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Incommensurate and multiple-g magnetic misfit order in the frustrated
quantum-spin-ladder material antlerite, Cu3;SO,(OH),
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In frustrated magnetic systems, the competition amongst interactions can introduce extremely
high degeneracy and prevent the system from readily selecting a unique ground state. In such cases,
the magnetic order is often exquisitely sensitive to the balance among the interactions, allowing tun-
ing among novel magnetically ordered phases. In antlerite, CuzSO4(OH)4, Cu?®" (S = 1/2) quantum
spins populate three-leg zigzag ladders in a highly frustrated quasi-one-dimensional structural motif.
We demonstrate that at zero applied field, in addition to its recently reported low-temperature phase
of coupled ferromagnetic and antiferromagnetic spin chains, this mineral hosts an incommensurate
helical+cycloidal state, an idle-spin state, and a multiple-¢ phase which is the magnetic analog of
misfit crystal structures. The antiferromagnetic order on the central leg is reentrant. The high
tunability of the magnetism in antlerite makes it a particularly promising platform for pursuing

exotic magnetic order.

I. INTRODUCTION

When attempting to expand our understanding of
magnetism and reveal exotic new magnetic phases or
the influence of less-studied magnetic interactions, it is
necessary to prevent the exchange interactions from pro-
ducing a more-conventional magnetic ground state. This
can be accomplished by introducing strong frustration —
the competition among interactions — most commonly
by arranging the spins in a geometry that pits different
interactions against each other [IH3]. This impedes the
spin system selecting a unique global ground state, lead-
ing to a wide variety of physical phenomena in which
fluctuations, quantum mechanical effects, and fine de-
tails of the spin-spin interactions can be crucial [4]. An-
other approach is to investigate low-dimensional struc-
tures, where the reduced number of magnetic interactions
makes it more difficult to stabilize magnetic order.
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To observe quantum mechanical effects, the spin must
be small, preferably S = 1/2. The stability of the 3d°
electronic configuration of Cu?* makes it probably the
most accessible magnetic ion for quantum magnetism,
while its low spin-orbit coupling makes it a nearly pure-
spin moment. Cu??t is best known in complex oxides,
typically in octahedral coordination. These materials
predominantly form square magnetic sublattices, for in-
stance in the cuprate superconductors[5]. Frustration
can arise in such lattices from a competition between
nearest- and next-nearest-neighbor interactions, but not
through geometric constraints. Low-dimensional copper
ladder compounds are well-established and are known to
exhibit incommensurate magnetic order, among other in-
teresting physics [6], but geometric frustration does not
play a significant role in these materials since their cop-
per sublattices are typically bipartite.

Copper-based minerals are nevertheless a rich source of
novel frustrated lattices, often built up of distorted Cu?*
triangles [8], and have proven a rich platform for novel
physics. Examples include the candidate quantum spin-
liquid state in herbertsmithite [9 [10]; enormous effec-
tive moments in atacamite CuyC1(OH)3 [I1]; and spinon-
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FIG. 1.

(a) Copper sublattice in antlerite.
temperature magnetically ordered phase at 2.2 K, based on

Ref. [7].

(b) Low-

magnon interaction in botallackite Cug(OH)sBr[12).
The natural mineral antlerite considered in this work is
a three-leg-ladder compound with a magnetic sublattice
comprising Cu?* ions arranged in distorted triangles [13],
realizing a zigzag ladder — its copper sublattice is de-
picted in Fig. a). This structure has been studied far
less than the conventional ladder cuprates, and may be
expected to reveal new physics.

Neutron diffraction on antlerite initially indicated that
only the outer legs of the ladder possess an ordered mo-
ment, whereas the central leg exhibited “idle-spin” be-
havior [I4, [I5]. While such a picture would be very
interesting, follow-up studies seriously questioned this
result. First, density-functional-theory (DFT) calcula-
tions showed strong antiferromagnetic coupling along the
central leg of the ladder, which would be expected to
lead to order [I6]. In this work, most relevant exchange
interactions were considered, including Dzyaloshinskii-
Moriya terms, and a number of possible spin configu-
rations were suggested. Then, Fujii et al. [I7] performed
specific-heat characterization and proton NMR measure-
ments on antlerite single crystals in magnetic field. They
found a vastly more complex magnetic phase diagram
than previously imagined, which hosts four distinct mag-
netic phases in zero field and at least five other field-
induced phases for B || ¢ alone. Their NMR results
could only be explained if the system had at least four
distinct magnetic sites, at odds with the idle-spin pic-
ture. Finally, the low-temperature magnetic state was
determined by neutron powder diffraction and DFT cal-
culations to comprise mutually antialigned ferromagnetic
outer legs and an antiferromagnetic inner leg, with sig-
nificant canting [7], as depicted in Fig. b). The ordered
moment on the outer legs of the ladder was nearly the
full moment expected for Cu?*, while the moment on the
central leg was ~20% lower at 2.2 K. This suggests that
quantum fluctuations play a relatively minor role in the
ferromagnetic legs of the ladder. DFT calculations were

only able to converge on this state once updated atomic
positions were available, and even then indicated other
states at similar energy, with both the inner and outer
legs of the ladder independently on the verge of a phase
transition. This suggests a rich and tunable phase dia-
gram with parameters such as field, strain, pressure, or
chemical substitution, as the published H-T phase dia-
grams already hint at [I5] [17].

Here, we verify and identify the remaining low-
field magnetic phases, revealing incommensurate and
multiple-g order, as well as an idle-spin state at inter-
mediate temperatures which closely resembles the previ-
ously proposed ground state [14].

II. EXPERIMENTAL DETAILS

a. Sample preparation. Synthetic antlerite was pre-
pared by hydrothermal synthesis under autogenous pres-
sure at 180 °C in a Teflon-lined stainless steel autoclave.
CuSOy - 5Hy0 (Alfa Aesar, 99%) and Cu(OH),; (Alfa
Aesar, 94%) in a typical molar ratio of 1:2 were well
mixed in distilled water inside the liner, which was then
sealed inside the autoclave. Deuterated samples for neu-
tron scattering were prepared using D2O (Acros Organ-
ics, 99.8% D) in place of water. The mixtures were heated
at 90°C/h to 180°C in a convection drying oven, held
at that temperature to react, cooled at 50-65°C/h to
50 °C, then cooled freely to room temperature. Reaction
times of 1-3 days were used for powder, 5 days for typi-
cal (100-200 pm) single crystals, or up to several months
when larger crystals were desired. Examples of several
larger crystals are shown on millimetre-ruled graph pa-
per in the inset to Fig. [4(b).

b. Physical properties. Magnetization was measured
using a Quantum Design Magnetic Property Mea-
surement System MPMS3, through a SQUID-detected
vibrating-sample magnetometer (VSM), in both zero-
field-cooled-warming (ZFC) and field-cooled-warming
(FC) conditions.  The 0.215-mg single crystal was
mounted to a quartz bar sample holder using Duosan
glue, the contribution from which was measured sepa-
rately and subtracted. The extremely fine point spacing
chosen to clearly resolve the transitions led to increased
noise in the derivative d(M/H)/dT, so the derivatives
shown in this paper incorporate a 6-point moving aver-
age, which leads to slight broadening.

Low-temperature specific heat measurements were per-
formed on a 4.75-mg mosaic of ~20 crystals using a
Quantum Design Physical Property Measurement Sys-
tem (PPMS DynaCool) equipped with a 3He refrigera-
tor. Contributions from the sample holder and grease
were subtracted. Multiple data points were collected at
each temperature and averaged; it was necessary to dis-
card the first data point at most temperatures due to in-
complete thermal stabilization. The ac specific heat was
measured on a small single crystal in a Cryogenic Limited
Cryogen-Free Measurement System using its ac calorime-



try probe. Measurements were performed at 16 Hz, using
an ac power of 9.5 uW. Decreasing the power to 2.3 uW
made the peaks sharper at the cost of an increased noise
level; since we use these data primarily for higher tem-
peratures, the higher-power data are shown. In both ex-
periments, the sample was mounted to the measurement
puck using a thin layer of Apiezon N grease.

c. Diffraction. To investigate the thermal evolution
of the magnetic structure, high-intensity neutron pow-
der diffraction was performed on a ~5g sample at the
WOMBAT diffractometer at ANSTO [18], in Sydney,
Australia, from 14 to 135.5° in steps of 0.125°, using
2.41-A neutrons and count times of 30 min, in temper-
ature steps of 0.1 K through the transitions. Further
high-intensity diffraction data were collected on a ~7g
powder sample at the D1B [I9] and D20 [20] diffraction
beamlines at the Institut Laue-Langevin (ILL), in Greno-
ble, France. Count times were 30-60 min to visualize
the transitions, and ~20h for data required for refine-
ment of the highest-temperature phase. A scan through
the transitions with 0.1-K temperature steps was per-
formed before all higher-resolution measurements to val-
idate the thermometry. At D1B, data were collected
from 1 to 129° in steps of 0.1°, and at D20 from 0.17
to 151.37° in steps of 0.05°. Neutrons with calibrated
wavelengths A = 2.529 A (D1B) or 2.412A (D20) were
selected with highly oriented pyrolytic graphite (HOPG)
[002] monochromators. On both beamlines, the contri-
bution of the instrument to the peak broadening was de-
termined from the refinement of a NasCasAl,Fi4 stan-
dard sample, while the wavelength was refined using a
Si standard. Parasitic diffraction peaks arising from the
sample environment were eliminated using radial oscil-
lating collimators. Additional powder neutron diffrac-
tion with polarization analysis was performed on the D7
beamline [21] at the TLL, using a wavelength of 4.8707 A.
Powder diffraction data were Rietveld-refined in FULL-
PROF by the full-matrix least-squares method [22], using
the scattering factors from Ref. 23l

d. Spectroscopy. X-ray absorption spectroscopy was
measured at room temperature at beamline UE46 PGM-
1 at BESSY-II, in Berlin [24]. A counter voltage was
applied to prevent photoelectrons from entering the de-
tector. Data were collected in total-fluorescence-yield
mode to ensure bulk sensitivity, and were normalized
to the incoming beam current. Further normalization
was based on the average signals in the 909.9-917.9 and
952.5-953.1 eV energy ranges, well below and above the
Ly and L3 edges.

Optical absorption spectra in the ultraviolet (UV), vis-
ible (vis) and near-infrared (NIR) range from 200 to
900 nm were collected at room temperature in a Var-
ian Cary 4000 spectrophotometer with a scan rate of
300 nm/min, a step of 0.5nm, a spectral bandwidth of
2nm, and averaging time of 0.1s. 15 mg of antlerite crys-
tal was ground together with 200 mg of BaSO, to avoid
excessive absorption.
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FIG. 2. (a) X-ray absorption spectra of antlerite at the Cu
L2 /L3 edges at room temperature, taken in total-fluorescence-
yield mode for E || b and é. (b,c) Views of the first coordina-
tion sphere for the Cu sites on one ladder.

e. Muon Spin Rotation. Muon spin rotation and
relaxation (uSR) experiments were performed on
Cu3S04(0OD)4 powder at the Swiss Muon Source (SuS)
at the Paul Scherrer Institut (PSI), Switzerland, using
the nearly 100% spin-polarized positive-muon beam at
the GPS instrument [25]. Spectra were measured at tem-
peratures down to 1.5 K in zero field (ZF), weak longitu-
dinal field (wLF, 2mT field applied along the initial muon
spin direction) and weak transverse field modes (wTF,
5mT field applied perpendicular to the initial muon spin
direction). The sample was wrapped in an aluminized
mylar foil and mounted within the beam spot between
the tines of an ultrapure copper fork. Thermal contact
was achieved via helium exchange gas. Analysis of the
data was performed in the time domain by the least-
squares method using the program MUSRFIT [26].

III. X-RAY ABSORPTION SPECTROSCOPY

We begin by verifying the oxidation state of Cu in
Cu3S04(0OH)4. Cu L-edge x-ray absorption spectra col-
lected in total-fluorescence-yield mode for beam polar-
izations along b and é are shown in Fig. (a). The strong
peak at 931.2 eV is the characteristic Ls line of 3d° Cu?*,
while the weak hump at 934.3eV suggests a small 3d'°
contribution; these energies and the Cu?* peak shape are
in good agreement with those found in Ref. 27 for CuO
and CusO. This indicates that copper atoms in antlerite



exist predominantly in the expected localized 3d° (Cu?*)
configuration, while the 3d'® contribution may indicate a
small excess population of protons, perhaps due to some
OH™ ligands actually being HoO. This was not detectable
in our structure refinements. A 3d'° contribution is also
observed in materials with strongly-correlated electrons,
where some hole density is transferred to the ligands to
reduce on-site repulsion at the Cu site, and in some CuO
samples [28]. The peak heights are slightly lower than ex-
pected compared to the jump across the absorption edge,
an indication of strong self absorption which we have not
corrected for. The splitting between the L3 and Ly lines
is 19.8 eV, consistent with reports on other Cu?* mate-
rials [29]. This is a measure of the spin-orbit coupling in
the 2p orbitals [30].

No significant difference was observed between polar-
izations parallel and perpendicular to the ladders. As
can be seen from the CuO, polyhedra for a single ladder
in Figs. 2[b) and Pfc), the local coordinate system has
very different orientations on the two copper sites as well
as on adjacent sites on the outer legs of the ladder, so x-
ray absorption is not able to determine exactly in which
orbitals the holes in antlerite reside.

IV. PHASE TRANSITIONS

We now turn to the phase transitions at low field.
Magnetization data collected under zero-field-cooled- and
field-cooled-warming conditions are shown in Fig.[3|a) for
1000 Oe fields parallel to the a and b axes. Two transi-
tions are visible for fields along a, at 5.00 and 5.55K,
while for fields along b transitions appear at 4.97 and
5.30K and are accompanied by a broad transition cen-
tered near 2.9K. The transitions around 5.0-5.5K are
clearer in the derivative plot shown in Fig. b). For fields
along b the transition at 4.97K is a ferromagnetic-like
increase in magnetization on cooling, while all other ob-
served transitions manifest as an antiferromagnetic-like
decrease. A slight splitting can be observed between the
field-cooled and zero-field-cooled data, with a clear onset
at 5.0 K for b-axis fields as seen in the difference between
ZFC and FC data, plotted in the inset to Fig. a), in-
dicating either the polarization or freezing of some spin
degree of freedom.

The unambiguous detection of three distinct, sharp
magnetic ordering transitions around 5K with an addi-
tional transition at lower temperature confirms the result
of Fujii et al. [17] based on comprehensive 'H-NMR and
specific heat data, and indicates that their rather com-
plex H-T phase diagram is most likely correct. The visi-
bility of the two highest-temperature transitions only for
fields along a and b, respectively, but not for both ori-
entations, is unusual, and may explain why other groups
did not observe all transitions.

The first transition encountered upon cooling, at
5.55 K, evidently concerns spin components perpendic-
ular to b, the direction along which the three-leg ladders
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FIG. 3.

(a) Normalized magnetization M/H data for
antlerite, in fields H || a and b of 1000 Oe. The inset plots the
difference between ZFC and FC data for each axis, showing
a sharp onset at the 5.0-K transition for H || b. Vertical lines
represent the transition temperatures extracted from the spe-
cific heat data in Fig.[4] (b) Derivatives of the magnetization
curves in (a), identifying the transitions. (¢) Curie-Weiss fits
to all four inverse normalized magnetization datasets above
80 K.

run, and is antiferromagnetic. The second transition, at
5.30 K, is more surprising since it evidently concerns an-
tiferromagnetic moments perpendicular to a, but neither
the plane of any three-leg spin ladder nor its normal lies
along a, so a might not be expected to be a special di-
rection for spin order. The third transition around 5.0 K
occurs at temperatures that are within the uncertainty
for the two field orientations, and is assumed to be a sin-
gle transition. This is antiferromagnetic along a, but the
small increase in magnetization and slight difference be-
tween ZFC and FC data below this temperature for fields
along b would appear to suggest a transition involving a
canting angle toward the b axis. We will show that this
is actually the result of a partial loss of long-range order
as we enter the gap between two phases in a reentrant
system. Finally, around 2.9 K there is a loss of suscepti-
bility for H || b, which we will show is the same reentrant
magnetism.

The paramagnetic state was characterized by an
extended Curie-Weiss law which considers a small
temperature-independent paramagnetic contribution xq
as in Ref. [18: x(T") = x0 + C/(T — Ocw). This constant
offset reproduces the curvature seen in the inverse nor-
malized magnetization in Fig. c). Due to the more pro-
nounced anisotropy in the paramagnetic state reported



below 50 K, the temperature region from 80 to 300 K was
fit as in Ref. [15l Our extended Curie-Weiss fits yield
an effective moment peg = 1.96 + 0.04 ug and Ocw =
0.3 £ 0.2K for fields along a, and peg = 1.87 & 0.04 up
and Ocw = 4 + 3K for fields along b.

The effective moments pg are similar to those in
Ref. [I5 and significantly above the spin-only value of
1.73 pup expected for S = 1/2 Cu?*, indicating an orbital
contribution. This results in a ¢ factor slightly larger
than 2, as also reported based on ESR results [31], and
supports the scenario of non-negligible spin-orbit cou-
pling proposed previously [I4]15]. The small and slightly
positive Curie-Weiss temperatures indicate a balance
between antiferromagnetic and ferromagnetic exchange
pathways, with a slight edge for ferromagnetism. DFT
calculations and the low-temperature magnetic struc-
ture indeed suggest ferromagnetic interactions on the two
outer legs of the ladder and antiferromagnetic exchange
on the central leg [7].

Our low-temperature specific heat data, shown in
Fig. a), indicate sharp phase transitions at 2.80, 5.01,
5.30, and 5.57 K, defined using entropy-conserving con-
structions around each jump; measurements through the
higher-temperature peaks on warming and cooling de-
tected no hysteresis. The transition temperatures are
consistent with Ref.[17land our magnetization data above
— this agreement is emphasized by the vertical lines in
Fig.|3] which mark the transition temperatures extracted
from the specific heat data. The upper three transitions
were also clearly distinguished in our ac specific heat
data, shown to higher temperatures in Fig. [4(b), which
did not extend to low enough temperature to clearly re-
solve the 2.8-K transition. The inset to Fig. 4] I(a which
replots the low-temperature data as c¢p/T vs T27 shows
that the 2.8-K transition is associated with a collapse in
entropy. Below 1.6 K the specific heat data vary as T2,
with a slight upward deviation below 0.5 K that may be
associated with nuclear magnetism. As previously re-
ported [7], no further phase transitions are observed down
to 0.35 K.

Figure b) shows ac specific heat data to higher tem-
peratures; it was not possible to put these data in abso-
lute molar units. A weak, broad hump around 230K is
associated with the glass transition of Apiezon N grease.
The magnetic entropy persists up to at least 20K and
conceivably as high as 40K, several times higher than
any magnetic transition. This likely arises from the low
dimensionality, as well as frustration among the spins in
each ladder.

V. MAGNETIC PHASES

The magnetic order in the lowest-temperature phase
has already been reported[7] [see also Fig. [[(b)],
so we concentrate here on the higher-temperature
phases. A temperature-dependent map of magnetic in-
tensity through the sharp transitions at 5.0-5.6 K near
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FIG. 4. (a) Zero-field low-temperature specific heat data on
antlerite, showing four clear transitions. Red points were mea-
sured on warming and turquoise on cooling. The inset plots
cp/T vs T?. (b) ac Calorimetry of antlerite to higher temper-
atures. The inset shows several single crystals on mm-ruled

graph paper.

the strongest magnetic reflection was obtained from
WOMBAT (ANSTO) data by subtracting the intensity
in the paramagnetic phase at 7.9 K. The result is shown
in Fig. a). It is immediately clear that the highest-
temperature magnetically ordered phase is incommensu-
rate — the (100) reflection splits into (1£500), where
0 varies between ~ 0.07 and 0.12. The noninteger ¢ ap-
pears to vary continuously without locking into a ratio-
nal value, indicating that this phase is not commensurate.
The ~0.5 K temperature shift in these data is most likely
associated with a difference in calibration of temperature
sensors used in the measurements.

Similar data collected on the D1B diffractometer at
the ILL are shown in Fig. (b), where the intensity in
the paramagnetic phase at 5.9 K has been subtracted. Of
particular note, the incommensurate and commensurate
peaks coexist for ~0.5 K. This is not phase separation or
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FIG. 5. Temperature-dependent magnetic peak intensity, after subtraction of a high-temperature background. (a,b) Magnetic
intensity color maps (after subtraction of background measured above Tx) from (a) WOMBAT, ANSTO and (b) D1B, ILL,
highlighting the coupling between the incommensurate and commensurate magnetism. The strong magnetic peak between
16° and 18° is (100). The white line in (b) is a guide to the eye. (c) Peak intensity of (100), the strongest commensurate
magnetic reflection in (b), as a function of temperature. (d) Temperature dependence of the peak intensity in the stronger
incommensurate reflection in (b). (e) Integrated intensity in the background at low angles (11-12°) of the background-
unsubtracted data presented in (b), as a function of temperature.

coincidental coexistence, for instance from different re- (Cu2) legs of the ladder — the spins on these legs lie per-
gions of the sample or separate Cu ladders. The incom- pendicular to a at low temperature, with opposite legs
mensurate peaks form an hourglass, pinching toward the antialigned [7]. We may thus expect to find commensu-
point at which the commensurate peak is extinguished, rate ordering of the Cu2 sites below 5.30 K.

which implies that these wavevectors are strongly cou- The integrated intensity in the incommensurate peaks,

pled. A similar pinching is observed in structural Bragg  ¢hown in Fig. d) based on a three-Gaussian fit, is
peaks in the incommensurate charge-density-wave phase  peaked immediately above the temperature at which the

of 2H-TaSe; 32, and is a ﬁng”e.rprint of multiple-g or-  ¢ommensurate peak is extinguished. The magnetization
der. The phase diagram of Fujii et al. [17) implies that  gata suggest a spin orientation perpendicular to b in the
this multiple-¢ phase exists in only a very narrow win-  jjcommensurate phase, consistent with a ripple along a

dow for fields :.amlong.b, but it. may be their “51” phase for as suggested by the peaks at (1+500) and suggesting a
fields along ¢, in which case it would occupy a far broader cycloidal state. Since all spins in the lowest-temperature

swath of the phase diagram.. In an earlier H-T phase.di- state are perpendicular or nearly perpendicular to b,
agram based on magnetization measurements [15], a SUI- g js difficult to speculate based on the magnetization
ilar bubble was also observed for fields along a, extending data alone which spins participate in the incommensu-
down to quite low temperatures. rate phase, although it may be natural to expect the Cul

The temperature dependence of the strongest mag- site to play a key role if we associate the commensurate

netic reflection is shown in Fig. [5fc). The integrated peak primarily with Cu2.

peak intensity extracted from a Gaussian fit decreases Another feature in Fig. b) may not be immediately
toward the transition in an order-parameter-like fashion, obvious — below roughly 3 K, the background magnetic
as might be expected. This peak vanishes at the middle intensity values in this colormap are strongly negative.
transition, which according to magnetization and specific The presence of a diffuse component in the subtracted
heat data is at 5.30 K and represents antiferromagnetic 5.9K data would be expected, since we see indications
order largely perpendicular to a. The most obvious can- in the specific heat of short-range order up to ~40K.
didate from the low-temperature state would be the outer However, such a diffuse component should condense into
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5.3 K where the incommensurate phase begins to yield to multiple-q order; a refinement of their difference is plotted in (¢), and
the new magnetic peaks are highlighted in an inset in (b). Artifacts due to imperfect subtraction of strong nuclear peaks are
marked with arrows. The refined incommensurate order is shown in (d), and (e) shows a view along a of the elliptical helical
order on the corner (upper and lower) and body-centered (middle) Cu2 ladders. The order pattern on selected Cul and Cu2

sites is shown in (f), using the same axes as in (d).

the magnetic Bragg peaks upon entering the long-range-
ordered state, presumably around 5.0-5.6 K. The temper-
ature dependence of the diffuse background does indeed
show a decrease in that temperature range, but it exhibits
a much stronger collapse below 3K, as seen in Fig. e).
The order-parameter-like behavior seen in Fig. c) shows
no evidence of this intensity condensing into the (100)
peak.

VI. MAGNETIC STRUCTURES

Neutron diffraction was also able to fully identify the
zero-field magnetic phases. To obtain the statistics re-
quired to refine the higher-temperature incommensurate
structure based on its much-weaker peaks, we collected
additional diffraction data on the D20 neutron diffrac-
tometer at the ILL. Data were first collected as a func-
tion of temperature to validate the thermometry, then for
longer times at 6.0 K in the paramagnetic phase and at
5.3 K where the (1£6 00) peaks reach their maximum in-
tensity. Figure @(a) shows the baseline data from D20 in
the paramagnetic phase at 6.0 K, in Fig. |§|(b) we present
data at 5.3 K, and the difference between these two scans
is shown in Fig.[6c). Arrows mark artifacts from the im-

perfect subtraction of a few strong nuclear peaks, which
is likely due to the peaks becoming sharper as phonons
freeze out. This difference was refined to determine the
magnetic structure. Since 5.3K is on the cusp of the
multiple-g phase, weak traces of the latter phase are vis-
ible, but the incommensurate peaks dominate. A contri-
bution from the multiple-q phase was found to be present
at the 1.3% level and was refined as discussed below.

Of the four possible magnetic irreducible representa-
tions, only I's gave an acceptable description of the mag-
netic intensity, but the unconstrained application of I's
leads to physically unreasonable spin alignments on some
ladders — otherwise-equivalent ladders would have very
different spin orientations, which would only be possi-
ble if the extremely weak interladder couplings overpow-
ered the strong intraladder interactions. If we constrain
the Cu2 ordered moments to have equal magnitude on
any given ladder, with spins on opposite legs exactly an-
tialigned as in the lowest-temperature phase, and allow
only one angle between consecutive spins on the central
legs, a physically plausible magnetic model is obtained
which does not lead to any reduction in the quality of
the refinement. As shown in Fig. [6](d), the incommensu-
rate phase corresponds to elliptical-helical order of the
antialigned ferromagnetic spins on the outer Cu2 legs



of the ladder paired with cycloidal order on the inner
Cul leg. The helical and cycloidal order on selected
Cu sites are also shown separately in Fig. Ekf), and a
view of the elliptical order along the a axis is shown in
Fig.[6[e). The propagation vector in this phase is (6 00),
where § = 0.1 at 5.3 K. The elliptical helix on the outer
legs has major and minor axes of 0.41(4) and 0.15(8) up,
while the cycloidal ordered moment on the central leg is
0.09(7) up. If we exclude magnetic peaks which overlap
with nuclear peaks, the same order is obtained, includ-
ing ellipticity, but with fewer peaks it is more difficult to
quantify the ellipticity. These are small fractions of the
full 1 up moment, most likely because these refinements
are performed on data collected at ~95% of Ty, where
one would not ordinarily expect fully ordered moments.
There may also be a reduction in the ordered moments
due to a competition between the inner and outer legs,
for instance if these would prefer incompatible ordered
states but are forced to compromise. The angle between
adjacent spins along the central leg refines to 108(40)°,
likely due to a competition between nearest-neighbor and
next-nearest-neighbor interactions along the leg, com-
bined with the exchanges to the outer legs. A magnetic
crystallographic information file (mCIF) describing this
refinement is available as an arXiv ancillary file as de-
scribed in Appendix [B] We note that several other forms
of order were considered, for instance SDW+-cycloidal,
but these refinements produced visibly poorer fits, and
in particular failed to adequately describe the peaks be-
tween 20 and 24°.

Elliptical helical order has been reported previously in
the Cu?* chain compounds NaCu,O5 [33], LiCu,O, [34],
and linarite PbCuSO4(OH); [35], but these had smaller
ellipticity. The high ellipticity in antlerite suggests a
strong proclivity of the Cu2 spins to point along ¢, as
found in the antialigned ferromagnetic spin arrangement
on this site at lower temperatures.

The phase between 2.8 and 5.0K, and in particular
how it differs from the lowest-temperature magnetically
ordered phase depicted in Fig. b), is more subtle. As
seen in Fig. a—c), the strongest magnetic peak does not
appear to be affected by the transition at 2.8 K. Since
most other magnetic Bragg peaks sit atop far stronger
structural Bragg peaks, small changes there are more dif-
ficult to detect in conventional neutron diffraction. We
performed polarized-neutron diffuse scattering at the D7
diffractometer at the ILL in order to cleanly separate
the magnetic intensity (in the spin-flip channel) from
the structural contribution, using a six-point (XY Z)
method [36]. Results are shown as a function of scatter-
ing vector |Q| in Fig. [f|(a) for several temperatures. The
behavior in the (100) and (1£4 00) magnetic reflections
is consistent with that shown in Fig. || but we observe
nonmonotonic temperature dependence in the (010) peak
at |Q| = 1.0413A~'. This peak is present in the low-
temperature state at 1.5K, absent in the intermediate
phase at 3.0 and 4.0K, and reappears in the multiple-¢q
and incommensurate phases above 5.0 K.
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FIG. 7. Identifying the magnetic structure between 2.8 and
5.0K. (a) Spin-flip (magnetic) scattering intensity as a func-
tion of temperature, collected using polarized neutrons on
D7; data at higher temperatures have been shifted for clarity.
Solid curves are refinements according to the magnetic struc-
tures we identify. Dashed lines mark the strong (100) mag-
netic peak and the weaker (010) peak at |Q| = 1.0413A~!
which is inconsistent with an idle-spin state, while purple
dash-dotted lines indicate the incommensurate positions. (b)
Refined magnetic structure at 4.0 K, representative of the
phase between 2.8 and 5.0 K. (¢) Refinement of the magnetic
intensity in the D1B data in the “idle-spin” state at 4.0 K.
Intensity at 6.0 K has been subtracted; arrows mark the po-
sitions of strong nuclear peaks.

Our previous work on the lowest-temperature magnet-
ically ordered state in antlerite identified magnetic in-
tensity in a number of peaks that would not be present
in the previously-proposed idle-spin state, including the
(010) peak [7]. These peaks are associated both with an-
tiferromagnetic order on the inner leg and strong canting
on the outer legs, presumably due to strong coupling with
the inner leg. This contribution to the order is evidently
reentrant. The absence of these peaks between 2.8 and
5.0K indicates that the intermediate-temperature phase
is essentially the idle-spin phase previously proposed to
be the ground state [14}, [15]. The magnetic structure we
refine for this phase based on data from D1B is shown
in Fig. El(b), and the refinement is shown in Fig. m(c);
an mCIF file is supplied as an ancillary file as described
in Appendix [Bl This state features no long-range order
on the central leg and no canting on the outer legs; the
refined magnetic moment on the outer legs is 0.802(8) up
at 4.0K, where the enhancement relative to the incom-



mensurate phase is likely due to the lower temperature.
Refinements of D7 data at 3.0 and 4.0 K found a similar
state. This is the same magnetic space group as at lower
temperature, Pn'm’a’ (number 62.449). We will refer to
this phase as “idle-spin” as in the previous papers, and
return to the question of what the Cul spins actually do
in this phase.

Since the previously proposed idle-spin phase is indeed
present in the system but at a higher temperature, one
may wonder whether the previous reports of an idle-spin
state were due to a thermometry issue. The neutron
diffraction data that led to the original idle-spin conclu-
sion were collected at 1.4K[I4] [37], which is half the
temperature of the phase transition in question. A ther-
mometry issue of that magnitude is very unlikely. The
(010) peak is structurally forbidden, so interference from
structural Bragg reflections is also not a satisfying expla-
nation. This peak may simply have been too weak to be
clearly observed at the short wavelengths used. We also
note that antlerite is expected to be exquisitely sensi-
tive to parameters such as strain, pressure, and chemical
doping, so it is conceivable, although considerably less
likely, that inadvertent doping or overly assertive pack-
ing of the powder sample could also have suppressed the
2.8-K transition.

The collapse in diffuse magnetic background intensity
below ~3 K in Fig. (b) agrees with the significant reduc-
tion on cooling of the diffuse scattering hump centered
around 0.7A~! in Fig. [} The differences between the
lowest-temperature phase and the “idle-spin” state above
2.8 K are the loss of antiferromagnetic order on the cen-
tral Cul leg of the ladder and canting on the outer legs,
so this large change in diffuse intensity is primarily asso-
ciated with the Cul site.

Having identified the phases below 5.0K and above
5.3K, we can now piece together the multiple-g phase
between 5.0 and 5.3 K. The outer legs of the ladder are
presumably ordered ferromagnetically and antialigned,
as they are in the lower-temperature phases, since the
(100) magnetic peak is not sensitive to the transition at
5.0 K. Spins on the central leg evidently retain a strong
tendency to stay in the plane of the cycloid, but fail to or-
der below 5.0 K. This indicates that the multiple-q phase
is a combination of ferromagnetic outer legs with a cy-
cloidal inner leg. The elliptical helix on the outer legs of
the ladder becomes constant-amplitude antialigned fer-
romagnetic order, which to some extent decouples the
outer legs of the ladder from the central leg and allows
the incommensurate wavevector to return to its higher-
temperature value, again without any sign of locking into
a commensurate value. The multiple-¢ order was re-
fined as a minor component at 5.3 K according to this
model, producing an ordered moment on the outer legs
of 0.87(28) up. The resulting magnetic structure is de-
picted in Fig.|8] and an mCIF file is provided as an ancil-
lary file as described in Appendix[B] The ordered moment
and orientation on the central leg were constrained to be
identical to that in the incommensurate phase.

Within a ladder the spin order is commensurate in all
four phases, although not collinear. The relative spin ori-
entation within every ladder is also the same, as would
be expected because the interladder interactions are far
weaker than the exchange coupling within a ladder, which
we quantified in Ref.[7. The incommensurate modulation
along a is perpendicular to the ladders, implying that
the interladder interactions play a key role in stabilizing
the incommensurate order. This indicates strong limi-
tations to the picture of an isolated ladder, as has been
used in calculating the phase diagrams for CuzgSO4(OH)4
as a function of the exchange parameters and its ground
state [7]. The incommensurate order we have identified in
antlerite at elevated temperatures arises from a relative
rotation of the spins from one ladder to the next, and is
not captured by the calculations, since they neglected in-
terladder interactions. We also note that although having
an incommensurate modulation along a is broadly remi-
niscent of the cycloidal state proposed for Se-substituted
antlerite, CuzSeO4(OH),4 [38], the ordered state is quite
different. In the Se analog similar order with a different
pitch was reported — a commensurate (4 00) rather than
a (~ 0.100) propagation vector; however, the spins on
the outer legs were cycloidal rather than helical, while the
spins on the inner leg did not participate. This was re-
ported by the same group that found an idle-spin ground
state in antlerite, so it is possible that nonzero ordered
moments on the central leg in the Se analog are present
but were missed for similar reasons, and it may be worth
revisiting this material to look for signatures of ordering
on the central leg.

The spins on the outer legs in the incommensurate
phase in antlerite prefer to lie parallel to +c, as in the
lowest-temperature state. Their spatial oscillation is pre-
sumably due to the interactions with the central leg
destabilizing the preferred spin alignment. The circular
cycloid on the central leg suggests that this site is driv-
ing the incommensurate order. Indeed, our DFT calcu-
lations [7] found that the strongest exchange interaction
in antlerite is the antiferromagnetic J; along the central
leg of the ladder.

While strong antiferromagnetic interactions on the
central leg evidently drive the transition to magnetic or-
der at 5.55 K, frustration results in noncollinear order
along each central leg, and we additionally find a cy-
cloidal state along a. The noncollinear order along the
central leg of the ladder may arise from bond frustra-
tion — DFT indicated that the second-neighbor exchange
along this leg, Jg, is roughly half of its nearest-neighbor
Js and is the third-strongest interaction in the system.
Alternating interactions with the outer legs may also play
a role.

The second- and fourth-strongest interactions in
antlerite are ferromagnetic exchanges on the outer legs.
With twice as many spins on the outer legs as on the cen-
tral leg, these interactions may begin to overpower those
on the central leg as they strengthen on cooling. It ap-
pears that first the outer legs partially decouple and be-
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FIG. 8. Multiple-g phase, present in CuzSO4(OD)4 between 5.0 and 5.3 K, based on refinements at 5.3 K.

come constant-amplitude ferromagnetic, rather than he-
lical, then their ferromagnetism becomes strong enough
to destroy the cycloidal order on the central leg. Finally,
the central leg becomes antiferromagnetic, forming the
lowest-temperature state.

While incommensurate order as seen here is already
relatively uncommon, multiple-¢ phases are rarer still.
Such phases are especially uncommon in centrosymmet-
ric materials, with the few prominent examples including
USh [39] and phase III in CeBg [40, [41]. However, these
examples are rare-earth compounds. Multiple-q mag-
netic order is extremely uncommon in compounds based
on 3d transition metals, with the best-known examples
being v-Mn alloys [42]; the recently-reported hedgehog-
and skyrmion-lattice phases in SrFeOj3 [43]; and the sug-
gested triple-¢ order in NayCosTeOg [44]. Multiple-q or-
der most commonly arises from Dzyaloshinskii-Moriya
interactions, which sum to zero by symmetry over a
unit cell in centrosymmetric crystal structures like that
of antlerite and result from spin-orbit coupling which
is generally weak in the 3d block; from an inter-
play between Kondo physics and exchange interactions,
which is not expected in transition metal compounds;
from bond-dependent Kitaev interactions as proposed in
NagCooTeOg [44]; or from degeneracy among possible or-
dering directions in highly symmetric lattices as found in
face-centered-cubic v-Mn, which is unlikely to be the case
in orthorhombic antlerite. Here, the fine balance required
for multiple-¢q order evidently comes from competing ex-
change interactions.

We also note that multiple-g phases ordinarily exist
only in very small regions of a material’s magnetic phase
diagram, usually forming as a bubble within other mag-
netically ordered phases. This also seems to be the case
in antlerite. However, while these multiple-g bubbles
seldom extend over broad temperature ranges, the pub-
lished magnetic phase diagrams of antlerite show an in-
triguing tail to zero temperature for fields around 1-1.8 T
along ¢ and around 3—4 T along a [15] [I7], apparently con-
nected to the multiple-q phase, suggesting that this phase
may occupy a significant swath of the phase diagram.
This should be investigated further once sufficiently large
single crystals are available to enable neutron diffraction
in magnetic field.

An even rarer aspect of the multiple-q phase in
antlerite is that it combines commensurate antiferromag-
netic order on one magnetic site with incommensurate or-
der on another. The only other reported example of such
a situation is CozTeOg [45H4T], whose magnetic sublat-
tice includes five magnetic Co sites (including both oc-
tahedral and tetrahedral coordination) and has an addi-
tional antiferroelectric transition within one of its mag-
netically ordered phases. This structural complexity has
greatly complicated the identification and investigation
of its magnetic order, and led to the papers cited here to
very different determinations of several of its phases.

VII. DIFFUSE SCATTERING IN THE
PARAMAGNETIC PHASE

We now return to the diffuse scattering presented in
Fig. We used the SPINVERT software package [48] to
perform a reverse Monte Carlo refinement of the spin-flip
neutron powder diffraction data, to recover the three-
dimensional magnetic diffuse scattering pattern and the
spin-pair correlation function. Reconstructed diffuse
scattering intensity for antlerite in the paramagnetic
phase at 6.0 K based on a 5x5x5 supercell is shown in
Fig. El(b—d) for different cuts through reciprocal space.
This is what we predict would be observed on a single
crystal, if a sufficiently large crystal were available. Fig-
ure [9(a) shows the resulting fit to the powder data, and
Fig. |9|(e) shows the extracted spin-spin correlation func-
tion. The shortest Cu—Cu distance in antlerite is a ferro-
magnetic exchange on the outer leg, followed by the anti-
ferromagnetic link on the central leg and the second fer-
romagnetic exchange on the outer leg. Accordingly, the
correlations in Fig. |§|(e) are ferromagnetic at the shortest
distance, then become mainly antiferromagnetic on aver-
age. Beyond ~8 A the correlations average out to zero
due to powder averaging — the sphere corresponding to
this radius begins to include a large number of spins.

Spin-flip scattering was also performed to higher tem-
peratures, as shown in Fig. in the Appendix, where
the diffuse peak is seen to shift to lower |Q| on warm-
ing but does not vanish up to 200K, indicating persis-
tent short-range correlations. We note that this mea-
surement method integrates over the inelastic scattering
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FIG. 9. Diffuse scattering in CuzSO4(OD)4 in the paramagnetic phase at 6.0 K. (a) Fit (red) of the magnetic diffuse scattering
intensity (gray), and its residual (blue). (b-d) Reverse-Monte-Carlo reconstructed scattering intensity for (HK0), (0K L) and
(HOL) cuts through reciprocal space, respectively. (e) Extracted spin-spin correlation functions as a function of distance. The
ferromagnetic nearest neighbor correlations along the outer legs are visible at the lowest distances.

from the sample, and hence probes the time-equal corre-
lations rather than time-averaged correlations which give
no energy change to the neutrons. Correlations in para-
magnetic fluctuations, which are all dynamic, will give a
|Q| dependence in the time-equal correlations.

VIII. MUON SPIN ROTATION AND

RELAXATION

We performed muon spin rotation and relaxation
(uSR) experiments to obtain additional information
about the magnetic phases in antlerite, and to distin-
guish whether the diffuse contributions are dynamic or
static on the timescale of uSR. uSR probes local fields
and their fluctuations through their effect on implanted
positive muons p* (hereafter referred to as “muons” for
simplicity), which stop at specific sites in the crystal
structure, ordinarily near anions. Muons have a life-
time of 2.2 us and decay into a positron and neutrinos.
The decay positrons are emitted preferentially along the
muon spin direction, leading to a decay asymmetry which
rotates as the muon spins precess about local magnetic
fields. Positron detectors positioned along and opposite
the direction of the incoming polarized muon beam yield
a time-dependent asymmetry A(t), the primary signal in
uSR.

In a wTF experiment with a weak external magnetic
field Beyt applied perpendicular to the initial muon po-
larization, muon spins in non-magnetic environments will
precess about this field, leading to oscillations in the
asymmetry with a frequency v, = 7,Bex /27, where
the muon gyromagnetic ratio v, = 135.54 us~ T, The
asymmetry signal will be an oscillation within a decaying
envelope:

A(t) = A(0)e™*eerat cos(271,t), (1)

with Apara being the paramagnetic relaxation rate.

In Cu3SO4(0OD),4 at higher temperatures A(t) is con-
sistent with a paramagnetic phase, but we find an ini-
tial asymmetry A(0) of 0.23 in the paramagnetic regime.
This is significantly lower than the 0.28 expected for a

fully polarized muon beam in the setup used (as also di-
rectly verified with a different sample). The asymmetries
recorded in our ZF and wLF experiments are similarly re-
duced to ~0.22, as seen in the paramagnetic state at 6.5 K
in Fig.[[4] and this reduction is seen at all temperatures.
A reduced initial asymmetry in a weak transverse field
is an indication that some of the implanted muons form
muonium, as is often found in insulating and semicon-
ducting materials. Muonium signals are determined by
large hyperfine and dipolar interactions and are beyond
our time resolution [49], but details of the mechanism for
muonium formation in antlerite may be of interest for
future investigation.

ZF and wLF experiments provide information about
the temperature-dependent development, distributions,
and spin dynamics of local magnetic fields By, in the
long-range ordered regime and on the approach to it.
The depolarization seen in zero field in the paramagnetic
regime is dominated by strong damping with a shape that
is well described by a static Gaussian Kubo-Toyabe func-
tion (Eq. [50, 5T]. The application of a weak longitu-
dinal field of 2 mT suppresses this damping (see Fig. .
This means that the field distribution in the paramag-
netic state in CuzSO4(OD)y4 is due to small, randomly
directed fields from static spins that can be overcome by
even a small applied field. The origin of this field distri-
bution can be attributed to the nuclear spins, most likely
of 170 when the muon is attached closely to oxygen.

Analysis of the 2-mT LF spectra reveals a much weaker
damping which is now exponential due to fields from
rapidly fluctuating electronic moments as expected in the
paramagnetic state. The damping increases upon cooling
toward the ordering temperature as the fluctuations slow
down. Below 8 K, however, we observe that an increasing
part of the signal becomes much more rapidly damped.
As addressed below, we find a reduction of wTF asymme-
tries (see Fig. in the same temperature range. Both
observations likely indicate an onset of short-range order
above Ty, as is often found in low-dimensional magnetic
systems.

When pSR is performed in a magnetically ordered
state, additional local fields are present which are typi-
cally much larger than the applied field and are randomly
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FIG. 10. Early-time pt spin-polarization asymmetry in

CusS04(0OD)4 at temperatures below Tx from wLF measure-
ments. Solid curves are fits to Eq.[D2} The spectra at higher
temperatures are shifted vertically for clarity; the common
asymmetry scale is given only for the 1.5-K spectrum. Spec-
tra up to 6 s are presented in Fig. [[5]in Appendix

oriented with respect to it. Precession about these ran-
domly oriented fields leads to depolarization of the muon
spins. This is reflected in a rapid loss of the asymmetry
signal after implantation. This clear difference in be-
havior enables the detection of ordered phases, including
short-range order and fluctuations slower than the ~10 us
timescale to which muons are sensitive. For antlerite in
a transverse field of 5mT, the asymmetry starts to de-
crease below 8K, followed by a rapid drop below 6K,
and saturates by 5.3K (see Fig. , demonstrating that
the entire sample volume hosts long-range magnetic or-
der. Within our temperature uncertainty of +0.3 K, this
finding is consistent with the first ordering temperature
of Ty =5.55 K derived from specific heat and magnetiza-
tion data (Figs. . In the ordered state we still find
some minor residual asymmetry oscillating due to only
the applied field, presumably from muons which stop in
the sample holder; this temperature-independent back-
ground asymmetry apg =0.03 is taken into account in
the analysis of the ZF and wLF experiments.

Spectra below Ty in weak longitudinal field are shown
in Fig. [I0] and to longer decay times in Fig. Up to
4K they reveal at least two spontaneous rotation sig-
nals in addition to a broad, damped pattern that can
be best reproduced again with a static Gaussian Kubo-
Toyabe function. The different signals are associated
with different muon stopping sites near oxygen sensing
different local fields due to neighboring Cu ions. Unlike
the Gaussian-damped signal found above Ty, the signal
at low temperatures is not affected by an applied lon-
gitudinal field of 2mT, i.e., the field distribution comes
from static fields much larger than 2mT and must be

12

related to static electronic moments. For parametrizing
these complex spectra we use a phenomenological ap-
proach described in Appendix D] For each site i =1,2 we
have a contribution ay.t; to the asymmetry, a preces-
sion frequency v, ; about the local field B;, a transverse
relaxation rate )¢ ;, and a longitudinal relaxation rate
A1 which is directly proportional to the spin fluctuation
rate. In addition we introduce a static Gaussian Kubo-
Toyabe component with asymmetry contribution agkr
and damping parameter o.

The longitudinal damping A (extracted from the be-
havior at long times once the oscillating signal is already
damped out) is nearly zero up to 3.1 K . This indicates
that the electronic spin system is static on the timescale
of uSR in all magnetically ordered phases, notably in-
cluding the idle-spin state. Starting at 4.2 K we see an in-
crease of longitudinal damping that, as will be discussed
below, can be related with the increased Kubo-Toyabe
contribution.

Figure [11{(a) plots the temperature dependence of the
fractional contributions a; to the background-corrected
asymmetry. The asymmetries of the rotating signals stay
unchanged below 4.2 K within the uncertainty. Starting
from 4.2 K the asymmetries of the Gaussian signal and
one of the rotating signals increase at the expense of the
other rotating signal. This means that at some muon
sites there is a gradual change in spin order combined
with an increase of static disorder. Finally, only a single
frequency is observable at 4.8 and 5.3 K. The latter two
temperatures correspond approximately to the temper-
ature range where incommensurate order was observed,
and will be discussed separately.

The rotation frequencies v, ; vary only weakly up to
3K and then decrease with increasing temperature, as
seen in Fig. b). This represents the strength of the
magnetic field on the muon site due to the ordered mo-
ments, so such a temperature dependence is expected.
Due to the limited number of temperatures, it is not pos-
sible to resolve the shape clearly enough to determine at
which transition each frequency extrapolates to zero.

We present the transverse relaxation rates Ay; in
Fig. c). The apparent strong damping of the rota-
tion signals indicates a distribution of frequencies due to
inhomogeneous broadening. For the first rotation signal
we find a strong increase in Ay when warming from 2 to
3 K. This means that the local field distribution at this
muon site broadens around the lowest temperature tran-
sition and suggests that Cul is more strongly coupled to
the first site than the second site. The second frequency
has a much higher damping at low temperature, which is
reduced somewhat on warming toward the second tran-
sition at 5.0 K. There is clearly a much greater variation
in local fields at this site than at site 1.

The damping o of the Gaussian signal decreases signif-
icantly on warming from 1.5 to 3K, i.e., the static local
field distribution narrows and the fields become more ho-
mogeneous. This may be related to a spin rearrangement
in the neighborhood of the muon site. For higher temper-
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FIG. 11. Temperature dependence of weak-LF-uSR parame-
ters in CugSO4(0OD)4: (a) normalized asymmetry, (b) sponta-
neous p” spin precession frequency v, ;, (c) transverse relax-
ation rate A¢,;, and (d) damping parameter o of the Gaussian
component. Blue circles indicate the regime in which only one
frequency is observed. Dashed lines indicate the phase tran-
sitions identified in magnetization and specific heat — phase
I is incommensurate, II is multiple-q, III is idle-spin, and IV
is the fully-ordered low-temperature state.

atures the damping stays essentially unchanged within
the uncertainty.
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We now return to the data at 4.8 and 5.3 K. The de-
polarization patterns at these temperatures are different
in shape from all the others. Two distinct rotating sig-
nals can no longer be resolved, and at the earliest times
(0-0.1 ps) a finite phase shift ¢ of —50(5)° is visible (see
Fig. . Fits to the spectra at 3.1 and 4.2K give a
reduced phase shift of —25(5)° for the rotating signal
(i = 2) with greater asymmetry. At 1.5 and 2K this
phase shift is consistent with zero. Phase shifts of the or-
der observed at 4.8 and 5.3 K are fingerprints of the com-
plex field distributions which arise in incommensurately
modulated spin structures [52, 53], in agreement with the
incommensurate or multiple-¢ phases refined from neu-
tron diffraction data in a similar temperature range.

Starting at 4.2 K the asymmetry contribution from the
Gaussian signal has increased at the expense of the rotat-
ing signal [see Fig. [11j(a)]. In contrast to lower temper-
atures, there is a finite depolarization for times ¢ > 1 us
(see Fig. showing that the local fields are now fluc-
tuating. For the data analysis we thus use a so-called
dynamic Gaussian Kubo-Toyabe function [54} [55] instead
of the static Kubo-Toyabe profile used at lower temper-
atures. We extract fluctuation rates that are relatively
slow: 1.3(2) and 2.3(5) us~! at 4.8 and 5.3 K, respec-
tively. A dynamic fit of the Gaussian signal at 4.2 K
results in a considerably lower fluctuation rate of only
0.15(5) us~1. At both temperatures the dynamic fluctu-
ations are visible in the changes of the Gaussian damped
signal, while the rotating signal indicates incommensu-
rate order of the Cu spins. Note that at lower tempera-
tures where we see two rotating signals, the fluctuations
are slower, and we see a weaker, static Gaussian damped
signal. Since the most probable muon sites lie close to
oxygen atoms, which bridge the two Cu sites, the muons
may be expected to sense fields originating from both
Cul and Cu2. Without knowing the locations of the
muon stopping sites it is unfortunately not possible to
separate the roles of these sites.

In summary, our SR data indicate an onset of short-
range order below 8 K followed by full long-range order
at 5.3 K. Signals at 5.3 and 4.8 K support the presence of
incommensurate order and indicate slowly fluctuating lo-
cal fields. At the lowest temperatures the two oscillating
signals with their temperature-dependent frequencies are
clearly associated with static, commensurate long-range
order. A reduced phase shift in the idle-spin phase at 3.1
and 4.2 K indicates that vestiges of the incommensurate
modulation persist in this phase. The spins are static
on muon timescales here, which may indicate that the
idle-spin phase is either glassy or short-range. The split-
ting of ZFC and FC magnetization below 5.0 K argues
against slow fluctuations, and there cannot be long-range
order within a ladder and disorder from one ladder to the
next, as this would produce clear signatures in the spin-
flip neutron scattering data. The splitting between ZFC
and FC data is small, possibly because the idle spins re-
main constrained in the plane of the cycloid, or perhaps
because the spins are trained into particular orientations



when the system passes through the phases at higher and
lower temperature. The persistence of a minor Gaussian-
damped signal to low temperatures indicates a random
component in the local spin arrangement which remains
disordered to the lowest temperatures, perhaps an addi-
tional canting angle. This is most likely associated with
the Cul site, where we refine a somewhat reduced or-
dered moment.

IX. SUMMARY AND OUTLOOK

We have confirmed that CusSO4(OH)s undergoes
three magnetic ordering transitions between 5.00 and
5.55K in zero field, followed by a fourth transition at
2.8K, as was suggested by the more-complicated mag-
netic phase diagram for antlerite proposed in Ref. [17.
Our magnetization, uSR, and neutron scattering data
have allowed us to identify the spin structures of these
low-field phases.

The picture that emerges here is of a magnetic subsys-
tem which first enters an incommensurate elliptical heli-
cal+cycloidal state, most likely driven by interladder in-
teractions connecting the strongly antiferromagnetic cen-
tral legs of the ladders. While all spins participate, the
refined moments are not the full moment of Cu?t, and
uSR indicates that this state still has a dynamic com-
ponent. The outer legs of the ladder have a strong ten-
dency toward ferromagnetic order along ¢ which fights
the incommensurate order, leading to the helical order on
these sites and likely also to the rather small ordered mo-
ment on the central leg. The incommensurate wavevec-
tor is perpendicular to the ladders, so although all sites
are incommensurately ordered, the order along a lad-
der is commensurate, and this is neither the “IC-IC-1C”
nor “FM-IC-FM” state proposed previously by density-
matrix renormalization group (DMRG) based on DFT
parameters [7], since in these phases the incommensurate
(IC) order runs along the ladder. The DFT/DMRG re-
sults neglected interladder coupling and would not be
able to generate the observed incommensurate state. The
observed incommensurate phase is also distinct from the
cycloidal state proposed for CuzSeO4(OH),4 [38]. The lat-
ter state has a similar but commensurate (% 00) propaga-
tion vector, but the spins on the outer legs were cycloidal
rather than helical, while the spins on the inner leg did
not participate.

As the incommensurate phase is cooled, the outer
legs evidently push the incommensurability parameter
0 toward zero. They then order ferromagnetically, an-
tialigned, partially decoupling from the central leg and
leaving it to revert toward its original incommensurate
wavevector in a multiple-q structure. As with the incom-
mensurate phase, since the incommensurate wavevec-
tor presumably relies upon interladder interactions, the
multiple-g state is not the FM-IC-FM state proposed by
DMRG to lie nearby in parameter space. The discov-
ery of multiple-¢ magnetic order in a frustrated quantum
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magnet is likely to be of considerable interest, as the
quantum nature of the spins may lead to entirely new
and unexpected physics.

This is actually a particularly unique multiple-g struc-
ture, insofar as one magnetic site hosts commensurate
order while the other orders incommensurately. This is
the magnetic analog of misfit crystal structures, in which
separate layers of a compound fail to line up due to
a large lattice mismatch [56, [57]. The misfit materials
only rarely host magnetic ions in both types of layers.
In fact, to the authors’ knowledge, there are only three
misfit-layered compounds with magnetic ions in both lay-
ers on which magnetic properties have been investigated:
(CeS)1.20CrSy exhibits two transitions in the magneti-
zation, which were attributed to the two separate lay-
ers ordering independently [58], while magnetization data
on (GdS);.27CrSs suggested a transition at low temper-
ature [59] which was not investigated further. In neither
of these materials has magnetic diffraction been applied
to determine the spin arrangement in any layer. Finally,
in [CagCo003]p.62[Co02], spin-density-wave order in the
Co04 layer [60] was recently found to compete with fer-
romagnetic clusters in the Ca;CoQOg layer to produce a
glassy state [61]. Due largely to a scarcity of suitable
materials platforms, no long-range magnetic-misfit order
has been identified in the misfit-layered materials. The
magnetic-misfit phase in antlerite, on the other hand, in-
volves interpenetrating magnetic lattices that are struc-
turally commensurate, and the magnetic misfit structure
emerges spontaneously because of the different tempera-
tures of the incommensurate-commensurate lock-in phase
transitions in the ferro- and antiferromagnetic legs of the
spin ladder. As noted above, the results in Refs. 15 and
17| suggest that this novel phase occupies a large swath
of the H-T phase diagram. The as-yet-unidentified “y1”
and “y2” phases may also emerge from it at higher
H || ¢, which could indicate an ability to field-tune this
magnetic-misfit phase.

Upon further cooling, the ferromagnetic order evi-
dently strengthens on the outer legs, which appears to
temporarily destabilize the order on the central leg. We
detect this as an “idle-spin” state, closely similar to that
proposed previously as the ground state [I4] [15]. How-
ever, the idle spins are likely static, at least on the
timescale of uSR, possibly frozen in a glassy state with
only short-range correlations, similar to the one found in
the misfit cobaltate [61]. Finally, at 2.8 K the central leg
orders antiferromagnetically and the fully-ordered low-
temperature state is obtained.

The long-range order on the central Cul leg is evi-
dently reentrant. The question remains what its spins
are doing in the “idle-spin” phase between 2.8 and 5.0 K.
Our magnetization data find an additional contribution
to the magnetization for fields along b when cooling into
this phase. This suggests that the “idle” Cul spins re-
main locked in the plane of the cycloid. This would make
the spins more readily polarized once their long-range or-
der is extinguished, but only for fields perpendicular to



the ac plane of the failed cycloid. When the Cul spins
order antiferromagnetically below 2.8 K, this enhanced
magnetization falls away again.

DFT and DMRG calculations proposed that the in-
ner and outer legs in antlerite are independently on the
cusp of a phase transition, leading to a complex phase
diagram with exchange parameters and U [7]. However,
the complexity of these calculations required neglecting
minor contributions such as anisotropy, Dzyaloshinskii-
Moriya (DM) interactions, and interladder exchanges.
The phases we identify at zero field indicate that these
neglected interactions contribute an additional rich com-
plexity to the system. The outer legs of the ladder clearly
exhibit strong anisotropy, with the moments directed
preferentially along c. Strong canting in the previously
reported lowest-temperature phase and within the cen-
tral leg in the incommensurate phase may suggest a role
for DM interactions. Meanwhile, the incommensurate or-
der presumably arises from relative rotations of the Cul
moments between the ladders, which can only arise from
interladder exchange interactions. That the phases newly
identified here were absent from the calculated phase di-
agram is most likely a result of having to exclude weaker
interactions, making these phases inaccessible to DMRG.
The high tunability suggested by DMRG is clearly only
the tip of the iceberg, and temperature is only one tun-
ing knob of many. More as-yet-unidentified phases have
been seen in antlerite in applied magnetic fields [I5] [17],
while to our knowledge tuning by pressure and strain
have not yet been reported. Se substitution should be re-
visited [38], and a very different alternation of exchanges
leads to a completely different ground state in szenicsite
Cusz(MoO4)(OH)4 [62], which to our knowledge has never
been synthesized, suggesting another potential substitu-
tion series. We anticipate that antlerite and its deriva-
tives will host a very rich collection of magnetic phases
in an accessible range of parameters.
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Appendix A: UV-vis spectroscopy

The infrared spectrum of antlerite has been reported
several times [14] [66H68], but we are only aware of one re-
port of its optical response in the ultraviolet, visible, and
near-infrared regimes [69], and this has significant gaps.
We show the absorption spectrum of CuzSO4(OH)y in
these frequency regimes in Fig. This spectrum was
fit to five Gaussians in the frequency domain, yielding
peaks at 207, 303, 373, 444, and 909 nm (48236, 32996,
26845, 22500, and 11007 cm~1), which are marked on the
figure. The previous work found peaks in this frequency
range at 49260, 44445, 16390, and 10990 cm~!, corre-
sponding to 203, 225, 610, and 910nm [69]. These were
attributed to 2Aqg(dy2_y2) — Bog(dyy) (10990 cm™1),
2A1g(dy2_y2) — ?Bsg(dy.) (16390cm™'), and charge
transfer excitations at higher wavenumber. Our data
would not allow us to clearly distinguish a shoulder at
225nm, and we are not able to resolve the weak hump
reported at 610 nm. The previous report had large gaps
in the spectrum, most notably between ~250 and 595 nm,
which would have prevented the observation of additional
features at intermediate wavelengths.

We consider it plausible that the peaks at shorter wave-
length are indeed charge transfer excitations as previ-
ously reported, while the longer-wavelength peaks are
d—-d excitations. A reliable assignment of all observed
modes would require detailed modeling and calculation of
excited states beyond the scope of this work — antlerite
has two Cu sites with different coordination environ-
ment [13] [14], neither site has a highly symmetric co-
ordination sphere, there are multiple types of ligands,
and electron-electron interactions are thought to be very
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FIG. 13. Diffuse magnetic intensity at higher temperatures.
Solid lines represent the magnetic form factor of Cu?*. The
6.0-K dataset is identical to that in Fig. El(a).

strong in this system, all of which add considerable com-
plexity to such a calculation. Spectra in the ultraviolet,
visible, and infrared frequency ranges can serve as a fin-
gerprint of a substance, so having a broader spectrum
available (when combined with the previously available
infrared results) is likely to prove useful for chemical iden-
tification purposes.

Appendix B: Magnetic Refinements

As arXiv ancillary files, we provide magnetic crystallo-
graphic information files (mCIF) describing our magnetic
refinements:

Phase Temperature Filename

Idle Spin 4.0K IdleSpin.mcif
Multiple-gq 5.3K MultiQ.mcif
Incommensurate 5.3K Icom.mcif

Appendix C: Diffuse Magnetic Intensity to Higher
Temperatures

Figure[L3|shows the diffuse magnetic intensity collected
on the D7 diffractometer to higher temperatures. The
data at all temperatures are fit to I = AF?, where I
is the intensity, F is the magnetic form factor for Cu?*,
and A is 0.2290(19) for all datasets in the units used. The
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FIG. 14. ZF and wLF spectra in the paramagnetic state at
6.5 K. The damping is suppressed significantly by longitudinal
field.

diffuse peak shifts to lower |Q|, but a significant diffuse
contribution persists to at least 200 K.

Appendix D: Additional Muon Spin Rotation and
Relaxation (uSR) Results

The depolarization in ZF spectra in the paramagnetic
regime is dominated by strong damping described by a
static Gaussian Kubo-Toyabe function
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FIG. 15. wLF spectra in the long-range magnetically ordered

states.
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netic phase transitions extracted from specific heat data.

Here the Gaussian damping width o is v, A, with A be-
ing the width of the Gaussian distribution of local field
components B, , around zero. G is the component of
the asymmetry along the direction of the incoming muon
beam.

For parametrizing our asymmetry spectra below Tn we
use a phenomenological approach:

2
A(t) =) roriGi(t) + ackrG= (1) KT + BG (D2)
=1
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with
rot 2 — ¢, it 1 —Ait
G, (1) = §6 ; cos(27wu7it+g01)+§e , (D3)

where v, ; is the rotation frequency in local internal fields
caused by the ordered electronic moments, while )y is the
transverse damping parameter of the oscillations, mainly
caused by field inhomogeneities, and can be seen as a di-
rect measure of the width of the distribution of B; arising
from local disorder in the long-range-ordered spin array.
Here a,q¢ is the contribution to the asymmetry from the
rotating signal. The two terms in G, ;(t)™", transverse
and longitudinal, arise from the usual approach to de-
scribe the isotropic average by assuming that % of the
muons experience an internal field perpendicular to the
initial orientation of their spins, resulting in precession.
For the remaining % of the muons, the internal field is ori-
ented parallel to the muon spins and no precession takes
place. However, dynamic muon spin polarization, caused
by fluctuations of the magnetic moments surrounding the
muon, introduces a nonzero longitudinal term with a re-
laxation rate A, proportional to the magnetic spin fluc-
tuation rate.

Figure [[4] shows the asymmetry in the paramagnetic
state at 6.5K, where a longitudinal field of 2mT sup-
presses the damping. Figure shows wLF spectra to
longer decay times in the magnetically ordered state.
Figure [T6] shows the temperature dependence of the nor-
malized asymmetry of the wTF spectra. A reduction is
seen in points just above the highest magnetic transition,
indicating an onset of short-range order, while points be-
low the transition indicate ordering throughout the sam-
ple.
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