
PHYSICAL REVIEW B 110, 214421 (2024)

High-field magnetic properties of the alternating ferromagnetic-antiferromagnetic
spin-chain compound Cu2(OH)3Br
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We present comprehensive high magnetic field studies of the alternating weakly coupled ferro-
antiferromagnetic (FM-AFM) spin-1/2 chain compound Cu2(OH)3Br, with the structure of the natural mineral
botallackite. Our measurements reveal a broad magnetization plateau at about half of the saturation value,
strongly suggesting that the FM chain sublattice becomes fully polarized, while the AFM chain sublattice
remains barely magnetized, in magnetic fields at least up to 50 T. We confirm a spin-reorientation transition
for magnetic fields applied in the ac∗ plane, whose angular dependence is described in the framework of the
mean-field theory. Employing high-field THz spectroscopy, we reveal a complex pattern of high-frequency
spinon-magnon bound-state excitations. On the other hand, at lower frequencies we observe two modes of
antiferromagnetic resonance, as a consequence of the long-range magnetic ordering. We demonstrate that applied
magnetic field tends to suppress the long-range magnetic ordering; the temperature-field phase diagram of the
phase transition is obtained for magnetic fields up to 14 T for three principal directions (a, b, c∗).

DOI: 10.1103/PhysRevB.110.214421

I. INTRODUCTION

Natural minerals featuring triangular motifs in S =
1/2 Cu2+ ion arrangements are attracting significant atten-
tion [1]. Prominent examples include the frustrated spin-chain
linarite [2–5], the spin-liquid candidate herbertsmithite [6–8],
the delta-chain material atacamite [9], and the three-leg ladder
system antlerite [10,11], to name a few. Since the triangular-
like geometry of magnetic correlations implies competing
interactions and the frustration [12,13], such materials often
demonstrate diverse and complex magnetic properties.

Cu2(OH)3Br (hereafter COHB) is a sister compound of
the natural mineral botallackite Cu2(OH)3Cl, which has been
recently identified as a new spin-1/2 chain quantum system
with a triangular motif of exchange couplings [14–16]. Em-
ploying inelastic neutron scattering, Zhang et al. [15] has
established the presence of alternating and weakly coupled
ferromagnetic (FM) and antiferromagnetic (AFM) chains as
the key feature of the COHB magnetic structure. Remarkably,
the neutron scattering has revealed signatures of the coexisting
two-spinon continuum and FM magnons (as well as magnon-
spinon bound states resulting from the interaction between
FM and AFM chain sublattices) [15]. It was suggested that
frustrated interactions between the chains of different types is
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the specific feature of COHB, leading to intricate ground state
and magnetic excitations.

It is worthwhile to mention that not much is known about
high-magnetic-field properties of COHB, including its mag-
netic phase diagram and the high-field spin dynamics. The
most important finding in this regards is the field-induced
spin-reorientation phase transition in the magnetically ordered
state below TN = 9.3 K, with magnetic field applied in the ac
plane and μ0Hc between approximately 4.5 and 5 T (for a
and c∗ directions) [14,17]. It was shown by the electron spin
resonance (ESR spectroscopy) that this discontinuous phase
transition is accompanied by a partial softening of a gapped
resonance mode [17]. The exact nature of the transition re-
mains an open question. In this work, employing high-field
magnetization, tunnel-diode-oscillator (TDO) susceptibility,
and ESR spectroscopy techniques, we study magnetic prop-
erties of COHB. This allows us to reveal several important
features of its high-field behavior, originating from the inter-
play between the FM and AFM chain sublattices.

II. CRYSTAL AND MAGNETIC STRUCTURE

COHB crystallizes in the monoclinic structure with space
group P21/m and lattice parameters a = 5.63 Å, b = 6.12 Å,
c = 5.72 Å, β = 93.1◦, and Z = 4 [18,19]. A schematic view
of the COHB crystal structure is shown in Fig. 1(a). There are
two types of spin chains, with sites Cu1 and Cu2, respectively.
The chains are arranged in well-separated layers in the ab
plane, running along the b direction.
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(a) (b)

FIG. 1. (a) Schematic view of the crystal structure of COHB.
Orange spheres represent the Cu2+ ions; blue, red, and grey ones
stand for O, Br, and H atoms, correspondingly. The dashed line
shows the unit cell. Cu1 ions form ferromagnetic chains, and Cu2
ions form antiferromagnetic chains. (b) Schematic view of the mag-
netic structure of COHB. The projections of the Cu spins in the
ab plane (following [15]) are indicated by arrows. Thick blue lines
denote J1 exchange interactions, thick black lines denote J2 exchange
interaction, thin solid lines denote J3 interaction, and thin dashed
lines denote J4 interaction.

Neutron diffraction in COHB below TN = 9.3 K revealed
a peculiar spin order with the propagation vector Q =
(1/2, 0, 0) [15]. It was shown that along the b axis, Cu1 spins
are aligned ferromagnetically with spins oriented nearly along
the diagonal direction in the ac plane, while Cu2 spins are
aligned antiferromagnetically with spins oriented along the a
axis [Fig. 1(b)].

As follows from Ref. [16], the intrachain exchange in-
teractions are J1/kB = −16.2 K and J2/kB = 55.7 K (for
FM and AFM chains, respectively), while the interchain ex-
change interactions are J3/kB = 9.2 K and J4/kB = 4.6 K [see
Fig. 1(b)]. These values are in line with estimates given in
Ref. [15].

III. EXPERIMENTAL

Single crystals of COHB were grown using a conventional
hydrothermal method, as described in Ref. [14]. We measured
the magnetization in DC fields up to 14 T using a vibrating
sample magnetometer (VSM) (product of Quantum Design,
Inc.). For pulsed-field magnetization measurements, we used
a coaxial pick-up coil magnetometer (PUCM), similar to
that described in Ref. [20]. We measured the high-frequency
susceptibility in DC fields up to 41.5 T using a TDO mag-
netometer [21–23]. In our ESR experiments, we employed
a THz-range spectrometer (similar to the one described in
Ref. [24]), equipped with a 16 T superconducting magnet.
We used VDI microwave-chain sources (product of Virginia
Diodes, Inc., USA) and backward wave oscillators (product
of NPP Istok, Russian Federation) to generate radiation in
the frequency range of 50 − 900 GHz. A hot-electron n-InSb
bolometer (product of QMC Instruments Ltd., UK), operated
at 4.2 K, was employed as a THz detector. For the ESR
experiments we used a probe in the Voigt geometry for H ‖ a
and b, while for H ‖ c∗ we used the Faraday geometry.
We used 2,2-diphenyl-1-picrylhydrazyl (DPPH) as a standard

FIG. 2. (a)–(c) Magnetization of COHB single crystals for mag-
netic fields applied along the a, b and c∗ directions, respectively. Blue
lines are the data, obtained at T = 2 K using VSM up to 14 T; red
lines correspond to pulsed-field magnetization data at T = 1.5 K,
obtained employing PUCM up to 55 T. The arrows mark the spin-
reorientation transition field HSR.

frequency-field marker. The crystals were oriented with ±5◦
accuracy.

IV. HIGH-FIELD MAGNETIZATION

In Fig. 2, we present magnetization results for H ‖ a, b, c∗.
For H ‖ a, c∗, we observe magnetization steps at μ0HSR �
4.9 T and 5 T, respectively. These discontinuities correspond
to the spin-reorientation transition, which was previously re-
ported by Zhao et al. [14]. No steps appear for H ‖ b. In
addition, at higher fields, we observe a broad plateau at half
of the nominal full magnetization (that would be close to one
Bohr magneton μB per Cu2+), suggesting that half of the Cu2+

ions are polarized. This effective 1/2-magnetization plateau
begins to develop around 10 − 15 T and is visible up to 55 T.
Since the mutual orientation of FM chain sublattices appears
to be defined by smaller exchange couplings J3,4/kB < 10
K, it is evident that the magnetic field drives the FM chain
sublattice to the full saturation first, leaving, on the other hand,
the AFM chain sublattice with J2/kB � 60 K only barely
magnetized in this field range.

V. MAGNETIC PHASE DIAGRAM

In Figs. 3(a)–3(c), we show the angular dependence of the
SR transition, observed in COHB below TN. As revealed from
our experiments, the spin-reorientation transition is visible
not only for H ‖ a, c∗ directions, but for a wide range of
angles in ac∗ plane. The dependence has a minimum; this field
direction corresponds to the easy-axis anisotropy direction for
spins in the FM chains sublattice [Fig. 3(d)], as determined
by neutron-diffraction measurements [15] and magnetization
angular dependence [17]. The present angular dependence
is in a good agreement with the one obtained in Ref. [17]
and their phenomenological description. For a more detailed
analysis of the HSR(θ ) we also account for interactions be-
tween the AFM and FM chain sublattices. In addition to the
Heisenberg couplings J3 and J4, we consider possible anti-
symmetric Dzyaloshinskii-Moriya (DM) interactions [25,26]
between the chains, given as ĤDM = D · [ŜCu1 × ŜCu2]. Such
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FIG. 3. (a) Relative changes of the TDO-circuit frequency for
fields applied between a (θ = 0◦) and c∗ (θ = 90◦) at 0.6 K. (b) Rel-
ative change of TDO-circuit frequency for fields applied between a
(θ = 0◦) and −c∗ (θ = −90◦) at 1.3 K. (c) Angular dependence of
HSR as determined from the TDO anomalies (circles). For compari-
son, we show the calculated Cu1 chain sublattice spin susceptibility
(colormap; see Appendix B). (d) Intrachain anisotropy axes and
zero-field spin arrangement in COHB, view along b. Small green
and red arrows are spin directions at Cu1 and Cu2 sites, respectively
(according to Ref. [15]). Green and red dashed lines show the direc-
tions of the easy axes for spins in the corresponding chains (after
Ref. [17]). The thick blue arrow represents the external magnetic
field.

interactions (D3 on J3-type bonds, and D4 on J4-type bonds)
are allowed by the symmetry of COHB, with the corre-
sponding DM vector directions following a complex pattern.
Neutron spectroscopy suggests that those contributions can
be relatively strong [15]. The DM pattern and the calculation

details are described in the Appendixes A and B. Here we
provide a brief summary. The model assumes fixed orientation
of AFM spins, while the FM spins experience a combination
of intricate mean-field and the external field. The analysis
suggests the following form of the molecular field acting on
the FM chains:

± gμBμ0Hmol = (J3 − J4, 0, − D3b − D4b). (1)

Here the D3b,4b are the components of the corresponding DM
vectors along the b axis. The sign of this molecular field is dif-
ferent for neighboring FM chains. The experimental angular
dependence of the spin-reorientation transition field is most
correctly reproduced assuming both the easy-axis direction
for spins in the FM chains and the field Hmol colaigned at
nearly 45◦ to the a axis. This is the experimentally observed
direction of Cu1 spins at zero field [15]. Figure 3(c) shows
a comparison of the mean-field model calculations with our
experimental TDO data. The calculations yield a J1 anisotropy
parameter (relative increase in interaction strength along the
preferred direction) of δ � 0.2, which is in a good agreement
with the value δ = 0.17 obtained from linear spin-wave the-
ory [15]. The mean-field model also suggests (J3 − J4)/kB �
2.5 K. In the spin-wave analysis of Ref. [15] this difference
is about 10 K. Thus, the interchain interactions appear to be
more frustrated according to the mean-field estimate. The b
components of the DM vectors on these bonds supposedly
have a similar magnitude of about |D3b + D4b|/kB � 2.5 K.
With these parameters, the FM chains also create a stag-
gered field along a on the AFM sites, providing consistent
description of the zero-field magnetic state proposed in
Ref. [15].

Now we discuss the phase diagram of COHB in fields
above HSR. In Figs. 4(a)–4(c), we show the exemplary tem-
perature dependences of the COHB magnetization for fields
applied along the a, b, and c∗ axes, respectively. The transition
into the magnetically ordered phase is well visible as a cusp
in the M(T ) curves.

In Figs. 4(d)–4(f), we present a colormap of the tempera-
ture derivative of the magnetization dM/dT in magnetic fields
H ‖ a, b, and c∗, respectively (field step is 1 T). The applied
magnetic field suppresses the long-range ordered phase. An
asymmetry of the corresponding phase boundary between c∗
and other field directions is evident from the data present in
Fig. 4. This is a very unusual and important observation. It is
known that in the presence of staggered terms (such as the DM
interactions) the application of magnetic field can result in in-
tricate effective staggered fields [27], affecting interchain spin
correlations and thus varying Hc. Such an effect was observed,
e.g., in the spin-chain system CuCl2 · 2[(CD3)2SO] [28]. It is
likely that similar effects are responsible for the pronounced
anisotropy observed in COHB as well.

VI. MAGNETIC EXCITATIONS

In Figs. 5(a)–5(c) we present frequency-field diagrams of
magnetic excitations in COHB for H ‖ a, b, and c∗, respec-
tively. Corresponding examples of ESR spectra are shown
in Figs. 5(d)–5(f). For these three orientations, we observed
multiple excitations at relatively high frequencies (labeled
as FA1,2, FB1,2,3, and FC1 for H ‖ a, b, and c∗, respectively).
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FIG. 4. (a)–(c) Examples of temperature dependencies of the field-normalized magnetization M/H of COHB at 2, 6, 10, and 14 T in
magnetic fields H ‖ a, b, and c∗, respectively. The arrows indicate anomalies, related to the long-range ordering. The data are offset for clarity.
(d)–(f) Colormap of the COHB magnetization derivative with respect to temperature, dM/dT , with the magnetic fields applied along a, b, and
c∗, respectively. The magnetic field step is 1 T. Black dashed lines mark the spin-reorientation transition field.

The excitation frequencies of these resonances decrease with
the applied magnetic field in a nearly linear fashion. Lin-
ear extrapolations of the frequency-field dependences of
these excitations to H = 0 yield 1 THz to 1.2 THz, which
agrees with the energy range (4 − 5 meV) for spinon-magnon
bound states at the � point revealed by neutron-scattering
experiments [15].

Since COHB undergoes a transition into a magnetically
ordered state at TN = 9.3 K, below this temperature one
would expect the presence of at least two relativistic modes
of antiferromagnetic resonance (AFMR). We indeed observed
these pseudo-Goldstone modes (low-energy modes M1 and
M2). Both AFMR modes are gapped (�1 = 130 ± 5 GHz and
�2 = 300 ± 10 GHz at T = 1.5 K, respectively), suggesting
the presence of biaxial magnetic anisotropy in COHB. Our ob-
servation expands the previous low-frequency results of Xiao
et al. [17], where only the M1 and M3 modes were observed.
The low-frequency AFMR mode M1 exhibits partial softening
at HSR, similar as observed for a conventional spin-flop tran-
sition in collinear easy-axis antiferromagnets [29]. Above the
spin-reorientation transition field, we observe AFMR modes
M3 and M4 (the latter visible only for H ‖ c∗).

In addition to the F-labeled multiplets and M-labeled
AFMR modes, we observed a broad and relatively intense
mode labeled P with the linear frequency-field dependence
[Figs. 5(a) and 5(c)]. This mode appears at frequencies,
somewhat higher than the ones of the AFMR modes. The
coexistence of AFMR excitations and the mode P in the

high-field range can be associated with spinon deconfinement
observed in some quasi-one-dimensional quantum antiferro-
magnets [30–33]. This scenario is possible in COHB, since
moderate magnetic fields significantly suppress magnetic
order and, thus, enhance the quantum effects [see phase di-
agrams in Figs. 4(d)–4(f)].

The M and F modes show evidence of intricate interac-
tions, depending on the direction of the magnetic field. In
magnetic fields of about 13 –14 T applied along the a axis
signatures of the avoided crossing appear. For H ‖ b, above
about 12 T, there is evidence for spin-wave damping upon
interaction with the multiplet. At high magnetic fields, we also
observe a number of weak resonances, labeled with crosses in
Fig. 5. Their origin remains an open question.

The correlation of the M modes parameters to the magnetic
ordering is corroborated by the temperature dependence of
the ESR signal. Figure 6(a) shows the temperature and field
dependence of the ESR signal corresponding to mode M1

(H ‖ b at 133 GHz), and Fig. 6(b) of the ESR signal corre-
sponding to mode M2 (H ‖ c∗ at 304.9 GHz). Both modes
demonstrate a rapid crossover to the paramagnetic resonance
(with g ∼ 2.26 and 2.03, correspondingly) upon warming.
For mode M1 this can be examined in more detail, since its
frequency-field dependence follows a law (at least up to 5 T),
typical for AFMR [34]:

ν1 =
√

�2
1 + (gμ0μBHres/h)2, (2)
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FIG. 5. (a)–(c) Frequency-field diagrams of the ESR excitations in COHB for H ‖ a, b, and c∗, respectively (T = 1.5 K). Modes M
correspond to AFMR (red circles), while modes F correpond to magnon-spinon bound state excitations (blue circles). The modes P correspond
to broad resonances at high fields, that is likely related to spinon deconfinement (purple circles). Crosses denote weaker unclassified resonances.
(d)–(f) Selected examples of ESR spectra for H ‖ a, b, and c∗, respectively. The dashed lines mark the spin-reorientation field HSR.

where h is the Planck constant. The temperature dependence
of ESR field and linewidth at 133 GHz, and the corresponding
gap value �1(T ) are shown in Fig. 7. The resonance field de-
creases rapidly upon cooling below TN, while the line becomes
significantly narrower in the ordered phase. In contrast, at high
temperatures, and especially near TN the line is very broad.

On the other hand, the F modes, resulting from bound
states of spinons and magnons [15], show a largely different
temperature dependence, as shown in Fig. 6(c) for H ‖ b at
790 GHz. Without any significant change in the respective po-
sition, the FB resonances just loose the intensity and disappear.
The same behavior was observed for the weaker satellite lines.
All these lines become invisible at temperatures, correspond-
ing to the energy scale of interchain coupling J3/kB ∼ TN.

VII. SUMMARY

In summary, we performed systematic high-field magneti-
zation and ESR studies of the alternating FM-AFM spin-1/2

chain compound Cu2(OH)3Br. We observed a magnetization
plateau with the magnetic moment close to one-half of the
saturation value. This suggests the full polarization of the
FM chain sublattice, while the large AFM exchange coupling
keeps the AFM chain sublattice only weakly magnetized. We
measured the angular dependence of the spin-reorientation
transition, evidencing that the spin reorientation occurs within
the FM chain sublattice.

Our ESR experiments indicate a very rich excitation spec-
trum in COHB. In addition to the high-energy multiplet
(originating from magnon-spinon interactions) we observed
two modes of antiferromagnetic resonance, a consequence of
the long-range magnetic ordering below TN = 9.3 K.

On the other hand, we observed a collapse of the magnet-
ically ordered phase in applied magnetic field. We measured
the H − T phase diagram for three principal magnetic field di-
rections, revealing the anisotropic nature of the order-disorder
phase boundaries. These findings urge for careful account-
ing of possible small-term components of the COHB spin
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(a) (b) (c)

FIG. 6. THz radiation transmittance vs field and temperature for ν = 133 GHz and H ‖ b (a), ν = 304.9 GHz and H ‖ c∗ (b), as well as for
ν = 790 GHz and H ‖ b (c). Arrows indicate the zero-field Néel temperature, vertical dashed lines show the paramagnetic resonance position
above this temperature, and the vertical dotted line marks the HSR field. The transmittance is normalized to the respective value far away from
the resonance field. Note the logarithmic temperature scale.

Hamiltonian, including the Dzyaloshinskii-Moriya compo-
nents of the interchain couplings.

Note added. Recently, we became aware of the work of
Reinold et al. [35], who studied the phase diagram of COHB
for magnetic fields applied along the chain direction and ob-
served a field-induced collapse of the magnetic order with
TN = 9.3 K. This finding is in line with our results.
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APPENDIX A: INTERCHAIN DZYALOSHINSKII-MORIYA
INTERACTIONS IN COHB

In Fig. 8(a) we present the pattern of the possible inter-
chain DM interactions in COHB (the symmetry analysis was
performed with the help of SpinW package [36]). The bonds J3

and J4 host the DM interactions D3 and D4 correspondingly.
The symmetry of COHB allows all components of the DM
vector on these bonds. Both, D3 and D4, exist in two variants,
differing by the sign of the a and c components (we always
assume the bonds being “directed” from the Cu1 sites towards

the Cu2 sites):

D3 = (D3a,−D3b, D3c),

D′
3 = (−D3a,−D3b,−D3c),

D4 = (D4a, D4b, D4c),

D′
4 = (−D4a, D4b,−D4c). (A1)

(a)

(b)

FIG. 7. (a) Temperature dependence of the ESR field (blue, right
axis) at 133 GHz, H ‖ b, and of the corresponding gap �1 (red, left
axis) extracted from the data according to Eq. (2). (b) ESR linewidth
at 133 GHz, H ‖ b. Dotted line marks the Néel temperature TN.
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(a) (b)

FIG. 8. (a) Mean-field theory scheme for the Cu1 sites in the FM chain subsystem. The red arrows show the directions of the spins in the
AFM chains. Blue and black bars represent ferromagnetic J1 and antiferromagnetic J2 couplings, respectively. Interchain interactions J3 and J4

are denoted by the black and gray line segments; arrows are the DM vectors. (b) Details of the mean-field model geometry in ac∗ projection
(see the text for angle definitions).

APPENDIX B: MEAN-FIELD MODEL FOR SPIN
REORIENTATION IN COHB

We consider the influence of the AFM chain sublattice on
the FM chains. Let us start with writing down the interactions
acting on the Cu1 site I in the FM chain, as illustrated in
Fig. 8(a). The corresponding spin Hamiltonian is

ĤI = Ĥintrachain + J3ŜI · (Ŝ1 + Ŝ4) + J4ŜI · (Ŝ2 + Ŝ3)

− D3 · [ŜI × (Ŝ1 + Ŝ4)] − D′
4 · [ŜI × (Ŝ2 + Ŝ3)].

(B1)

We replace the spin operators related to the AFM Cu2 ions
with the corresponding expectation values:

〈Ŝ1〉 = 〈Ŝ4〉 =
⎛
⎝

−S
0
0

⎞
⎠, 〈Ŝ2〉 = 〈Ŝ3〉 =

⎛
⎝

S
0
0

⎞
⎠.

The combination of the strong J2 exchange and its easy-axis
anisotropy (a as preferred direction) completely fixes the
staggered arrangement of the Cu2 spins. Possible effects of
the magnetic field on these spins are neglected, as we are
considering the small-field limit only. The resulting version
of the Hamiltonian (B1) reads as

ĤI = Ĥintrachain − ŜI ·
⎛
⎝

2S
0
0

⎞
⎠(J3 − J4)

+ ŜI ·
⎛
⎝

2S
0
0

⎞
⎠ × (D3 − D′

4). (B2)

The last two terms are equivalent to the effective molecular
field:

gμBμ0Hmol
I = 2S

⎛
⎝

J3 − J4

−D3c − D4c

−D3b − D4b

⎞
⎠. (B3)

This is the effective field experienced by Cu1 on site I of
the FM chain. The molecular field at site II is obtained by
replacing D3 → D′

3 and D′
4 → D4 [as follows from the bond

scheme in Fig. 8(a)]:

gμBμ0Hmol
II = 2S

⎛
⎝

J3 − J4

D3c + D4c

−D4b − D3b

⎞
⎠. (B4)

Thus, the effective molecular field experienced by the Cu1
spins in the FM chains consists of a uniform component in the
ac plane and staggered component along b. Between neigh-
boring FM chains these fields would be given by replacing
S → −S. Since there is no reports of a staggered spin compo-
nent within the FM chains, we will assume the Dc components
to be negligible. This leaves only the uniform part of Hmol,
with the sign alternating between neighboring FM chains.
This leads to the Cu1 spin arrangement as proposed for the
zero-field structure [15].

The intrachain Hamiltonian from Eq. (B1) can be
written as

Ĥintrachain =
∑

α,β=x,y,z

2Jαβ

1 Ŝα
I · 〈

Ŝβ

II

〉
. (B5)

Here, 〈ŜII〉 is the spin expectation value for site I’s neighbors
within the chain. Thus, the full Hamiltonian of a single Cu1
spin is

ĤI =
∑
α,β

2Jαβ

1 Ŝα
I · 〈

Ŝβ

II

〉 − gμBμ0(H ± Hmol)ŜI. (B6)

Here, the ± sign of the interchain molecular field refers to
neighboring chains.

Let us assume that the local anisotropy axis of the FM
chain lies within the ac plane, at an angle ψ with respect to
the a direction of the crystal. We select this direction as x, b as
y, and complement it with the orthogonal direction z. In this
reference frame, the J1 tensor is

Jαβ

1 = J1

⎛
⎝

1 + δ 0 0
0 1 0
0 0 1

⎞
⎠, (B7)

and the effective interchain field is

Hmol = Hmol

⎛
⎝

cos (ψ − ξ )
0

− sin (ψ − ξ )

⎞
⎠. (B8)
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Here, tan ξ = (−D3b − D4b)/(J3 − J4) is the effective
field angle, resulting from the interplay of the DM
interactions and symmetric exchange, and Hmol =
2S(gμBμ0)−1

√
(J3 − J4)2 + (D3b + D4b)2 is the corre-

sponding molecular field magnitude. Let the external field be
aligned at an angle θ to the a axis in the ac plane, written as

H = H

⎛
⎝

cos (ψ − θ )
0

− sin (ψ − θ )

⎞
⎠ (B9)

in the xyz reference frame. Finally, the spin operators in the
semiclassical approximation are

ŜI,II = 〈ŜI,II〉 = S

⎛
⎝

cos ϕ

0
sin ϕ

⎞
⎠, (B10)

with the angle ϕ characterizing the possible tilt away from the
anisotropy axis x. Thus, the Hamiltonian (B6) corresponds to
the energy:

E±(ϕ) = − 2J1S2 − 2J1S2δ cos2 ϕ

± gμBμ0HmolS cos (ϕ + ψ − ξ )

− gμBμ0HS cos(ψ + ϕ − θ ), (B11)

with different Hmol sign for neighboring chains.
We consider independent ϕ angles for neighboring chains,

ϕ+ and ϕ−, respectively. Then, the full energy we need to
minimize is

E (ϕ+, ϕ−) = E+(ϕ+) + E−(ϕ−). (B12)

This energy can be minimized for a given external field and a
set of intrinsic parameters 2J1δ, Hmol, ψ , and ξ . Thus, we can
determine the optimal spin configuration in the FM chains and
obtain the magnetization curve for the Cu1 chain sublattice.
In Fig. 5(c) of the main text we show the experimentally
measured HSR field as function of orientation, overlayed with
the spin susceptibility in the Cu1 chain sublattice, which is
−d2E/dH2 derivative of the energy Eq. (B12) at optimal
values of angles ϕ+, ϕ−.

For a good agreement with the COHB data, both angles
ψ and ξ need to be close to 45◦. The minimum in HSR(θ ) is
located at θ � ψ . Thus, the experimentally found minimum
at 45◦ determines the orientation of the intrachain anisotropy
axis. The angle ξ (and, hence, strength of the DM interac-
tion) has a more subtle effect. A molecular field pointing
away from the intrachain anisotropy axis direction keeps the
critical-field minimum near θ = ψ , but makes the HSR(θ )
dependence asymmetric with respect to this angle. Hence,
only ξ � 45◦ (and, consequently, nearly equal contributions
from Heisenberg and DM interactions) allows a good agree-
ment with the nearly symmetric angular dependence obtained
experimentally.

We find that experimental HSR(θ ) is best fit with the effec-
tive parameters 2S2|J1|δ/kB � 3.2 K and gμBμ0Hmol/kB �
3.5 K, with both ξ � ψ � 45◦. This is consistent with
J1/kB = −30 K and δ = 0.17 from linear spin-wave the-
ory [15]. The difference (J3 − J4)/kB is roughly the same
as sum |D3b + D4b|/kB, both of them being about 2.5 K.
The sign of D3b + D4b should be negative; then the di-
rection of the molecular field would fully align with
the direction of the anisotropy axis at J1 bond. Re-
versely, the staggered molecular field experienced by the
spins in the AFM chain would be strictly along a in
that case.
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