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Coupled frustrated ferromagnetic and antiferromagnetic quantum spin chains in the
quasi-one-dimensional mineral antlerite, Cu3SO,(OH),
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Magnetic frustration, the competition among exchange interactions, often leads to novel magnetic
ground states with unique physical properties which can hinge on details of interactions that are
otherwise difficult to observe. Such states are particularly interesting when it is possible to tune the
balance among the interactions to access multiple types of magnetic order. We present antlerite,
Cu3zSO4(OH)4, as a potential platform for tuning frustration. The low-temperature magnetic state of
its three-leg zigzag ladders is a quasi-one-dimensional analog of the magnetic state recently proposed
to exhibit spinon-magnon mixing in botallackite. Density functional theory calculations indicate
that antlerite’s magnetic ground state is exquisitely sensitive to fine details of the atomic positions,
with each chain independently on the cusp of a phase transition, indicating an excellent potential

for tunability.

Magnetic frustration, wherein the exchange energy
cannot be simultaneously minimized on all individual
bonds in the spin system, leads to a wide array of novel
magnetic phases [1-3]. The ground state can be selected
by a delicate balance of interactions, while the cancella-
tion of stronger interactions can bring weaker interactions
to the fore, allowing the observation of effects that would
ordinarily be hidden or negligible [4]. Magnetic frustra-
tion can be achieved either geometrically, where spins
populate a lattice whose spatial arrangement forces the
interactions to compete, or through longer-range interac-
tions which compete with shorter-range interactions [5—
7). A reduction in dimensionality can also assist in
destabilizing conventional magnetic order, by reducing
the number of exchange pathways that lower its energy.
The richest physics is expected where the energy scales of
the interactions and the competition among them either
prevent the system from finding a unique ground state,
or make multiple spin configurations nearly degenerate,
such that the material may be readily tuned among sev-
eral exotic states. This can be particularly interesting
in quantum spin systems, materials with effective Spin—%
moments, where quantum fluctuations also play a signif-
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icant role.

Divalent Cu materials offer a particularly attractive
playground for frustration, since a strong tendency to-
ward Jahn-Teller distortions breaks orbital degeneracy,
leading to a half-filled band, in which strong on-site in-
teractions drive localization and favor .S :% antiferromag-
netism. A wide variety of Cu sublattices are realized in
natural minerals, predominantly composed of distorted
Cu triangular motifs [8], offering a rich playground for
frustrated quantum spin physics. As one very recent ex-
ample, the interaction of spinons and magnons was re-
ported for the first time in botallackite Cug(OH)3Br [9].
Here a distorted-triangular Cu plane can be understood
as alternating ferro- and antiferromagnetic (AFM) 1D
chains with weaker interchain interactions. The magnetic
ground state in botallackite, shown in Fig. 1(e), has now
been explained through a combination of first-principles
calculations based on density functional theory (DFT),
linear spin-wave theory, and exact diagonalization [10],
and related systems are now being explored theoretically
as the spin model is generalized [11].

The natural mineral antlerite, CuzSO4(OH)y, is a
three-leg ladder compound in which zigzag bonds be-
tween the central and side legs form triangles of Cu?*
ions [12] — its copper sublattice is depicted in Fig. 1(b).
Such triangular-lattice ladders have been studied far
less than their square-lattice analogues[13], despite the
opportunity for strong frustration. Previous neutron


mailto:o.janson@ifw-dresden.de
mailto:dmytro.inosov@tu-dresden.de
mailto:darren.peets@tu-dresden.de

VRS

=
[/ F]

1
LT
pula

\I
e ¢

4 4 . . 4 : : r r
i - Observed : gbls»erlv?dd 1 1(h) 122 K)- (5.9 K)+const
D o  T=59K — Calculated | 3F — Lacuate B D1B . - Observed D7
£ 3 | Cuy(OH), SO } SUOMS01 31 . pserved "o Non dle-spin” 17
= | CugOs 2t | Maanaetic peaks _ Calculated 02}F | — ‘dle-spin .
2 2F — Difference 5 — Difirence | 2f | Magneticpeaks | [ j N
KA 1r l -| | — Difference S| I fa
g | ]+ S T=15K
=1 A i A . . 81005 ; : s S
2 | OF i {0 Ry g 1 : ittt |
[}
§ 0r I “\ NInnll w \H“\ ”HM ’I I HIINHNI ‘I\IIHI\ “IHHIHHI |’\‘HHIII‘HH\H ’I‘\‘\IHIIQ\ N o o TR T T 0 _W ]
e Pt et
10 30 50 70 90 110 130 10 30 50 70 90 110 1301 5 9 13 17
26 (deg) 20 (deg) d-spacing (A)

FIG. 1. (a) Crystal structure of CugSO4(OD)4 from single-crystal x-ray diffraction at 30 K and 5.9-K neutron powder diffraction.
(b) Cu sublattice viewed along the b axis. (¢) Refined magnetic ground state of antlerite. (d) Exchange interactions within a
ladder. (e) Cu sublattice [14] and spin orientations [9] in botallackite for comparison. Neutron powder refinements are shown
for (f) the paramagnetic state at 5.9K and (g) the low-temperature ground state at 2.2 K. (h) The difference between these
datasets. Inset: refinement of spin-polarized neutron diffraction data (D7) with the idle-spin and non-idle-spin magnetic models.

diffraction studies on antlerite indicated that only the togenous pressure at 180°C in a Teflon-lined stainless
outer legs of the ladder possess an ordered moment while steel autoclave, from CuSQOy - 5HyO (Alfa Aesar, 99 %)
the central leg exhibits unexplained “idle-spin” behav-  and Cu(OH)s (Alfa Aesar, 94 %) in distilled or deuter-
ior [15, 16]. However, follow-up studies have seriously  ated (Acros Organics, 99.8%D) water. Single-crystal
questioned this result. DFT calculations showed strong  x-ray diffraction data were collected from 30 to 295K
AFM coupling along the central leg of the ladder, which on a Bruker-AXS KAPPA APEX II CCD diffractome-
would be expected to induce order [17]. Then, compre- ter with graphite-monochromated Mo-K, radiation us-
hensive specific-heat and proton-NMR measurements in ing an Oxford Cryosystems N-HeliX cryostat to verify the
magnetic field [18] found a more complex magnetic phase space group symmetry and atomic positions. Weighted
diagram than previously reported [16], including a phase full-matrix least-squares refinements on F? were per-
which can only be realized if the system has at least formed with SHELX [19, 20] as implemented in WINGX
four distinct magnetic sites. The correct low-temperature ~ 2014.1[21]. To determine accurate hydrogen positions

magnetic ground state has remained elusive. and the magnetic structure, high-resolution neutron pow-

In this Letter, we report the low-temperature magnetic der diffraction was performed at D1B[22] and neutron
ground state of antlerite and model its magnetic interac- diffraction with polarization analysis using D7 [23], both
tions using DFT. It is not idle spin as previously pro- at the Insitut Laue-Langevin (ILL), Grenoble, France.
posed [15]. In a ground state strongly reminiscent of bo- Powder diffraction data were Rietveld-refined in FULL-

tallackite, the ferromagnetic (FM) outer legs of the lad- ~ PROF by the full-matrix least-squares method [24], using
der are antialigned but noncollinear, while the central leg the scattering factors from Ref. 25. The atomic positions,
is AFM with a very different spin orientation. DFT finds ~ shown in Fig. 1(a) and detailed in the Supplemental Ma-
that both inner and outer chains are on the cusp of phase  terial in Section 53, largely agree with the previously
transitions. This proximity to multiple phase transitions reported structure [12, 15], hydrogen positions excepted.
suggests a unique ability to tune a state of coupled FM The latter are now better aligned with their host oxygen
and AFM chains. We anticipate that antlerite could serve atoms along c.

as a ver.satile platform for .in.vestigating spinog—magnon Powder inelastic neutron scattering (INS) was mea-
interactions and the competition among magnetic ground  gured on the FOCUS spectrometer at the Paul Scherrer
states. Institute, Villigen, Switzerland [26], using wavelengths of

Antlerite was synthesized hydrothermally under au- 5 and 6 A, having energy resolution of 91 and 43 ueV



at the elastic line, respectively, and was modelled using
SPINW([27]. High-field magnetization of a powder sample
was measured at the Dresden High Magnetic Field Lab-
oratory (HLD), Helmholtz-Zentrum Dresden-Rossendorf
(HZDR), Germany, using a 60-T pulsed field magnet with
a rise time of 7ms and a total pulse duration of 25 ms.
The magnetization was obtained by integrating the volt-
age induced in a compensated coil system surrounding
the sample [28].

Neutron diffractograms in the paramagnetic state at
5.9 K and in the low-temperature state at 2.2 K are shown
in Figs. 1(f) and 1(g), respectively. Additional magnetic
intensity on structural Bragg peaks and new weak mag-
netic peaks were observed at low temperature, as seen
in the difference spectrum in Fig. 1(h) — the strongest
magnetic reflection, the structurally forbidden (100), is
highlighted. Our refinements of the low-temperature
ground state do not support the idle-spin model pro-
posed previously [15, 16, 29], which fails to predict sev-
eral observed magnetic peaks as shown in the inset to
Fig. 1(h). The data are instead best described by a
model with propagation vector (100) having AFM or-
der along the central (Cul) leg of the ladder and signifi-
cant canting of the other spins, as depicted in Fig. 1(c).
The ordered moments on the Cul site are 0.80(22) up
along (£0.54(17), 0, £0.59(14)), while the ordered Cu2
moments of 0.97(5) up lie along (0, £0.38(5), +0.89(9))
and are ferromagnetically aligned along each side leg. As
found previously, the side legs are mutually antialigned.
Accounting for g factors of 2.1-2.3 from ESR[30] (also
see Supplemental Material in Section S5) and magneti-
zation [16], this indicates that Cu2 is nearly fully ordered,
while a reduced Cul moment may arise from the quan-
tum fluctuations expected for S = %, from frustration,
or from the low number of interactions present in this
low-dimensional material. Our refined ground state re-
sembles the “AF6” state calculated in Ref. [17] but with
significant additional canting.

To determine the microscopic magnetic model of
antlerite, we performed density-functional-theory (DFT)
band-structure calculations using the full-potential local-
orbital code FPLO v. 18[31]. We employed a scalar-
relativistic treatment within the generalized gradient ap-
proximation (GGA) for the exchange and correlation po-
tential [32]. For the structural input, we used our newly
refined low-temperature unit cell parameters and atomic
coordinates, which are described alongside further details
of our calculations in the Supplemental Material below.

In a nonmagnetic GGA calculation, antlerite features
a spurious metallic ground state due to the underestima-
tion of Coulomb repulsion among the Cu 3d electrons. An
eight-band manifold crossing the Fermi level is due to the
antibonding combination of Cu 3d,>_,2 and O 2p, states.
We mapped these states onto an effective one-orbital
model which is parameterized by projecting the respec-
tive GGA bands onto a Wannier basis of Cu 3d,2_,»
states. The parameters of the effective one-orbital model
are hopping integrals ¢;; that describe virtual electron

TABLE I. Leading hopping (¢;;, in meV) and exchange (J;;, in
K) integrals in antlerite based on our refined structure. Pos-
itive exchanges are AFM. The respective intersite distances
dcu-cu are given in A.

Label dCquu tij Jz

Ji 2980 93 —26
Jo 3.053 73 —11
Js  3.240 101
Js 3.151 103
Js  3.018 167 48
Je 6.034 56 25
J¢ 6.034 18 6
Jr  6.391 26
Jr  5.634 30

Type of exchange

} first-neighbor in outer legs

1? } couple central and outer legs

first-neighbor in central leg
second-neighbor in central leg
second-neighbor in outer legs

- (1) } couple outer legs

transfer between Cu sites ¢ and j. Nine ¢;; terms ex-
ceeding the threshold of 15 meV are provided in Table I,
where we adopt the notation from Refs. 15-17. In agree-
ment with the previous works, we find that antlerite is
a quasi-one-dimensional (1D) magnet, with sizable hop-
ping interactions confined to the three-leg ladders [33].

To estimate the respective exchange integrals, we dou-
bled the unit cell in the b direction and constructed 64 in-
equivalent magnetic configurations, whose total energies
were calculated on a 2x2x2 k-mesh within the GGA+U
approximation. To describe interaction effects in the
3d shell of Cu, we used the onsite Coulomb repulsion
U =8.5¢eV, the onsite Hund exchange J=1¢eV, and the
fully localized limit for the double counting correction.
The resulting total energies are mapped onto a classical
Heisenberg model, whose model parameters—the mag-
netic exchange integrals J;; in Table I-—are evaluated by
a least-squares solution (see Supplemental Material in
Section S6).

While both the crystal and electronic structure of
antlerite are shaped by ladders, the backbone of its spin
model is the legs, which are coupled by relatively weak J3
and Jy exchanges. The central leg hosts competing AFM
exhanges J5 and Jg operating, respectively, between first
and second neighbors. In contrast, the side legs feature
alternating first-neighbor FM exchanges J; and Jo and
a weaker AFM exchange J§ between second neighbors
the relevance of which, to the best of our knowledge, has
not been discussed previously. Finally, while two rele-
vant hoppings connect the side legs, only J; gives rise
to a small AFM exchange. Our microscopic magnetic
model is fundamentally different from the phenomeno-
logical model of Ref. 15 and qualitatively similar to the
band-structure-based model of Ref. 17. Despite this qual-
itative similarity, the ratios such as Jg/J5 and J3/J5, as
well as the absolute values of the exchanges, differ sig-
nificantly, possibly because of the different choice of U,
different code, or a high sensitivity of antlerite to pertur-
bations.

We start the discussion of the low-temperature mag-
netic ground state by considering a simplified spin model



of decoupled legs (J3 = Jy = 0). Here, the central leg
would have a helical ground state in the classical model
and a gapped phase in the quantum S = % case. The side
legs would form helices, but in the vicinity of the fully
polarized (ferromagnetic) phase; both states are quasi-
classical with minor quantum corrections.

When we reinstate the interleg exchanges Js, Jy, and
J7, the consequent leverage has a drastic impact on the
magnetism. At the classical level, a noncollinear state
with the central leg twisted into a helix and fully polar-
ized side legs has slightly lower energy than the collinear
state which corresponds to the experimental (100) propa-
gation vector. This disagreement may arise from inaccu-
racies in the exchange integrals, as a collinear state adi-
abatically connected to the (noncollinear) experimental
ground state is found only ~1.5K higher in energy than
the helical state, well within the uncertainty of DFT.
Such a small energy difference suggests an exquisite sen-
sitivity to the ratios of the exchange interactions, which
would imply that the competition between collinear and
helical states can be manipulated by perturbations such
as chemical substitution, pressure, or magnetic field.

To determine the ground state of the quantum
model, we performed density-matrix renormalization
group (DMRG) simulations using an open cluster of 40x 3
spins. The resulting spin correlations indicate a non-
collinear state in which central as well as side legs are
twisted into a helix. Similar to the classical model, other
states have comparable energies. For instance, the en-
hancement of |J;| and |J2| and the reduction of J} readily
stabilize the correct ground state [34]. More details on
the energy balance of the competing phases are provided
in the Supplemental Material below.

To gain further confidence in the exchange parame-
ters, we computed the longitudinal magnetization (S%)
by DMRG on a 36 x 3 finite lattice and compared it with
the experimental magnetization curve. While the field
dependence of the magnetization for the parameter set
from Table I is too steep [Fig. 2(a)], an effective descrip-
tion based on a modified set of parameters (J; = —25.2,
Jo = —16.8, J3 = 14.7, J4 = 6.3, J5 = 42.0, Jg = 10.5,
Jig = 1.7, and J; = 6.7K, also see the Supplemental
Material below) yields excellent agreement [Fig. 2(b)].
With the data at hand, we conclude that antlerite em-
bodies a delicate balance of frustrated interactions oper-
ating within the central and side legs as well as connect-
ing them into a ladder. Furthermore, by applying small
perturbations, the appearance of fascinating phenomena
caused by competition/collaboration between the Hal-
dane physics and order-by-disorder mechanism is highly
likely.

Finally, we comment on the magnetic state above the
plateau-like feature at M/Mg; = 2/3, which is not a
plateau so much as a gradual upturn. This means that
quantum fluctuations are strong, and the central leg may
no longer be AFM ordered, likely due to a loss of stabiliz-
ing interactions with the now-polarized side legs, which
would also act to screen it from the neighboring ladders.

side leg
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FIG. 2. Comparison of the magnetization curve measured
on Cu3zSO4(OH)4 powder at 1.4 K (blue) against the DMRG
simulation of the spin model (red). (a) Exchanges from Ta-
ble I based on our refined crystal structure result in abrupt
polarization of the side legs. (b) A modified parameter set
(see text) improves the agreement. A g factor of 2.18 taken
from ESR (Fig. S7) was used for scaling B.

This would render the central leg as an essentially ideal
1D Heisenberg spin system, and we speculate that this
phase may be a new type of field-induced Tomonaga-
Luttinger liquid. Detailed study of the high-field region
would be extremely valuable.

Powder INS spectra collected at 1.5 and 6.0K to val-
idate the model parameters are shown in Figs. 3(a,b).
Peaks in the magnetic intensity at energies of ~0.6 and
0.8 meV may correlate to the narrow band and the bot-
tom of the upper magnon band in Fig. 3(d), calculated
based on the exchange parameters in Table I. This in-
tensity vanishes for higher momentum transfer @ and
higher temperatures [Fig. 3(c)] as expected for a mag-
netic signal, and appears to disperse to a minimum near
the propagation vector (black arrows). The calculated
exchange parameters can evidently describe the key fea-
tures of the spectrum, aside from an overall scale factor
that is likely associated with the uncertainties of DFT,
supporting the ratios among our J parameters.

The low-temperature magnetic state of CusSO4(OH)4
contains all the essential ingredients found in botallack-
ite: a low-dimensional Cu?t spin system with mutu-
ally antialigned FM legs, separated by an AFM leg with
a spin orientation tilted by a significant angle relative
to the FM spin orientation, linked through a distorted-
triangular motif. This suggests that antlerite may also
realize the spinon-magnon mixing recently proposed in
botallackite [9] and thus far reported in no other ma-
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FIG. 3. Powder INS spectra of deuterated antlerite. Intensity maps at (a) 1.5 and (b) 6.0K. (c) Temperature dependence of
the intensity, averaged over the ) range identified by bars in (a,b); the 6-A data were rescaled to match the 5-A data at high
energies. (d) Simulated spectra based on parameters in Tab. I; main panel is powder-averaged.

terials. The key difference is that in botallackite these
legs alternate in a two-dimensional sheet, whereas in
antlerite they form quasi-one-dimensional three-leg lad-
ders with very weak interladder coupling. In antlerite,
we find that the magnetic ground state is on the cusp of
several other potential ground states, which are closely
spaced in energy, suggesting that the magnetic ground
state may be readily tuned, for instance by applied field,
strain, or chemical substitution. In fact, when we first
calculated the magnetic ground state starting from the
atomic positions reported in Ref. 15, we obtained an up-
up-down-down magnetic ground state distinct from those
discussed here. Since the reported structure differs from
ours chiefly in interladder hydrogen positions irrelevant
to the intrachain interactions, this is further evidence of
an extreme sensitivity to perturbations. Besides idle-spin
cycloidal order reported upon isoelectronic substitution
of S by Se[35], which could perhaps be revisited in light
of the non-idle-spin magnetism found here, a cascade of
phase transitions have been reported with temperature
and in applied magnetic fields [16, 18], to which we now
add the high-field plateau.

The distorted triangular lattice motifs found in Cu-
based minerals have already revealed a number of inter-
esting exotic magnetic phases, and antlerite stands to
serve as an excellent platform for exploring their wealth

of physics. The interchain exchanges in CuzSO4(OH)y
give rise to a model with a rich phase diagram that should
be readily explored experimentally thanks to the advan-
tageous energy scales.
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S1. SUPPLEMENTAL MATERIAL

This Supplemental Material provides further details on
experimental procedures, structure refinements, density
functional theory (DFT) calculations, and density-matrix
renormalization group (DMRG) simulations. CIF files
for our refined crystal and magnetic structures are pro-
vided as ancillary files.

S2. FURTHER EXPERIMENTAL DETAILS

Neutron powder diffraction data were collected at
D1B, ILL, Grenoble, France from 1 to 129° in steps
of 0.1° using neutrons with a calibrated wavelength
A = 2.528605 A, selected with a highly-oriented pyrolytic
graphite [002] monochromator; instrumental broadening
was determined from the refinement of a NasCazAloF 4
standard, while wavelengths were refined using Si. Para-
sitic diffraction peaks from the sample environment were
eliminated by a radial oscillating collimator. To more
clearly resolve the difference between idle- and non-idle-
spin ground states, additional neutron diffraction data
with polarization analysis, shown in the inset to Fig. 1(h)
in the main text, were collected on the D7 diffractometer
at the ILL, Grenoble, France, at 1.5 K using a neutron
wavelength of 4.8707 A.

Three-dimensional x-ray data were integrated and cor-
rected for Lorentz, polarization and background effects
using Bruker’s APEX3 software [38]. Lattice parameters
from our 5.9-K powder neutron diffraction data were used
for the 30-K x-ray refinement due to higher reliability.
The x-ray atomic positions of all atoms other than hydro-
gen were then used as the basis for neutron powder refine-
ments to determine the hydrogen positions, which were
then introduced into the x-ray refinement as fixed pa-
rameters, in an iterative process. All neutron data were
collected on deuterated samples (~95 % deuteration), to
avoid the enormous incoherent cross-section of 'H. X-ray
techniques are sensitive to electron density, which in the
case of hydrogen is minimal and shifted relative to the
nucleus, so a direct comparison of H positions from x-
ray diffraction with D positions from neutron diffraction
would not be meaningful.

Magnetization data collected down to 1.8 K on a Quan-
tum Design Magnetic Properties Measurement System
(MPMS3-VSM) magnetometer (not shown) and specific
heat data measured down to 0.35 K using the heat capac-
ity and helium-3 options on a Quantum Design Physical
Properties Measurement System (PPMS-DynaCool) are
consistent with the phase diagram proposed in Ref. 18 in-
sofar as there are no transitions observed below 2.8 K in
low field (see Fig. S4). These data give us confidence that
our magnetic diffraction experiments at 1.5 and 2.2K
were performed in the ground state phase. The lack of
an electronic contribution to the specific heat at low tem-
peratures, together with antlerite being transparent and
green, lead us to conclude that it is an insulator.
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FIG. S4. (a) Low-temperature specific heat cp and (b) cp/T
of CuzSO4(OH)4. The dashed lines denote temperatures at
which magnetic diffraction was performed. No transitions are
observed near or below these temperatures, indicating that
we have probed the low-temperature magnetic ground state.

To obtain the g-factor, high-field electron spin reso-
nance (ESR) measurements were performed employing
a transmission-type ESR spectrometer similar to that
described in Ref. 39, in magnetic fields up to 16 T ap-
plied along the a axis. Measurements were done at a
frequency of 356 GHz, using a VDI microwave-chain ra-
diation source (Virginia Diodes, Inc., USA). An InSb hot-
electron bolometer (QMC Instruments Ltd., UK) was
used to record the spectra. The accuracy of the esti-
mation of ESR fields and linewidths is better than +2%.

TABLE SII. Details of the refinement of the crystal structure
of antlerite based on our neutron powder diffraction data at
5.9 K and single-crystal x-ray diffraction data at 30 K. These
results are also described in Antlerite NPD_5p9K.cif (neu-
tron) Antlerite XRD_30K.cif (x-ray).

Parameter Value

Space group Pnma (No. 62)
a 8.2097(5) A

b 6.0337(5) A

c 11.9527(10) A
1% 592.08(7) A3

Z 4

Density 4.0226(5) g/cm?
Reflections (neutron) 181

Reflections (x-ray) 6795

Unique reflections (x-ray) 1070

Unique reflections I > 20 (x-ray) 874

hkl range probed (x-ray) —12<h <11,
—7<k<LS8,
-17<I< 17

F(000) (x-ray) 684

R (neutron) 3.63%

wR (neutron) 4.64 %

R on reflections I > 20 (x-ray) 2.56 %

wR on reflections T > 20 (x-ray) 6.43%
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FIG. S5. X-ray crystal structure refinements. Comparison of the observed and calculated structure factors in our (a) 30-K and
(b) 100-K single-crystal x-ray refinements, indicating excellent agreement. Reciprocal space maps are shown of the (c) (0kl)

and (d) (h0l) planes at 100 K.

S3. STRUCTURE REFINEMENTS

Key details of our refinement of the crystal structure
of deuterated antlerite based on neutron powder diffrac-
tion data at 5.9K and single-crystal x-ray diffraction
data at 30 K are summarized in Table SII, and Crys-
tallographic Information Files (CIF) are also provided as
part of the Supplementary Material. The refined atomic
positions are reported in Table SIII, and anisotropic ther-
mal parameters in Table SIV. The deuteration refined
to 95.54(14) %D and 4.46(14) %H. Figure S5 shows se-
lected results from these refinements. Reciprocal space
maps of the (0kl) and (hOl) planes at 100K, shown in
Figs. S5(c) and S5(d), respectively, show sharp spots,
indicating good crystal quality. Plots of the observed
vs. calculated structure factors F2, and F2,, shown in

calc calc?

Figs. S5(a) and S5(b) for 30 and 100 K, respectively, in-

TABLE SIII. Refined atomic positions in synthetic antlerite
based on our x-ray diffraction data at 30 K and our neutron
powder diffraction data at 5.9 K, corresponding to the struc-
ture shown in Fig. 1 in the main text. Wy is the Wyckoff
position. Cu, S, and O were refined with anisotropic thermal
parameters, which are reported in Table SIV; for these sites
an equivalent Uequiv is presented for U. The neutron sample
was deuterated; the deuteration refined to 95.54(14) %D and
4.46(14) %H.

Site Wy T Y z U
Cul 4c¢ 0.00465(11) 0.25 0.00134(8) 0.0035(2)
Cu2 8d 0.29002(5) 0.00302(10) 0.12598(3) 0.00353(17)
S 4c 0.13130(16) 0.25 0.36417(11) 0.0034(5)
01 4c¢ 0.2631(5) 0.25 0.2820(3)  0.0057(18)
02 4c 0.1997(5) 0.25 0.4779(4)  0.0061(18)
03 8d 0.0319(3) 0.0464(4) 0.3482(2) 0.0054(12)
04 4c 0.2812(6) 0.25 0.0250(4)  0.0051(19)
05 4c¢ 0.7010(6) 0.25 0.7779(4)  0.0059(18)
06 8d 0.0469(3) 0.5064(6) 0.1022(2)  0.0048(10)
D1  4c¢ 0.3588(9) 0.25 0.9675(7)  0.00582
D2 4c¢ 0.2875(12) 0.25 0.7699(7)  0.02649
D3 84 05121(8) 0.0110(12) 0.6721(4)  0.02802

dicate the excellent quality of the refinements.

Our x-ray refinement at 100 K is summarized in Ta-
bles SV, SVI, and SVII. With the obvious exception of
the hydrogen sites, all atomic positions are well within
the uncertainty of the values refined at lower tempera-
ture, but they are more precise at 100 K due to more
comprehensive coverage of reciprocal space. This gives us
additional confidence in the reliability of the data at low
temperature, and excludes significant structural changes
between 100K and the magnetic transitions. Without
neutron data at a comparable temperature it was pos-
sible to refine the positions of H1 and H3, but not H2.
The sensitivity of x-rays to electrons, rather than the nu-
cleus, shifts these positions closer to their nearest oxygen
atom than in the neutron refinements, but they remain a
plausible ~0.8 A away. Hydrogen positions derived from
neutron data are expected to more accurately represent
the position of HT — neutrons scatter off the nucleus,
while x-rays scatter off charge density, which in the case
of H is both extremely sparse and shifted toward the
nearest anion. Therefore, x-ray-derived H positions are
typically shifted by ~0.1 A, consistent with our results.

Our refined hydrogen positions are compared with
those reported in Ref. 15 in Fig. S6. We find sites that
are more symmetrically located relative to the host oxy-
gen atoms. This may be due to the higher temperature
in the previous report. The earlier data were collected at
room temperature — at lower temperatures the hydro-
gen atoms may sit closer to the bottom of their potential
well, expected to be asymmetric, while refined atomic
positions become significantly more precise on cooling as
thermal motion freezes out.

S4. MAGNETIC STRUCTURE REFINEMENT

The magnetic irreducible representation was deter-
mined using SARAH [40] to be I'y and the propagation
vector was identified using K_SEARCH, part of the FULL-
PROF Suite [? ]. The magnetic space group is Pn'm’a’
(number 62.449). Refined magnetic moments for our low-
temperature magnetic structure based on data collected
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TABLE SIV. Refined anisotropic thermal parameters in synthetic antlerite based on our x-ray diffraction data at 30 K.

Site Ui Usa U33 Uiz U13 U23
Cul 0.0044(2)  0.0020(2)  0.0040(2) 0.0 —0.00118(20) 0.0
Cu2 0.00323(16) 0.00259(17) 0.00479(17) —0.0001(2) —0.00089(15) 0.0006(2)
S 0.0029(5) 0.0035(5)  0.0039(5) 0.0 0.0002(5) 0.0

O1 0.0049(18) 0.0060(18) 0.0063(18) 0.0 0.0032(15) 0.0

02 0.0073(19) 0.0059(18) 0.0049(18) 0.0 —0.0007(16) 0.0

03 0.0040(11) 0.0034(13) 0.0087(11) —0.0008(9)  0.0004(10) —0.0001(9)
04 0.0052(18) 0.0047(18) 0.0054(19) 0.0 0.0014(17) 0.0

05 0.0065(19) 0.0055(18) 0.0056(18) 0.0 0.0015(16) 0.0

O6 0.0045(10) 0.0059(11) 0.0040(10) —0.0002(13) —0.0002(9) —0.0008(13)

at 2.2 K at D1B are provided in Table SVIII. A magnetic
CIF describing these results, Antlerite 2p2K mag.mcif,
is provided as part of these Supplementary Materials.

S5. ELECTRON SPIN RESONANCE

Examples of ESR spectra are shown in Fig. S7(c). The
measurements revealed a relatively broad resonance line.
The value g = 2.18 measured at a temperature of 70K
[Fig. S7(a)] was used for calculation of the high-field
magnetization. With decreasing temperature, the ESR
lineshape exhibits a significant narrowing [Fig. S7(b)],
suggesting exchange interactions along the antiferromag-
netic (AFM) chains as the main cause [41]. We note that
the temperature dependence of the linewidth is char-
acteristic of antiferromagnetic S = % Heisenberg spin
chains [41].

TABLE SV. Details of the refinement of the crystal struc-
ture of antlerite based on our single-crystal x-ray diffrac-
tion data at 100K. These results are also described in
Antlerite XRD_100K.cif.

Value
Pnma (No. 62)

Parameter

Space group

S6. DFT CALCULATIONS

A. Band structure

The nonmagnetic band structure was calculated for the
experimental crystal structure of antlerite on a k-mesh of
9x12x 6 points. The underestimation of electronic corre-
lations in GGA gives rise to a metallic solution signalled
by the bands which cross the Fermi level, see Fig. S8.
Antlerite is transparent and green, and there is no evi-
dence for an electronic contribution to the specific heat,
consistent with strongly insulating behavior, so we con-
clude that this metallic band structure is spurious, most
likely due to strong electron correlations. An inability
to deal with strong correlations is a general shortcoming
of band structure calculation techniques, which is com-
monly addressed by adding the Hubbard U by hand [42].

By inspecting atomic and orbital characters of the re-
spective bands at the Fermi level, we find that they cor-

TABLE SVI. Refined atomic positions in synthetic antlerite
based on our x-ray diffraction data at 100 K. Wy is the Wyck-
off position. Cu, S, and some O sites were refined with
anisotropic thermal parameters, which are reported in Ta-
ble SVII; for these sites an equivalent Uecquiv is presented for
U. As expected for an x-ray refinement, hydrogen positions
are closer to their nearest oxygen atoms than the positions
derived from neutron data. It was not possible to refine the
H2 position.

a 8.2267(12) A

b 6.0457(9) A

c 11.9741(18) A

1% 595.55(15) A3

Z 4

Density 3.9562(10) g/cm?

Reflections 15998

Unique reflections 1544

Unique reflections I > 20 1210

hkl range probed (x-ray) —13<h <13,
~10< k<9,
-19<1<19

F(000) (x-ray) 684

R on reflections I > 20 (x-ray) 2.36%

wR on reflections I > 20 (x-ray) 4.45%

Site Wy T y z U
Cul 4c 0.00465(4) 0.25 0.00133(3) 0.00355(7)
Cu2  8d 0.29003(2) 0.00300(4) 0.12598(2) 0.00362(6)
S 4c 0.13126(7) 0.25 0.36416(5) 0.00329(10)
01 4c 0.2635(2) 0.25 0.28210(14) 0.0060(3)
02 4c 0.1994(2) 0.25 0.47802(15) 0.0060(3)
03 8d 0.03205(15) 0.0469(2) 0.34816(11) 0.0055(2)
04 4c 0.2816(2) 0.25 0.02488(15) 0.0048(3)
05 4c 0.7014(2) 0.25 0.77753(14) 0.0054(3)
06 8d 0.04683(15) 0.5064(2) 0.10239(10) 0.0049(2)
H1/D1 4c¢ 0.355(6) 0.25 0.981(4) 0.037(13)
H2/D2 4c — — — —
H3/D3 8d 0.504(4) 0.016(6) 0.662(4) 0.051(12)
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TABLE SVII. Refined anisotropic thermal parameters in synthetic antlerite based on our x-ray diffraction data at 100 K.

Site Ui Usa U33 Uiz U13 U23
Cul 0.00449(12) 0.00212(12) 0.00405(11) 0.0 —0.00115(9) 0.0

Cu2 0.00332(9) 0.00275(9) 0.00478(9)  0.00062(7) —0.00086(6) —0.00012(8)
S 0.0027(2) 0.0033(2)  0.0039(2) 0.0 0.00040(19) 0.0

O1 0.0049(8) 0.0067(8) 0.0063(7) 0.0 0.0030(6) 0.0

02 0.0084(8)  0.0052(8)  0.0044(7) 0.0 —0.0019(6) 0.0

03 0.0045(5)  0.0043(6)  0.0077(5) 0.0001(4)  0.0005(4)  —0.0012(4)
04 0.0054(8)  0.0037(8)  0.0052(7) 0.0 0.0005(6) 0.0

05 0.0077(8)  0.0034(8)  0.0051(7) 0.0 0.0001(6) 0.0

06 0.0048(5) 0.0059(5)  0.0040(4) —0.0004(5) —0.0003(4)  0.0000(5)

TABLE SVIII. Refined magnetic moments in antlerite in the
magnetic space group Pn'm’a’ (number 62.449) from data
collected on the D1B diffractometer at 2.2 K.

Component Moment (ug)

Cul M,  +0.54(17)
Cul M, 0.0

Cul M.  40.59(14)
Cu2 M, 0.0

Cu2 M,  +0.38(5)
Cu2 M.  +0.89(9)

respond to the antibonding combination of Cu d2_,»
and O p, orbitals. The dp, hybridization allows us to
introduce an effective one-orbital model which captures
the low-energy physics of antlerite. To this end, we con-
structed Cu-centered Wannier functions, using dg2_ 2 as
the initial projector, following the procedure described
in Ref. [43]. Consequently, we obtain a Hamiltonian de-

FIG. S6. View of our refined crystal structure along the a
axis, where the hydrogen positions from Ref. [15] are shown
in gray for comparison.

scribed in the basis of Wannier functions. A Fourier
transform of this Hamiltonian leads to excellent agree-
ment with the GGA bands, as seen in Fig. S8. The Wan-
nier Hamiltonian contains hopping integrals that under-
pin our spin models, and the excellent quality of its band
structure fit demonstrates that it captures the essential
physics of the full GGA result.

B. Exchange couplings

Exchange integrals were obtained by a least-squares
solution of a redundant system of linear equations pa-
rameterized by GGA+U total energies using Coulomb
repulsion Uy values of 7.5, 8.5, and 9.5eV. For each Uy,
64 magnetic configurations were considered. The fully
localized limit was chosen for the double counting correc-
tion. The energies obtained from GGA+U calculations
(Eprr) and from fitting the model parameterized with
exchange integrals (Eg¢) is shown in Fig. S9. Results are
summarized in Table SIX. The Weiss temperature O
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FIG. S7. Temperature dependence of the (a) resonance field
and (b) ESR linewidth, taken at a frequency of 356 GHz with
magnetic field applied along the a axis. (c¢) Corresponding
examples of ESR spectra.
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FIG. S8. The GGA band structure (gray) of antlerite and
Fourier transform of the Wannier Hamiltonian (red). The
Fermi level is at zero energy.

was calculated as a weighted sum of all exchanges nor-
malized for S= %; the weights equal the multiplicities of
the respective exchanges.

S7. GROUND-STATE CALCULATIONS

A. Parameter dependence of the magnetic
structure

Antlerite, CuzSO4(OH)y, is a quasi-1D material, and
its magnetic properties may be well described by a three-
leg S = 1/2 Heisenberg zigzag ladder modified by ad-
ditional further-neighbor interactions. While the ex-
perimentally observed noncollinearity hints at the rele-
vance of anisotropic exchanges, a numerical estimation

200+
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0 . . . .
0 50 100 150 200
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FIG. S9. Scatter plot of calculated (Eprt) and fitted (Fay)
energies for 64 spin-polarized states for Uy = 7.5eV. Since the
calculated and fitted energies both contain large non-magnetic
contributions, we subtract the minimal energy from both.
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TABLE SIX. Values of magnetic exchanges and the Weiss
temperature Ow as a function of the Coulomb repulsion Uy
employed in our GGA+U calculations. See main text for the
notation of the magnetic exchanges. Values are in kelvins.

Ug 7.5eV  85eV 9.5eV
J1 —22.7  —26.3 —28.7
J2 —10.8 —11.3 —11.6
Js  12.1 8.6 5.8
Js 159 10.6 6.7

Js 741 48.0 26.9
Je  28.7 24.5 20.6

Ji 7.3 6.1 5.1
Jr 1.3 1.1 1.0
Jr0.2 0.1 0.1
Ow 23.3 14.2 7.1

of anisotropic terms requires noncollinear full-relativistic
calculations that are computationally too expensive. We
also note that such terms are typically too small to fun-
damentally change the nature of the ground state. A full
estimation of the anisotropic components would be an
interesting avenue for future research. To study the pa-
rameter dependence of the magnetic structure we calcu-
lated the static structure factor using the density-matrix
renormalization group method with a 40 x 3 open clus-
ter. We identified four possible magnetic phases in the
realistic parameter region for CuzSO4(OH)4 deduced by
the DFT calculations. This is a consequence of a del-
icate balance of frustrated interactions in this system.
The four phases can be explained by a combination of
two possible states in each of the legs: the central leg
exhibits either AFM order or an incommensurate spiral
(IC) state, while the side legs are either ferromagnetic
(FM) or in an IC state. Schematic representations of the
four states are shown in Fig. S10(a-d).

Magnetic diffraction data indicate that CuzSO4(OH)y
is in the FM-AFM-FM state at low temperature, where
we use the notation X-Y-X to denote outer legs in state
X and the central leg in state Y. The DFT parameter set
gives an IC-AFM-IC state for Uy < 8.35eV and an 1C-
IC-IC state for Uy > 8.35eV. Nevertheless, as mentioned
in the main text, the experimental FM-AFM-FM ground
state can be readily reproduced after a small modifica-
tion of the DFT parameters. For example, an IC state
on the side leg is driven, roughly speaking, by a com-
petition between the second-neighbor AFM interaction
J§ and first-neighbor FM interactions J; and J;. One
may naively expect that FM order of the side leg can be
achieved by reducing J§ or by increasing Ji, Jo. We thus
investigated the ground state as a function of J§, Ji, and
Ja. For convenience, the original J} and (Jy, J3) are re-
placed by aJ§ and S(Ji, J2), respectively, while the other
DFT parameters for a given Uy are left unchanged.

Let us first consider adjusting only J§ by changing a.
The Ui—« phase diagram keeping J; and Jo unchanged,
ie., B =1, is shown in Fig. S10(e). We can see that
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FIG. S10. (a-d) Schematic representations of possible mag-
netic ground states in the parameter region of CugSO4(OH)4
deduced by DFT calculations. (e) a—Ug phase diagram with
B = 1. (f) p—Uq phase diagram with « = 1. (g) a—p3
phase diagram. Red cross denotes the DFT parameter set
for Uy = 8.5eV. See also text.

FM order of the side legs is achieved for any plausi-
ble Uy when « is below ~ 0.6. Similarly, as shown in
Fig. S10(f), FM order is obtained on the side legs when
B is increased without unchanging J§ — i.e., for a = 1.
Starting with the DFT parameters at U; = 8.5eV, the
experimental FM-AFM-FM state is realized at o < 0.67
in Fig. S10(e) or at 8 2 1.55 in Fig. S10(f). Although
these modifications may seem large, the experimental
FM-AFM-FM state can be reproduced by, to cite one
example, only a 20% reduction of J} and a simultaneous
20% enhancement of J; and J, from the DFT param-
eters (Uy = 8.5eV). Furthermore, any reduction of Jg,
enhancement of J;, or increase of |J3 — Jy| would also
act to stabilize the FM-AFM-FM state. It is possible to
realize the experimental FM-AFM-FM state with only
several-% modifications of the DFT parameters when all
of the DFT parameters are tuned.

Additionally, it is instructive to consider the decou-
pled limit of the legs. In this limit, the FM critical point
of the side leg is exactly obtained because the quantum
fluctuations completely vanish at this point. For a leg
with alternating FM interactions gJ;, 8J2 and second-
neighbor AFM interaction aJ§, the critical point is ob-
tained via [44]

/
ofg P (S1)
ﬂJl Q(Jl + JQ)
This relation is plotted as dashed blue lines in Fig. S10(e—
g), where we can see that it closely tracks the phase
boundaries involving a transition of the side legs from 1C
to FM order. This may indicate that the decoupled-leg
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FIG. S11. (a) Experimental magnetization curve at 1.4K
on Cu3zSO4(OH)4 powder compared to those calculated by
DMRG with the DFT parameter set (Us = 8.5€V) and a
modified parameter set: J; = —25.2, Jo = —16.8, J3 = 14.7,
Ji = 6.3, J5 = 42.0, J¢ = 10.5, Jg = 1.7, and Jr = 6.7K. (b)
J7-dependence of the magnetization curve with fixed J; =
J2 = —0.2(]57 J3 = 0.3J5, J4 = 0.1.]5, and JG = Jé =0. (C)
|J3 — Js|-dependence of the magnetization curve with fixed
Ji=J2=-02J5, Js = Jsg =0, J; =0.

limit gives a good approximation for the FM instability
of the side legs. However, a more interesting finding is
that a direct transition from the IC-IC-IC to FM-AFM-
FM states occurs around Uy = 8.5eV. In other words, the
central leg is antiferromagnetically aligned in concurrence
with the FM transition of the side legs even though the
parameters Js and Jg of the central leg are unchanged.
This is related to a unique structure of the inter-leg in-
teractions Js and Jy. More details are discussed in the
next subsection.

B. Magnetization with magnetic field

Field-dependent magnetization measurements per-
formed on antlerite powder up to 58T are shown in
Fig. S11(a) as well as Fig. 2 in the main text — powder
was chosen since the theoretical model is isotropic and
would otherwise require powder averaging of the data.
The vertical scale here was set by fitting the experi-
mental data to the DMRG results. The magnetization
of CuzSO4(OH), exhibits a peculiar field dependence,
the most notable feature of which is a broad plateau at
M/M, = 2/3. This is essentially due to a large differ-
ence in susceptibility between the central and side legs.
With increasing field, the nearly FM side legs are polar-
ized first, then the AFM central leg begins to polarize
at higher field. The location of this feature is well de-
scribed by the DFT parameter set. However, there are
some quantitative discrepancies compared to the experi-
mental curve: the predicted magnetization increases too
rapidly at low fields and its slope where the side legs
saturate is too steep. Nevertheless, as mentioned in the
main text, these discrepancies can be resolved by a mi-
nor modification of the DFT parameter set. The three
magnetization curves are compared in Fig. S11(a). We
here briefly explain why such a modification was applied.

We first provide guidelines on how to obtain a slower
increase of magnetization at low fields. The simplest way



is to increase the AFM interaction between the two side
legs, i.e., J7. Since each side leg is in a FM state, their
magnetization is controlled only by AFM inter-leg inter-
actions [45]. This effect is demonstrated in Fig. S11(b).
We can see that the susceptibility, i.e., dM/dB, at B=0
is inversely proportional to J;. Note that, for simplicity,
we neglect the the second-neighbor interactions Jg, J}
and the alternation of J; and J; because they are not
essential in this analysis. Another way to push the onset
of the kink in magnetization to higher fields is to increase
the difference between J3 and Jy. In our spin model, each
side spin is coupled to two central spins by J3 and J4. The
central leg consists of two sublattices due to AFM order,
and these two central spins belong to different sublat-
tices. Thus, for J3 = Jy, the inter-leg interactions J3 and
Jy effectively cancel out, and the magnetization curve be-
haves as if there were no interactions between the central
and side legs. This is confirmed by an abrupt jump in M
at B = 0 in the case of J5/J5 = Jy/J5 = 0.2 [Fig. S11(c)].
Once the cancellation balance is disrupted, i.e., J3 # Jy4,
AFM fluctuations arise between the central and side legs.
As a result, the magnetization increases more slowly with
field for larger |J3 — J4| as shown in Fig. S11(c). Finally,
we note that an increase of J}; could also lead to a slower
increase of the magnetization; however, Ji destroys the
FM order of the side legs, so an increase of Jg is not
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considered in detail.

Next, we discuss the origin of the rounding of the
magnetization curve around B = 15T, which implies an
asymptotic saturation of the side legs. Note that the ef-
fect of thermal fluctuations must be small because the
measurement temperature 7' = 1.4K is much smaller
than the main interactions J; and Js of the side legs. In
general, such rounding of a magnetization curve is only
observed when significant spin anisotropy exists. In the
case of antlerite, this rare feature arises from the unique
structure of the inter-leg interactions J3 and J4 in our
three-leg ladder. In Fig. S11(c), we find that the round-
ing becomes more obvious with increasing |J3 — Jy|. Let
us now consider what happens. For the sake of clarity,
we assume translational-symmetry-broken AFM order on
the central leg and consider the case of J3/J5 = 0.4 and
Jy/Js = 0. As the applied field increases, the staggered
magnetization on the central leg will rotate to be more
(anti-)parallel to the field. With our maximally imbal-
anced J3 and Jy, one side leg will be coupled only to up
spins in the central leg, while the other will be coupled
only to down spins. These have different stability in high
field, so the susceptibility of one side leg will be sup-
pressed and the other enhanced, leading to asymptotic
behavior of magnetization curve near the saturation.
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