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SUPPLEMENTARY NOTE 1: CRYSTAL
STRUCTURE

CoCl, - 2H,0 has a monoclinic unit cell and belongs
to the space group C2/m (#12) with lattice parameters
a=7256Ab=8575A, c=3554 A and g = 97.6° [1].
There are two Co™ ™ sites per unit cell: at (0,0,0) and
(%, %, ), with identical surroundings and the Co-ions
form chains along the c-axis. The crystal structure of
CoCl, - 2H,0 is shown in Supplementary Figure 1. The
single crystals of CoCl, -2 D,0 were prepared at the In-
stitute of Chemistry at the University of Copenhagen
and were grown from a D,O-solution by slow evapora-
tion at 70 °C. Deuterated crystal water is used in order to
minimise the incoherent neutron background that would
otherwise be significant in the case of CoCl, - 2H,0. The
two systems have the same symmetry group and similar
lattice parameters [2].

SUPPLEMENTARY NOTE 2: MAGNETIC
EXCHANGE CONSTANTS IN COCL,-2D,0O

The ground state of the free Co**-ion is *F (L = 3
and S = 3/2), derived from the electronic configuration
3d" [3]. However, every Co®" sits in a distorted octahe-
dral coordination of four chloride and two oxygen atoms
and the strong crystal field combined with the spin orbit
coupling splits the ground state into six Kramers dou-
blets. The energy difference between the two lowest lying
doublets is 18.8 meV and the following excited doublet
lies around 100 meV above the ground state [3, 4]. Ne-
glecting all other states than the ground state doublet of
the Co** ions, the magnetic properties of CoCl,-2D,0
can be described within an effective S = 1/2 Ising-like
anisotropic exchange model [5, 6].

The dominant interactions in CoCl, -2 D,0O are ferro-
magnetic and couple nearest neighbour spins lying on
chains along the c-axis. Weaker inter-chain interactions
give rise to an antiferromagnetic ordering of the chains

FIG. 1. The monoclinic crystal structure of CoCl,-2H,0
(# 12). The colour code of the elements: Cobalt atoms are
blue, Chloride atoms are green, Oxygen atoms are red and
Hydrogen atoms are grey. The crystal structure drawings
was generated using the VESTA program [13].

below Ty = 17.2 K. The easy axis corresponds to the
crystallographic b-axis. The main exchange couplings of
CoCl, -2D,0 were earlier determined by some of us [4]
using a mean field/random phase approximation. The
strength of the isotropic exchange couplings within the
S = 3/2 model are listed in Supplementary Table T and
are shown together with the crystal lattice in Supplemen-
tary Figure 2.

TABLE I. The isotropic exchange parameters of CoCl, - 2 D,0O
in the L = 3, S = 3/2 basis and in units of meV [4].
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(meV)| 0.66 -0.08  -0.045 -0.085 -0.025




FIG. 2. (top) The main exchange paths in CoCl, - 2 D50, with
the strongest interactions being the coupling Jy, giving rise to
ferromagnetic coupled chains running along the ¢ axis. The
blue and red arrows represent the antiferromagnetic structure.
(bottom) The coordinate system used in this work, showing
the z and y directions which corresponds to the Co—Cl bond
directions, and the easy and hard axes of magnetisation, re-
spectively [7]. The crystal structure drawings was generated
using the VESTA program [13].

The isotropic S = 3/2 exchange couplings J; ; listed
in Supplementary Table I can be related to the effective
S = 1/2 model with anisotropic exchange couplings by

the expression:
e\ 2
g
g5, = (;) Jij (1)

where ¢ = z, y or z and the total effective g¢-factor along
the (-axis is the sum of the orbital and spin g-factors:
q° = g% + gg, that are cited in Supplementary Table II.
The resulting exchange couplings in the S = 1/2 are
given in Supplementary Table III. The anisotropy of the
Hamiltonian is characterised by the parameters:
T Yy
g?vj H R 4 3 (2)
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TABLE II. The effective g factors [4].

‘ T Y z
gL 0.692 0.062 1.775
gs 2.817 1.879 4.827
g 3.509 1.941 6.602

TABLE III. The interchain exchange parameters of
CoCl, -2D,0 in the S = 1/2 basis and in units of meV [4].

¢ ‘ T Y z a 1
36 (meV) 1.309 0.583 3.844 0.182 0.473
HEf (meV) -0.159  -0.071 -0.466  -0.022  -0.057
Hf (meV) -0.089  -0.040  -0.262 -0.012  -0.032
If (meV) -0.169  -0.075  -0.495 -0.023  -0.061
g (meV) -0.050  -0.022  -0.146  -0.007  -0.018

SUPPLEMENTARY NOTE 3: CALCULATION OF
(5%)

The polarisation of the chains, (S?), is field dependent
and even at 9 T we do not have a complete polarisa-
tion of the chains at 22 K. Using the before mentioned
RPA/MF method we have calculated (S#) shown in Sup-
plementary Figure 3 as a function of applied magnetic
field. The magnetic field experienced at each chain when
an external magnetic field H? is applied is given by:

het = g pppoH? + (401 + 4J7 + 2J2)(g5/2)*(S%). (4)
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FIG. 3. (S*)/S as a function of applied field calculated at

22 K for the S = 1/2 model using 6 spins per cluster.



SUPPLEMENTARY NOTE 4: INELASTIC
NEUTRON SCATTERING CROSS SECTION

In a neutron scattering experiment, the number of neu-
trons detected in the solid angle d2 and energy interval
dEy is proportional to the double differential scattering
cross section:

Lo ke m@l@rsqe  6)
dQdE; ko ° 2 ’
2
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Here k; (k) is the neutron initial (final) wave vector, 7 is
the gyromagnetic ratio of the neutron and ry = e2/mc?
is the classical electron radius, e 2"(?) is the Debye-
Waller factor and f(Q) the magnetic form factor. For
small values of @, the magnetic form factor is close to
unity and falls of smoothly for large values of @ [8]. In
all our calculations f(@) has been set to 1.

For the coordinate system depicted in Supplementary
Figure 2 the longitudinal and transverse contributions to
the dynamical correlation function at Q = (0,0,Q1) can
be written as:

SHQL,w) =(97)%9**(QL,w), (7)
SH(Qr,w) =0.65(¢%)25""(QL, w)
+0.35(g¥)*5¥¥ (QL, w). (8)

SUPPLEMENTARY NOTE 5: ADDITIONAL
ENERGY LEVEL DIAGRAMS FOR
INTERMEDIATE MAGNETIC FIELDS

In Supplementary Figure 4 we show energy level di-
agrams for field values in between poH = 0 T and
woH = 3.9 T, which have been shown in Figure 1 of
the main text. These calculations are as well made for
a single chain of CoCl,-2D,0 [9], which implies that
in the presence of inter-chain couplings the value of the
external magnetic field should be adjusted according to
Supplementary Eq. 4.
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FIG. 4. Additional cluster energy level diagrams. Calculated
cluster eigenenergies for (a) uoH = 0.5 T, (b) poH = 1.0 T
and (¢) woH = 2.1 T. The parameters used are the same as
in Figure 1 of the main text: J*/J* = 0.05, HJ‘/HZ = 0.12,

d7 = 3.845 meV and g® = 6.602 relevant for a single chain in
COCIQ -2 DQO

SUPPLEMENTARY NOTE 6: THE ZERO-FIELD
SCATTERING IN COCL,-2D,0

In zero field, there are two types of low energy exci-
tations from the FM ground state: a) spin waves are
single spin flips generated by H |, and have a dispersion
Eswp = 37 — 23° cos(p); where J° = g+ (1 + (9%/3+)?)
and where p is the wave-vector (or momentum); and
b) domain walls, which are boundaries between spin-up
and spin-down regions. The domain walls can prop-
agate through H,, giving them an overall energy of



E, = 3%/2 —23J%cos(2p1), with the wave-vector p; (or
momentum).

With just an infinitesimal applied field along z, the
state with one single domain wall becomes too costly
in energy due to the macroscopically large number of
spins pointing against the field. Instead, the domain wall
states are replaced by cluster states, which are bound
states of two domain walls, as sketched in the main text,
Figure 1(e). Here, the number of overturned spins is fi-
nite, and their Zeeman energy can (for now) be neglected.
Combining the energies and momenta of the two domain
walls, we write F = E1+ FEs, p = p1+p2, and k = p; —po.
With these definitions the energy of a spin cluster exci-
tation can be written

E, = 3% —43% cos(k) cos(p) (9)

where p € [0,27] is the overall momentum of the spin
cluster excitation and k is an internal index, the relative
momentum of the two domain walls, which takes values
in [0, 7] for clusters with both an even and odd number
of overturned spins.

Inelastic neutron scattering can not probe the transi-
tion between the ground state and a cluster state, due to
the neutron selection rule AS = 0, +1, which allows only
to go from the ground state to a spin wave state. How-
ever, neutrons can scatter a thermally occupied cluster
(spin wave) state into another cluster (spin wave) state.

The matrix element for the scattering of a neutron with
momentum transfer ¢ off a cluster state (p, k) into an-
other cluster state (p/,k’) is maximal when p’ = p+ ¢
and for the four cases k' = &k & ¢. This holds for both
transverse(S®*) and longitudinal(S?#?) scattering. The
energy change for the first of these processes is

AE = Epigk+q — Ep = 43% sin(q) sin(q + p + k). (10)

This energy change for a fixed ¢ is maximal when sin(q+
p+k) = 1, thus the range of energy transfers is restricted
to AE < |4J,sin(q)|. Taking the derivative of AE with
respect to u we get:

OAE
ou

‘ = |49% sin(q) cos(q + u)|

= V@3 sin(q)? — (AER, (1)

which implies that the density of scattering states will
contain the factor:

g(w)

1
V(43 5in(q))? — w?

that diverges as an inverse square root at the upper
boundary where w = |4J%sin(q)| for ¢ # 0,7. For ¢ =0
or ¢ = 7 the divergence is more dramatic as it then goes
as 1/w. The other three scattering processes give the
same result for the density of states. The effects due to
the thermal occupation can be estimated using the fact

(12)

that the biggest contributions come from the lowest ly-
ing occupied states which have p = 0 and £ = 0 and
p = m,k = m. Neutrons with momentum transfer ¢ will
scatter from these states with an energy transfer:

AFE = 43%sin*(q), (13)

which means that the thermal occupation favours scat-
tering into states with a slightly lower energy transfer
than the maximum 47J%sin(q). This difference is again
largest close to ¢ = 0 and ¢ = 7. This is the ferromag-
netic equivalent of the Villain mode in an antiferromag-
netic Ising chains [10], since a ferromagnetic Ising chain
can be mapped onto its antiferromagnetic counterpart by
rotating every second spin 180° around the z-axis and re-
placing J* with J*. The antiferromagnetic Villain mode
has been observed experimentally e.g. in the Co-based
systems CsCoCl; and CsCoBrj [11, 12].

Neutrons with momentum transfer ¢ can also scat-
ter from a spin wave with momentum p into another
spin wave with momentum p + ¢. Such a process only
yields non-zero contributions to the longitudinal scatter-
ing channel, S**(q,w), and leads to an energy difference

AE = Egy,ptq — Eow,p = 43°sin(q/2) sin(q/2 + p) (14)

which implies that the possible neutron energy transfers
are restricted to AE < |47%sin(¢/2)|. A similar com-
putation to the one for cluster states gives a scattering
density of states

1
A 7Ty pyys e (15)
which diverges near the upper boundary w =

143 sin(a/2)].

In a longitudinal magnetic field the spin wave disper-
sion is lifted a constant amount proportional to the field,
and for strong enough fields J° — J+. Thus the only
change t0 gsw(w) in a magnetic field is the reduction of
J* — 3+

SUPPLEMENTARY NOTE 7: ADDITIONAL
DETAILS ON THE INELASTIC NEUTRON
SCATTERING EXPERIMENT

The principle behind our inelastic neutron scattering
experiment is displayed in Supplementary Figure 5, The
initial energy FE; and initial wave vector k; of the neu-
tron is selected with a monochromator crystal by Bragg
scattering by the angle 26,; , then the sample scatters
the beam by the angle 205 and finally the analyser de-
termines the final energy F; and ks by Bragg scattering
by an angle 26 4, in the same way as the monochromator.
The inelastic neutron scattering measurements were car-
ried out at the MACS cold-neutron spectrometer at the
NIST Center for Neutron Research [14] and at the cold
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FIG. 5. A schematic drawing of an inelastic neutron scatter-
ing experiment using a 3-axis spectrometer, showing the three
scattering angles, 26,7, 205 and 2604.

triple-axis spectrometer ThALES at the Institut Laue-
Langevin [15]. For both experiments, the sample con-
sisted of two single crystals of CoCl,-2D,0O that were
mounted on an aluminum sample holder and aligned in
the (H,0,L) plane. This sample was mounted in a verti-
cal cryomagnet allowing for longitudinal magnetic fields
along the (0,K,0)-direction.

The layout of the MACS instrument, while being based
on this principle, is more elaborate. The scattered
beam was analysed by a 20 channel detection system
equipped with double-bounce pyrolytic graphite analyser
crystals [14] with a fixed final energy of Ey = 3.0 meV.
A Be filter was placed before the monochromator and a
BeO filter after the sample. The maximum energy trans-
fer was determined by the difference between the final en-
ergy of 3.0 meV and the upper energy cutoff at 5.2 meV
of the Be-filter in the incident beam. The sample ori-
entation with respect to the incident beam was fixed in
all measurements. For each energy transfer, S(Q,w) was
probed for several orientations of the detection system.
In Supplementary Figure 6 the detector trajectories in
the (H,0,L) plane is shown for selected energy transfers.
The background contribution from the empty cryomag-
net was measured using the same configuration and sub-
tracted from the signal obtained with the sample.

The additional measurements at the ThALES spec-
trometer were carried out using a pyrolytic graphite
monochromator and a pyrolytic graphite analyser. The
final energy of the spectrometer was kept fixed at
4.98 meV (ky = 1.55 A=1). A velocity selector was used
in the incoming beam as a filter for second order neu-
trons of the monochromator and a Be-filter was placed
in-between the sample and the analyser.

In the data analysis, an effective background model
was used to describe both the incoherent scattering and
a field-dependent contribution from the edge of the spin
wave continuum, shown in Figure 5 of the main text,
using the expression:

Ipc = Ay xexp(—hw/A2) + C, (16)
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FIG. 6. The MACS detector trajectories for our experimental
configuration: ag = 45° and Ey = 3.0 meV for selected energy
transfers.

where the constants As and C were assumed to be the
same for all scans. In Supplementary Table IV the pa-
rameters for different values of magnetic field are listed.

TABLE IV. Parameters of the effective background for both
the MACS and ThALES data.

instrument| poH (T)] A; (au.) Az (au) C (au)
MACS 6.0 147+ 5 0.20 3.46
MACS 7.0 138 +£5 0.20 3.46
MACS 8.0 122 £5 0.20 3.46
MACS 9.0 124 +5 0.20 3.46
ThALES 7.0 1120 £+ 40 0.20 26.0
ThALES 8.0 1150 + 40 0.20 26.0
ThALES 9.0 1190 £ 40 0.20 26.0
ThALES 10.0 1220 + 120 0.20 26.0
ThALES 11.0 1170 + 120 0.20 26.0
ThALES 12.0 1290 £ 40 0.20 26.0
ThALES 13.5 1290 + 120 0.20 26.0

SUPPLEMENTARY NOTE 8: DATA FROM THE
NEUTRON EXPERIMENTS

As a supplement to the MACS data shown in Figure 2
of the main text, an inelastic neutron scattering intensity
map as a function of energy and momentum transfer is
shown in Supplementary Figure 7 for a magnetic field of
6 T.

The additional excitation spectra at @ = (0,0,1) is
shown in Supplementary Figs. 8 and 9 for the different
values of magnetic fields. The results of the fits to each
of these scans are shown in Figure 6 of the main text.

Supplementary Table V summaries the fitted position
(hw3y), amplitude and width (FWHM) of the MBO peak.

The second excitation seen in Supplementary Fig-
ure 9(a),(b),(e) and (f) around 4.5 meV, can be ascribed



to a spin wave excitation of the ferromagnetic chains. In
Supplementary Figure 10 the intensity of the ferromag-
netic spin wave excitation is shown at temperatures 1.5 K
and 22 K. A significant softening of the spin wave mode
is seen as the temperature is raised above T at zero
field [17], a change in FWHM from 0.32 meV to 1.19 meV
and at 22 K the excitation can be interpreted as a para-
magnon. It seems evident that a thermal broadening of
the spin wave mode would also imply a broadening of the
MBO-excitations.
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FIG. 7. Inelastic neutron scattering intensity. Data collected
at 22 K and 6 T at the MACS spectrometer.
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FIG. 8. (a)-(d) Neutron scattering intensity for magnetic
fields of 7 T and 9 T, respectively and at 22 K measured
at MACS, averaged over the momentum range L = 0.9 — 1.0
r.lu. Panels (a)-(b) show excitation spectra together with
the fit to the data (solid red lines) and background (dashed
red lines) described in the main text and the shaded blue
area to their difference - the MBO signal. Black arrows are
the predicted effective Bloch energies, hwp, given by Eq. (7)
of the main text. Panels (c)-(d) show excitation spectra to-
gether with the RPA calculations of the spectra (solid green
line) and the RPA calculations with a Gaussian convolution
(dashed orange line) as described in the main text.

Supplementary Figure 11 shows the intensity of the
MBO signal obtained from the fits shown in Figure 5 of
the main text. The signal intensity is predicted to be

proportional to W
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FIG. 9. (a)-(h) Neutron scattering intensity for magnetic
fields of 7 T, 8 T, 11 T and 13.5 T, respectively and at 22 K
measured at ThALES [16]. Panels (a)-(d) show excitation
spectra together with the fit to the data (solid red lines) and
background (dashed red lines) described in the main text and
the shaded blue area to their difference - the MBO signal.
Black arrows are the predicted effective Bloch energies, hwy,
given by Eq. (7) of the main text. Panels (e)-(h) show excita-
tion spectra together with the RPA calculations of the spectra
(solid green line) and the RPA calculations with a Gaussian
convolution (dashed orange line) as described in the main
text. In panels (a),(b),(e) and (f) the paramagnon excitation
is visible above 3 meV.



TABLE V. The fitted parameters of the MBO signal.

Integrated intensity (a. u.)
w ~

=4

(a)

(2]

o

IS

N

6 6.5

7 7.5 8 8.5 9 9.5
Magnetic field (T)

instrument | po H (T) |fiwys (meV) Amp (a.u.) FWHM (meV)
MACS 6.0 1.56 £0.04 4.4+0.4 1.11+£0.11
MACS 7.0 1.72£0.05 45+£04 1.06 £0.12
MACS 8.0 1.77+£0.03 51+0.4 0.78 £0.08
MACS 9.0 1.96 £0.06 3.5+0.4 0.71£0.14
ThALES 7.0 1.474+0.07 11.6+09 1.40£0.17
ThALES 8.0 1.80£0.04 114409 1.08+£0.10
ThALES 9.0 2.15+0.05 9.8£0.9 1.13£0.12
ThALES 10.0 [2.65+0.06 9.6+0.8 1.39 £0.14
ThALES 11.0 [3.15+£0.08 7.84+0.8 1.68 £0.19
ThALES 12.0 [3.23+£0.06 11.24+09 1.20£0.11
ThALES 13.5 [3.46+£0.05 10.6+0.9 1.274+0.12
200 f
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o
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FIG. 10. Neutron scattering intensity at the temperatures
1.5 K (blue circles) and 22 K (red circles) and at a magnetic
field of 8 T. Solid lines are gaussian fits to the peaks. The
dashed red line shows the RPA calculations convoluted with
a gaussian function using the same parameters as in the main
text. The blue and red arrows corresponds to the energy
ferromagnetic spin wave excitation as predicted by the RPA
calculations at 1.5 K and 22 K, respectively. Data taken at
ThALES [16].
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