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We present a comprehensive study of magnon excitations in the tetragonal easy-plane anti-
ferromagnet BioCuO4 using inelastic neutron scattering and spin wave analyses. The nature of
low energy magnons, and hence the anisotropy in this material, has been controversial. We show
unambiguously that the low energy magnon spectrum consists of a gapped and a gapless mode,
which we attribute to out-of-plane and in-plane spin fluctuations, respectively. We modelled the
observed magnon spectrum using linear spin wave analysis of a minimal anisotropic spin model
motivated by the lattice symmetry. By studying the magnetic field dependence of the (1, 0, 0)
Bragg peak intensity and the in-plane magnon intensity, we observed a spin-flop transition in the
ab plane at ~ 0.4 T which directly indicates the existence of a small in-plane anisotropy that is
classically forbidden. It is only by taking into account magnon zero-point fluctuations beyond the
linear spin wave approximation, we could explain this in-plane anisotropy and its magnitude, the
latter of which is deduced from critical field of the spin-flop transition. The microscopic origins of
the observed anisotropic interactions are also discussed. We found that our data is inconsistent with
a large Dzyaloshinskii-Moriya interaction, which suggests a potential departure of BioCuQO4 from

the conventional theories of magnetic anisotropy for other cuprates.

PACS numbers:
I. INTRODUCTION

One of the central topics in magnetism research is the
understanding of anisotropic interactions between spins
on a microscopic level. Since the full spin rotational sym-
metry of the magnetic Hamiltonian is broken by these
interactions, their elucidation is essential for the descrip-
tion of a material’s ground state and its low energy exci-
tations. For example, despite having much smaller mag-
nitudes than the isotropic, or Heisenberg interactions,
these anisotropic interactions are responsible for giving
rise to a bulk magnetic anisotropy energy (MAE) which
determines the ordering direction in an ordered mag-
net, and providing magneto-elastic/magneto-electric cou-
pling in certain multiferroics®. In recent years, materials
with anisotropic interactions comparable or even larger
than the Heisenberg interactions are beginning to attract
much attention?. Dominant anisotropic terms have been
shown to modify the magnetism dramatically and give
rise to many exotic phenomena in these materials, such
as spin liquid phase with topological order ™ and topo-
logical excitations®®. These new discoveries provide ad-
ditional impetus to study the anisotropic interactions in
different materials.

In general, the anisotropic interactions arise from the
spin-orbit coupling (SOC), and their strength scale with
that of the SOC. Although they can be understood qual-
itatively by examining the local symmetry of the inter-
acting magnetic ions, the magnitude of each symmetry
allowed term can only be obtained through the full elec-
tronic Hamiltonian including SOC, crystal electric field

(CEF), Coulomb interaction (Up) and hopping (¢). So
far, the anisotropic interactions are best understood in
3d transition metal materials where SOC is much smaller
than the other energy scales, and can therefore be treated
perturbatively. In particular, systems where the mag-
netic ion contains only a single hole in a non-degenerate
orbital have been most intensively studied due to its sim-
plicity and direct applicability to high T, cuprates. The
anisotropic interactions in such systems take the form of
an exchange anisotropy between two S = %—spins (as op-
posed to single-ion anisotropy that depends on individual
spins), which can be written as a sum of an antisymmet-
ric and a symmetric part:

A" (51 X 52) + STM;S_:Q, (1)

where A and M are a vector and a symmetric matrix,
respectively. First shown by Moriya?, and later con-
firmed by Shekhtman and co-workerst% Eq. , when
expanded up to second order in SOC, takes the following
specific form,
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In Eq. , the magnitude of Dis given approximately by
|D| ~ 2J, where A, e and J denote the SOC, CEF and
Heisenberg superexchange interaction, respectively. The
two terms of Eq. , linear and quadratic in SOC, are
often referred to as the Dzyaloshinskii-Moriya (DM) and
symmetric anisotropic (SA) interactions. Corrections to
Eq. have been investigated by Yildirim et al. in a real-
istic mode?, where they showed that Eq. is actually



valid up to all orders of SOC, as long as the Coulomb ex-
change is zero, and the Coulomb interaction is indepen-
dent of orbitals. The Coulomb exchange, K, and parts
of the Coulomb interaction depending on orbital occu-
pancy, AU, generates corrections to both the DM and

SA interactions in Eq. that are an order ~ O(UEO)

and ~ O(%Y) smaller than the leading terms in Eq. (2).

Such corrections become important when D vanishes due
to inversion symmetry. The general theory, including
both Eq. , and the corrections due to K and AU, mi-
croscopically explains the magnetic anisotropy in a wide
range of tetragonal™ ¥ and orthorhombict®20 Cu2+ ox-
ides with a simple Cu-O-Cu bond geometry.

A natural next question is the form of the anisotropic
interaction when the geometry of the exchange path is
more complex. In particular, it is unclear whether the
general theory with a dominant anisotropic term given
by Eq. still holds when the exchange route is more
complicated than a simple Cu-O-Cu bond geometry. One
example studied is BisCuQy4, with a tetragonal lattice
structure shown in Fig.[l] The magnetic sub-lattice con-
sists of chains of Cu?* ions arranged in a square lattice.
Below Ty ~50 K, the Cu-moments acquire a C-type anti-
ferromagnetic order consisting of ferromagnetic chains
that are anti-ferromagnetically arranged The or-
dered moments lie in the ab plané?5, suggesting the exis-
tence of easy-plane anisotropy similar to other tetragonal
cuprates with simpler structure. As shown in Fig.[l] the
geometry of the superexchange path between any two
Cu?T ions in BipCuOy is very complex. An example is
the Cu-O-Bi-O-Cu path indicated by yellow dotted line
in Fig. [[[(a), where the Cu-O-Bi and O-Bi-O angles are
109° and 88°, respectively. This makes it difficult to
theoretically determine the magnetic anisotropy. Exper-
imentally, many studies have been carried out to eluci-
date the form and size of the anisotropy terms in this
material by examining its magnetic excitations. How-
ever, the results obtained so far have been inconclusive.
Although early inelastic neutron scattering (INS) studies
agree on the overall magnon dispersion in BisCuQy, they
disagree on the nature of the low energy magnons. The
first INS study carried out by Ain et al. observed only
one low energy magnon mode with a gap of ~ 2 meV=2,
This is in apparent contradiction with the observation
of an in-plane ordered moment, which should give two
distinct magnon modes polarized in and out of the easy
plane. We will henceforth refer to the two modes as ‘in-
plane’ and ‘out-of-plane’ magnons. (Note that ‘in-plane’
and ‘out-of-plane’ refer to the polarizations of spin fluc-
tuations, NOT propagation wave vectors.) Subsequent
INS by Roessli et al. found two modes, with a gap of
~ 4 meV and ~ 2 meVZZ. Later polarized INS experi-
ment by the same authors reported different gap sizes of
~ 0.5 meV and ~ 2 meV, which they attributed to in-
plane and out-of-plane spin fluctuations®®, respectively.
Observation of such a large in-plane magnon gap in an
easy-plane magnet with tetragonal lattice symmetry is
entirely unexpected by symmetry (see Section ,
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FIG. 1: (a) Crystal structure of BioCuO4. Oxygen, bismuth
and copper ions are shown as red, purple and blue spheres.
(b, ¢) Projection of the BioCuOy4 structure along the (b) [1,
-1, 0] and (c) [0, O, 1] directions. Oxygen atoms have been
omitted in (b) and (c). The local spin axes, & and § de-
fined in Section are shown in (c). Cu spins are denoted
by green arrows, which make an angle ¢ with respect to .
The two sub-lattice magnetizations are indicated by M, and
Ms. Dashed and solid line boxes denote the structural and
magnetic unit cell, respectively. Ji, J2, J3 and Js are the
superexchange interactions used in the spin wave calculation.
In (b), the two-fold rotation and inversion symmetries are
denoted by yellow ovals and red stars, respectively. In (c),
yellow squares denote four-fold rotational symmetry around
the chains of Cu ions.

which motivated early theoretical work that introduced a
highly unconventional four-spin interaction®™2?, Lastly,
all the INS results to date contradicted the antiferromag-
netic resonance (AFMR) results?%3L which reported a



gapped and a gapless magnon mode.

To reconcile the controversies in earlier studies, and
further the understanding of anisotropic interactions in
BisCuQy4, we carried out new high resolution INS stud-
ies of magnetic excitations in a Bi;CuQ, single crystal.
Using thermal neutron with an intermediate energy res-
olution, we mapped out the full magnon spectrum. The
overall magnon dispersion relation observed in our study
is qualitatively consistent with earlier results2%2”, How-
ever, using cold neutron with much higher resolution
than all previous INS studies, we show that the low en-
ergy spectra consist of two modes, one is gapless and
one has a ~ 2 meV gap, that can be attributed to in-
plane and out-of-plane magnons, respectively. Our re-
sults therefore confirm the AFMR results and resolve the
controversies regarding the nature of the low energy ex-
citations. We also carried out INS in the presence of
a magnetic field applied along the (0, 1, 0) direction.
By studying field dependence of the (1, 0, 0) magnetic
Bragg peak intensity, and that of the gapless mode, we
show that there is a spin-flop transition within the ab
plane at ~ 0.4 T, which directly indicates the existence
of an in-plane MAE that selects the direction of ordered
moments in the ab plane. Using a symmetry argument,
we show that such an MAE is forbidden on a mean-field
level in BisCuQy, and therefore could only be explained
by considering corrections to the ground state energy due
to quantum fluctuations, a phenomena known as quan-
tum order by disorder®?. We could explain the observed
magnon dispersion by carrying out linear spin wave anal-
ysis on a model containing Heisenberg interaction and
a symmetry allowed exchange anisotropy of the form,
O[”SL;L‘SQ,(I; 7O‘HSL?/S?7ZJ+QLSLZS?72’ where QOzH ~ Qg
0.01. Beyond the linear spin wave approximation, we
considered corrections to the ground state energy due
to magnon zero-point fluctuations. This predicts an in-
plane MAE that quantitatively explains the critical field
of the spin-flop transition.

II. EXPERIMENTAL DETAILS

BizCuOy single crystal (4.35 g) used for neutron scat-
tering measurements was grown using the floating zone
technique®?. Full magnon spectrum of BipCuO4 was
mapped out using the HYSPEC time-of-flight (TOF)
spectrometer at the Spallation Neutron Source (SNS)
at Oak Ridge National Laboratory. An incident energy
of E; = 25 meV was used to give an energy resolution
of ~ 1 meV at zero energy transfer. Field dependence
of magnon below ~ 4 meV was studied using the Disk
Chopper Spectrometer (DCS) and Spin Polarized Inelas-
tic Neutron Spectrometer (SPINS) at the NIST Center
for Neutron Research (NCNR). Two incident energies of
E; = 4.9 meV and E; = 2.3 meV were used for TOF
measurement at DCS, which gave an energy resolution
of ~ 0.18 meV and ~ 0.06 meV at the elastic line, re-
spectively. The triple-axis measurement at SPINS was
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FIG. 2: (a,b) INS spectra as a function of energy, w,(y-axis)
and momentum transfer (x-axis) along (a) (H, 0, 0) and (b)
(1,0,L). Weset . = 1 throughout the paper. The data is ob-
tained at HYSPEC using an incident energy of E; = 25 meV.
Vertical arrows in (b) denote the positions of local maxima
in the dispersion along L. (c,d) High resolution INS spectra
along (c) (H, 0, 0) and (d) (1, 0, L) obtained at DCS using an
E; = 4.7 meV. The intensity scales used to plot the HYSPEC
and DCS data are shown to the right of (b) and (d). Red solid
lines in all plots are calculated dispersion relations within the
XYZ model, as described in the text.

performed using a fixed final energy Ef = 5 meV. A ver-
tically focussing pyrolitic graphite (PG) monochrometer,
flat PG analyzer and a Be filter were used to select inci-
dent and final energies at SPINS. A collimation setting of
guide-open-80’-open was used to achieve an energy res-
olution of ~ 0.2 meV at the elastic line. For all mea-
surements, the crystal was aligned with (H, 0, L) in the
scattering plane. The alignment was carried out at the
McMaster Alignment Diffractometer (MAD) prior to the
INS experiments. A 10 T vertical field superconducting
magnet was used for measurements at DCS and SPINS
to apply a field along the (0, 1, 0) direction. The sample
temperature was kept at ~ 1.5 K for all measurements.

I1III. EXPERIMENTAL RESULTS

Full magnon dispersion in Bi;CuO4 mapped out using
the HYSPEC TOF spectrometer is shown in Fig. a)-
(b). As shown in Fig. 2fa), the energy of the magnon
increases monotonically along H, reaching an energy of
w = 12.6 meV at the magnetic zone boundary at Q =



(1.5, 0, 0). On the other hand, the magnon along L
first disperses upward, reaching a maximum energy of
w =92meV at Q = (1, 0, £0.7) (denoted by vertical
arrows in Fig. b)), before curving down to an energy
of w = 8.6 meV at the zone boundary with Q = (1, 0,
+1). These features are in qualitative agreement with
early INS results reported by other authors?®4”, Results
of high resolution measurement of magnon excitations
below ~ 4 meV from the DCS experiment are shown in
Fig. [2(c) and Fig. [(d) for momentum transfer along H
and L, respectively. Clearly, a magnon gap of ~ 2 meV
can be resolved with the high resolution data, consistent
with Ref. [26-28).

However, even at zero field, there seems to be a
small but non-zero intensity below the gapped mode in
Fig. Pfc) and Fig.[2(d). As shown in Fig. [3{a), the inten-
sity below the ~ 2 meV gap can be enhanced by applying
a small magnetic field (1 T) along the (0, 1, 0) direction.
The shape of its dispersion clearly shows that it originates
from another mode with an acoustic-like dispersion. The
acoustic mode merges with the gapped mode away from
the magnetic zone center, making them indistinguishable
at energy transfer larger than ~ 2 meV. To determine the
presence of any small gap in this acoustic-like mode, we
carried out measurements using an E; = 2.3 meV with
higher resolution. Results in Fig. d) clearly show that
this mode is gapless within an experimental resolution of
~ 0.06 meV.

Given the highly symmetric crystal structure of
Bi,CuOy, one expects the ordered moments to be able
to rotate freely within the ab plane, giving rise to a gap-
less magnon mode due to the in-plane spin fluctuation.
On the other hand, an easy-plane anisotropy is expected
from the observation that the ordered moments lie in the
ab plane, implying that the magnon mode due to out-of-
plane spin fluctuation must be gapped. These arguments
allow us to assign the acoustic and gapped magnon mode
observed in our data to in-plane and out-of-plane spin
fluctuations, respectively.

As shown in Fig. B[e)-(f) and Fig. B(b)-(c), applying
higher fields gaps out the acoustic mode while leaving the
gapped mode unchanged. Since a magnetic field along
(0, 1, 0) breaks the spin rotational symmetry within the
easy-plane, in-plane spin fluctuation should acquire a gap
roughly equal to the Zeeman energy, or gupH. Using
g ~ 2 for Cu®>T[31], we estimate the in-plane magnon
gap to be ~ 0.5 meV and ~ 0.8 meV at 4 T and 7 T,
in quantitative agreement with our data in Fig. e) and
Fig. f). On the other hand, the out-of-plane magnon
gap is unaffected by the field as it is much larger than
the Zeeman energy for the range of fields used in our
experiment.

To study the intensity change of the two modes at H <
1 T in greater detail, an energy scan at constant Q = (1,
0, 0) was carried out for different fields below 1.2 T as
shown in Fig. a). The peak at ~ 2 meV in all energy
scans corresponds to the gapped out-of-plane magnon
mode shown in Fig.Bf(a)-(c). Clearly, the intensity of this

mode is almost independent of applied field. We also plot
the energy scan at Q = (1.1, 0, 0) obtained at zero field in
Fig.[d(a) with open circles. Since the magnon has a fairly
steep dispersion, it has dispersed to higher energy (w >
3 meV) at this Q and the small residual intensity for en-
ergy transfers 0.5 meV < w < 3 meV can be taken as the
background. Compared to the Q = (1.1, 0, 0) data, the
scan at Q = (1, 0, 0) at zero field clearly shows additional
inelastic intensity below the ~ 2 meV peak that extends
down to elastic region. This intensity comes from the
gapless mode identified from our DCS data (Fig. 3(d)).
As shown in Fig. [f{(a), this intensity increases with field.
To obtain a quantitative measure of the in-plane magnon
mode intensity, the background at Q = (1.1, 0, 0) was
first subtracted from the energy scan at Q = (1, 0, 0),
and then the intensity from 0.5 meV to 1.5 meV (shaded
region in Fig. [d[a)) was integrated. The integrated inten-
sity is plotted as a function of applied field strength in
Fig.[d{(b) (solid circle). One can observe that the in-plane
mode intensity in this energy range almost doubles from
0T to ~ 0.4 T and then stays the same beyond this field.
Also shown in Fig. [4(b) is the intensity of the magnetic
Bragg peak at Q = (1, 0, 0) represented by open circles,
which is completely suppressed as the intensity of the
in-plane mode reaches its maximum. Both the intensity
of the in-plane mode and the (1, 0, 0) magnetic Bragg
peak intensity changes at ~ 0.4 T. This coincides with the
meta-magnetic transition observed in bulk magnetization
studies, which was attributed to a spin-flop transition?4,
As we will explain in Section [[V] the intensity change is
quantitatively consistent with re-orientation of spins due
to a spin flop transition within the ab plane.

In the absence of any magnetic anisotropy in the ab
plane, spins can rotate freely and respond to even an in-
finitesimal field. Observation of a spin-flop transition at
a finite field therefore directly indicates that in addition
to the easy-plane anisotropy, there exists a finite in-plane
magnetic anisotropy energy (MAE).

IV. SPIN WAVE ANALYSIS
A. Heisenberg Model

In this subsection, we provide a quantitative descrip-
tion of our data within linear spin wave theory (See Ap-
pendix B for details). The dominant superexchange in-
teractions in BiosCuQy, labelled by Ji, Jo, J3 and Jy in
Fig. (b), were proposed in previous studies, and corrob-
orated by an ab initio calculation®®. Since the exchange
anisotropy in each bond is expected to be much smaller
than the isotropic part, we first determine the magni-
tude of the latter by comparing our data to a Heisenberg
model, which greatly simplifies the calculation. As we
show by symmetry analysis in Appendix A, all interac-
tions centered at Cus can be obtained from those cen-
tered at Cu; by a combination of inversion and 2-fold ro-
tation (These symmetry operations have been indicated
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(a,b,c) INS spectra along (1, 0, L) obtained at DCS using E; = 4.7 meV for different fields along (0, 1, 0). Magnitude

of the field is given on top of each figure. (d,e,f) Same as (a,b,c) but obtained using E; = 2.3 meV which gives higher energy
resolution. Intensity scales used for the two E;’s are shown on the right.

in Fig. . Since a Heisenberg interaction of the form
JS;-S ; is left invariant by these symmetry operations, in-
teractions centered at Cus and Cu; are therefore identical
within the Heisenberg model, making it invariant under
a translation by half of the structural unit cell along the
c direction. The primitive magnetic unit cell within the
Heisenberg model (solid line in Fig. [[[b)) is therefore half
of the structural unit cell (dashed line in Fig. [I[b)), and
consists of only two Cu ions. Linear spin wave analysis
therefore predicts two magnon modes, whose energies are
degenerate and are given by the following simple analytic
expression ,

w(Q) :{ [Ja(cos(mL) — 1)+ 2J1 +2J5 + 2]3]2

1 . .
_ ‘2[AQ+BQ] [Jl +J2€—17rL+J36—127rL]

where Aq = 1+ e27H+K) Bo = ¢27H 4 27K and
Q is given in the reciprocal lattice unit of the struc-
tural unit cell. Rather than fitting to the full magnon
spectrum as done previously by other authors2827 e
note that the exchange parameters can already be deter-
mined by three independent quantities: magnon energies
at Q = (1.5, 0, 0) and Q = (1, 0, 1), as well as en-
ergy and Q of the local maximum in the L-dispersion
shown in Fig. [2(b). The magnon zone boundary en-
ergies in Fig. [Ja) and Fig. 2{b) are determined to be
w = 12.6(2) meV and w = 8.6(3) meV, respectively.
However, location of the local maximum in Fig. 2(b) can
only be roughly determined to be at w = 9-9.5 meV and
L = 0.65-0.75. In Fig. [5] we show the allowed parameters
obtained from these constraints. For a given Ji, Js to Jy
are more or less fixed. However, J; itself can vary from
~0.5 meV to ~5 meV, implying that there is no unique
set of ‘best fit’ parameters as suggested by previous INS
studies. We have checked that all these parameters give
almost identical magnon dispersions that describe our



data equally well. Motivated by results from the ab initio
calculations showing J; > Js, J3, Jy, we use the repre-
sentative set of parameters: J; = 4.7 meV, Jo; = 1.1 meV,
J3 = 0.5 meV and Jy = 0.36 meV, where we have fixed
the value of J; to that estimated from the tight-binding
and LSDA+U calculation in Ref. [33]. These values are
indicated by the dashed line in Fig. [f]

B. Exchange Anisotropy

To capture the magnetic anisotropy in BiosCuQOy4, we
have to go beyond the simple Heisenberg model and
include anisotropic terms. For a given bond, the ex-
change anisotropy should roughly scale with the isotropic
part, both of which are proportional to 5—2 in the large
Up limit. We will therefore only consider *the exchange
anisotropy for the dominant exchange path, Ji. The
simplest symmetry allowed anisotropic exchange beyond
the Heisenberg model (see Appendix A) is given by
J;ISIJSI,Q + J,}ySyJSyQ + lezSz,lSz,g. We will call
this an XYZ model. Taking this to be the interac-
tion between Cu; and Cuo, 4-fold symmetry implies
that the interaction between Cuys and Cuy (Fig. [Ifc))
is J;y5m71/5x72 + J;msyyllSyyg +J1,5,1/5, 2. In these ex-
pressions, we have defined a new coordinate system xyz,
where Z and ¢ are rotated by 45° with respect to the
crystallographic @ and b directions, and 2 || ¢ These
definitions are motivated by the observation that § (Z)
is the local two-fold axis for a bond directed along Z
(g). We emphasize that an XYZ model is a minimal
model that can quantitatively account for all the obser-
vations in our data, notably the existence of both an
out-of-plane magnon gap and an in-plane MAE revealed
by a spin-flop transition. As we show by symmetry anal-
ysis (see Appendix A), other exchange anisotropy such
as off-diagonal SA and DM interactions are also allowed
for the Cu; — Cuy bond. Although we cannot rule out
the former in BioCuO,4, we will show later that a large
DM interaction is inconsistent with the observed magnon
spectrum.

A magnetic unit cell half of the structural unit cell can
still be used for a spin wave calculation within the XYZ
model (See Appendix A). The angle between the sub-
lattice magnetization, M 1, (or equivalently the staggered
moment, 7 = M; — M,) and the Z-axis is given by ¢
as shown in Fig. [[[c) (also in Fig. [f|c)). Since J,, #
Jyy breaks the in-plane spin rotational symmetry of the
Hamiltonian, the resulting magnon spectrum is expected
to have an explicit ¢ dependence. Within linear spin
wave theory, energies of the two magnon modes are given
by

s =(ca +|Eql? — |FoP
)

1
2

+ \/4|CQEQ|2 —|EqFq - EQFQ|2>

where

Cq = Jacos(mL) — Jy+ (Jp, + ) + 2J2 + 2J3

bq = *[ T2 (5in*($)A_q + cos®(¢) B_q)
- J;y<sm (¢)B-q + cos*($)A-q) + JL.(A-q + B-q)]
Fq = i[lez(siHZ(qS)A,Q + cos?(¢)B_q)
+ Jyy (sin*(¢) B_q + cos*(¢)A_q) + J..(A—q + B—q

1 ) )
+ 5(A_Q + B_q)[Jae™ ™ + Jyem 2L,
(5)

and Eq and Fq denoted their complex conjugates.
In the above expressions, .Jo, J3 and J; are set to be
the values determined in the last subsection. Different
components of Jch are parametrized by the following:

Jyyjew = J1(LE£ ), and J3, = Ji(1 — ay), where the
isotropic part, Ji, is fixed to be 4.7 meV and o) and a
are to be determined.

At the magnetic Zone center, Q = (1, 0, 0), en-
ergies of the two modes are w_ = 0 and wy =
2y/(2J1 +2J2 + 2J3)J1 1, respectively, corresponding
to in-plane and out-of-plane spin fluctuations observed
in our data. Note that the in-plane gap remains zero
within the linear spin wave approximation despite a non-
zero in-plane exchange anisotropy, . To determine o,
we fit the zero-field energy scan data shown in Fig. 4| I(a
to the following form of dynamical structure factor con-
volved with the instrumental resolution:

1 <15(ww_)
1 —exp(—w/kpT)

S(w) = +5(ww+)>

w_ w4
(6)

plus a constant background. In Eq. @, kp is the Boltz-
mann constant, the first and second term are contribu-
tions by the in-plane and out-of-plane spin fluctuations,
respectively. The factor of 1/2 for the in-plane spin fluc-
tuation will be explained in Section As shown
in Fig. [6] a gap of 1.7(2) meV, or a; = 0.013(2) gives a
good description of the data: a peak at ~ 2 meV followed
by a long tail extending up to ~ 5 meV that results from
convolving the steep magnon dispersion with the instru-
mental resolution. The slight discrepancy between the
relative intensities of the two modes in our data and the
calculation might be due to additional momentum de-
pendent factors in the scattering intensity not captured

by Eq. @



C. Quantum Order by Disorder
1. Symmetry Argument for Accidental Degeneracy

Since the in-plane spin rotational symmetry is absent
in the XYZ model, the magnon dispersions given by
Eq. and Eq. are expected to depend explicitly on
the ordering direction, ¢. However, the in-plane magnon
gap, w_, predicted by linear spin wave theory is exactly
0, independent of ¢. We now argue that this somewhat
surprising finding is a consequence of the unique crys-
tal symmetry of Bio,CuQy, independent of the underlying
microscopic magnetic Hamiltonian.

We consider a generic ordered state where the mag-
netic unit cell is the same as the structural unit cell (the
magnetic order observed in BisCuQ, is a special case
where the unit cell of the ordered structure is half of
the structural unit cell). Ordered magnetic moments on
Cu;-Cuy are given by Ml to M4. If we consider only
interactions quadratic in spin operators, the mean-field
energy of the system is given by Eyp = Ef? MfFf?M;’
where 7, j = 1—4 denotes the spin index and (,n = z,y, z
denotes the spin component. The matrix Ffz is obtained
by summing all exchange interactions.

Next we note that the lattice is invariant under a ro-
tation by 90° about the ¢ axis passing through the chain
of Cu atoms. This operation both moves the atoms as
well as rotates their spins. However, given the lattice
structure of BioCuQy, this operation only moves atoms
within its own sub-lattice. In other words, Cu; in one
unit cell is moved to the same position in another unit
cell. Tt is therefore equivalent to rigidly rotating the M,
by 90° which maps M;, — M;, , M;, — —M;, and
M; . — M, . for i =1 to 4. This constrains the mean-
field energy to be

i,J )

+ T8 (M; o Mj y — My M )

)

Evr = UP5 (M o My o + My M) + U5 M; M,

(7)

Clearly, Eyr acquires an accidental in-plane spin rota-
tional symmetry. This implies that all ordering directions
within the ab plane are classically degenerate. Moreover,
since the in-plane magnon at the zone center corresponds
to a rigid rotation of all spins that costs zero energy on
a mean-field level, it must remain gapless within linear
spin wave approximation. Note that this argument only
works because of the simple ferromagnetic chain arrange-
ment of Cu ions in BioCuOy, which is unique among the
tetragonal cuprates. Similar arguments fail, for exam-
ple, in SroCuO5Cls where the adjacent Cu ions along the
¢ direction are displaced diagonally by half of the unit
cell, in which case an anisotropic term is allowed in the
mean-field energy due to inter-layer coupling'®.

2. Magnon Zero-point Fluctuations

Although no magnetic anisotropy within the ab plane
is expected on a classical level, summing magnon zero-
point fluctuations (ZPF) at all Q’s generates a correction
to the ground state energy that is explicitly ¢ dependent,
which contributes to the bulk magnetic anisotropy energy
(MAE) of BisCuOy4. Quantitatively, this correction is
given (up to a constant) by32

Epr(@) =5 S @i(@) +o (@) @)
Q

Carrying out the sum numerically gives an Ezpr(¢)
shown in Fig. a) that is minimum at ¢ = 0 and max-
imum at ¢ = 45°. The ordered moments therefore lie
along the Cu-Cu bond directions (& or §) at zero field.
Ezpr(¢) can be fit very well by Ezpr(¢) = Asin(2¢)2,
where A gives the difference Ezpr(45°) — Ezpr(0°). A as
a function of ¢ is shown in Fig. b)7 which is described
very well by a quadratic function. The fact that Ezpp
is an even function of cy can be understood by noting
that a sign change of ¢ is equivalent to interchanging
Sy and S, in the XYZ model, which does not matter for
tetragonal lattice symmetry.

8. Spin-Flop Transition

We now show that a bulk MAE given by Eq. pro-
vides a natural explanation for the observed spin flop
transition. At zero field, the sub-lattice magnetizations,
M, and MQ, are anti-parallel and lie along & or y pre-
ferred by Ezpr(¢). When a sufficiently large magnetic
field is applied along (0, 1, 0), M, and M, are re-oriented
almost perpendicular to the field if the Zeeman energy
gain by canting M; and M, towards the field (denoted
by 6 in Fig. EKC)) is sufficient to overcome the MAE gener-
ated by zero-point fluctuations. This leads to a spin-flop
transition at a finite critical magnetic field, H., where
gupH,. cos(f) ~ A.

A spin-flop transition within the ab plane explains the
observed change in (1, 0, 0) magnetic Bragg peak inten-
sity as well as the intensity of the in-plane mode shown
in Fig.[dl For a domain where the ordered moment lies
along = at zero field, its in-plane fluctuation is polar-
ized along ¢ (Ordered moment and in-plane spin fluctu-
ation are denoted by the solid arrow and dotted line in
Fig. c)) Neutron scattering is only sensitive to the spin
component along (0, 1, 0), which is 45° from & and ¢, for
scattering near Q = (1, 0, 0). Therefore, only half of the
Bragg peak and in-plane magnon mode intensity at (1, 0,
0) are detected at zero field. When the field along (0, 1,
0) is greater than H,. of the spin flop transition, all spins
are re-oriented perpendicular to the field. The ordered
moments are now almost parallel to (1, 0, 0) as shown in
Fig. EKC) and hence do not contribute to Bragg peak in-
tensity at (1, 0, 0). On the other hand, the in-plane spin



fluctuation is now entirely along the (0, 1, 0) direction.
This maximizes the intensity of the in-plane mode. In-
tensity of the in-plane mode for H > H, should be twice
the intensity at zero field, in agreement with the inte-
grated intensity at H=0 and H=1.2 T shown in Figb).
Lastly, since spin fluctuation along ¢ is independent of
spin orientations within ab plane, the out-of-plane mode
should be unchanged across the spin flop transition. This
is also consistent with our results in Fig[d]a).

Quantitatively, the spin flop transition happens as a
result of the competition between the exchange energy,
the MAE generated by zero point fluctuation (Eq. (8))
and Zeeman energy due to the canting of the magnetic
moments. Summing the three contributions gives the
following form for the total energy (per magnetic unit
cell):

1
Eioy = — 452(J1 + Jo+ J3 — §J4) cos(26)
(9)

— 2H S sin(6) cos(¢ + %) + Ezpr(9),

where Ezpr(¢) is given by Eq. and can be approx-
imated as Asin(2¢)%. Assuming M; and M, initially lie
along Z (same results hold if they lie along §), Eq. @
is minimized with respect to # and ¢ to find the orien-
tations of Ml and Mg at a finite field. To directly com-
pare with our data, intensity of the (1, 0, 0) magnetic
Bragg peak is computed from the square of the projec-
tion of 77 along (0, 1, 0), or cos?(Z —¢). As shown by the
solid line in Fig. b)7 A =0.014(2) peV, or equivalently,
o) = 0.0074(4) describes the observed field dependence of
the Bragg peak intensity reasonably well. Spin wave dis-
persion determined using the complete set of parameters,
ap =0.0074, ap = 0.013, J; = 4.7 meV, Jo = 1.1 meV,
J3 = 0.5 meV and J; = 0.36 meV, is shown in Fig. 2

To summarize, we have demonstrated the existence of a
bulk MAE in the ab plane due to magnon zero-point fluc-
tuations through the observation of a spin-flop transition
in the ab plane. This anisotropy also implies that the
in-plane magnon mode must acquire a small gap when
corrections beyond the linear spin wave approximation
are considered. This gap is estimated from the curva-
ture of the semi-classical energy®? (Eyr + Ezpr(¢)) to
be 4/AJia; =~ 3.5 peV. Although it is too small to be
observed in our experiment or AFMR, the gap may be
directly observed in future neutron spin-echo or backscat-
tering experiments. Another check of our model is the
direction of ordered moments, which we predict to be
45° from a and b. Although this cannot be unambigu-
ously determined from neutron diffraction due to do-
main averaging, future torque magnetometry34 or angle-
dependent susceptibility measurement on a well oriented
crystal might be able to provide direct confirmation for
our model.

V. DISCUSSIONS

In the last section, we showed that an XYZ model
with an exchange anisotropy of the form, oSy 1522 —
)| Sy,15y,2—a1 5215 2, is a minimal model that explains
the magnitude of both the easy-plane anisotropy and the
small (classically forbidden) in-plane anisotropy, deter-
mined experimentally from the out-of-plane magnon gap
and the critical field of an in-plane spin-flop transition,
respectively. A natural question is the microscopic origin
of this exchange anisotropy. In particular, whether it is
consistent with the general theory given by Eq. . In
this section, we address this question by considering an
alternative model where the exchange anisotropy is given
by Eq. .

The symmetry analyses in Appendix A show that
Eq. takes a form of

D?
Da(8,8% = 5:87) + 17-(555% = 8,8 - 5157 (10)

for the dominant superexchange between Cu; and Cus in
BigCuOy. The second symmetric anisotropic (SA) term
alone gives rise to the magnon gap at the magnetic zone
center, which allows the only parameter in this model,
D1, to be determined. Notably, the SA term in Eq.
takes a form quite similar to the exchange anisotropy
in our XYZ model given by o) S1 52+ — aS1,4S2, +
181,59, (The two are of the same form when o) =
a1 ). Using the value of D; determined from the out-of-
plane magnon gap, the magnitude of the SA term relative

2
to Ji is estimated to be 5712 ~ 0.01. Incidentally, this
1

is also on the same order of magnitude as o) and ay
estimated in the last section. It is therefore tempting to
conclude that the exchange anisotropy in our XYZ model
originate from the SA term in Eq. (10). On the other
hand, the only difference between Eq. (10)) and the XY7Z
model is the existence of an accompanying DM term in
Eq. that is an order of magnitude larger. However,
as we show below, such a large DM term is inconsistent
with the observed magnon spectrum.

In Fig. [8] we compare the measured magnon disper-
sion along H (Fig. [§(a),(d)) to predictions by the XYZ
model (Fig. [8(b), (e)) and the model with DM and
SA terms given by Eq. (or the ‘DM+4SA’ model,
Fig.[§[(c), (f)). Clearly, our data is well reproduced by the
XYZ model. Although the magnon spectrum within the
DM+SA model has an overall shape and intensity similar
to the XYZ model, it predicts an anti-crossing close to
the zone boundary at around (1.35, 0, 0) and an energy
transfer of w ~ 11 meV. This is emphasized in Fig. f),
where we zoom into the region close to the anti-crossing.
Existence of an anti-crossing in the magnon spectrum
can be understood as follows. As we show in Appendix
A, although XYZ interaction (and hence the SA term in
Eq. (10))) between Cu; — Cuy is identical to that between
Cug — Cuy, the sign of the DM interaction is reversed for
the two bonds. The translational symmetry by half of



the structural unit cell present in the XYZ model is there-
fore removed by including the DM interaction. In other
words, the magnetic unit cell is now the same size as the
structural unit cell, and consists of four rather than two
Cu?* ions. Consequently, in addition to the two magnon
modes already present when a smaller unit cell is used
(blue dashed line in the inset of Fig. [§|c)), one expects
two additional magnon modes obtained by folding the
zone boundary magnon along (H, 0, 1) to (H, 0, 0) (red
dashed line). The DM interaction couples these two sets
of magnon modes, and gives rise to an anti-crossing be-
tween them that scales with D;. Although we have used
a model where J; is dominant, and therefore only con-
sidered its exchange anisotropy, we emphasize that the
above argument is based on symmetry and should be ap-
plicable if Eq. is considered for other bonds. For
example, since the exchange paths for J; and J3 have
the same symmetries, a large DM interaction along ei-
ther or both exchange paths is expected to produce an
anti-crossing similar to that shown in Fig. [§c, ).

As shown in Fig. [§f), the predicted anti-crossing
should show up as a small splitting in the magnon dis-
persion. To detect this subtle feature in our experiment,
we used a relatively small E; = 25 meV which offers a
good resolution (~ 0.5 meV) at the energy transfer of
the predicted splitting, but partially obscures the top of
the magnon dispersion due to kinematic constraint. Even
with this limitation, after closely examining our data in
Fig.[8|(a) and Fig.[§(d), we could not find any sign of split-
ting in the magnon dispersion. Therefore, even though it
is tempting to associate the exchange anisotropy in our
XYZ model with the SA term in Eq. as discussed at
the beginning of this section, our data does not support
the existence of an accompanying DM term that is an
order of magnitude larger. This suggests that the spin
interactions in BioCuO,4 might deviate from the general
form given by Eq. with a dominant DM term. Devi-
ation from the general theory might be a consequence of
the complex geometry of the exchange path in BisCuQOy.
Alternatively, this deviation might be explained by par-
ticipation of the heavy bismuth ion in mediating the su-
perexchange interaction in BioCuQO4 as shown by nuclear
resonance measurement®?, Inclusion of non-magnetic
ions with strong SOC has been shown to dramatically
modify the exchange anisotropy in 3d transition metal
magnets2937, Understanding the effects of bismuth ions
on the exchange anisotropy in BioCuO, from first prin-
ciple should be a focus of future theoretical work.

VI. CONCLUSIONS

We have carried out inelastic neutron scattering to
study the low energy magnetic excitations in the tetrago-
nal anti-ferromagnet BioCuO,4. We found a gapless and a
gapped magnon mode at low energy that are attributed
to spin fluctuations in and out of the easy-plane. Our
results resolve the long standing controversies between

early INS and AFMR results regarding the low energy
excitations in this material, and confirm the latter. By
studying the field dependence of (1, 0, 0) magnetic Bragg
peak intensity and that of the in-plane mode, we directly
observed a spin flop transition in the ab plane at ~ 0.4 T
that was only inferred from previous bulk magnetiza-
tions measurements. This indicates the existence of a
bulk magnetic anisotropy energy (MAE) in the ab plane
which is classically forbidden. We explained all our obser-
vations by carrying out spin wave analysis of a minimal
anisotropic spin model motivated by the lattice symme-
try (which we refer to as an XYZ model). In addition to
reproducing the observed magnon dispersion, our model
quantitatively explains the critical field of the spin-flop
transition, and hence the classically forbidden in-plane
MAE through a quantum order by disorder mechanism.
In addition to the XYZ model, we also considered an
alternative model with a dominant antisymmetric DM
interaction, motivated by the conventional theory of ex-
change anisotropy in cuprates. We found our data is
inconsistent with the presence of a large DM interaction,
suggesting a departure from the conventional theory in
BioCuOy4 with a complex exchange route.
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VIII. APPENDIX

In this section, we present a symmetry analysis of the
general magnetic Hamiltonian in BisCuQy,

1
H=52 Hi (11)
iJ

and determine its magnon dispersion in the magnetically
ordered state using linear spin wave theory. As discussed
in the introduction, the most general pairwise interaction
between site ¢ and j, H; ; , is given by

Hig = JijSi- S+ Aij- (Si x §j) + STMi 385 (12)
The three terms proportional to J;;, the vector 14_1'1-7]-
and the symmetric matrix M;; denote the isotropic
Heisenberg interaction, the antisymmetric and symmet-
ric anisotropic exchange interactions, respectively.



A. Symmetry Analysis

In this subsection, we present a symmetry analysis of
the exchange anisotropy parametrized by the vector A
and the symmetric matrix M of Eq. for the dominant
superexchange paths, J; to Jy, as well as the bonds re-
lated to them by symmetry. Although we only considered
the exchange anisotropy for the dominant exchange path,
J1, in our spin wave analysis, the symmetry analysis be-
low is provided for all exchange paths for completeness.
Fig. [I{b)-(c) shows examples of relevant local symme-
try operations, including centers of inversion at [%, %, %}
(red stars in Fig. [I{b)), two-fold rotations around § axes
through 1,1, 1+ 2] (yellow ovals in Fig. (b))7 and four-
fold rotations around ¢ axes passing through the chains
of Cu-atoms (yellow squares in Fig. [Ijc)).

1. Ji and Js

Ji and J3 in Fig. [[[b) have the same local symmetry
characterized by a two-fold axis along ¢ through the cen-
ter of the bond (shown by yellow ovals). Focussing on
J1 between Cu; — Cus, the two-fold rotation around g
maps Sl,a: 4 _SQ)Q;, Sl’y A d 82,y7 Sl,z 4 _52,z- This
constrains the vector, /T, to lie perpendicular to ¢, and
therefore take a form of (A4; 4,0, A; ,). Within linear spin
wave theory, one only needs to consider the component of
A parallel to the ordered moment. For ordered moment
perpendicular to ¢, A can be taken as (A14,0,0) with-
out loss of generality, which justifies the form of Eq.
used in the DM+SA model.

Similarly, the symmetric matrix, M, takes a form of

Tow 0 o
0 Jh, 0], (13)
Joo 0 T2

where the super-script indicates that the parameters are
for the super-exchange path, Ji.

Interactions along other symmetry equivalent bonds,
such as Cuj — Cug, in the ab-plane can be generated by a
four-fold rotation around the vertical axis through Cus,
which maps Sl,;c < —Sll,y, SLy < 51/71», Sl,z < 31/72
and 52@ s 7527% Sg,y <~ SQ@, SQVZ s SQ,Z. Con-
sequently, the vector, /_f, along this bond is given by
(0, —A1,3,0) and the matrix, M, is given by

Ji0 0

Symmetry equivalent interactions along the c¢ axis,
such as that between Cus — Cuy, can be generated by
inversion about the point [%, %, %] This maps S; < Sy
and §2 &~ §3. An antisymmetric term, A (§1 X §2),
between Cu; — Cuy gives A. (5'4 X §3) - —A. (53 X §4)

10

between Cus — Cuy. In other words, the antisymmetric
interaction changes sign when translated by half of the
structural unit cell along the ¢ direction. However, the
symmetric interaction characterized by M is left invariant
by inversion. We therefore arrive at the following obser-
vations. If only the symmetric term (e.g. the XYZ model
considered in the main text) is present, the primitive unit
cell of the magnetic Hamiltonian is half of the structural
unit cell. On the other hand, the full structural unit cell
has to be used if one also considers the antisymmetric
term.

2. J2

The center of inversion between Cu; and Cu)y (red star
in Fig. b)) implies that A = 0 between them. However,
all terms in the symmetric matrix, M, are allowed by
Ssyminetry,

J2, J2 J2
Y Ty Tz

N )

Like in the case of Jj, other symmetry equivalent in-
teractions in the ab plane are generated by four-fold ro-
tation. Those along the ¢ direction are generated by two-
fold rotations. For example, two-fold rotation around the
7 axis through [%, %, ﬂ maps Cuy — Cug, Cuj — Cus,
and simultaneously changing the sign of S, and S, while
leaving that of S, unchanged. The matrix M for the bond

Cusg — Cuy is therefore

J2 —J2  J?
y Ty Tz
- B R (16)
R &
Ja:z _Jyz Jzz

The above analysis shows that certain entries of M for
the super-exchange pathway Jy change sign when trans-
lated by half of the structural unit cell along ¢, indicating
that the structural unit cell must be used when carry-
ing out spin wave analysis including the full symmetric
anisotropy for Js.

3. Js

The anisotropic term between Cu; — Cuz is con-
strained by the four-fold rotation about the axis passing
through them (yellow square in Fig. c)), which maps
Sie ¢ =Sy, Siy & Sz, Si,. ¢ 51, (similar rela-
tions hold for §3) This constrains the vector, /T, to be
(0,0, A4), and the matrix, M, to be

Jo0 0
0 J: 0 (17)
0 0 Ji



Note that the general symmetry allowed anisotropic
terms along this bond do not break the in-plane spin
rotational symmetry. The bond Cuj — Cu; is related
to Cu; — Cuz by a two-fold rotation about the g-axis
through [%, %, i] followed by an inversion about [%, %, 0],
which maps ng <~ 751717 Sg,y s SLy’ S&Z s *Sl,z
and Sl,z <~ —Sg/_’z7 Sl’y A d 53/4/, Sl,z d —53/’2. This op-

eration changes the sign of A while leaving M unchanged.

B. Spin Wave Calculation

We first define a locally rotated coordinate system
(2'y'2") where 2’ is along the direction of ordered mo-
ment. For Cu?" in the first sub-lattice (M; in Fig. c)),
the transformation to the new coordinate system is de-
fined by:

= —sin(¢) S, + cos(¢)S./
c08(6)Sy + sin(6)S. (18)
— S

Sz
Sy =
S, =

Coordinate transformation for the other sub-lattice
(Ms) is obtained by replacing ¢ — w + ¢ in Eq. .
Spin components in this new coordinate system are then

expressed as boson creation/annihilation operators via
the Holstein-Primakoff transformation as:

S, = 3~ a'ta
S+/ = Qa (19>
S_=al.

After a Fourier transformation, the magnetic Hamil-
tonian given by Eq. can be written as a quadratic
boson Hamiltonian in the momentum space:

1
H=15 vHqy. (20)
Q
For a primitive unit cell with n magnetic ions, ¥ =
(al,Q,-~-,a1,Q,aL,_Q,-~-,GL,_Q)T, and Hq is a 2n x 2n

matrix given by=®

Aq Bqg )
Hq = -9 21
Q (BIQ A—Q ( )

where A and B are n x n sub-matrices. The eigenvalues
can be found by diagonalizing the non-hermitian matrix,
GHgq, where G is a diagonal matrix with the first and last
n entries given by 1 and -1, respectively.

1. XYZ model

A primitive unit cell with 2 Cu ions can be used for
the XYZ model. The 2 x 2 sub-matrices A and B from

11

Eq. are given by:

_ (Cq Eq
Aa = (EQ CQ) ’ (22)
and
0 F
sa= (7, ©): (23)

respectively. The parameters, Cq, Eq, Fq have been
defined in Eq. . The eigenvalues can be found analyt-
ically in this case®”, and the results are given by Eq. (4)).

2. DM+SA model

As discussed in the last sub-section, a primitive mag-
netic unit cell the same as the structural unit cell has
to be used when DM interaction is included for J;. The
sub-matrices A and B in this case are given by

Cq Aq Bq 0
_|Aa Cq 0 Bq
A= Bg 0 Cq Aq|’ (24)
0 Bq Aqg Cq
and
. o DE + Dg 0 E_qe 2L
Bq DIy +D g 0 £q N o
0 £_q 0 D —Dg
Eqet?L 0 DfQ -D g 0
(25)
In Eq. and Eq. ,
o1
Aq = [COS(%)(A—Q —B_q) - (A_q+B_q)
Bq :%J4(1 + el
CQ =Js COS(WL) —Js+2J14+2J2+2J3
1 61 —i27
D4 :5{* —g e |(AqtBa) | (20)

§
- zl cos(2¢)(A_q — B_q)

1Dy

Dq = (sin(¢)F_q — cos($) E_q)

Q
1

SQ =5J2(AQ + BQ)

D} _ i2m (H+ K _ i2nH

' i Bq =1— e ) and Fg = 21 —

e’?™K  Numerical diagonalization using the procedure

outlined at the beginning of this sub-section gives the
dispersion shown in Fig. c).

where §; =
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FIG. 4: (a) Energy scan at constant Q = (1, 0, 0) for different
fields (0 T-1.2 T) applied along (0, 1, 0). Data shown in
open circle is an energy scan at Q = (1.1, 0, 0) at zero field,
which is used as non-magnetic background for energy transfer
0.5 meV < w < 2.5 meV. The data is obtained at SPINS
with a fixed energy Ef = 5 meV. (b) Field dependence of
the (1, 0, 0) magnetic Bragg peak intensity (open circle) and
intensity of the gapless mode (solid circle). Intensity of the
gapless mode is obtained by integrating the constant Q scan
at (1, 0, 0) from 0.5 meV to 1.5 meV (shaded region in (a))
after subtracting the background at (1.1, 0, 0) within the same
energy range. Intensities of the magnetic Bragg peak and the
gapless mode have been normalized with respect to the values
at 0 T and 1.2 T respectively. Solid line is the calculated (1,
0, 0) Bragg peak intensity as described in Section


https://link.aps.org/doi/10.1103/PhysRevLett.121.237201
https://link.aps.org/doi/10.1103/PhysRevLett.121.237201
https://link.aps.org/doi/10.1103/PhysRevB.76.115119
https://link.aps.org/doi/10.1103/PhysRevB.76.115119
http://stacks.iop.org/0953-8984/22/i=2/a=026006
http://stacks.iop.org/0953-8984/22/i=2/a=026006
http://www.sciencedirect.com/science/article/pii/S0304885397011499
http://www.sciencedirect.com/science/article/pii/S0304885397011499
https://link.aps.org/doi/10.1103/PhysRevLett.123.037203
https://link.aps.org/doi/10.1103/PhysRevLett.123.037203
https://doi.org/10.1038/s41524-018-0115-6
https://doi.org/10.1088%2F0953-8984%2F27%2F16%2F166002
https://doi.org/10.1088%2F0953-8984%2F27%2F16%2F166002

J3
J2

Ja

./21,/3' j4 (meV)

O = N W b U

0 1 2 3 4 5
J1 (meV)

FIG. 5: Allowed Ja, Js3 and Jy for a given J;. Thickness of
the lines denotes the range of allowed values for each param-
eter, which reflects uncertainties in the constraints used to
determine these parameters. The values of J; to Js used in
our spin wave calculation is indicated by dashed line.
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FIG. 6: Energy scan at Q =(1,0,0) at 0 T fit to a sum of
in-plane and out-of-plane magnon mode as described in the
text. Contributions of the two modes are shaded in blue and
pink, respectively.
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FIG. 7: (a) Correction to the ground state energy obtained
by summing magnon zero-point fluctuations for different di-
rection of ordered moment, ¢. An «) = 0.0074 has been used.
The peak height, A, is equal to the energy difference between
¢ = 0 (ordered moment along Z) and ¢ = 45° (ordered mo-
ment along a )(b) A as a function of the exchange anisotropy,
o) (c) Configurations of the two sub-lattice magnetizations
,Ml and Mg, at H=0, H< H. and H> H., where H. is the
critical field of the spin-flop transition. The canting between
M and M, is given by 6. _The angle between the staggered
magnetization, i = M; — M2, and the & axis is denoted by ¢.
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FIG. 8: (a,b,c) Comparison between the (a) measured INS
spectrum along (0,0,H) (same figure as Fig.[2(a)) and the cal-
culated magnon spectrum for (b) XYZ model and (c) DM+SA
model. The parameters used in (b) are: o) = 0.0074,
o) =0.013, J1 =4.7meV, J> = 1.1 meV, J3 = 0.5 meV and
Js = 0.36 meV. (c) uses the same parameters for the Heisen-
berg interactions, Ji to Js, and D; = 0.22J; for DM+SA
interactions between Cu; and Cus. The calculation is per-
formed using the SpinW package® taking into account both
a Q resolution of dQ = 0.05 A~! estimated from width of the
(1, 0, 0) Bragg peak, and an energy resolution of the form
dE = (7.2 x 107*E? — 5.4 x 1072E + 0.97) meV calculated
for Ei = 25 meV at HYSPEC. The white solid lines in (b)
and (c) are calculated magnon dispersions. The inset of (c)
shows the magnon dispersion of the DM+SA model close to
the anti-crossing. The dashed lines are calculated by setting
the DM interaction to 0 while keeping the SA term, which
removes the anti-crossing. (d,e,f) same as (a,b,c) but zoomed
into the region close to the anti-crossing.
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