ars CHGRUS

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Refined spin-wave model and multimagnon bound states in
math
xmlns="http://www.w3.0rg/1998/Math/MathML">mrow>ms
ub>mi>Li/mi>mn>2/mn>/msub>msub>mi>CuO/mi>mn>

2/mn>/msub>/mrow>/math>
Eli Zoghlin, Matthew B. Stone, and Stephen D. Wilson
Phys. Rev. B 108, 064408 — Published 9 August 2023
DOI: 10.1103/PhysRevB.108.064408


https://dx.doi.org/10.1103/PhysRevB.108.064408

Refined Spin Wave Model and Multi-magnon Bound States in Li; CuQO,

Eli Zoghlin,"> Matthew B. Stone,® and Stephen D. Wilson?: *

"William H. Miller Il Department of Physics and Astronomy,
Johns Hopkins University, Baltimore, MD 21218, USA
*Materials Department, University of California, Santa Barbara, CA 93106, USA
3Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
(Dated: June 29, 2023)

Here we report a study of the spin dynamics in the ferromagnetic chain compound Li>CuQO-. Inelastic neutron
scattering measurements allow for the spin Hamiltonian to be determined using a J; — J2 XXZ-Heisenberg spin
chain model with weak inter-chain interactions. The primary exchange parameters determined from our data
are qualitatively consistent with those of W. E. A. Lorenz et al. Europhys. Lett. 88, 37002 (2009) [29], and our
data allow for the resolution of additional inter-chain exchange interactions. We also observe the formation of
two- and, potentially, three-magnon bound states. The two-magnon bound state exists only in the magnetically
ordered phase of this material, consistent with stabilization by the weak, Ising-like exchange anisotropy of
the nearest-neighbor intra-chain interaction. In contrast, the potential three-magnon state persists in a finite
temperature regime above 7, indicating an unconventional character. Our results establish LioCuO2 as an
experimental platform for the study of exchange anisotropy-stabilized bound states in a ferromagnetic chain.

I. INTRODUCTION

Quasi-1-dimensional (quasi-1D) magnetic materials, or
“spin chain” compounds, are valuable experimental platforms
for testing numerous magnetic models due to the analytical
simplification that dimensional confinement provides. Fur-
thermore, the suppression of ordering in quasi-1D systems
enhances the effects of quantum fluctuations. Accordingly,
quasi-1D materials platforms have been found to manifest a
range of fascinating phase behaviors, including Haldane sin-
glet formation [1-4] fractionalized excitations (e.g. spinons)
[5-8], quantum criticality [9-12], and solid state manifesta-
tions of quantum few-body phenomena [13-19].

The magnetic properties of the S = % spin chain compound
LioCuO, were originally examined more than 30 years ago
[20]. The crystal structure (space group #71, Immm) is com-
posed of chains of edge-sharing, square-planar coordinated
Cu?" ions, prompting later proposals of Li;CuO as a model
compound for exploring magnetism in edge-sharing cuprates
[21-24]. The chains in this system run along the crystal-
lographic b-axis with each array of chains in the ab-plane
shifted by %(Ei + l;) relative to the neighboring arrays along
the c-axis. An early powder neutron diffraction study re-
ported a commensurate, antiferromagnetic (C-AFM) ground
state with magnetic propogation vector k= [00 1] [21], com-
posed of ferromagnetically (FM) aligned chains. Considering
an individual array of chains in the ab-plane, all moments are
aligned parallel to the a-axis; the moments in the neighboring
arrays along the c-axis are aligned in the antiparallel direction
(see Fig. 1(a)). Considerable effort was then made to deter-
mine an exchange model that captures the collinear magnetic
ground state [25-30]. Despite initial discrepancies in inelastic
neutron scattering (INS) results [28], the leading interactions
in LioCuO, are now known to be the frustrated FM nearest-
neighbor (NN, Jy19) and AFM next-nearest-neighbor (NNN,
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Jo20) interactions along the chain axis, where the ratio o =
| Jo20/Jo10| defines the degree of frustration [29]. This is sim-
ilar to models of other cuprate spin chain compounds (e.g.
LiCuVOy [31] and PbCuSO4(OH), [32, 33]) which are often
described in the context of a Heisenberg J; — J2 model (in
our notation Jj is represented by Jy19 and Js by Jyo).

Of particular interest in the Heisenberg .J; — .Jo model are
theoretical phase diagrams [35, 36] that indicate the forma-
tion of unconventional, multipolar orders in certain regimes
of a. At small values of o < 1/4, the degree of frustration
is sufficiently small that a FM state occurs [37-39]. As Jo
increases relative to J;, multipolar ground states — which can
be thought of as Bose-Einstein-like condensates of n-magnon
bound states — are predicted to be stabilized for a > 1/4,
with quantum fluctuations preventing the classically predicted
long-range ordered spiral state [35, 36, 40-42]. Within the
context of a J; — Jo model, LioCuO; is a potential candi-
date for hosting these states (a =~ 1/3 [29]); however previous
work has also emphasized the importance of inter-chain in-
teractions (specifically the NNN interaction Jy31) [23, 27, 29]
and exchange anisotropy [43]. These additional terms sup-
press fluctuations and are believed to stabilize the observed
C-AFM order over the spiral state expected for a J; — Ja sys-
tem with o« > 1/4. Nevertheless, the inter-chain interactions
remain reasonably weak compared to the intra-chain exchange
(J131 = 0.04Jy10 and 0.1Jy20) [29] and, as a result, this ma-
terial can be considered as an effective system of FM spin
chains with the potential to host n-magnon bound states.

The existence of multi-magnon bound states in FM spin
chains, first studied by Bethe in 1931 [44], has been the sub-
ject of many theoretical studies [43, 45-53]. These studies
have predicted the existence of a rich array of bound states,
with distinct physics arising due to differences in spin and
the character of the exchange interactions and anisotropies.
CoCly-2H,0 provided one of the earliest experimental man-
ifestations of this in the solid state, with far-infrared trans-
mission measurements showing results consistent with n >
2 bound states [18]. Indications of a series of n > 2 bound
states have also been seen in (CgHy;NH3)CuCls through FM
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a) Atomic crystal (orthorhombic) and magnetic (black arrows) structures of LioCuQO2, with the shared unit cell shown by the thin

grey line (red = O, blue = Cu). The Li atoms have been omitted for clarity. The labels show the c-axis coordinate of the two distinct chain
subsystems, which are offset from each other in the ab-plane by %(d + 5). All atomic visualizations were created with VESTA [34]. b)
[lustration of the exchange interactions in the ab-plane (left) and be-plane (right). The red arrows represent interactions which were included
in the final exchange model, while the arrow in black represents the J;1¢ interaction which was not included in our final model.

resonance measurements [19]. Suggestively, as in LioCuOa,
both of these compounds are S = % two-sublattice AFMs
composed of alternating FM chains with easy-axis exchange
anisotropy. In fact, the potential for LioCuQOs to host multi-
magnon bound states has been proposed explicitly in previ-
ous theoretical work [43, 45]. For the integer spin case (S =
1), a distinct two-magnon bound state stabilized by single-ion
anisotropy has been found in Fel, via far infrared absorption
spectroscopy [54] and INS [16, 55]. Subsequent time-domain
terahertz spectroscopy measurements have also revealed even
higher-order bound states (n = 4, 6) [17]. Similar measure-
ments in NiNbyOg, supported by detailed calculations, also
reported evidence of magnon-magnon interactions [53, 56].

Strangely, to the best of our knowledge, the canonical ex-
change anisotropy-driven magnon bound states of a FM spin
chain have yet to be observed by INS [57]. This repre-
sents a substantive gap in the available data since INS, unlike
the optical or resonance-based experiments mentioned previ-
ously, yields a measure of both the energy and momentum-
dependence (away from |Q| = 0) of low-energy magnetic ex-
citations. As a result, INS provides additional information
about the nature of the magnon-magnon interaction potential.

In this work, we report on exchange anisotropy stabilized
two- and, potentially, three-magnon bound states in LisCuQOs
observed via INS. Detailed measurements of the one-magnon
dispersion are first presented and confirm previous results re-
garding the importance of the .J;3; interaction in addition to
clarifying the nature of further inter-chain interactions. Here,
we also demonstrate explicitly that a uniaxially anisotropic
NN intra-chain interaction alone fully captures the origin
of the gap in the spectrum, i.e. the spin gap. Next, we
demonstrate the existence of additional magnetic modes, sep-
arate from the one-magnon dispersion, which we ascribe to
the formation of two- and, potentially, three-magnon bound

states. Analysis of the momentum dependence of the two-
magnon state shows a clear splitting along the H and L
directions, which most likely stems from the influence of
inter-chain interactions on the momentum dependence of the
magnon-magnon interaction potential. These results establish
Li;CuOs as an accessible experimental platform for studying
the physics of exchange anisotropy-driven bound states in a
FM chain via INS and other spectroscopic techniques.

II. METHODS

The crystal studied in this work was grown using a novel
high-pressure floating-zone furnace employing a similar pro-
cedure as reported previously [58]. In this case, isotopically
enriched “LiOH-H,O (Cambridge Isotopes, 99.9%) was uti-
lized to mitigate neutron absorption effects. The "LiOH-H,0O
was dried at 150 °C under a rough, dynamic vacuum for
12 hours resulting in anhydrous “LiOH. Polycrystalline pow-
der was then produced by grinding together a stoichiometric
amount of CuO (Fisher, 99.999%) with "LiOH, using 5 mass
% excess of "LiOH over the stoichiometric amount. All grind-
ing was carried out in an inert atmosphere glove box. The dif-
ference in the required excess of LiOH — determined by the
amount needed for full reaction of the CuO - relative to our
previous report [58] is due to differences in the water content
of the LiOH. The well-mixed powder was then pressed into a
pellet at 300 MPa using a cold isostatic press and fired at 750
°C in air for 24 hours. The reacted powder was then pressed
into seed and feed rods (= 4 mm diameter) at 300 MPa and
fired in air for an additional 32 hours at 750 °C on a sacrifi-
cial bed of (isotopically enriched) LioCuO2 powder. Growth
was conducted under 100 bar of an Ar:0, = 80:20 mixture.
The feed and seed rods were counter rotated at 8 and 9 rpm,
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FIG. 2. a) Magnetic susceptibility (x = M/H) at low temper-
ature showing T’y = 9.8 K. Note the lack of irreversibility at low-
temperature (I' < 3 K). b) Field dependence of the magnetization
(M) at low-temperature. Inset: Low-field (uoH < 0.5 T) region.

respectively, and a growth rate of 10 mm/hr was used [59].

The phase purity and lattice parameters of the resulting
crystal were characterized using laboratory powder X-ray
diffraction (Emperyan, Panalytical). Powder diffraction data
were collected on crushed crystal pieces and showed a nearly
phase pure sample with the presence of a very small amount
(estimated to be < 1 mass %) of an unidentified impurity.
Comparison of measurements conducted on powders pro-
duced from crystalline material collected near the boule’s sur-
face versus the boule’s core suggests this impurity occurs as
a very thin surface layer. The refined lattice parameters were:
a = 3.66171(2) A, b = 2.86436(7) A, and ¢ = 9.3945(2) A,
consistent with literature values [21].

Bulk magnetic properties were measured on a small crystal
(= 10 mg) cleaved from the main boule, which was mounted
on a quartz paddle using GE varnish such that the applied field
lay within the (1 0 1) plane. Measurements were conducted

using a Quantum Design MPMS3 SQUID magnetometer in
VSM mode. Field-cooled and zero-field-cooled magnetic sus-
ceptibility measurements (Fig. 2(a)) show T = 9.8 K, with
no sign of hysteresis. The field-dependence of the magneti-
zation at 7' = 1.8 K (Fig. 2(b)) is linear across the full mea-
sured range (uoH = =£ 7 T), with no observable hysteresis.
Previous chemical analysis on a crystal grown in a very sim-
ilar manner showed Li:Cu = 1.99:1.01 [58], and the lack of
any low-temperature ferromagnetism suggests a fully occu-
pied oxygen site [60]. The measured Ty is elevated compared
to previous results for crystals grown at lower pressures (=~ 8
— 9K) [29, 60-62], likely reflecting an optimized stoichiom-
etry. The upturn at 7' < 3 K appears to be unrelated to the
small, unidentified, extrinsic impurity in our sample since it
also occurs in reportedly phase-pure samples [60]. It is most
likely the result of a small volume fraction of intrinsic param-
agnetic impurity spins stemming from remnant defects.

LioCuOs, cleaves easily along the (1 0 1) plane and the crys-
tal separated into pieces upon removal from the furnace. Due
to the brittle nature of the fracture, the pieces could be re-
assembled using Al wire with reasonably good registry. The
resulting sample (=~ 2 g) was attached to an Al mount and
aligned in the (0 K L) scattering plane using the two-axis
alignment station at the High-Flux Isotope Reactor (HFIR).
INS measurements were then conducted using the direct ge-
ometry time-of-flight (TOF) spectrometer SEQUOIA at the
Spallation Neutron Source (SNS). The aligned sample and
mount were sealed under 1 atm of He exchange gas inside
an Al can to allow for temperature control. A thermocou-
ple was mounted to the sample can which was then attached
to the cold finger of a bottom loading closed-cycle refriger-
ator (base temperature ~ 5 K) on SEQUOIA. The available
beam size at SEQUOIA is 50 x 50 mm, which can be ad-
justed by a motorized aperture whose horizontal and vertical
dimensions can be altered independently. The aperture was
centered on the sample and its opening size was adjusted such
that the incident beam profile matched the size of the sam-
ple. For background measurements the aperture was trans-
lated from the initial position so as to no longer illuminate the
sample, but to continue to illuminate the sample can and its
helium exchange gas. These measurement were performed in
the identical instrument configurations as the sample measure-
ment, but for only a single orientation of the sample rotation
axis. Independent measurements were taken with vertical and
horizontal translations of the aperture; these were found to
be the same and therefore combined. To produce a suitably
smooth data set for background subtraction in the line cuts.
the “pseudo-empty” can data was integrated in the proper |Q |-
range and then fit to an exponential decay function, I(AFE) =
Yo + Aexp(-TAFE). This function yielded an essentially flat
background in the main A F-range of interest where it is most
relevant (= 2 to 5 meV).

Measurements were conducted by rotating the crystal
around the vertical axis of the instrument in steps of 1° or 2°.
Several independent measurements were conducted using a
range of incident energies (E; = 11, 25, 50 and 185 meV with
each measurement corresponding to a single E;) in order to
access the full bandwidth of the highly dispersive intra-chain
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FIG. 3. Order parameter tracking the integrated intensity of the Q
= (0 1 0) magnetic Bragg peak across the C-AFM phase transition.
The error bars reflect the propogated uncertainties from the intensity
data. The red line is the indicated fit to the data, described further in
the main text.

excitations. The data were reduced using the software pack-
age Mantid [63]. Where possible, the data were symmetrized
by folding in order to improve the counting statistics. All er-
ror bars in intensities represent one standard deviation. An or-
der parameter was collected by fixing the rotation angle of the
crystal such that the Q = (0 1 0) magnetic Bragg peak could be
measured and then sweeping the temperature at ~ 0.5 K/min.
The data were binned in temperature with a bin width of 0.25
K and powder integrated to give intensity as a function of |Q\
for elastically scattered neutrons. The integrated peak inten-
sity was extracted by numerically integrating the data at each
temperature within a consistent |Q\—range. The resulting or-
der parameter was fit (red line, Fig. 3) with the following
function: A(1 — T/Tn)?* 4+ B, where A is the integrated
magnetic scattering intensity in the fully ordered state, 3 is
the associated critical exponent, and B is the background in-
tegrated scattering intensity. This analysis gave Ty = 9.1(1)
Kand 8 =0.12(1).

The dispersion curves along high symmetry directions
were initially extracted using Gaussian fits to constant-é
(wave-vector transfer) and constant-A F (energy transfer) cuts
through the data; constant-AF cuts were only used for the
steep portions of the dispersion along K (the chain direction).
Analysis of the extracted dispersion was then conducted us-
ing the SpinW software package [64]. For validation, the data
were also directly fit using the analytical form of the disper-
sion relation from linear spin wave theory; both approaches
gave very similar results. Magnetic structure optimization was
also performed with SpinW. The optimal propagation vector
was determined by the Luttinger-Tisza method and the mo-

ment direction was optimized to obtain the lowest energy con-
figuration consistent with that propagation vector.

III. SPIN WAVE MEASUREMENTS AND MODELING

INS data were collected using multiple E;’s in the ordered
state (" = 5 K), allowing the spin waves along almost all
high-symmetry directions in the Brillouin zone to be resolved.
In Fig. 4(a) and (b), E; = 11 meV data show the magnon dis-
persion orthogonal to the chain direction for AE < 6 meV.
Consistent with previous measurements, both inter-chain di-
rections are weakly dispersive relative to the intra-chain dis-
persion [28, 29]. In Fig. 4(c), the much steeper intra-chain
dispersion is revealed by the E; = 185 meV data, which ap-
proaches a zone boundary energy of ~ 40 meV. As discussed
below, the dispersion could be well parameterized by linear
spin wave theory.

The spin system of LioCuO; has previously been described
[28, 29] by the following Hamiltonian:

R DA )

n,r

Here, J? is the component of the exchange interaction
along the a-axis (moment direction), determined to be the
magnetic easy-axis by electron spin resonance measurements
[62, 65]. The double sum is over the Cu-sites (n) and the lat-
tice vectors (r) which connect Cu-sites. Using the convention
that J,. < 0 is FM, the dispersion relation derived via linear
spin wave theory [66] for this Hamiltonian is given by the fol-
lowing relation:

wQ:\/(JQ—JO+J0—D)2—(JQ)2, 2)

with Jo = (1/2) 3, Jrexp(iQ-F) and Jo = (1/2) 3, J;
(the analogous definitions apply to J). The k= [0 0 1] mag-
netic structure breaks the body-centered symmetry of the nu-
clear unit cell, creating two inequivalent Cu-sites and there-
fore two FM chain subsystems. The J parameters represent
intra- and inter-chain interactions within a subsystem, while
the .J parameters represent inter-chain interactions which con-
nect the two subsystems. In this analytical form of the
dispersion, D parameterizes the magnitude of the exchange
anisotropy according to: D = J§ — Jo — J5 + Jo. The spin
gap, AEN_1, arises due to the finite D but is also influenced
by the magnitude of the inter-sublattice interactions:

AEn_; = \/D(D —2.Jy). 3)

Within the SpinW implementation of linear spin wave theory
the individual components of the exchange matrices are fitting
parameters.

The extracted dispersion relations from the data shown in
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FIG. 4. Neutron scattering data collected at 7' = 5 K along high-symmetry directions. The same scale is used in all plots. a) Scattering
intensity along the (H 0 1) direction, collected using E; = 11 meV. The integration bounds are: K = [-0.025, 0.025] and L = [0.875, 1.125].
b) Scattering intensity along the (0 O L) direction, collected using E; = 11 meV. The integration bounds are: H = [-0.125, 0.125] and K =
[-0.075, 0.075]. ¢) Scattering intensity along (0 K 0) direction collected out to the zone boundary AE using F; = 185 meV. The integration

bounds are: H =[-2,2] and L =[-2, 2].



part in Fig. 4 are plotted along select directions in Fig. 5.
These were initially fit (blue dashed line in Fig. 5) using the
previously reported minimal model [29] that includes only the
Jo10, Jo20 and Jy31 exchange interactions as well as exchange
anisotropy (see Fig. 1(b) for an illustration of all considered
exchange interactions — note that .Jy3; is associated with # =
(1/2)[1 3 11). Jop1p was set to have an easy-axis anisotropy
[21] (i.e. J§,o was fit independently of J§,, = J&, = Jo10)
since it is by far the largest energy scale. This choice is con-
sistent with theoretical expectations given the nature of a 90°
Cu-O-Cu superexchange pathway (the angle in LioCuO; is ~
94°) [25]. All other exchange interactions were then set to
be isotropic. As shown in Fig. 5, while this minimal model
largely captures the behavior of the dispersion within the (0
K L) plane, including the magnitude of the spin gap, there
are a number of qualitative failures in capturing the dispersion
along trajectories with a finite //-component.

The first qualitative failure of the minimal model is the pre-
diction of a flat mode along the (H 0 1/2) direction, where the
data clearly show a finite bandwidth (Fig. 5(a)). A second
failure appears in comparing the dispersions along the (1/2 K
0) and (0 K 1/2) directions. While the minimal model gives
an identical dispersion relation for these two directions, the
data show a clear difference between them. As shown in Fig.
5(d) this difference is most apparent in the regions near the
X- and Z-points (i.e. the region approaching K = 0 in the
plot). The third qualitative failure is more subtle. The data
show a small, but finite, bandwidth to the dispersion along the
(1/2 0 L) direction, seen most clearly in Fig. 5(c), which is
not captured within the minimal model.

These departures from the minimal model motivate the
inclusion of additional exchange interactions to provide a
Hamiltonian which fully represents the measured dispersions.
The analytical form of the dispersion shows that only an intra-
sublattice exchange with a component along L can induce fi-
nite dispersion along the (1/2 0 L) direction. Given the rela-
tively large c-axis lattice parameter (=~ 9.395 A), Jyo; (with
the smallest associated real space distance) is the most rea-
sonable exchange interaction to reproduce this feature. To ad-
dress the departures observed in the (H 0 1/2), (0 K 1/2), and
(1/2 K 0) dispersion relations, additional exchange terms with
components along H are required. This suggests the potential
inclusion of two additional terms, Jy19 and Jygp. Fitting the
dispersion with the inclusion of all three of these exchange in-
teractions greatly improves the fits to the data. In this modified
model, J199 was found to be AFM and of a similar magnitude
as Ji31, which was found to be ~ 7.7 K. Jy19 and Jyg1 were
both found to be an order of magnitude smaller and FM.

The modified model with both Ji1¢ and Jy(g terms signif-
icantly decreased the X2 value of the refinement. However,
the inclusion of both terms was found to not be of equal sig-
nificance. If J;g9 was removed from the model the x? value
increased by 37%, while for the model without Jy1¢ the X2
value increased by only 1.5%. The latter increase is marginal
and simply due to the decrease in the total number of fit pa-
rameters (from seven to six). Therefore J11g was set to zero in
the final fits. Figure 5 shows the resulting dispersion relations
from this final model (solid red line) overplotted with the data

and the corresponding parameters are presented in Table I. We
note here that, despite the significance of the inter-chain inter-
actions with respect to the the magnetic properties — including
the nature of the long-range order [23, 27, 29, 30] and the
largely undiminished Cu?* moment (0.96(4) ug) [21] — the
intra-chain interactions are still clearly the dominant energy
scale.

IV. MULTI-MAGNON BOUND STATES

In addition to resolving the one-magnon dispersion rela-
tion, low-energy INS data also reveal additional modes near
the magnetic zone-center. As a baseline illustrating the ex-
pectations of one-magnon scattering, Fig. 6(a) shows a se-
lect (E/, K)-slice populated with the single-magnon spectral
weight and dispersion trajectories calculated by SpinW from
our exchange parameters and anisotropy values in Table I. INS
data collected using F; = 11 meV at T' =5 K show the scatter-
ing in this same (E, K)-slice in Fig. 6 (b). Additional spec-
tral weight appears in the data above the one-magnon gap at
AFEpN—_1 and, to further parameterize this, a constant momen-
tum cut is plotted in Fig. 6(c) along the dashed line shown in
Fig. 6(b). This cut along AFE through the K = 0 magnetic
zone center reveals two additional features above AEn_1: a
second peak appears at AEN_o =~ 2 X AFEy—_1, and a third,
weaker, peak appears at AEy_3 ~ 3 X AEyn—;. The fea-
ture at A E'y— is also clearly visible in the slices presented in
Fig. 4(a) and (b), provided the intensity is set to a lower maxi-
mum value that saturates the one-magnon signal. As a further
check against the expectations of one-magnon scattering, we
have attempted to reproduce these features in our SpinW mod-
eling by arbitrarily setting the diagonal components of Jy;g to
have the full XY Z-type anistropy allowed by the orthorhom-
bic symmetry. The degeneracy of the one-magnon mode can
be broken in this way, but the overall change to the disper-
sion is inconsistent with our observations. Furthermore, this
mechanism cannot create the third mode at AFEy—s.

An additional, even weaker feature is visible near AF =~
5.5 meV in the heat map; however, it appears near the edge of
the accesible A E-range, making analysis less reliable. Fur-
thermore, this region is partially polluted by an optical phonon
at slightly higher energies, making it difficult to unambigu-
ously isolate any magnetic signal. We defer further explo-
ration of this potential A Ex—4 mode to future experiments.

A comparison of the (0 K 1) slices collected at T'=5 K
and T' = 20 K is shown in Fig. 7(a). This comparison reveals
the collapse of the one-magnon gap upon heating out of the
ordered state, consistent with its origin from weak exchange
anisotropy (magnitude = 4 K). Further demonstration of this
is given by the zone center energy cuts shown in the inset of
Fig. 7(b). The analogous cut in the main panel of this fig-
ure also shows that strong paramagnon scattering remains at
20 K, as is illustrated by the slice in Fig. 7(a), and consistent
with previous reports that LioCuQO, possesses short-range cor-
relations well above Ty [24, 62]. The appearance of features
resembling gapped modes near 3 — 3.5 meV in Fig. 7(a) is
an artifact of the broad paramagnon scattering and the color



TABLE I. Comparison of the final exchange parameters (given in Kelvin) determined in this work with corresponding values given in Lorenz
et al. [29] (the “minimal” mode). Values in italics were fixed to zero. In our results, Jip; (-217.4(9) K) and J§,, = Jg10 = Jo10 are separate
fit parameters. As a result, D is no longer a fitting parameter but is calculated as D = Jg;0 — Jo1o. Since D is a small difference between two
large values, the resulting error is rather large — direct fits to the analytical form of the dispersion gave D with a lower error bar, and a value

more similar to the results from Lorenz et al.

Jo1o ‘ Jo20 ‘ a= |J020/J010|‘ Jiz1 ‘ J100 ‘ J110‘ Joo1 ‘ D
This work -213.3(9) 67.2(3) 0.315(2) 7.44(2) 5.55(4) 0 -0.75(4) -4(1)
Lorenz et l. 2228(5) 76(2) 0.332(5) 9.04(5) 0 0 0 3302)

scaling. The line cuts show no mode-like peak in this region
and reducing the integration range along K does not change
this.

These same slices and the zone center cut shown in the main
panel of Fig. 7(b) similarly indicate that the N = 2 peak van-
ishes at 20 K. However, in striking contrast, the intensity of
the N = 3 peak is largely unchanged at 20 K, with only the
overall background decreasing. Fitting this data (blue lines in
Fig. 7(b)) shows that the A E-value of the N = 3 mode changes
slightly: AEN_3 =4.00(2) meV and 4.25(4) meV at 5 K and
20 K, respectively. The N = 3 peak vanishes by 7' = 150 K,
indicating a finite regime of stability above 7.

To study the momentum dependence of the N = 1, 2, and
3 modes in the ordered state, constant-A E slices through the
(H K 1) plane are shown in the left panels of Fig. 8(a), (b),
and (c). At higher AFE, the one-magnon, N = 1 dispersion
presents as roughly parallel lines along the H-direction due
to the much steeper dispersion along K, as shown in the sim-
ulated panels on the right hand side of Fig. 8. The N = 2
and N = 3 mode intensities emerge between these lines in the
data, with the strongest scattering around the I'-point. Taking
momentum cuts along the K-direction, Fig. 9(a), right, and
(b) show the presence of a single peak around K = 0. The
stronger peaks at K ~ £ 0.2 on either side of the central peak
come from the line-cuts crossing the N = 1 mode’s dispersion.
The persistence of signal in these regions above Ty is, again,
due to the strong paramagnon scattering. Line-cuts along the
H-direction at A Ey_o reveal a two-peak structure around H
= 0, as shown in Fig. 9(a), left. A similar two-peak structure
appears in line-cuts along the L-direction (not shown). Our
current data set does not allow for a definitive statement on
whether the same structure occurs along H and L at AE_3;
we aim to address this question in a future experiment.

V. DISCUSSION

The expanded set of exchange parameters determined in fits
to the one-magnon dispersion relation (summarized in Table
I) remain consistent with the experimentally observed C-AFM
structure when optimized within SpinW. These exchange pa-
rameters can be used to numerically test the conclusion from
Lorenz et al. [29] that the C-AFM state is stabilized primarily
by Ji31, with further stabilization from D. To do this, Jy31

was set to 0 and D was empirically modified to reproduce the
measured spin gap, causing the optimized magnetic structure
to transition into a spiral state. If Jy3; is retained and the
anisotropy is set to 0 (i.e. D =0 so that J§,o = J¥ 0 = J§i0)
then the C-AFM structure results; however the predicted mo-
ment direction shifts to align along the c-axis. These results
indicate that, within the expanded set of exchange parameters
refined in our model, the C-AFM magnetic order remains sta-
bilized by the J;3; interaction.

We note here that later work from some of the authors of
Lorenz et al. [29] also explored the role of additional ex-
change parameters beyond the previously discussed minimal
model [67, 68]. The presented exchange model is similar to
our final model, with small differences in the numerical val-
ues of the exchange constants; however, the need to include
Joo1 was not recognized nor was the relative importance of
J100 over Jy109. Additionally, recent quantum chemistry cal-
culations gave theoretical values for Jy1¢ and Jyzg (= -215 K
and 67 K, respectively) which match remarkably well to our
experimentally extracted values [69].

Our neutron scattering measurements reveal additional
modes near the zone center outside of the one-magnon, N
= 1, dispersion. Based on the 7' = 5 K data shown in Fig.
6(c), the peak maximum of the first additional mode, AFn_o
= 2.924(5), is slightly above the value of 2AFEyN_;. This is
not due to an artificially decreased value of AF—; from this
particular energy cut since the fitted value of AFy_; agrees
within ~ 0.02 meV with the calculated value from our ex-
change model. Variation of the finite momentum space inte-
gration produces a range of AFEy_o values from = 2.77 to
2.92 meV. This indicates that the observation of AEy—o> >
2AE -1 is most likely a result of systematic error in our de-
termination of the N = 2 mode energy. Note also that both
the intrinsic energy resolution in this region and the utilized
bin size are approximately equal to the difference AEy_o —
2AFEN=1.

In principle, two-magnon continuum scattering could be
observable at the same energy scale and wave vector where
the N = 2 mode is observed. However, the splitting seen
within the N = 2 mode along H (Fig. 9(a), left) and L (not
shown) is inconsistent with continuum scattering. The inten-
sity of a two-magnon continuum is expected to be peaked at
the magnetic zone center [70] with structure possible near the
zone boundary [71]. Furthermore, we see no clear evidence
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FIG. 6. a) Spin wave calculation of the 7' = 0 K, one-magnon dispersion along the (0 K 1) direction using the parameters in Table I. The
calculation includes convolution with the A E-dependent resolution function and the Q—resolution was set to the Gaussian full-width-at-half-
maximum (FWHM) of the (0 0 1) magnetic Bragg peak. A small constant background term was added to simulate the incoherent background
in the measured data. b) Measured INS intensities for the same region of (Q, AFE)atT =5 Kusing E; = 11 meV. The data were integrated
with the following bounds: H = [-0.125, 0.125], L = [0.95, 1.05]. The pseudo-empty Al data has been subtracted directly. Some broad
background features remain at AE < 2 meV and any pixels of slight over subtraction have been set to have zero intensity. In a and b the
shared color scaling was set by first normalizing the two data sets to the value at K =0 and AE = AE;. To highlight the weak, higher-energy
features observed at the I"-point in b, the maximum of the color scaling was set to a low value. Both data sets were then normalized once more
to this new maximum value. ¢) AF cut along the dashed line in b (the bar at the top shows the K -integration region), with the Al background
subtracted as described in the text, showing the modes above the one-magnon dispersion (N =2 and 3). The data has been scaled by the same
overall factor as in b. The blue line is a fit using Gaussians on a linear background; the solid color regions show the Gaussian components
and the grey dashed line shows the linear background. The N = 2 and 3 modes are fit together as a sum and the N = 1 mode is fit separately
using a higher A E point density. The black lines show the instrumental A E-resolution (FWHM). The cut was integrated in reciprocal space
with the following bounds: H = [-0.075, 0.075], K =[-0.05, 0.05], and L =[0.95, 1.05]. Inset: The one-magnon (N = 1) peak using the same

reciprocal space integration but a higher A E point density.

of continuum-like features at higher energies. The appearance
of a splitting around the zone center reflects additional inter-
actions, consistent with the existence of a bound state. Such
a splitting can potentially arise within a bound state when the
potential that binds together the two interacting magnons (and
which does not act upon the delocalized two-particle states
of a continuum [71]) possesses a Q-dependence [47]. Given
the existence of significant inter-chain exchange interactions
with components along H and L, we ascribe this as the likely
origin.

A result for the two-magnon binding energy in a 1D FM
J1 — Jo XXZ-Heisenberg model (o > 1/4) was presented
previously by Dmitriev and Krivnov [45]. Inputting our re-
fined exchange parameters yields a small, theoretical binding
energy of ~ 0.03 meV, certainly within the resolution of our
measurement. This calculation remains an estimate since it
does not take into account the inter-chain interaction Ji31,
which is needed to stabilize the FM chains. The presence of
such an interaction is expected to slightly reduce the bind-
ing energies of multi-magnon bound states [40]. Our observa-
tion of a peak in the spectrum within resolution of 2AFEn_1
is qualitatively consistent with a small binding energy of this
magnitude. Both N =1 and N = 2 modes collapse upon warm-
ing above Ty, consistent with their formation via an interplay
between the inter-chain coupling .J13; stabilizing the magnetic
ground state and the Ising-like exchange anisotropy.

The N = 3 mode is located at AFy—3 = 4.00(1) meV (see
Fig. 6(c)) yielding 3AFEn—1 — AEn—3 =0.08(1) meV, which
exceeds the statistical error in the fitting procedure. However,
the additional systematic error in the peak position introduced
by the finite reciprocal space integration window means that
this value likely falls within the resolution of our measure-
ment. Generally, a three-magnon binding energy is expected
to be larger than a two-magnon one, with the simplest picture
being a factor of two increase. Given the estimation of the
two-magnon binding energy, we would not expect to be able
to resolve a three-magnon value. However, we are not cur-
rently aware of any theoretical calculation to which we can
compare our results. While the value of AEy_3 is qualita-
tively consistent with a three-magnon bound state with a small
binding energy, the persistence of the mode upon warming
above Ty, where the one-magnon gap collapses, is anamolous
and prevents a definitive identification. Clearly the stabiliza-
tion mechanism for the N = 3 mode is distinct from that dis-
cussed previously for the N = 2, two-magnon bound state. The
energy width of the N = 3 mode is 0.56(3) meV (Gaussian
FWHM), relative to an instrumental resolution of 0.19 meV
at AE = 4.00 meV, placing it well within an underdamped
regime.

Models for three-magnon condensates have been proposed
for the parameter space that LioCuO; occupies within J; — J3
ferromagnetic spin chain models [40, 51, 72]. The survival of
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at 20 K uses the FWHM resulting from the fit at 5 K. Inset: View
of the one-magnon peak region at 5 K and 20 K, also plotted as x”,
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the N = 3 mode in a finite range above Ty is potentially rel-
evant to these models, though it would require an unconven-
tional setting and the presence of a higher energy one-magnon
mode not currently resolved in our measurements. Based on
present calculations, these models also indicate that the rela-
tively strong Jy31 should move LioCuOs out of the regime of
multipolar ground states [40, 72]. Utilization of our refined
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FIG. 8. Constant AF slices in the (H K 1) plane from F; = 11 meV
data (left), and corresponding linear spin wave theory calculations
using the exchange constants in Table I (right). No Al background
has been subtracted. The extent of integration in AF is indicated at
the top of each panel. The integration in the orthogonal direction in
reciprocal space is L = [0.95,1.05]. The calculated values have been
convolved with the instrumental A E-dependent resolution function.
For N =1, the é—resolution of the calculated data was set to the
FWHM of the (0 0 1) magnetic Bragg peak. For N =2 and 3, a larger
Q—resolution was needed to approximate the measured data. A con-
stant value has been added to the calculated intensity to approximate
an overall constant incoherent background. Within each plot, the in-
tensity has been scaled by the maximum value. The black dashed
lines and bars show the directions and integration regions, respec-
tively, of the line cuts in Fig. 9. a) N = 1 mode. b) N =2 mode ¢) N
= 3 mode.

exchange parameters within these models may help resolve
this question. Extension of recent numerical calculations of
the dynamical structure factor at finite temperature to the spe-
cific case of LioCuO- might also be enlightening [73]. On
the experimental side, INS measurements exploring the polar-
ization and dispersion of the N = 3 mode would be of use in
identifying its origin.

VI. CONCLUSIONS

INS data exploring the magnetic excitations in LisCuOq
were presented and used to refine the previously published
exchange model. The new analysis confirms the importance
of the Jy37 interaction and determines the nature of further
inter-chain interactions, both of which are consistent with the
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FIG. 9. Cuts through reciprocal space at constant AE at T =5 K and 20 K using F; 11 meV data. The extent of integration in AFE, based on
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K, 1) (right). The (H, 0, 1) data was integrated in reciprocal space with the following bounds: K = [-0.1, 0.1] and L = [0.95, 1.05]. For the
(0 K 1) data the bounds are: H =[-0.1, 0.1] and L =[0.95, 1.05]. b) Cut along K through the N = 3 excitation, with the following reciprocal

space integration bounds: H = [-0.1, 0.1] and L = [0.95, 1.05].

C-AFM ground state. Additional modes within the INS spec-
trum cannot be described in terms of the one-magnon disper-
sion, and we identify these as two- and, potentially, three-
magnon bound states with very small binding energies. The
persistence of the N = 3 mode in a finite range of 7' > Ty is
anomalous and motivates further investigation of LioCuOs as
a platform for exchange anisotropy stabilized few-body bound
states in Heisenberg ferromagnetic chains.
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