets and one is a
singlet (a set of parameters is presented in Appendix).
The first calculated quasi-doublet has an energy of Eg ;1 ~
0 meV; this level belongs to the elastic neutron spectrum.
The second CEF level can be easily determined from
the experimental data and located at 17 meV; in the
calculation, this level is represented by a quasi-doublet
with Ep 3 ~ 14 meV. Fig. 6(a), 6(b) show these energy
levels together with the overlying levels corresponding to
the quasi-doublets calculated using the PCM. Fig. 6(c)
compares the calculated neutron dispersion intensities
and the results of summation of the experimental data in
the vicinity of the region [0, 2, 1]. The integration limit
is £0.25 r.L.u.

Having considered the energy range below 3.3 meV,
we studied the magnetic excitations in the Th subsystem
and determined the correlation lengths in the two direc-
tions. The intensity cuts of the detected elastic peaks
are shown in Fig. 7(a). Study of the low-energy spectra
at the diffuse scattering allowed us to describe the mag-
netic structure factor. Here, as in [40, 41], we used the
Lorentzian function

sinh(c/&) sinh(c/&)
cosh(c/&) — cos[m(l — 1)] cosh(c/&) — cos|[mk]
3)
where & and & are the correlation lengths along the ¢
and b axes, respectively.

5(Q) x
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FIG. 6. (a, b) Cuts along the highly symmetric directions. The
measurements were performed at 2 K. The data were obtained
by summation of the symmetric directions. The integration
limit is #0.1 r.l.u. The spread operation was also used. The
CEF level at 16—17 meV can be clearly seen in (a). In (b),
there are two crystal field levels at 16—17 and 26 meV; around
34 meV, there is a hint of another CEF level, but it cannot be
established with confidence. (¢) Comparison of the integral
CEF values with the calculation within the single-ion model
in the McPhase software. The experimental data and the spin
dynamics calculated using the PCM are in good agreement.
The integration limit is £0.25 r.l.u.

Making the energy cuts in the K and L directions of
the reciprocal space, we obtained the data shown by dots
in Fig. 7(b). The approximation of the experimental
data using the structural peak width and the Lorentzian
function yielded the correlation lengths for each direction
and temperature. The temperature dependence of the
correlation length for the two investigated directions is
also presented in Fig. 7(b). It can be clearly seen that,
after the spin-reorientation transition, the correlation
length sharply increases, which is consistent with the
ordering of both subsystems below this transition.

IV. DISCUSSION AND CONCLUSION

The INS study of the single-crystal ThFeO3 sample
revealed the antiferromagnetic ordering of the Fe3* sub-
system. Using the spectra obtained, the Fe-Fe exchange
interaction values were calculated within the linear spin
wave theory. The spectra are similar to the spectra for
iron in the TmFeO3 compound from [26], which manifests
itself in the energy levels of the magnon dispersion, in
the exchange interaction values, and, importantly, in the
anisotropy of the exchange values determined for these
compounds.

The analysis of the spectra in the range of up to 50 meV
elucidated the behavior of the Th3* subsystem, specif-
ically, the position of the first three CEF levels, which
are located at energies of 17, 25, and 35 meV for the
compound under study. The data reported in this work
do not show the magnon dispersion of these levels because
of the insufficient resolution of the spectrometer in the
investigated energy range. The splitting for the Th3* ion
in the compound under study should be tenths of meV.

The magnetic subsystem of the rare-earth Th3* ion was
described using the point charge model. In this model,
the magnetization of the terbium subsystem and the CEF
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FIG. 7.(a) Experimental data integrated over the H directions
of the reciprocal space in the limit +0.1 r.l.u. The energy axis
was integrated within £0.1 meV. The cuts made at different
temperatures in ascending order are arranged from up to down.
(b) Experimental data integrated over the directions of the
reciprocal space in the limit £0.15 r.l.u. The energy axis was
integrated within +0.1 meV. Result of the approximation of
the experimental data by the convolution of the Lorentzian
and Gaussian functions. The resolution was estimated from
the structural peak width using two characteristic directions
of the reciprocal space. The temperature dependence of the
correlation length for both directions of the reciprocal space
is shown in the bottom.

levels were calculated and plotted. The comparison of
the calculation with the experiment demonstrated their
good agreement. The correlation lengths at different
temperatures were determined, which made it possible
to establish the temperature below which the terbium
subsystem acquires a long-range magnetic order.
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APPENDIX:RESULTS OF THE POINT-CHARGE
MODEL CALCULATIONS

The set of CEF parameters and the energy levels cal-
culated from the PC model are given in TABLES A1l and
A2 respectively.

TABLE Al. Calculation of Stevens parameters B” and
energy levels with corresponding magnetic moments.

B B

BY = 391x107" By = 01x10°
B? = 039x107" B = -03x107°
By? = —=3.03x 107" By2 = —0.3x 107°
BY = -035x10"2B; = 18x107°
B = -134x10"° Bg4 = 0.1x107°
By? = -337Tx107® B§ = —0.3x107°
Bi = 045x107® By6 = —0.0x107°

B;*= —-81x10*

TABLE A2. The energy levels and out of ground state
transition probabilities.

E (meV) (n]Jz[m)” (n[Jylm)* (n|J:|m)”

[Eo) — |E1)  0.0169 0.0 0.0 35.0109
|Eo) — |E>) 139161 0.0 3.0388  0.1414
|Eo) — |Bs) 14.1608  0.8099 0.0 0.0
|Eo) — |E4)  24.7651  1.1200 0.0 0.0
|Eo) — |Es) 25.7851 0.0 1.4517  0.0658
|Eo) — |Es) 34.3537 0.0 0.0881  0.0154
|Eo) — |E7) 34.7824  0.325 0.0 0.0
|Eo) — |Es) 39.0313 0.0 0.0019  0.0052
|Eo) — |Eo) 43.7716  0.0011 0.0 0.0
|Eo) = |Ero) 44.4169  0.0319 0.0 0.0
|Eo) — |E1i) 53.4470 0.0 0.0013  0.0007
|Eo) — |Ei2) 53.4992 0.0 0.0007  0.0003
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