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Noncollinear two-dimensional triangular lattice antiferromagnets (2D TLAFs) are currently an area of
very active research due to their unique magnetic properties, which lead to nontrivial quantum effects that
experimentally manifest themselves in the spin excitation spectra. Recent examples of such insulating 2D
TLAFs include (Y, Lu)MnOs, LiCrO,, and CuCrO,. Hexagonal LuFeO; is a recently synthesized 2D TLAF
which exhibits properties of an ideal multiferroic material, partially because of the high spin (S = 5/2) and
strong magnetic superexchange interactions. We report the full range of spin dynamics in a bulk single crystal
of (LugeSco4)FeO; (Sc doping to stabilize the hexagonal structure) measured via time-of-flight inelastic
neutron scattering. Modeling with linear spin-wave theory yields a nearest-neighbor exchange coupling of
J =4.02)meV (density functional theory calculations for i#-LuFeO; predicted a value of 6.31 meV) and
anisotropy values of Kp = 0.17(1) meV (easy plane) and K, = —0.05(1) meV (local easy axis). It is observed
that the magnon bandwidth of the spin-wave spectra is twice as large for #-(Lu, Sc)FeO; as it is for ~-LuMnOs.

DOI: 10.1103/PhysRevB.98.134412

I. INTRODUCTION

The field of multiferroic materials has garnered significant
attention in recent years due in part to the promise of potential
functionality in advanced information storage and processing
applications. This anticipated utility originates from the cross
coupling of electric and magnetic degrees of freedom in
phases with simultaneous ferroelectric and magnetic order.
On a fundamental level, the coupling between key elementary
excitations in the crystal and magnetic lattices, phonons and
magnons, plays a key role in driving the phenomena seen
in multiferroic materials. Therefore, quantifying the features
and effects arising from the correlations between these quasi-
particles is of interest from both a practical and fundamental
perspective.

Noncollinear two-dimensional triangular lattice antiferro-
magnets (2D TLAFs) have emerged as one possible avenue
to the realization of muliferroic materials for practical ap-
plications [1,2]. Thus, they have attracted the most exten-
sive focus in experimental and theoretical studies. Hexago-
nal rare-earth manganites (RMnOj3) have been a source of
much experimental progress in characterizing 2D TLAFs.
Previous inelastic neutron scattering studies reported that the
magnetic excitations of RMnO3; with nonmagnetic R ions
(Y/Lu) [3-5] as well as LiCrO, [6] and CuCrO, [7] exhibit
several anomalous features due to magnetoelastic coupling.
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In particular, it was explored in detail exactly how spin waves
are perturbed by magnon-magnon [8,9] and magnon-phonon
couplings [5,10]. Specifically, a rotonlike minimum in the
dispersion at the B point Q = (%%0) and broadened energy
widths at high-energy transfers were shown to be present,
indicative of the decay of both magnon modes and magnetoe-
lastic hybrid magnon-phonon modes. Careful examination of
the data and comparison to theory allowed for quantification
of the exchange-striction coupling term. The presence of this
magnetoelastic excitation has also been recently corroborated
by inelastic x-ray scattering (IXS) measurements [11].

Such features would naturally be expected to appear in
LuFeO3, the Fe-based counterpart to LuMnQOj;. With one
more electron in the e, manifold, it is anticipated that the
elaborate effects previously observed in the spin-wave spectra
of (Y, Lu)MnO; will be significantly affected by switching
the cation at the B site in ABO; from Mn>* to Fe3* [12,13].
Effects of this replacement include a significant increase in
the magnetic moment and superexchange interactions, and it
is also expected that the magnon-magnon/phonon couplings
are rather sensitive to these kinds of sample parameters [14].

Both forms of LuFeO;, the stable distorted cubic (or-
thorhombic) o-LuFeO3 [15,16] and the metastable hexagonal
h-LuFeOs, have previously been studied with the aim of
understanding how to harness their properties for logic and
memory applications. It has been shown recently that LuFeO3
may be forced into its metastable hexagonal form when it
is grown via thin-film epitaxy on the appropriate hexagonal
crystal substrate [17—19]. It is this hexagonal form of LuFeOj3
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which has been found to exhibit phases of magnetic and
ferroelectric order.

Much of the prior literature on s-LuFeO; is focused on
investigating claims which indicate that it is a rare example of
a coveted room-temperature multiferroic material [15,22,23],
in league with BiFeO; [24]. However, a number of studies
have reached conclusions that such room-temperature mul-
tiferroicity in this material are unfounded, and that in fact
the antiferromagnetic (AFM) ordering temperature occurs at
155 K, not 443 K [22,25]. Even so, it has recently been shown
that in hexagonal Lu;_,In,FeOs with x =~ 0.5, ferroelectric
and antiferromagnetic orders are both present at 300 K [26].
Thus, there remains the promise that this compound may offer
an avenue to a room-temperature multiferroic.

In order to grow h-LuFeO; in bulk form, it has been
shown that instead of using a hexagonal substrate, partial
Sc substitution for Lu, Lu;_,Sc,FeO3;, may serve to stabi-
lize the hexagonal structure. This Sc doping increases the
AFM ordering temperature as well as the c/a ratio [27,28].
However, multiferroic properties such as the noncollinear
magnetic order are not affected [29]. This is certainly not
the case if there is partial Mn substitution on the Fe site: It
has been demonstrated that the magnetic structure as well as
other properties do indeed change significantly in the case of
LuMn0,5F60_503 [30]

Determination of the full spin Hamiltonian for #-LuFeOs;
is necessary in order to discern the various effects on the
spin dynamics outlined above. In this paper, we report the
full magnetic excitation spectrum of (Lug ¢Scg.4)FeO3 in order
to understand how the magnetism of the Fe** ion changes
the spin dynamics compared with the hexagonal manganite
system LuMnOs.
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II. EXPERIMENT

So far a report of the spin dynamics in a single crystal
of (Lu, Sc)FeO3; measured via inelastic neutron scattering
(INS) is lacking, as such single crystals are rather difficult to
grow in bulk form of a sufficient size for INS experiments.
However, there have been reports of INS measurements done
on a powder sample of (LugsScys)FeOs [27,31], which de-
termined the magnetic ordering in the ground state to be of
A; (') below ~50K. The A; magnetic structure is shown
in Fig. 1, where the spins are oriented tangentially clockwise
around the star pattern seen when the ¢ axis points out of the
page. Above 50 K there is a spin reorientation transition to
the A, (I';) structure, where the spins are oriented radially
outward from the center of the aforementioned star pattern.
These and the other different types of magnetic configurations
possible for these systems are pictorially presented in several
articles [13,32,33].

Single-crystal growth of Lu;_,Sc,FeO; has previously
been attempted using methods such as containerless process-
ing [28]. Recently, a successful synthesis of a ~13—g single
crystal of (Lug¢Sco4)FeOs [in the hexagonal P6s;cm config-
uration as shown in Fig. 1(a)] has been achieved. Doping with
at least 40% Sc has been shown to be necessary to achieve
a stabilized hexagonal phase such that a bulk single crystal
may be adequately formed. The (LugSco4)FeOs crystal was
grown in an optical floating zone furnace equipped with lasers
instead of halogen lamps. Stoichiometric and high-purity
powders of Lu,03, Sc,03, and Fe, O3 were mixed in a mortar,
pelletized, and sintered at 1200 °C for 10 h. The pellet was
ground, repelletized, and sintered at 1380 °C for 10 h. The
second-sintered pellet was pulverized, poured into a rubber
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FIG. 1. (a) (Lu, Sc)FeO; crystal (P63;cm space group) and magnetic structure. Red (blue) arrows show the configuration in the z/c =0
(z/c = 1/2) plane of A, (I';) the ground-state magnetic structure. (b) Hysteresis loops of electric polarization P (blue) and compensated current
density J (red) vs electric field (E||c axis) for the (LugeSco.4)FeO; crystal used in this study [20]. (c) Layout of the in-plane spin waves (from
linear spin-wave theory) at 10 meV energy transfer, showing the positions of momentum space labels of the high-symmetry points (ABC D O)
for the triangular lattice. Also shown are the differences in Q space of single-domain and multidomain [21] cases (the domain intensity ratio
is ~1 : 2). The inset (i.e., the wedge in the lower right of the multidomain section) shows symmetrized neutron scattering data (integrated in
energy transfer from 9 meV < fiw < 11 meV) from our (LugScy 4)FeOs3 sample for comparison.
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FIG. 2. (a) Neutron scattering intensity associated with spin waves [the dynamical spin correlation function S(Q, w)] for
h—(LugSco4)FeO; experimentally measured at 5 K and (b) calculated from linear spin-wave theory (LSWT). S(Q, w) is plotted along the
high-symmetry directions as shown in Fig. 1(c). [The dark line in experimental S(Q, w) data above the highest dispersion branches indicates
the boundary between different Brillouin zones as indicated in Fig. 1(c). Data below the line correspond to the paths traced out by the green
arrows in Fig. 1(c) while data above the line correspond to purple arrow paths.] Red (yellow) lines are LSWT dispersions from the first (second)
domain. Black circles are fitting positions from constant-Q cuts through the neutron data [38].

tube, and pressed into a rod shape under 8000 psi hydrostatic
pressure. The compressed rod was sintered at 1380 °C for 10
h. The crystal was grown at the speed of 1 mm/h in 0.5 MPa
O, atmosphere. The as-grown crystal was annealed at 1400 °C
for 20 h, then cooled down to 1200 °C and room temperature
at a rate of 2 °C/h and 100 °C/h, respectively. For this sample
of h-(LugeSco4)FeOs, the crystallographic parameters are
a=b=586, c=11.7, and «a, B, y =[90° 90° 120°]. As
displayed in Fig. 1(b), this single crystal has a clear P(E)
hysteresis loop at 300 K, unambiguously confirming its ferro-
electric nature.

We selected a piece of the floating zone grown sample
which was ~4 g in mass and had the lowest overall mosaic
(estimated to be more than 6° on average). It was used for
all the measurements described herein. INS measurements
via the time-of-flight (TOF) method were collected using the
MERLIN spectrometer [34,35] at the ISIS pulsed neutron
source in the Rutherford Appleton Laboratory. The sample
was placed in a closed-cycle refrigerator (CCR) at the base
temperature of 5 K throughout the measurements.

The optimal balance of intensity and energy resolution for
the purposes of this experiment was achieved by setting the
Fermi chopper frequency at 350 Hz. A further optimization
in the trade-off between energy coverage and resolution was
obtained with an incident neutron energy of E; = 45 meV.
The multirep mode [36] was utilized to simultaneously obtain
additional data at E; = 24 and 111 meV. The crystal was
aligned with the (H KO0) scattering plane horizontal, mean-
ing that the (00L) direction was imaged vertically on the
detectors. All of the collected data were reduced, processed,
and symmetrized with the HORACE software package [37].
With the statistics obtained, it is possible to resolve the full
spin-wave dispersion despite the suboptimal mosaic and 30°
domain [21] present in this sample [see Fig. 1(c)]. The 6°
mosaic of this sample is very likely the dominant cause of the

unusually broadened spin-wave excitations [broadened more
than would be expected from the instrument energy resolution
of ~2.5meV full width at half maximum (FWHM) at the
elastic line for E; = 45 meV] seen in the final processed INS
data shown in Fig. 2(a).

III. RESULTS

The spin Hamiltonian for the Heisenberg model includes
a nearest-neighbor exchange interaction J and both easy-
plane Kp and local easy-axis K4 single-ion anisotropy terms
were used within linear spin-wave theory (LSWT) with the
following equation,

Hiswr=JY 8-S+ KDZ(Sf)Z-i- KAZ(Sf)Z 6]

(ij) i i
(the superscript n denotes the local easy-axis direction, which
is simply the direction each spin is pointing in the A| magnetic
structure configuration as shown in Fig. 1). The spin Hamilto-
nian shown above was diagonalized using the SPINW software
package [39] in order to produce the spin-wave dispersions to
model the experimental data. The model of the dynamical spin
correlation function (or dynamical structure factor) S(Q, w)
generated by SPINW is convoluted with a Gaussian function of
fixed width set in accordance with the FWHM of the elastic
line of the data.

From this experiment, we have resolved the magnetic dy-
namics in i-(Lug ¢Sco.4)FeO3; by comparing the experimental
and theoretical S(Q, w) [Figs. 2(a) and 2(b)] to obtain the
dispersion relations. Consequently, the exchange coupling and
single-ion anisotropy terms in (Lu, Sc)FeOz were determined.
This allows for the comparison of experimentally measured
parameters with those recently obtained by density functional
theory (DFT) calculations [13], which predicted that the ex-
change coupling constant for #-LuFeO; to be J = 6.31 meV.
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FIG. 3. Comparison of measured and calculated S(Q, w) along
the C,BC, [C; = (100), B =(1.500), C, = (200)] and c-axis
directions at the C points [C| = (lOi) and C} = (20%)] for incident
energy settings of (a) E; =45meV and (b) E; =24 meV. Red
(yellow) lines are LSWT dispersions from the first (second) domain.
Dashed colored lines represent the dispersion calculation from the
X XZ model for two values of A = J,/J as described in the main
text.

We note that examination of the E; = 111 meV data shows
no magnetic excitations above 40 meV. This means the full
bandwidth of the magnon dispersions has been captured with
the E; = 45 meV data [Fig. 2(a)], allowing for an accurate ex-
perimental determination of the magnetic exchange coupling
constants.

The nearest-neighbor exchange coupling value was found
to be J =4.0(2) meV from LSWT. We note that it is not
possible to distinguish the effects from small amounts of
trimerization (i.e., zone tripling structural distortions) with
this data set, but the average value of J must be kept at
4.0(2) meV. This means that the theoretically predicted value
for the exchange constant is ~58% higher than the actual
value. We note that the theoretically predicted value for the
Curie-Weiss temperature (Ocw = 1525K [13]) is similarly
~53% higher than the previously measured experimental
value [27]. This discrepancy between experiment and theory
could be from a number of sources, such as the choice of the
Hubbard U value in the calculations.

From the width of the split modes (separation of the red
lines) at the C point [Fig. 3(b)] the magnitude of the easy-
plane anisotropy term was found to be Kp = 0.17(1) meV.
This is almost equal (within error) to the equivalent theo-
retically predicted value, the z component of a single-ion

anisotropy (SIA) tensor, t,; = 0.181 meV [13]. From the
magnitude of the spin gap (mode at ~5meV) at the C point
[Fig. 3(b)] the local easy-axis anisotropy value was deter-
mined to be K4 = —0.05(1) meV. To the best of our knowl-
edge, the value of this local easy-axis anisotropy has not been
predicted from ab initio calculations. Previous research has
shown exactly how both the direction and magnitude of the
SIA develops in h-LuFeO3 [40]. This is similar to the origins
of SIA and the Dzyaloshinskii-Moriya (DM) interaction term
in BiFeOj; [41]. For this case, the theoretical explanation for
what induces and modulates both the STA and DM interactions
is the trimerization distortions [13].

The combined SIA and DM interactions can lead to out-of-
plane spin canting, producing a weak ferromagnetic (WFM)
moment along the ¢ axis [13]. Since we observe no spin-wave
dispersion in the out-of-plane direction [see Fig. 3(b) along
the C to C’ directions], it may be concluded that there is no
wFM component along the ¢ axis. Furthermore, from these
flat magnon modes in the out-of-plane direction it can also
be concluded that there is no significant interlayer exchange
coupling.

It is important to point out that the A; (I';) mag-
netic ground-state configuration known for this material [27]
[which by symmetry forbids any net magnetic (WFM) moment
along the ¢ axis] remains consistent with our data. However,
this stands in contrast to previous neutron diffraction mea-
surements on /-LuFeOjs thin films [23,25] and DFT results
[13], which have shown that the magnetic structure should
be in the A, (I';) configuration; the only one allows for a
wFM component (net magnetization) of Fe’* spin along the
c axis. It should be noted though that the A; configuration
was theoretically [13] found to be very close energetically
to A,.

Based on the fact that we see no rotonlike minimum at
the B point in the spin-wave spectra, we can conclude that
magnon-phonon coupling is either very small (at least smaller
in strength than in LuMnO3) or absent in this material. One
possible reason for this could be the changing of relative
positions between the magnon and phonon modes in this case,
and therefore less magnon-phonon mode overlap required for
such coupling. Another reason may be a reduction in the
exchange-striction coupling, as indicated by first-principles
calculations of spin-lattice coupling [14].

We attempted to extract from the data an upper limit to
any possible magnon-magnon coupling. In order to account
for the possibility of anharmonic spin waves originating from
magnon-magnon interactions, we employ the Heisenberg
XXZ model with 1/S expansions [8] where the exchange
interaction J and the two-ion (easy-plane) anisotropy A =
J./J are adjustable parameters. This is given by the following
spin Hamiltonian,

Hyyz =J Y [S'S;+ 58S+ ASiS3). )
{ij)

The results from this spin Hamiltonian for (Lu, Sc)FeO3
are summarized in Fig. 3(a) by the colored dashed lines as
indicated in the legend. The parameters used for the XXZ
model simulation which give the most reasonable fit are
J =4.21 meV, A =0.96. Any lower values of A (such as
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A = 0.93) cause the renormalized spectra to deviate outside
of tolerances [mainly the separation width of the modes at the
zone center (C point)] set by the data.

According to Ref. [8], in the XX Z model the two-ion
(easy-plane) anisotropy A directly affects the decay of coher-
ent magnons. The parameter A = 0.96 found to be most con-
sistent with the data in this case indicates that (Lu, Sc)FeO3
is closer to the Heisenberg limit A ~ 1 than in the case
of LuMnO; where A =0.93 [5]. In a 2D TLAF with a
noncollinear magnetic structure, strong renormalization and
decays in the Heisenberg limit [8] are expected to be present.
Therefore, the current indication seen in this data set that
(Lu, Sc)FeOs does not seem to robustly exhibit these effects
is contrary to expectations. One possible reason for this may
be the larger spin number S = 5/2 which leads to a reduction
in magnon-magnon interaction strength, consistent with these
observations. This effect is clearly shown in the calculated
S(Q, w) plots for § =1/2 and 3/2 cases, as reported by
Mourigal et al. [42], where the amount of renormalization is
significantly reduced as S becomes larger (though not entirely
eliminated).

IV. CONCLUSIONS

Time-of-flight inelastic neutron scattering measurements
were performed with a bulk crystal of hexagonal
(Lug.6Sco.4)FeOs; in order to obtain a comprehensive overview
of the spin-wave spectra. The recently developed SPINW [39]

software was utilized to robustly model the magnon dispersion
relations, fully taking into account the experimental effects
of the sample mosaic, the two domains in the sample [21],
and the instrumental resolution function. We have determined
the values for the relevant magnetic interactions in this
system, which allows for an accurate comparison between
experimental results and theoretical calculations. For the
nearest-neighbor exchange coupling J, we find that the
experimental value is ~2/3 in comparison to predictions
by DFT calculations [13]. We have also confirmed the
ground-state magnetic structure is of A; (I'}) type. With the
previously reported exchange parameters for LuMnO; [5],
it is now possible to compare exactly how the change of
the transition-metal cation from Mn** to Fe’* adjusts the
magnetic properties of these ABO3; compounds. This study
shows that the overall energy scale of the spin-wave spectra
is twice as large for LuFeOs (S = 5/2) as it is for LuMnO3
(S =2) and that magnon-magnon/phonon couplings are
reduced in LuFeOs;.
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