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Abstract
We report a study of magnetic dynamics in multiferroic hexagonal manganite HoMnOj3 by far-
infrared spectroscopy. Low-temperature magnetic excitation spectrum of HoMnOg consists of
magnetic-dipole transitions of Ho ions within the crystal-field split J = 8 manifold and of the
triangular antiferromagnetic resonance of Mn ions. We determine the effective spin Hamiltonian
for the Ho ion ground state. The magnetic-field splitting of the Mn antiferromagnetic resonance

allows us to measure the magnetic exchange coupling between the rare-earth and Mn ions.



Superexchange is one of the main concepts of magnetism in solids. This exchange in-
teraction underpins an enormous variety of magnetic and related phenomena, including
the differently ordered magnetic states and strong electron correlation effects. Recently,
superexchange was found to mediate magnetoelectric (ME) coupling in multiferroics - mate-
rials with coexisting magnetic and ferroelectric orders'™. ME coupling may find important
technological applications, for example, in an electric-write magnetic-read memory element?.
Multiferroic hexagonal manganites display robust room-temperature ferroelectricity and re-

markable ME behavior® that allow technological exploitation®

. In these multiferroics, the
superexchange interaction between the rare-earth and manganese ions is responsible for the
strong ME coupling that allows the control of ferromagnetism by an electric field?. The
details of the rare-earth/manganese superexchange coupling have heretofore remained un-
known. Here, we report the measurement of the rare-earth/manganese superexchange in
multiferroic hexagonal HoMnOj via the detection of an antiferromagnetic resonance by far-
infrared (far-IR) spectroscopy. These results provide new insights into the interplay between
magnetism and ferroelectricity in hexagonal manganites with magnetic rare earth ions.
HoMnOs; (HMOQO) crystallizes in a hexagonal lattice, space group P6zcm. The crystal
structure consists of layers of corner-sharing trigonal MnQOs bipyramids separated by layers
of Ho*" ions®. Ferroelectricity sets in at Trp = 875 K with the polarization along the
hexagonal ¢ axis and results from electrostatic and size effects that lead to the buckling
of MnQg bipyramids and the displacement of the Ho®' ions out of the a-b plane®’. The
magnetic structure of HMO is formed by Mn** ions in a two-dimensional triangular network
in the a-b plane coupled by antiferromagnetic (AF) exchange and also by Ho®** (4 'Y, ground
state J = 8) jons located at 2a and 4b lattice cites with point symmetries Cy, and Cs,
respectively®?. The AF exchange between Mn3' magnetic moments leads to their 120°
ordering at Ty = 72 K!%!! and easy plane anisotropy confines the Mn spins to the a—b plane.
Two in-plane spin reorientation transitions occur at temperatures Tsg; ~38 K and Tspoxb K
associated with changes of magnetic symmetry to P65cm’ and to P6zcm, respectively® %12,
The spin reorientation at Tsp~b K is accompanied by antiferromagnetic ordering of the
Ho®* ions located at the 4b lattice cites®. Several manifestations of ME coupling in HMO
have been documented, one of the most prominent being the presence of the reentrant phase

with a strong magnetodielectric response®!*16,
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FIG. 1: Power transmission spectra of HoMnOs with polarized far-IR light incident along the
crystal’s [110] direction at T=10 K. Arrows indicate magnetic absorption lines. The dotted line

illustrates the simulation of the transmission spectrum using Egs. (1) and (2).

The HMO single crystals were grown using an optical floating zone furnace and character-
ized by static magnetization, electric polarization and dielectric constant measurements!!.
The material’s magnetic phase diagram?!! at temperatures above 5 K displays the reentrant
phase discovered by Lorenz et al'*. Polarized far-IR transmission of a 0.4 mm thick, (110)
oriented crystal was measured as a function of temperature and applied magnetic field using
a Bruker 66 Fourier-transform spectrometer coupled to an 8 Tesla split-coil superconducting
magnet!”. Static magnetic field B was applied both parallel and perpendicular to the ¢ axis.

Figure 1 shows far-IR power transmission spectra of the HMO crystal at low temperatures
and zero magnetic field for two polarizations of the light incident along the [110] direction -
the magnetic h-field of the lightwave parallel (hi|c) and perpendicular (h_Lc) to the ¢ axis.
The spectra in Fig. 1 are normalized to the transmission through an empty aperture of the
same size as the sample. The fringes with the period of &~ 3cm ™! seen in the spectra are due to

multiple reflections of light within the sample. The transmission minima indicated by arrows



correspond to magnetic resonance frequencies. The broad absorption in both polarizations

at frequencies above 70 cm ™!

is of non-magnetic origin, as it exhibits no magnetic field
dependence. The dotted line in Fig. 1 shows the simulated transmission, assuming that the

magnetic and dielectric response of HMO consists of a collection of lorentzian oscillators:

tlw) = € +ie + — 5 , (1)
wh — w? — iygw
/ f] /
plw) = 1+Z“"‘Q—f;2_‘_»’_'a (2)
— W} — W — iy

where w;, 7;, and f; are frequency, relaxation rate, and oscillator strength of magnetic
resonances. ¢ and € are constants, and wy, g, and fo are introduced to account for the
non-magnetic absorption above 70 cm™!. The sumilation shown by the dotted line in Fig. 1
uses three magnetic resonances that are centered at 25.1, 43.4, and 52.1 cm™!,

Color-coded absorption maps in Fig. 2 illustrate the magnetic field dependence of the
resonance frequencies at T=10 K. To create the maps, we recorded the transmission spectra
in 1 T steps between 0 and 8 T. The darker color in Fig. 2 indicates stronger absorption
and the white color indicates where the absorption is the weakest; the symbols specify
the positions of magnetic resonances extracted from the numerical simulation of the far-IR
transmission. In the remainder of this Letter, we show that the magnetic field dependence of
the resonance frequencies carries an unambiguous signature of the superexchange interaction
between magnetic Ho®* and Mn3* ions that allows us to quantify the interaction.

We attribute the absorption lines labeled 1-4 in Figs. 1 and 2 to crystal field excitations
of Ho®* ions. The crystal fields of C3, and C3 symmetry have qualitatively similar effects
on the Ho ion. According to the work of Elliott and Stevens!® 2! the crystal field potential
Vor can be written in terms of spin operators J, J,, and Ji for the manifold of states of
constant J. The diagonal part of Vop depends only on J and J,. The off-diagonal part of
Vo has non-zero matrix elements only between the states m and m' that differ by Am = 6,
m’ = m+6, in the fleld of C3 symmetry and by Am = 3,6, m' = m+ 3,6, in the field of (3,
symmetry. lu zero applied magnetic field, the degenerate J = 8 manifold splits into a set
of singlet and doublet states that have the form |6, £3,0) and =8, 45, +2 F1, 54, F7),
respectively. The full quantitative description of Ho crystal field levels would rely on the
knowledge of crystal field parameters. The measured transition energies and their magnetic

field dependence in principle allow the determination of those parameters. Here, we restrict
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FIG. 2: Absorption maps for the (h_Lc) polarization where darker color indicates higher absorption.
Left panel - static field B||c, right panel - B_lc. Symbols represent magnetic resonance positions
extracted from fitting the measured transmission using Egs. (1) and (2). Resonances are labeled

by the same numbers used in Fig. 1.

our discussion to a qualitative description of the observed crystal field transitions, as the
frequency range of 20 —80cm ™! in our far-IR measurements does not allow us to characterize
all magnetic-dipole active crystal field transitions. For example, the 12.5 cm™! transition
observed by inelastic neutron scattering!® is outside of our accessible frequency range.

The magnetic-dipole selection rule for the (h.Lc) polarization follows from the action of
perturbation —~hh, Jy coswt on the crystal field eigenstates and allows only transitions with
Am = +£1. This rule forbids transitions between singlets, but allows transitions between
singlets and doublets and between different doublets. Transitions 1 and 2 are strong in the
(h-Lc) polarization (Fig. 2) but are very faint in the (h||c) polarization, which suggests that
they are allowed in the former, but forbidden in the latter, polarization. Since we observe
transition 2 in the highest applied magnetic fields, it must be the transition from the ground
state. The final state of the transition could be either a doublet or a singlet. With a
magnetic field B applied along the ¢ axis (left panel of Fig. 2) the transition splits linearly,
a characteristic of the Zeeman splitting of a doublet. The lower branch of the Zeeman-split
transition disappears when the applied field increases beyond 3 T, which is indicative of a

thermal depopulation of the upper branch of the Zeeman-split ground state doublet. The



slope of the upper branch of transition 2 allows an estimation of the g-factor in the effective
spin Hamiltonian H,.z; = gu35’§ L S5=1 /2, that describes the ground state. Assuming that
the final state of the transition is a singlet with energy independent of the applied field {at
sufficiently low fields), we get g, ~ 8.8. The magnetic fleld B perpendicular to the ¢ axis
produces no Zeeman splitting of the ground state doublet. Therefore, neglecting the mixing
of the ground state with higher energy levels at sufficiently low field B, we set g, = g, = 0.
The upper branch of transition 2 is further split by about 5 em™ in magnetic fields along
the ¢ axis, which we attribute to hyperfine interactions.

We now turn to the magnetic response of Mn ions in HMO and assign the sharp absorption

line at 43.4 cm™?!

in the (hlc) polarization to the antiferromagnetic resonance (AFMR) of
the triangular lattice of Mn magnetic moments (transition 5 in Figs. 1, 2). This assignment is
supported by the observation of the triangular AFMR at the same frequency (= 43cm ™) and
light polarization in hexagonal YMnO3%, a related compound with the same Mn magnetic
structure and similar exchange and anisotropy parameters®. The AFMR corresponds to the
gapped k = 0 magnon detected by inelastic neutron scattering at 47 cm™' in HMO™. The
similarity between the &k = 0 magnon frequency and the position of the AFMR in our data
further supports the assignment of the resonance. The magnetic fleld dependence of the
AFMR agrees qualitatively with the expected linear splitting induced by the field applied
along the ¢ axis (Bl (left panel of Fig. 2). A slight increase in the AFMR frequency and
no splitting of the resonance are observed in fields up to 8 T applied perpendicular to the
c axis (BLle). In fields of 5 T and higher, the AFMR line is hard to identify, as it becomes
a part of the broad absorption band due to the crystal field levels of Ho ions (right panel
of Fig. 2). The same qualitative behaviour, i.e., linear splitting with Bilc and no splitting

with B.lLc, in fields up to 5.4 T was recorded for the AFMR in YMnQO3?%.
To quantify the magnetic-field behaviour of the AFMR, we use the following free energy:
F=XAY M;-M;+KY» (M?— B> M, (3)

3 i i

where M;, ¢ = 1,2,3, are the three sublattice magnetizations within the a — b plane, A
describes the antiferromagnetic exchange between the sublattices, and K represents the
easy-plane anisotropy. The B = 0 excitation spectrum of the free energy (3) consists of a
zero-frequency mode corresponding to global rotations of the sublattices about the ¢ axis

and a doubly-degenerate gapped mode whose degeneracy is lifted by the application of Blje.

6
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FIG. 3: Field dependence of triangular AFMR frequencies at T=10 K. The measured splitting of

the resonance by magnetic field is about twice the splitting calculated using the free energy of Eq.

(3).

The analytical expression for the frequency of the gapped mode in B||c was given by Palme

et al**:

Ez_lz B bla—b) _, bB
2 2a+b)? 2(a +
where a = 2H,;, b = 3H,,, the exchange field H., = AM,, the anisotropy field H; = KMy,

2 _
wi_

I v/ B2b(b — 2a) + 2ab(a + b)2, (4)

and M is the sublattice magnetization. Equation (3) is a molecular-field version of the
Hamiltonian used by Vajk et al to describe the spinwave dispersion in HMO. In this
picture, H., = 35J =127 T and H; = 5D = 5.75 T, where J and D are the exchange and
anisotropy parameters measured by inelastic neutron scattering and S is the total spin of
Mn ions. The value of Hy was lowered slightly to reproduce the zero-field AFMR frequency
observed in our far-IR study. The field dependence of the AFMR calculated using Eq.
(4) and the g-factor g = 2 is shown in Fig. 3. The calculated frequencies largely disagree

with the measured ones as the measured splitting is about twice the calculated splitting. For



comparison, the splitting of the AFMR in YMnOjs is in good agreement with our calculation:
the measured splitting of 4.8 cn™! at ~ 5.4 T (g = 1.9 = 0.1)?* agrees with the calculated
value of 4. 9cm™!. Here we use exchange and anisotropy fields measured by inelastic neutron
scattering® in YMnO3%.

What causes the large discrepancy between the measured and calculated splitting of
the AFMR line in HMO? Our calculation describes well the AFMR in YMnOg, a material
that is largely similar to HMO, but with one important difference: the Y3' ions are not
magnetic., Therefore, we conclude that the magnetic Ho ions in HMO are responsible for the
discrepancy. The Mn ions in HMO interact with the surrounding Ho ions via an exchange

coupling of the form J/, JHe . Sj-w“? where SM7™ and JH° are the angular momenta of Mn

ij¥i
P

and Ho ions. Using the equivalence of matrix elements g;J, = g.5., where g; = 5/4 is the
Lande factor, g, and §z are the effective g-factor and spin for the Ho ion ground state, we

can write the exchange Hamiltonian as'®
Hew = JuS: S + J,5,8)™ + T.5.5), (5)

where J, = (g./gs)J};, etc. We found earlier that g. =~ 8.8 and g, = g, = 0, which reduces
the Hamiltonian to Hey = J,5.5¥". In magnetic field B applied along the ¢ axis, we can
replace S, by its thermal average <§7> = xB/g.up and write Ho, = (J.x)/{g.1u5)BSH",
where x is the magnetic susceptibility of Ho ions. The last expression shows that the Ho-Mn
(HM) exchange interaction is equivalent to an effective magnetic field in the direction of the
¢ axis acting on Mn spins. To describe the effect of the HM exchange on the AFMR, we

add the term

j,z ]V " z L 5
FHﬁrf: ggg B}_Jﬂfi :)\HMBL-’Wzs (6>

BTy ;

where N==6 is the number of Ho ions neighboring a Mn ion, to the free energy of the Eq.
(3). The total magnetic field acting on Mn ions is then the sum of the external static
field and the effective field of Ho ions, B* = (1 — Ay} B, and can be larger or smaller
than the external field, thus enhancing or mitigating its effect on the AFMR. Comparing
the measured AFMR splitting and the splitting calculated using the Eq. (3), we find that
Apae = —1, which corresponds to ferromagnetic HM coupling.

The ferromagnetic HM exchange that we have measured causes the electric-field induced
ferromagnetic ordering of Ho magnetic moments along the ¢ axis reported by Lottermoser et

al?. The HM interaction may also be responsible for the multitude of low-temperature (T < 8

8



K) magnetic phases and the two Mn spin reorientation transitions in HMO®. The reentrant
phase that is induced in HMO when the magnetic field is applied along the ¢ axis displays
a strong magnetodielectric effect'*. Such ME behaviour was explained by the formation of
magnetic domain walls during spin reorientation, which reduces the local magnetic symmetry

13,14 Theoretical

and allows the coupling between magnetic and ferroelectric polarizations
descriptions of the domain-wall magnetoelectricity must include domain wall contributions
to the free energy from lattice distortions and magnetic superexchange interactions. Such
descriptions are incomplete without the contribution of the magnetic exchange between
the rare earth and Mn ions. Thus, we believe that the rare earth-Mn interaction plays
a significant role in all aspects of the physics of multiferroic hexagonal manganites. Our
measurement of the ferromagnetic HM exchange provides an important contribution to the

modeling of the interplay between magnetism and ferroelectricity in hexagonal manganites

with magnetic rare earth ions.
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