Magnetic resonances of multiferroic TbFe;(BO3),
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Low-energy magnetic excitations of the easy-axis antiferromagnet TbFe;(BOs), are investigated by far-
infrared absorption and reflection spectroscopy in high magnetic fields up to 30 T. The observed field de-
pendence of the resonance frequencies and the magnetization are reproduced by a mean-field spin model for
magnetic fields applied both along and perpendicular to the easy axis. Based on this model we determined
the full set of magnetic interactions, including Fe-Fe and Fe-Tb exchange interactions, single-ion anisotropy
for Tb ions and g-factors, which describe the ground-state spin texture and the low-energy spin excitations of
TbFe;(BO3)s. Compared to earlier studies we allow a small canting of the nearly Ising-like Tb moments to
achieve a quantitative agreement with the magnetic susceptibility measurements. The additional high energy
magnetic resonance lines observed, besides the two resonances expected for a two-sublattice antiferromagnet,
suggest a more complex six-sublattice magnetic ground state for TbFe;(BO3),4.

I. INTRODUCTION

Magnetoelectric multiferroics, i.e. materials hosting both
ferroelectric and (ferro)magnetic orders, attracted enormous
interest due to their potential in information technology
applications.'"® The magnetoelectric effect emerges not only
in the static limit but also in the optical regime, as it is
manifested in the difference between the refractive indices
of counter-propagating light beams.”~® Indeed, strong direc-
tional dichroism, i.e. different absorption coefficient for light
beams travelling in opposite directions, has been reported for
spin excitations in multiferroics and was proposed as a new
principle of directional light switch operating in the GHz-THz
range.10-16

Recently a new family of magnetoelectric multiferroic crys-
tals, RFe3(BOj3)4 rare-earth ferroborates, attracted much atten-
tion from the scientific community. Their unige crystal struc-
ture possessing magnetic iron and rare-earth sites (R) in a chi-
ral arrangement allows the investigation of a wide variety of
exotic magnetic and magnetoelectric phenomena.!’-??

The Fe* ions are surrounded by edge-sharing O>~ octahe-
dra and form quasi one-dimensional helical chains along the
trigonal ¢ axis of the crystal.?3?* These helices are expected
to be only weakly connected by the Fe-O-O-Fe superexchange
paths.?’ Thus the magnetic interaction between the iron chains
and the rare-earth ions located between the iron helices plays
an important role in tuning the effective dimensionality of the
magnetic system. The single-ion anisotropy of the rare earth
spins is transmitted to the otherwise nearly-isotropic Fe spins
via J 4 exchange interactions.?’ The dominant magnetic inter-
action is the J;; exchange coupling between Fe spins, which
leads to an antiferromagnetic ordering of the Fe subsystem.
The rare earth spins—largely separated from each other—
remain paramagnetic and are only polarized by the ordered
Fe moments.2%2

The strong spin-orbit coupling of the rare-earth ions plays
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a key role in the multiferroicity of these materials, i.e. their
magneto-electric response is dominated by the rare-earth
sites.!®1928 Correspondingly, the magnetoelectric properties
of rare-earth ferroborates can be efficiently tuned by the selec-
tion of different rare earth elements characterized by different
magnetic anisotropies.

TbFe3;(BO3)4 is a particularly interesting member of the
rare-earth ferroborate family. Due to the effect of the strong
crystal field, the ground-state doublet of Tb** ion is sepa-
rated from the excited states by a considerable energy gap of
25 meV (6 THz).?>* Thus at low temperatures the St, = 6
spin of the Tb?* ion behaves like an Ising moment point-
ing along the trigonal ¢ axis of the crystal. As in the sis-
ter compounds R=Pr (Ref. [31]) and R=Dy (Ref. [32]), in
TbFe3;(BO3)4 the easy-axis anisotropy of the rare-earth ion
is transmitted to the antiferromagnetic Sg. = % iron system.
Consequently, TbFe3(BO3)4 shows a collinear antiferromag-
netic order below Ty = 40 K with all spins lying along the ¢
axis, 26:29:33

Magnetic field along the ¢ axis induces spin flop transi-
tion and all the Tb moments become parallel to the field
while the sublattice magnetization of the antiferromagnetic
Fe subsystem rotates to the ab plane and a weak canting
develops along the ¢ axis. The spin-flop transition field
is Bgp = 35T at T = 2K and increases with increas-
ing temperature.’® The magnetic order of TbFe3(BO3); was
widely investigated by both magnetization and elastic neutron
scattering experiments.?®?’ The temperature and field depen-
dent behavior of the static magnetization was reproduced by
former mean-field calculations?®°. However, the collective
magnetic excitations of the ground state were only studied in
zero magnetic field via optical spectroscopy.**

Here we investigate the low-energy magnetic excitations
of TbFe3(BOj3), using far-infrared optical spectroscopy up to
high magnetic fields applied along and perpendicular to the
trigonal ¢ axis. The observed field dependence of the reso-
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FIG. 1. (Color online) Magnetic field dependence of the low-frequency magnetic resonances in TbFe;(BO;), at T = 2 K. In panel (a) and
(c) the magnetic field points along the trigonal ¢ axis, while in panel (b) the field is perpendicular to the c axis. Light propagation was always
parallel or antiparallel to the applied field (Faraday geometry). Magnetic absorption and reflection spectra are vertically shifted in proportion
to the magnetic field. In panel (a), red and blue absorption curves measured in HFML correspond to light propagation parallel and antiparallel
to the magnetic field, respectively. Black absorption curves on all of the panels and green reflectivity spectra on panel (c) were measured on
the TeslaFIR setup. Insets of panels (a) and (b) show the weaker resonances of the corresponding spectra on a 10 times magnified absorption

scale. Grey shaded lanes are guides for the eye.

nance frequencies and the magnetization are reproduced by
a mean-field spin model. In contrast to earlier studies in our
model we allow a small canting of the quasi-Ising Tb mo-
ments and a Tb-Fe exchange interaction is introduced for ions
located in the same ab plane to achieve a quantitative agree-
ment with the static and dynamic magnetic properties.

II. EXPERIMENTAL DETAILS

Fourier transform spectroscopy was used to study the op-
tical absorption and reflection of TbFe;(BO3)4 in the v =
0.2-2 THz frequency range with 8 GHz resolution. The mag-
netic field dependence of the spectra in the B = 0— 17 T mag-
netic field range was investigated using the TeslaFIR setup of
the National Institute of Chemical Physics and Biophysics in
Tallinn.” Optical absorption experiments up to 30 T were car-

ried out in the High Field Magnet Laboratory in Nijmegen
(HFML).

The spectra were measured in the Faraday configuration,
i.e. in magnetic fields parallel to the direction of light prop-
agation, using oriented single crystal samples with a typical
thicknesses of 1 mm. The crystals were grown by a flux
method.26-28-33

III. RESULTS AND DISCUSSION
A. Experimental results

In Figs. 1(a)-(c), the optical absorption spectrum measured
at T = 2K and in B = OT shows a clear resonance at
vi = 0.44 THz. Though this resonance has already been ob-
served and assigned as an antiferromagnetic resonance of the



Fe system?, its field dependence has not been investigated so
far.

In magnetic fields B < Bgp = 3.5 T parallel to the c axis the
v| resonance shows a V-shape splitting to vi4 and v,z modes,
as shown in Figs. 1(a) and 1(c). Above By these resonances
are replaced by a single mode, v;¢, which hardens linearly
with increasing field. These resonances are also visible in the
field dependence of the reflectivity spectra whose inverse line
shape (dip in the reflectivity) as opposed to dielectric reso-
nances supports their magnetic nature.

Two further resonances with field independent v, =
0.93 THz and v3 = 1.17 THz frequencies, best visible in Fig.
1(a), also appear in the spin-flop phase. Despite their con-
stant frequency, their oscillator strength grows with increas-
ing field, indicating the magnetic origin of these modes. Be-
sides these pronounced resonances some weaker ones can also
be observed in the low-field phase, as shown in the inset of
Fig. 1(a). These resonance lines start at v4 = 0.98 THz and
vs = 1.26 THz frequencies in B = 0T and also show a V-
shape splitting with increasing magnetic field. The splitting
has the same slope as for the v; = 0.44 THz mode. The
weak v4 and vs resonances, and the field independent v, and
v3 modes are not visible in the reflectivity spectra of Fig. 1(c).

The absorption coefficient of magnetic excitations is the
same for light propagation parallel and antiparallel to the
magnetic field within the accuracy of the measurement. It
means that despite the chiral crystal structure, the homochiral
sample does not show considerable magneto-chiral dichroism
(MChD) in the studied frequency window.”®!! Static stud-
ies revealed that the magnetoelectric effect is mainly associ-
ated with Tb sites in TbFe3(BO3)4.2® Since static and dynamic
magnetoelectric effects are closely related by a sum rule®® and
the latters are responsible for the directional dichroism in the
THz spectral range, the absence of MChD suggests that the

J

observed excitations are of purely magnetic origin, and belong
to the Fe subsystem. This is in accordance with the strong
Ising character of the Tb spins, which act on the Fe spins as
a static internal magnetic field but otherwise do not contribute
to the spin dynamics. In contrast, a recent study'® found
strong directional dichroism in the easy plane antiferromag-
net Smy sLag sFe;(BO3)4, which originates from the coupled
dynamics of the rare earth sites with magnetoelectric charac-
ter and the Fe spins.

As shown in Fig. 1(b), the v| resonance exhibits a quadratic
shift towards higher frequencies with increasing magnetic
field applied perpendicular to the ¢ axis, as expected for an
easy axis antiferromagnet. The other excitation discernible in
this configuration is the v4 mode, whose frequency is nearly
frequency independent in the range B = 0 — 12 T although it
gains oscillator strength with increasing magnetic field.

The temperature dependence of the v; resonance frequency
in zero field shows the behavior expected for an anisotropic
antiferromagnet, namely it gets softer and broader as the tem-
perature approaches Ty = 40 K. Our results measured in
transmission and reflection geometries are in good agreement
with the previous study of A. M. Kuzmenko et al.,>* as shown
in Fig. 2(c).

B. Classical mean-field model

Here we propose a classical mean-field model, which cap-
tures the magnetic field dependence of the ground state and
that of the strong magnetic modes. We model the Fe and Tb
moments, two sublattices for each, as classical vectors with
different lengths, % for Fe (Sgea and Sgeg) and 6 for Tb mo-
ments (Stpa and Stpp). The energy of a single magnetic unit
cell can be written as:

o\ N2
H=A ((S ‘TbA) + (S LTbB) ) — 6J44SreASFeB — 6J 141 (SreaSTHB + SFeBSTHA) — 3J 02 (SFeASTHA + SFeBSTHB)

We include a strong negative uniaxial single-ion anisotropy
term A for the Tb sites to model their Ising-like nature. In case
of the terms describing the exchange energy contributions, nu-
meric prefactors correspond to the coordination numbers. An
isotropic negative J4; exchange term connecting the Fe sub-
lattices is responsible for the antiferromagnetic order. It is rea-
sonable to consider the magnetic anisotropy of the rare aerth
system only since in non-magnetic (YFe3;(BOj3)4) and magnet-
ically isotropic (GdFe3;(BO3)4) compounds the Fe spin system
is nearly isotropic Heisenberg-like.?’

The Tb and Fe moments are coupled by the J¢4 and Jyg
exchange terms, where the dominant J;4; connects moments
on adjacent ab layers and the weaker Jyg, links ions on the
same ab layers. This kind of coupling was neglected so
far!7-2%-30_since the possible superexchange path correspond-
ing to J¢g is quite long. The last two terms of Eq. 1 describe

—38FciBB (Srea + SkeB) — gToiB (STbA + STHR) - )]

(

the Zeeman energy, where B is the external magnetic field.

1. Estimation of model parameters based on magnetization data

Approximate values for the parameters in Eq. 1 can be de-
ducted from the static magnetization data and can be further
tuned to fit the lowest excitation frequencies of the system.
For the first estimation of the exchange and anisotropy con-
stants we use the Landé values gg. = 2 and gr, = 1.5 given
for the free ions, which could be modified by crystal-field ef-
fects.

The slope of the magnetization in B > Bgp magnetic
field parallel to the ¢ axis is governed by the susceptibility
of the Fe subsystem, because in the spin flop phase all the
Tb moments point along the magnetic field and do not con-
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FIG. 2. (Color online) Comparison of experiments and model calculations. (a) The red and blue curves are experimental magnetization data
reproduced from [26] and [29], respectively, while black curves resulted from our classical Monte Carlo simulation. When the magnetic field
B is perpendicular to the trigonal ¢ axis the three lines coincide within the linewidth. (b) The magnetic field dependence of the low frequency
Fe resonances; symbols are used for the experimental data and lines for the simulation results. Black color is used when the magnetic field
is parallel and red when it is perpendicular to the trigonal axis. The nearly field-independent dashed mode was not observed in our Faraday
geometry measurements (light propagation parallel to the magnetic field), but is allowed in the Voigt geometry (light propagation perpendicular
to the magnetic field). Smaller symbols indicate the weaker resonances. (c) The temperature dependence of the zero field resonance, as seen
in our optical experiment (black squares), in backward-wave tube experiments> (gray circles), and as calculated (solid black line) from the

temperature dependence of the magnetic moment lengths?® using Eq. 4.

tribute to the susceptibility. The susceptibility per formula
unit y¢ = 0.12 + 0.01’% is determined by the J4; exchange,

hence Jy; =~ —;ﬁ: = —2.9 + 0.3 meV.2%® This value of
Jaq 1s in good agreement with most of the previous studies
(Jga = =2.1 meV, =3.3 meV, —3 meV).26:29:30

At the spin-flop transition the Stpg moments occuping one
half of the Tb sites flip from §5,, = =6 to S5, = 6, giving
rise to a 6g, jump in the magnetization per formula unit. In
addition, the Fe moments show some canting in the spin-flop
phase which also gives a minor contribution to the jump of the
magnetization. The spin-flop transition takes place when the
energy of the collinear and spin flop phases are equal, result-

ing in an approximate expression for the Tb-Fe coupling:

8gToiBBsF N 6 +48Tb)#1zaB§F c
15 900 X

where we neglected higher order terms in y¢. Due to the dif-
ferent exchange paths |J_ ra2/ 2| is expected to be much smaller

2

Jrat = I /2 =

than |J fd1|, thus all of the previous studies neglected the con-
tribution of Js4 and attributed the whole Tb-Fe coupling to
the J7a1 exchange.?*% On the other hand, static magnetiza-
tion data is not sufficient to unambiguously determine both

Jsa1 and J g0, thus, in this section we restrict ourselves to ap-
proximation Js4 = 0.

The effective field along the ¢ axis acting on the antifer-
romagnetic Fe system can be approximated by the sum of
the external field and the effective field of the Tb moments.
Since in the spin-flop phase both of the Tb sublattices are
in the S T = 6 state, their effective field on the Fe site is

gFeGIJB (Jf‘“ + de2/2> ® gpfm;‘]fdl = %BSF = 2.1 T. Thus,
the AM¢ = 9.1 + 0.1up magnetization jump?%?°

flop transition is

at the spin-

AM® (Bsr) = 6g1o + x| Bsr +

6 J'dl + J-d2/2
M] )
8FeMB

4eto
5 ) , (3b)

~ 6gTb +,\/CBSF (1 +
8Fe

giving rise to a refined value of g, =~ 1.405 + 0.025 which
is significantly lower than the gm, = 1.5 Landé value. Neu-
tron scattering studies?® reported grpS T = 8.53up ordered
Tb moment at T = 2 K, corresponding to gr, = 1.42, which
is in good accordance with our analysis.

Using Eq. 2 the strength of the Tb-Fe exchange can be



TABLE L. Parameters of Eq. 1 obtained by using the static magnetization data®®?° (first row) and refined parameters using both magnetization
and magnetic resonance data (second row). In the last column upper and lower error bounds are indicated by + and —, respectively.

8Fe | &b Jaq[meV]

del [meV]

Jrp[meV] | A[meV]

2 |1.405+0.025|-2.9 £ 0.26

0.04 £0.0013 |0

—4.1%58

2 |1.365 £ 0.025|-2.67 £ 0.15|0.054 + 0.004|0.026 + 0.009|-8.1+38

determined, J7g1 = 0.04 £0.0013 meV. This is in good agree-
ment with the 0.044 meV and 0.039 meV values of previous
magnetization studies.!”?® The same coupling constant was
determined from the splitting of the ground quasi-doublet of
the Tb ions, which was observed as a splitting of the infrared
transitions, corresponding to 0.045 meV.3°

For fields perpendicular to the ¢ axis, the susceptibility of
the system is y* = 0.14 + 0.002%, which is about 20% larger
than y©.26% As the Fe system is expected to be isotropic,
the anisotropy of the susceptibility indicates the small cant-
ing of the Tb moments and thus can be used to estimate the
anisotropy of the Tb sites: A ~ —5-ft o = 417§ meV
(upper and lower error bounds are indicated by + and —, re-
spectively). The uncertainty of A comes from the variation of
the experimental values for y* and y¢. However, due to the

length of the Tb moments, A (S %b)z gives the dominant en-
ergy scale of the system in the studied magnetic field range.
This justifies the approximation that Tb moments behave al-
most like Ising spins. The values obtained for A correspond
to the range of the lowest excited crystal field energy levels

J

calculated for the Tb>* ion.*”

The model parameter set obtained above is presented in the
first row of Table I, which reproduces the static magnetization
data. However, the static magnetization data only supports a
rough estimation of the model parameters. Moreover, in the
former expressions only one combination of the two types of
Tb-Fe coupling appears, namely Jrqs1 — J¢42/2, and therefore
in studies based on the magnetization data the minor Jyz;, was
simply neglected.”®° In contrast, the magnetic field depen-
dence of the dominant low-frequency magnetic excitations al-
lows us to separate Jsq; and Jyg> and refine the values of all
parameters in the Hamiltonian in Eq. 1.

2. Determination of model parameters based on magnetic
resonances

Assuming Ising-like Tb moments (A — —o0), the zero
temperature resonance frequencies of the Fe system can be
calculated’® using the S, = 6 and Sg. = % values:

Jran : Jran
Vi (B=0)= \/((de1 - fT)STb) ~2J4aS e (del - fT)STb 4)
c Jra ’ Jraz
via/B(B = B < Bsp) = Jra1 - - Sto| —2JaaSke | Jra1 — N Stb + grettnB @)
o Jrax
vic(B= B> Bsp) =|Ja1 + > STb + greptnB (6)
ab Jrax : Jra 2
Vi (B =B ) = Jra1 - - Sto| —2JaaSre | Jra1 — > STb + (greptB)”. N

Using Eq. 4, the J,,; Fe-Fe exchange can be determined with
higher accuracy than our previous estimation from the y“ mag-
netic susceptibility. Based on the experimental v; (B = 0) =
0.442 + 0.005 THz frequency value we get J;; = —2.67 %
0.05 meV.

In the spin flop phase at B¢ = Bgp the effective mag-
netic field acting on the antiferromagnetic Fe system is Bsp +
ﬁ (J a1+ Jgan/ 2), giving information about the sum of J ¢4,
and Jyg», thus can be used to unambiguously determine J 5.
The experimental value of the v;¢ resonance frequency in the
flop phase can be extrapolated to vi¢ (B = Bsr) = 195 GHz,
corresponding to an effective field of 7 T. This results in
Jra1 = 0.054 meV and Jsg» = 0.026 meV, and renormalizes

(

the Tb g-factor to g, = 1.365 according to Eq. 3a. The J;4»
exchange is indeed weaker than J4 but does not have a fer-
romagnetic character, in contrast to former expectations based
on the crystal and magnetic structure.?® Thus, in the zero-field
ground state the bond corresponding to J 4 is frustrated.

According to Egs. 5 and 6, the slope of the vi4,p and vi¢
modes yields the g-factor of the Fe system, which within the
error of the measurement is equal to the spin-only g = 2 value.
Using Eq. 7 to fit the resonance frequencies measured in the
B L c case we get the same g-factor, thus the spin-only Fe
g-factor is isotropic, as expected.

When considering the finite temperature excitations of the
system, in the zero field case Eq. 4 remains valid, only the



temperature dependence of the lengths of the S, and S g, or-
dered moments needs to be to be taken into account. However,
a mean-field model like Eq. 1 is not able to properly describe
the temperature dependence of the magnetic properties due to
neglected thermal fluctuations, thus for a quantitative descrip-
tion additional experimental input is needed. In the elastic
neutron scattering studies?® the lengths of the S, and S g or-
dered moments were reported in the whole temperature range
of the antiferromagnetic phase. By substituting these temper-
ature dependent ordered moments into Eq. 4 the temperature
dependence of the zero field resonance can be well reproduced
with gge = 2, Jgg = —2.67meV, Jpg = 0.054 meV and
Jrax = 0.026 meV, as shown in Fig. 2(c). Earlier backward-
wave oscillator spectroscopy studies** reported the same tem-
perature dependence.

For finite values of the Tb single-ion anisotropy A, the ana-
Iytical solution corresponding to Eqs. 4-7 is too complicated.
Thus we calculated the field dependence of the zero tempera-
ture resonances numerically. We used a classical Monte Carlo
approach to find the minimal energy configuration of the four-
spin system, and determined the resonances by calculating the
response to small perturbations. The Tb single-ion anisotropy
was set to

Ax——>= g 1meV, (8)

24 + 35

and the other exchange parameters used in the simulation are
listed in the second row of Table I. The calculated field depen-
dence of the magnetization and antiferromagnetic resonance
frequencies reproduce the experimental curves, as shown in
Fig. 2(a) and 2(b). With finite A the Tb moments are not
static any more but oscillate with a zero-field resonance fre-
quency of vi, = AST, = 50 meV, which agrees well with
the frequency range of the lowest excited crystal field energy
levels calculated for the Tb>* ion®.

The field independent v, and v; resonances and the weak
v4 and vs modes cannot be explained by this simple classical
four-sublattice mean-field spin model. Their presence shows
that the Fe sites are crystallographically not equivalent, as is
expected for the low temperature P3,21 space group>>3° of
TbFe3(BO3)4. Thus the proper description of the magnetic

resonances is possible only with six magnetic Fe sublattices
which are connected by the various, non-equivalent Fe-O-Fe
intrachain and Fe-O-B-O-Fe interchain superexchange paths.
Distinction between intrachain and interchain coupling would
allow the tuning of the dimensionality of the system, thus
the Monte Carlo approach could probably also reproduce the
magnetic properties and resonance frequencies at finite tem-
peratures. Nevertheless, due to the weak structural distortion
from the room-temperature R32 structure to the low tempera-
ture P3;21, the magnetic properties can be approximated by
assuming crystallographically equivalent Fe sites.

IV. SUMMARY

In this study we have investigated the low frequency mag-
netic excitations of the multiferroic TbFe;(BO3), using far-
infrared spectroscopy. We developed a classical mean-field
spin model which quantitatively describes the main features in
field dependence of the magnetization data?®?° and that of the
resonance frequencies with a minimal set of magnetic interac-
tions including exchange couplings and single-ion anisotropy.
Our far-infrared experiments also pointed out that the mag-
netic structure of TbFe3;(BOj3)4 is more complicated than pre-
viously expected. There are six inequivalent magnetic Fe sub-
lattices, thus a more detailed neutron diffraction study is nec-
essary to clarify the real magnetic ground state.
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