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Magnetic phase diagram of rouaite Cu,(OH);NO;
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Spinon-magnon mixing was recently reported in botallackite Cu,(OH);Br with a uniaxially compressed
triangular lattice of Cu** quantum spins [H. Zhang er al., Phys. Rev. Lett. 125, 037204 (2020)]. Its nitrate
counterpart rouaite, Cu,(OH);NO3, has a highly analogous structure and might be expected to exhibit similar
physics. To lay a foundation for research on this material, we clarify rouaite’s magnetic phase diagram and
identify both low-field phases. The low-temperature magnetic state consists of alternating ferromagnetic and
antiferromagnetic chains, as in botallackite, but with additional canting, leading to net moments on all chains
which rotate from one chain to another to form a 90° cycloidal pattern. The higher-temperature phase is a
helical modulation of this order, wherein the spins rotate from one Cu plane to the next. This extends to
zero temperature for fields perpendicular to the chains, leading to a set of low-temperature field-induced phase
transitions. Rouaite may offer another platform for spinon-magnon mixing, while our results suggest a delicate
balance of interactions and high tunability of the magnetism.

DOI: 10.1103/PhysRevB.110.054442

I. INTRODUCTION

In magnetically frustrated systems, the strong exchange in-
teractions compete with each other, and the magnetic ground
state can depend crucially on weaker interactions that can
ordinarily be neglected, or on details of the frustration. Such
systems can be exquisitely tunable since any minor perturba-
tion can upset this delicate balance and send the system into a
completely different magnetically ordered state. This situation
is most commonly realized by arranging the magnetic ions in
a geometry that pits different interactions against each other
[1-5], with the classic example being spins on a triangle
with antiferromagnetic interactions. The competition among
interactions that destabilizes conventional forms of magnetic
order can be aided by limiting the number of interactions
at each site, for instance, in low-dimensional systems, or by
quantum fluctuations. The latter are most relevant for small
spins, especially § = %
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The stability of the 3d° electronic configuration of Cu**
makes it a particularly accessible magnetic ion for quantum
magnetism, while its low spin-orbit coupling makes it a nearly
pure-spin moment. In condensed-matter physics research,
Cu?* is most commonly found in complex oxides, typically
forming bipartite square magnetic sublattices, for instance, in
the cuprate superconductors [6]. A bipartite lattice can exhibit
bond frustration from a competition between nearest- and
next-nearest-neighbor interactions, but it is not geometrically
frustrated.

A number of copper compounds exist in which the lattice is
not bipartite, many of which are known primarily as minerals.
The copper-based minerals are often composed of distorted
Cu?* triangles [7], and have proven a rich platform for novel
physics. Examples include the candidate quantum spin-liquid
state in herbertsmithite ZnCu3(OH)Cl, [8-10]; enormous
effective moments in atacamite Cu,C1(OH); [11]; and misfit
multiple-q order in antlerite CuzSO4(OH)4 [12,13]. Recently,
spinon-magnon interactions were reported in botallackite
Cuy(OH)3Br [14], whose triangular lattice is compressed
along one leg of the triangle to form spin chains. While spinon
continua and magnon branches have been observed together
in other materials [15] this is, to our knowledge, the only

©2024 American Physical Society
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material in which they have been reported to coexist in the
same energy range, and there is evidence that they interact
with each other. Since magnons are bosons and spinons are
fermions, any mixing of these constituents of the excita-
tion spectrum might be expected to lead to extremely exotic
physics. The possibility of such an interaction had not been
considered in detail prior to Ref. [14], but has since led to
theoretical interest [16,17]. However, with only one potential
host material known, it is difficult to examine the interactions
in detail or make general statements about the effects or oc-
currence of spinon-magnon interactions.

Rouaite, Cu,(OH);NO3, hosts a Cu®>* sublattice highly
similar to that of botallackite [18], with the most obvious
difference being the replacement of Br~ with NO;. The
strongest interactions are expected to be along the crys-
tallographic b axis, leading to a proposed alternation of
ferromagnetic and antiferromagnetic chains [19,20], which
is thought to be the key ingredient for spinon-magnon in-
teractions in botallackite. Previous reports on rouaite found
a Néel transition around 6-10 K [20-22], a metamagnetic
transition around 2 T [20,23], an apparent additional transition
just below 5 K [23] which was only seen in the magnetic sus-
ceptibility and only for specific field orientations, and several
possible transitions at high field [23]. Magnetic phase dia-
grams have been reported on powder [20] and single crystals
[23]. However, neutron powder diffraction at low tempera-
ture failed to find any magnetic reflections, leading to the
conclusion that any long-range order was of extremely small
moments and the material was most likely a resonating va-
lence bond system [23], in which the spins would form a
liquid of spin-0 dimers. A radically different ground state
from that found in structurally similar botallackite can be
readily rationalized through the high tunability in frustrated
low-dimensional quantum spin systems, but is at odds with
the theoretical predictions [19] and difficult to reconcile with
previous experimental results, particularly nuclear magnetic
resonance (NMR) on powder samples [20].

Here we report a detailed magnetic phase diagram for
rouaite for fields along all three principal magnetic field di-
rections. The magnetic ground state consists of alternating
ferromagnetic and antiferromagnetic chains as previously pro-
posed, but with significant canting angles not reported in
botallackite. The intermediate-temperature phase, which is
not observed in botallackite, is a helical modulation along ¢
of the lower-temperature phase, implying a key role for in-
terlayer exchanges which are expected to be extremely weak.
This phase extends to zero temperature in finite fields perpen-
dicular to b. We also logically propose a plausible identity of
the phase present in fields above ~3 T, which likely finds an
analogy in botallackite.

II. EXPERIMENT

Powder samples of synthetic rouaite were prepared hy-
drothermally under autogenous pressure. Similar to the
synthesis reported in Ref. [24], 5 mL of a 1-M solution of
Na,COj3 - H,0 (Griissing GmbH, 99.5%) were slowly added
to 10 mL of a 1-M solution of Cu(NO3), - 3H,O (Acros
Organics, 99%). This was transferred to a 50-mL Teflon-lined
stainless-steel autoclave, sealed, and heated in a convection
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FIG. 1. (a) Neutron powder refinement of the crystal structure of
rouaite, Cu, (OD);NO; at 20 K based on Echidna data. (b) Joint re-
finement of data at 1.89 (dark) and 2.45 A (light) at HRPT, collected
at 10 K. (c) Refined crystal structure in monoclinic P2, from Echidna
data.

drying oven. After heating to 180 °C in 2 h, the mixture was
allowed to react at that temperature for 5 days, cooled to 50 °C
in 2 h, then cooled freely to room temperature. The hydrother-
mal reaction products consisted of light blue supernatant (pH
5-6) and turquoise rouaite powder, which was filtered, washed
with deionized water, and dried at room temperature. For
the deuterated samples required to minimize incoherent neu-
tron scattering, the precusor solutions were made using D,O
(Acros Organics, 99.8 at. % D).

Single crystals were grown from a more-concentrated so-
lution of Cu(NOs3), -3H,O : H; O =8:1 by mass, and a
higher-temperature PPL liner was used. In this case, the mix-
ture was held at 240°C for 5 days. The supernatant was
a dark blue-green (pH 2-3), and contained large deep-blue
rouaite crystals of size up to 12 x 5 x 5 mm? [Fig. 2(c) inset],
which were washed with water and dried at room temperature.
Starting from undeuterated copper nitrate trihydrate and D,O
would limit the deuteration to 60%—-65% in such a synthesis,
and water-free Cu(NQOj3), is not accessible as it decom-
poses upon heating, so it was essential to prepare deuterated
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FIG. 2. Selected magnetization data on rouaite. Field-cooled data are shown for the three mutually orthogonal directions (a) H | a,
(b) H || b, and (c) H || [001]. At selected fields, these data are compared against zero-field-cooled data for (d) H || a, (e) H || b, and (f)
H || [001]. The transitions found at zero field in the specific heat are marked with vertical lines. The inset to (c) shows several crystals on

mm-ruled graph paper, while the inset to (f) plots the inverse magnetization to higher temperatures, together with Curie-Weiss fits.

precursor [Cu(D;0)s](NO3);. Cu(NO3), - 3H,O was dis-
solved in D,O and then repeatedly recrystallized by slowly
evaporating the solvent in a rotary evaporator in order to
ensure a high D content in our precursor nitrate. The synthesis
then proceeded as for the undeuterated crystals.

Neutron diffraction data on deuterated rouaite powder were
collected from 3.9° to 163.8° using 2.44-A neutrons at the
Echidna [25] diffractometer and from 16° to 133.75° with
2.41-A neutrons at the Wombat [26] diffractometer, both at the
OPAL research reactor, Australian Science and Technology
Organization (ANSTO), Lucas Heights, Australia. Further
data were collected for significantly shorter count times at the
HRPT diffractometer, SINQ, PSI, Switzerland [27], at wave-
lengths of 1.89 and 2.45 A. Additional neutron scattering on
a ~1.7-g mosaic of single crystals was performed on the LET
[28] time-of-flight spectrometer at the ISIS neutron source,
Didcot, UK, using incoming neutron energies of 20.03, 5.96,
2.82, and 1.64 meV. Powder diffraction data were Rietveld-
refined in FULLPROF by the full-matrix least-squares method
[29], using neutron scattering factors from Ref. [30].

Neutron Laue diffraction patterns of a ~1 mm? rouaite sin-
gle crystal were measured for 10 distinct sample orientations
with respect to the incident neutron beam at 10, 5.5, and 2.1 K
using the Koala2 white-beam neutron Laue diffractometer
[31] at the OPAL Research Reactor, Australian Centre for
Neutron Scattering (ACNS), Australian Nuclear Science and
Technology Organisation (ANSTO), in Sydney, Australia. Im-
age data processing, including indexing, intensity integration,
and wavelength distribution normalization, was performed us-
ing LaueG [32]. Crystal and magnetic structure refinements
were carried out using JANA2006 [33] and checked using
FULLPROF [29].

Magnetization measurements were performed by vi-
brating sample magnetometry (VSM) in a Cryogenic
Ltd. Cryogen-Free Measurement System (CFMS), under

zero-field-cooled-warming, field-cooled-cooling, and field-
cooled-warming conditions. Four-quadrant M-H loops were
measured at several temperatures. The single crystals were
mounted to a plastic bar using GE varnish. The same appa-
ratus was used to collect ac susceptometry data as a function
of field and temperature, using an ac field of 0.1 mT at several
frequencies, while sweeping the sample vertically through the
coils at 0.05 Hz; 3-5 such spatial oscillations were averaged.

Low-temperature specific-heat measurements were per-
formed on a single crystal using a Physical Property
Measurement System (PPMS) DynaCool-12 from Quantum
Design, equipped with a *He refrigerator. Measurements were
taken using both *He and “He specific heat pucks. Contri-
butions from the sample holder and Apiezon N grease were
subtracted. Multiple data points were collected at each tem-
perature and averaged; the first data point at each temperature
was discarded to exclude the possibility of incomplete thermal
stabilization. A few additional data sets were collected in a
similar manner on a CFMS using the relaxation calorimetry
option.

Dilatometry measurements were performed using a tilted-
plate capacitive dilatometer with a sensitivity to relative length
changes of ~10~7 [34], which was mounted on an Oxford In-
struments “He-flow cryostat equipped with a superconducting
magnet capable of fields up to 10 T. The sweep rate of the
magnetic field was chosen to be between 0.05 and 0.25 T/min.
For accurate monitoring and control of the dilatometer and
sample temperature we used a Cernox thermometer attached
to the dilatometer cell close to the sample. Measurements of
magnetostriction and thermal expansion were made on single
crystals for length changes parallel or perpendicular to the
mutually orthogonal crystallographic a, b, or [0 0 1] directions
for magnetic fields oriented along each of these directions.
The longitudinal and transverse components of the striction
tensor found in this way allow the distortions and volume
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effects of the crystal lattice to be calculated. This allows one
to identify all magnetic transitions accompanied by lattice
effects through dilatometry, which can hint at modifications
of the magnetic structure.

Ultrasound measurements were performed in magnetic
fields applied along the b axis using a pulse-echo method with
a phase-sensitive detection technique [35,36]. The polariza-
tion and wave vector of the sound waves were also along b.
To generate and detect ultrasound signals in the 20-120 MHz
range, we bonded ultrasound transducers (LiNbOj3, 36° Y-cut
for longitudinal acoustic modes) with Thiokol to two parallel
sample surfaces. Typically, several ultrasound echoes due to
multiple propagations and reflections in the sample were ob-
served. We used a PPMS combined with an ultrasound setup.

The low-temperature thermal conductivity « of rouaite was
measured for in-plane heat currents, in magnetic fields along
a, b, and [0 0 1] as a function of temperature and field, by a
four-point steady-state method using two Cernox thermome-
ters and a resistive heater.

Proton nuclear magnetic resonance (lH-NMR) spectra
were measured at a resonant frequency of 31.51 MHz in
magnetic fields applied along the a direction. Spectra were
collected by sweeping field at a fixed frequency, and the
intensity was recorded during the field sweep.

III. CRYSTAL STRUCTURE

Rouaite crystallizes in the monoclinic space group P2,
(No. 4), with a monoclinic angle B of roughly 95°, with
distorted-triangular-lattice Cu planes as depicted in Fig. 1
and several other figures below. Since previous structure re-
ports [18,23,37-39] were based on x-ray diffraction, which
has limited sensitivity to hydrogen positions, we start with
neutron powder diffraction to verify the crystal structure and
determine accurate hydrogen positions. We previously found
this to be crucial in antlerite, where calculations based on liter-
ature hydrogen positions converged on an incorrect magnetic
ground state [12]. A Rietveld refinement was performed on
a data set collected on deuterated rouaite powder at 20 K on
the Echidna beam line at ANSTO, Australia, and a separate
joint refinement was performed on data collected at 10 K with
two neutron wavelengths at the HRPT diffractometer at PSI,
Villigen, Switzerland. The resulting refinements are shown
in Figs. 1(a) and 1(b), respectively, and the crystal structure
based on the Echidna refinement is depicted in Fig. 1(c). For
the Echidna refinement it was necessary to include a contribu-
tion from % at the 0.13% level. Details of these refinements
are provided in Tables I, II, and III in the Appendix, and
crystallographic information files (CIFs) are available in the
Supplemental Material online [40]. We also provide a struc-
ture refinement based on neutron Laue diffraction data, as
described below. As previously reported, rouaite is composed
of distorted-triangular-lattice planes of Cu** which are better
viewed as coupled one-dimensional chains, while consecutive
planes are linked through a network of hydrogen bonds. This
is expected to lead to a hierarchy of magnetic interactions.

IV. MAGNETIZATION

Temperature-dependent field-cooled magnetization (M)
data are shown for applied magnetic fields H || a, band [0 0 1]
in Figs. 2(a), 2(b), and 2(c), respectively. For all field direc-
tions, the magnetization decreases below a peak around 10 K,
indicating that there is no net ferromagnetic moment. The an-
tiferromagnetic transition 7y would normally be defined at the
inflection point below this peak, but the data for H || [00 1]
are not consistent with the other two directions, as will be
discussed later. At low fields, below the antiferromagnetic
transition the magnetization decreases abruptly around 4.7 K
for H || a and increases for H || b, this temperature being con-
sistent with the specific-heat transition described below. As
field is increased, this transition moves to higher temperature
for H || b, ultimately merging with Ty around 2.5 T.For H || a
this transition instead collapses to zero temperature around
1 T, becoming strongly hysteretic. The increase in 7 with field
for H || b is in stark contrast to published phase diagrams for
the other two field orientations [23].

A second transition appears below Ty for H || a, first ap-
pearing around 1.75 T. It nearly reaches Ty by 2 T, and
seemingly turns upward to merge with 7y around 2.5 T,
although it becomes difficult to determine 7y where these
transitions come together.

For H || [00 1], no clear transitions were seen in tempera-
ture sweeps, even at Ty. Sweeps with H || b had a maximum
slope around 7y and for H | a this transition appears as
a weak, broadened step, but it was not possible to define
any transitions for H || [0 0 1]. Sharp features were, however,
found in field sweeps, as seen in Figs. 3(c) and 3(f). As shown
in Fig. 2(f), measurements taken below 7y on warming and
cooling in this field orientation often disagreed, with signif-
icantly lower magnetization values for cooling runs, but the
magnetization measured on cooling recovered to rejoin the
warming data around ~3-4 K. The temperature associated
with this recovery was not found to depend systematically on
field or cooling rate, and is not believed to be a phase transi-
tion. It is likely either a metastable training of the magnetic
order or an experimental artifact arising from the less-stable
sample mounting required for this orientation. Zero-field-
cooled and field-cooled warming data (not shown) agreed
more closely, indicating that the differences seen in Fig. 2(f)
arise from the sweep direction and not from field training.

Zero-field-cooled and field-cooled magnetization data for
fields along a and b are compared in Figs. 2(d) and 2(e),
respectively. The transitions below Ty for H || a are hysteretic,
but no other significant differences were observed with field
training. These transitions are probably first order.

The magnetization has a broad peak above Ty around
11-12 K in low ab-plane fields, consistent with most previous
reports on Cuy(OH)3;NO; powder [21] and single-crystalline
samples [23]. The peak is significantly lower for fields perpen-
dicular to this plane. This is well above Ty, and the downturn
on cooling below the peak is presumably associated with
short-range order. One earlier report on single crystals placed
this peak around 8 K [22] for all three field orientations, and
the origin of this discrepancy is not understood. Reference
[22] did not observe sharp features below Ty which, com-
bined with the suppressed and isotropic onset of order, may
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FIG. 3. Selected field-dependent magnetization data on rouaite. Data are shown for (a) H || a, (b) H || b, and (c) H || [00 1], and replotted

as M/H in (d), (e), and (f), respectively. Glitches at =1 T are artifacts.

indicate sample quality, crystallinity, twinning, or alignment
issues. The synthesis reported in Ref. [22] used a 2:1 ratio of
Cu(NO3), to Mg(NOs3),, so the broadening and suppression
of the magnetic features observed in these single crystals may
indicate disorder due to incorporation of trace nonmagnetic
Mg?* on the Cu* site despite this not being detected. It
is known that the complete (Mg, Cu),(OH);NOj substitu-
tion series exists, with the cation stoichiometry controlled
by the Cu’*:Mg?" ratio during synthesis, and that Mg>*
doping rapidly suppresses the antiferromagnetic downturn
in the magnetization [41]. Mg>* preferentially occupies the
Cu2 site [41], which is proposed to form antiferromagnetic
chains [19].

Measurements to higher temperature are plotted as inverse
magnetization in the inset to Fig. 2(f), along with Curie-Weiss
fits to the data above 100 K. The inverse magnetization for
b-axis fields is slightly nonlinear, making extracted values less
reliable for this field orientation, but we did not find a better
fit function that would produce physical insight. Extracted
Curie-Weiss temperatures are 1.0, 17, and 0.28 K for fields
along a, b, and [0 O 1], respectively, all of which indicate
net ferromagnetic interactions. For fields along a and [0 0 1]
the small Curie-Weiss temperatures compared to 7y indi-
cate the presence of additional antiferromagnetic interactions,
and the magnetization more closely resembles that of an
antiferromagnet than a ferromagnet. Our Curie-Weiss temper-
atures are higher than those reported in Ref. [23], where they
were slightly negative for H || a and [0 O 1]. This is likely
due to the narrower temperature range of our fit combined
with slight curvature in the data, and extending our fit to
lower temperatures indeed reduces the extracted Curie-Weiss
temperatures.

Field-dependent magnetization data for H || b, shown in
Fig. 3(b) and as M/H in Fig. 3(e), show no transition up
to 14 T at low temperature, but they do show a low-field
transition between 4.7 K and 7y. For the other two field
orientations, shown in Figs. 3(a) and 3(c) and replotted as

M/H in Figs. 3(d) and 3(f), two separate hysteretic transitions
are found at low temperatures below 3 T. For H || a these
are consistent with the transitions found in the temperature-
dependent magnetization. As mentioned above, no transitions
were visible for H || [00 1] in temperature sweeps, but these
transitions are evidently present. Aside from hysteresis at the
transitions, our field-dependent data show no evidence for
field training.

Because the magnetic transitions for H || [00 1] were
visible in field-dependent but not temperature-dependent
magnetization measurements, we also measured the ac sus-
ceptometry x for this field direction. Temperature sweeps
of the real component x’ at low fields, shown in Fig. 4(a),
exhibit a weak step at low temperatures consistent with the
transition found in field-sweep magnetization measurements,
but slightly lower in temperature than in the specific heat.
The maximum slope extracted from these data returns a more
plausible 7y than the magnetization data, but with significant
uncertainty. We did not find evidence for frequency depen-
dence that would indicate a glass transition. Strong steps are
also observed in field sweeps, as shown in Fig. 4(b). The
imaginary component of the susceptibility x” did not exhibit
features above the noise level.

V. SPECIFIC HEAT

The main Néel transition Ty is found at 7.24 K in the
specific heat (Fig. 5), and a broad hump above that transition
is presumably associated with short-range order. The upper
inset in Fig. 5 presents cp/T, where an upward deviation from
the expected phonon behavior, attributed to magnetic entropy,
can be discerned below ~20K, roughly triple the ordering
temperature. This appearance of magnetic entropy well above
the long-range-order transition is likely a consequence of both
frustration and low dimensionality.

The lower-temperature transition was not visible in pre-
vious specific-heat (cp) measurements [23,42]. As can be
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FIG. 4. Real component of the ac susceptibility of rouaite at
several (a) fields and (b) temperatures, for H || [00 1]. A three-point
moving average has been applied to reduce noise.
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FIG. 6. Field-dependent specific heat at several temperatures as
labeled. Data in (b) were collected on decreasing field, the others on
increasing field.

seen in Fig. 5 this is because this transition, despite being
most likely first order, is very weak and is not associated
with a change in slope or power law. The lower inset in this
figure shows an expanded view of this weak peak, which is
located at 4.72 K. Integrating this peak leads to an estimate
of 2.60 mJ mol~! K~! per formula unit, or 1.30 mJ mol ! K~!
per Cu, for its entropy. If this transition is indeed first order as
implied by the hysteretic magnetization data, its latent heat
is very small and the phases cannot differ significantly in
entropy. This weak peak has an even weaker hump on its
high-temperature side, which suggests that it could actually be
a second transition at roughly 4.80 K. Such a small separation
would likely not have been resolved in the magnetization data,
particularly given that the transition is hysteretic.

Additional specific-heat data were collected as a function
of field for H || [00 1], as shown for several temperatures
in Fig. 6. Here, most prominently at 4 K, we see additional
evidence suggestive of a splitting of the lower transition.
However, since no similar splitting of the transition was ob-
served by any other technique, we cannot be certain that this
splitting is real. As mentioned, the main issue is the hysteresis
observed in most other techniques. By their nature, relaxation-
time specific-heat measurements oscillate the temperature,
allowing the system to settle and reducing the effect of hys-
teresis after the first data point, which we discarded.

An extrapolation of ¢cP/T vs T? to T = 0K gives an in-
tercept of roughly 0.012 Jmol~'K~2. We do not view this as
clear evidence for an additional contribution from low-energy
spinons. The spinon continuum reported in botallackite did
not extend down to zero energy, having a bottom instead
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FIG. 7. Refined cell parameters and volume based on Wombat
data collected at a series of temperatures.

around 4 meV. We would not expect a similar spinon contin-
uum in rouaite to be populated in the low-temperature limit.

VI. NEGATIVE THERMAL EXPANSION

While collecting neutron diffraction data to identify the
magnetic ground state, we encountered significant shifts in a
few structural Bragg peaks at low temperature, which compli-
cated the subtraction of paramagnetic-state data to isolate the
magnetic reflections. This was unexpected: thermal expansion
is ordinarily relatively small at low temperatures, especially
for a difference of less than 20 K among the data sets. Even
more surprisingly, the peak shifts suggested negative ther-
mal expansion. To verify and characterize this, we collected
additional data in steps of 0.25 K from 4 to 46 K on the high-
intensity Wombat diffractometer at ANSTO, using 2.417-A
neutrons. Individual refinements at each temperature allowed
us to track the temperature evolution of the lattice constants,
atomic positions, and other refined parameters. No significant,
systematic trends were seen in the atomic positions within the
unit cell, so these were fixed to their previously refined values.
In the final step, only the lattice parameters, background,
temperature factors for Cu and O, an overall scale, and 2
peak shape parameters were refined for each temperature. The
temperature dependence of the lattice parameters based on
these refinements is shown in Fig. 7.
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FIG. 8. Relative change of rouaite’s lattice parameters with tem-
perature, from dilatometry.

Our neutron diffraction data (Wombat) evidence a substan-
tial expansion of the b axis on cooling below ~40 K, which
is not compensated by contraction along the other direc-
tions. This leads to negative volume expansion below ~25K,
more than triple 7y. This negative volume expansion saturates
around the first magnetic transition at 7.24 K. Aside from
exchange striction, crystal-field striction on the Jahn-Teller
Cu*" sites would also be possible in this system, but the long
direction of the Cu2 octahedra lies along (10 1) and the long
axes of the Cul octahedra point along cell diagonals, so it
is unlikely that this would lead to expansion predominantly
along b. Given that clear hints of magnetic entropy appear
in the specific heat below ~20 K, similar to the onset in the
b-axis thermal expansion, and given the latter’s saturation
near the magnetic ordering temperature, the negative ther-
mal expansion is presumably correlated with the formation
of short-range magnetic order. The b axis is the Cu chain
direction, which is expected to have the strongest magnetic
interactions, so its negative thermal expansion is presumably
driven by magnetic interactions along the chains. Lengthening
the chains on cooling would drive the Cu—O—Cu bond angle
closer to 180°, stabilizing antiferromagnetic interactions.

It is also worth noting here that the strong magnetoelastic
coupling, implying magnetic interactions which are signif-
icant compared to the Coulomb energy scales holding the
lattice together, means that the material would be expected
to be highly tunable through uniaxial or hydrostatic pressure.
It is also likely crucial that calculations of the magnetic in-
teractions begin from the low-temperature structure, and that
relaxation calculations of the structure include magnetic inter-
actions.

We turn to dilatometry measurements to investigate this
effect more sensitively. The relative length changes in the
a, b, and [0 O 1] directions at zero field are plotted against
temperature in Fig. 8. As found in the neutron refinements in
Fig. 7, the b axis drives significant negative volume expansion
above Ty. An inflection point is found at the Néel transition
for all three directions. Here, we also see that the a and [0 0 1]
directions have opposite curvature above Ty, and that positive
thermal expansion is restored along the b axis below ~3 K.
The dilatometric results are in very good agreement with those
from neutron scattering, but the magnitude of the changes
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cient y based on the data in (a). 7y at zero field extracted from cp(T')
is marked.

measured by dilatometry on our single crystal is roughly
half that seen by diffraction on powder. This discrepancy is
not fully understood, with one potential contribution being
neglected stray capacitances.

From these thermal expansion data, it is possible to calcu-
late the relative change in volume AV/V and the volumetric
thermal expansion coefficient y = %g—;, which are plotted for
several fields in Figs. 9(a) and 9(b), respectively. Here we
find that positive volumetric thermal expansion is restored on
cooling below ~4 K. The volume changes exhibit a strong
kink at 7y, which manifests as a strongly asymmetric cusp
in y. The shape of AV/V echoes that seen in Fig. 7(e).

Dilatometry was also used to investigate the magnetostric-
tion and the thermal expansion in field, through measurements
in both transverse and longitudinal fields (expansion per-
pendicular or parallel to the applied field, respectively).
We present the longitudinal thermal expansion data in
Figs. 10(a)-10(c) for three orthogonal directions, plotted as
the linear thermal expansion «, where for instance «, = "
For all three directions, a strong cusp is observed at Ty. In
many cases there are hints of a weak kink or shoulder on
the high-temperature side of 7y, presumably associated with
short-range order, while for the a and [0 O 1] directions, the
thermal expansion reaches a minimum around 3—4 K before
increasing again at lower temperatures. These upturns under-
lie the strong increase in the volume expansion below 3 K in
Fig. 9(b).

The magnetostriction is shown in Figs. 10(d)-10(f). At
most temperatures, including well above 7Ty, this is slightly
hysteretic, due to issues with temperature stability. Just above
2 Tfor H|aand 3 T for H || [001], a step is observed
which likely corresponds to the higher-field transition seen
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FIG. 10. Linear thermal expansion and magnetostriction of rouaite. (a)—(c) Linear thermal expansion coefficients ¢; for the (a) a, (b) b, and
(c) [0 0 1] directions as a function of temperature, for longitudinal fields. In these panels, the data sets in field have been shifted vertically by
multiples of 3 x 107° K~! for visual clarity. (d)-(f) Magnetostriction along the (d) a, (e) b, and (f) [0 0 1] directions, again for fields parallel

to the expansion.
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FIG. 11. Ultrasound results on rouaite, with H, sound wave polarization, and wave vector along b. (a), (b) Relative change in sound velocity
as a function of (a) temperature and (b) magnetic field. (c), (d) Relative change in attenuation as a function of (c) temperature and (d) magnetic
field. Due to the necessity of adjusting the measurement frequency slightly between runs, the temperature sweeps were put on a common
vertical scale by shifting to match the field sweep at 15 K and scaling to match the 1.8-K data, then verifying consistency among the data sets

at intermediate temperatures and fields.

in the magnetization. Interestingly, this may still be present
at 10 K for H || [00 1], which is above Ty. Curiously, in the
magnetostriction, [0 0 1] fields produce opposite curvature to
the other two directions, leading to a minimum at finite field.

VII. ACOUSTIC PROPERTIES

We investigated changes in the ultrasound velocity and
ultrasound attenuation as a function of temperature and field
H || b to gain further insight into the magnetic transitions.
Sound waves can interact with magnetic order either through
(i) altering the single-ion anisotropy through the crystal elec-
tric field due to the (moving) ligands and spin-orbit coupling,
or (ii) exchange striction, whereby moving the atoms alters the
exchange pathways. Single-ion anisotropy is absent in spin—%
systems, so only exchange striction is relevant in rouaite.

In the sound velocity [Figs. 11(a) and 11(b)], only the Néel
transition is visible. This manifests as an inflection point in the
temperature and field dependence. Given the large magnetoe-
lastic coupling, it is not surprising that rouaite becomes more
rigid on cooling below the transition: the magnetic order con-
tributes to the lattice stiffness. Surprisingly, Ty is associated
with a minimum in the attenuation [Figs. 11(c) and 11(d)]:
no attenuation maximum caused by fluctuations around the
transition is observed for this acoustic mode. Note that the
total attenuation change in this temperature and magnetic field

range is rather small, although the sound velocity change is
rather large.

The metamagnetic transition is associated with a broad
inflection point in the temperature-dependent attenuation.
However, it has no clear signatures in the ultrasound veloc-
ity or in field sweeps. The relatively minor coupling of this
transition to the lattice suggests that it is a reorganization of
the existing order.

VIII. MAGNETIC PHASE DIAGRAM

H-T phase diagrams for magnetic fields along a, b, and
[0 O 1] (perpendicular to the ab plane) based on the data
described above are presented in Fig. 12. Transitions are also
clearly visible in the relaxation time in thermal transport mea-
surements, and in some cases also in the thermal conductivity
k, and these have also been added to the phase diagrams;
details of these results will be reported elsewhere. As in
several other measurements, transitions among the magneti-
cally ordered phases were hysteretic in thermal transport. In
magnetization and ultrasound data it was possible to identify
a maximum slope in field sweeps at higher temperatures,
which would lead to an additional curve departing from Ty
around 6-8 T and reaching zero field around 14—17 K. This
corresponds approximately to the maximum in temperature
sweeps, so this broad crossover presumably arises from an
onset of short-range order. As such, it is not plotted, and the
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FIG. 12. H-T phase diagrams of rouaite for magnetic field along (a) a, (b) b, and (c) [0 O 1] (perpendicular to the ab plane). Uncertainties

are smaller than the symbol size.

region above 7y is paramagnetic (labeled PM), at least at low
field.

For H || a and H || [00 1], the phase boundaries are not
significantly different from those reported in Ref. [23], but
several matters are clarified. The transition which begins at
472 K at low field and falls to zero temperature around
1-2 T exhibits strong hysteresis (shaded regions in Fig. 12),
suggesting it to be first order. We call this transition 77, the
phase below it I, and the phase at higher temperature II. The
transition around 2-3 T, which we call 7, and which bounds a
high-field phase III, also exhibits some hysteresis and is likely
also first order. The previous work presented these transitions
as being isotropic and merging at low temperature with a
shape suggestive of a quantum critical point. In our data,
however, these transitions occur at different fields in these
two field orientations, are both first order, and remain well
separated to low temperatures. 7y is also suppressed to zero at
higher field for A || [00 1]. That these two field orientations
apparently differ by only a small overall rescaling of the field
suggests that for fields perpendicular to the chains, there is
only minor anisotropy. We nonetheless label the 7, transition
and phase III by field direction since we cannot demonstrate
that these evolve continuously into one another. We will revisit
this in the Discussion.

Our specific-heat measurements in H || [00 1] suggest an
additional transition which we have labeled 7}, just above T;.
However, since this was not seen with any other technique,
its existence remains tentative. If present, this would suggest
a sliver of an additional phase I’ roughly corresponding with
the 77 hysteresis range. We would expect a similar sliver for
H || a, but how this transition would evolve with field H || b
is unclear.

The phase diagram for H || b is very different from the
other two field orientations and from what was proposed pre-
viously [23]. In particular, and in stark contrast to the other

field orientations, phase I appears to persist to high field,
dominating the phase diagram. Phase II is squeezed out to
high temperature rather than low, and 7, and phase III are
either entirely absent or a continuous deformation of the low-
field low-temperature phase. The previously published phase
diagram likely had too few measurements for H || b to resolve
this behavior.

T, and 75 both exhibit greater hysteresis at lower tempera-
tures, likely because the latent heat gets large compared to the
temperature. For b-axis fields, where the transition stays at
higher temperatures, no significant hysteresis was observed.

IX. LOW-TEMPERATURE MAGNETIC STRUCTURE

A refinement of the crystal and magnetic structures in
phase I at 3.2 K based on data from the Echidna diffractometer
is shown in Fig. 13(a). An expanded view of a similar result
from the Wombat diffractometer, comparing data collected at
3 and 20 K, is shown in Fig. 13(b). Here the first few mag-
netic peaks are visible. As depicted in Figs. 13(c) and 13(d),
our refinements indicate magnetic order closely related to
that of botallackite Cu,(OD);Br [14] [shown for reference in
Figs. 13(g) and 13(h)], with alternating ferromagnetic and an-
tiferromagnetic chains. The propagation vector is (% 00) asin
Cu,(OD);Br, and this magnetic state is similar to that calcu-
lated for rouaite in Ref. [19]. Our results do not support earlier
or later calculations suggesting antiferromagnetic interactions
along both chains [22,23]. As in antlerite [Figs. 13(e) and
13(f) [12]], the spins in rouaite lie neither parallel nor per-
pendicular to the plane of their Cu sublattice. We also find
evidence for canting along the b axis for one of the two Cu
sites, as in antlerite. This canting angle has a crucial difference
from that of antlerite, however: in antlerite, the ferromagnetic
chains exhibit an antiferromagnetic canting along b, whereas
in rouaite this canting is ferromagnetic. No such canting angle
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FIG. 13. Magnetic ground state of rouaite, Cu,(OD);NOj3. (a) Refinement of the crystal and magnetic structures at 3.2 K based on data
from Echidna. Data are red, the calculated profile is black, and the residual is blue, while turquoise and purple bars mark structural and
magnetic reflections, respectively. (b) View of the first few magnetic peaks, comparing 20-K (red) and 3-K (blue) data collected on the Wombat
high-intensity diffractometer. Purple bars mark magnetic reflections. (c) Refined low-temperature magnetic structure, based on the Echidna
data in (a). One Cu*" plane is shown, and the structural unit cell is shaded. (d) Side view of the magnetic structure. (e), (f) Comparison against
an isolated three-leg ladder in antlerite, Cu;(SO4)(OH)4 [12]. (g), (h) Comparison against the published magnetic ground state in botallackite

Cu,(OD);Br [14]; the structural unit cell is shaded.

was reported in Cup(OD)3;Br [14], nor was it captured in
the calculations in Ref. [19]. Ferromagnetic canting means
that each antiferromagnetic chain has a net moment along b,
as shown in Fig. 14. If we replace every chain with its net
moment, the overall magnetic state will represent an elliptical
commensurate cycloid propagating along a with a 90° rotation
of the net moment from one chain to the next. This represents

Cu2
Cut

FIG. 14. The two possible senses of rotation in the approxi-
mately cycloidal low-temperature phase 1. (a) The version presented
in Figs. 13(c) and 13(d). (b) A state with opposite circulation but
identical neutron powder diffraction pattern. The net moments on
each chain are shown at the bottom of each panel.

a symmetry which is broken in rouaite but not botallackite or
antlerite.

Cycloidal order is ordinarily not chiral since the plane of
the cycloid is a mirror plane; however, the monoclinic angle
in rouaite breaks this mirror and the ferromagnetic moments
are canted out of the ab plane, so circulations about [0 O 1]
and [00 1] are inequivalent. It is likely that one chirality in-
herits a higher stability from the P2, crystal structure, but our
refinements cannot distinguish the two possible chiralities for
this cycloid, and the twofold screw axis in P2 does not have a
handedness that would offer a hint. We show both circulations
in Fig. 14, but use the structure in Fig. 14(a) in our discus-
sion and figures. The cycloid’s chirality could be determined
experimentally by neutron spherical polarimetry, for instance,
and a detailed theoretical calculation of the ground state may
suggest which chirality is more stable. However, the selection
of a preferred chirality by the lattice may rely on weak inter-
layer interactions, in which case the energy difference may be
small and the cycloidal order could potentially form magnetic
twin domains.

Previous calculations of the magnetic interactions have
indicated that the strongest interaction is J; along the fer-
romagnetic chain, with the antiferromagnetic chain’s J, not
far behind [19]. However, the significant expansion along
b with cooling, together with the Goodenough-Kanamori
rules whereby Cu—O—Cu angles approaching 180° are op-
timal for antiferromagnetic interactions, suggest that the
antiferromagnetic J, interactions are actually stronger, and
they stretch the lattice to improve their own stability. This
expansion should thus have a very significant impact on theo-
retical calculations of the magnetic ground state.

X. INTERMEDIATE-TEMPERATURE
MAGNETIC STRUCTURE

Having identified the low-temperature phase, we now turn
to phase II. The extremely weak feature(s) separating phases
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I and II in the specific heat coupled with the lack of a change
in power law suggests that it is a minor reorganization of the
lower-temperature order, with all spins continuing to partic-
ipate in a manner similar to that found at lower temperature.
The temperature dependence of the magnetization for in-plane
fields exhibits sharp and significant jumps at this transition,
with opposite jumps for H || a and b. Together with the much
weaker signatures in the magnetization for H || [00 1], this
suggests a rotation of (parts of) the existing spin order within
the ab plane.

Proton NMR spectra measured on a 65%-deuterated crys-
tal in an applied magnetic field of 0.7 T parallel to the a
axis are shown in Fig. 15. Other field directions (not shown)
behaved similarly. At low temperatures (blue), peaks corre-
sponding to multiple proton sites are observed, with splitting
and temperature-dependent shifts. This behavior indicates that
phase I represents bulk, commensurate magnetic order which
is static on the timescale of the NMR measurement. Above
Tx, in the paramagnetic state (red spectra), two peaks corre-
sponding to the Cul and Cu?2 sites are also visible, with only
slight shifts relative to protons in nonmagnetic environments
in the sample holder (dashed line). However, at intermediate
temperatures (purple) the peaks arising from the sample are
all but absent, despite the intensity of these spectra having
been enhanced relative to the others. Vestiges of the peaks
may potentially still persist, likely due to a small fraction of

Intensity (arb. units)

0.50 0.55 0.60 0.65
QAT

FIG. 16. Position of the magnetic peak corresponding to (% 00)
in phase I, as a function of temperature through phase II. Peak
positions are marked for each Gaussian fit. To improve visual clarity,
a three-point moving average has been applied to the data sets and
consecutive data sets have been shifted vertically by 0.4.

the sample in which the low-temperature phase is somehow
pinned, but this cannot be a significant fraction of the sample.
Such a near-complete wiping out of the spectra is a fingerprint
of incommensurately ordered phases, where the field strength
and direction are different at every proton site.

Figure 16 shows the temperature evolution of the phase-I
(% 00) magnetic Bragg peak from 3 to 8 K through Phase
II, in neutron powder diffraction data collected on Echidna.
Each data set has been fit in 26 to a Gaussian, an offset,
plus the sloping background determined at 7.95 K in the
paramagnetic phase, and the center of each Gaussian has been
marked on the figure. There is a clear evolution of the peak
position with temperature, again indicating that phase II is
not commensurate. We note that this (% 00) peak does not
have a component sensitive to the b direction where strong
negative thermal expansion is observed, and in any case these
changes in Q at the ~5% level below Ty are three orders of
magnitude stronger than the changes in the b axis above Ty,
excluding thermal expansion as a potential explanation. This
movement of the magnetic reflection is only possible if it is
moving in momentum space, implying that the order must be
incommensurate.

It is possible to glean further details about the nature of the
magnetic order in phase II from time-of-flight neutron data
collected on the LET spectrometer at the ISIS neutron source,
Didcot, UK. Figure 17 shows elastic scans of the (H0L) plane
at 1.5 and 6.0 K, integrated over £0.05 meV in energy and
£0.05 in K, using an incoming energy of 2.82 meV. Deep in
the low-temperature magnetically ordered state at 1.5 K, spots
corresponding to the phase-I order are observed at (% 00) and
equivalent positions. In phase II at 6.0 K these are split per-
pendicular to (% 00), indicating an incommensurate stacking
of the layers. Based on the magnetization and specific-heat
results, this stacking must be approximately helical. At 6.0 K,
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FIG. 17. Elastic scan of the (HOL) plane centered around the
structural (10 0 ) peak, based on data collected at LET with incoming
energy 2.82 meV. The (%00) and (% 00) magnetic reflections at
1.5 K, marked with arrows in the upper panel, split on warming
into the intermediate-temperature phase (lower panel). These mag-
netic reflections split approximately along ¢ (vertical), not L (~5°
off vertical). Roughly 9% of this mosaic sample was rotated 180°
within the ab plane, leading to different orientations of the ¢ axis and
the in-plane reciprocal lattice vectors and giving rise to additional
reflections; this fraction of the sample produces the structural peak
marked “(10 0 )yyin”.

the pitch of the helix is approximately 6 unit cells. It is
important to note that since there is no surviving intensity
at the commensurate position, the spins on both Cu sites
must participate in the helical modulation. Interestingly, the
splitting of these magnetic peaks is not along L: it is closer to
the ¢ direction, which would skew the helical modulation by
several degrees.

A schematic magnetic structure of phase II is shown in
Fig. 18(a). Each spin rotates on a cone as we move from layer
to layer, and the tip of each spin traces out a helix which
is slightly skewed by the monoclinic angle. Spins represen-
tative of each chain are replotted in Fig. 18(b), where the
net moments on the antiferromagnetic Cu2 chains are shown
in magenta. As for the commensurate cycloidal state at low
temperature for which we show both possible chiralities in
Fig. 14, we cannot distinguish either the circulation of the
cycloid or the helicity of the stacking in phase II, so there are
four possible combinations of which we show only one. As in
phase I, these are most likely not degenerate: the P2, crystal
structure should again prefer one of the four combinations,
although the energy differences among them may be small.

Neutron Laue diffraction performed on the Koala2 beam
line at ANSTO, Australia, confirms this result, as shown
in Fig. 19. In the example images presented, aside from
increased intensity on several structural peaks, a strong mag-
netic peak appears at 2 K [Figs. 19(b) and 19(e)] which is not
present at 10 K [Figs. 19(a) and 19(d)]. At 5.5 K this peak,
which we index as (—% 01), is split approximately along the
L direction [Figs. 19(c) and 19(f)]. However, the peaks are
not located symmetrically about (—% 01), consistent with a
splitting which is not along L. A crystal structure refinement

FIG. 18. Intermediate-temperature incommensurate magneti-
cally ordered phase II. (a) Several unit cells of rouaite, with the ¢ axis
compressed by a factor of 2. The spins trace out cones as they rotate
along c. The helical trajectories of one Cul spin and one Cu2 spin are
traced out. (b) Trajectories of the spins on three consecutive chains,
including the net moment on the Cu2 chain in magenta, viewed along
the chains (b axis).

of the 10-K structural data is provided in Tables I and IV
and Fig. 21 in the Appendix, and crystallographic informa-
tion files (CIFs) are available in the Supplemental Material
online [40].

XI. DISCUSSION

The picture that emerges from these results is that of a
Cu sublattice with botallackite-like magnetic order, but in
which weak interactions, such as presumably the interlayer
exchange coupling, are able to shift the balance and drive
the magnetic order through first-order phase transitions into
additional magnetic phases.

In phase I, the magnetic susceptibility M/H is significantly
lower for H || a than for the other directions, as can be seen
for instance in Figs. 3(a) and 3(d). As shown in Fig. 13(c), the
magnetic order in this phase has spins predominantly pointing
along a, giving it a very limited ability to adapt to applied
fields along this direction. This low-temperature spin arrange-
ment rotates from plane to plane in the helical state (phase
II), putting a and b on an even footing, consistent with their
opposite jumps. This rotation is perpendicular to [0 0 1], so it
is unsurprising that the transitions are difficult to observe in
that direction. This transition requires completely reorienting
entire slabs of spins to reach a state of nearly identical entropy,
explaining the very small but nonzero latent heat. Rotating a
slab of spins within the ab plane to generate the helical phase
is presumably driven by interlayer exchange interactions, but
these exchange pathways are long and involve weak hydrogen
bonds (i.e., Cu—O-H - - - O-N-O-Cu). This suggests that the
energy barrier for rotation is very low.
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FIG. 19. Neutron Laue diffraction patterns on Cu,(OH);NOj3 at
(a) 10 K in the paramagnetic state, (b) 2 K in the low-temperature
state, and (c) 5.5 K in the incommensurate phase. Arrows mark the
strongest magnetic reflections for this sample angle; in (d) this is
(—% 01). Expanded views of the region corresponding to the blue
box in (a) are shown at higher contrast for (d) 10 K, (e) 2 K, and (f)
55K

The interlayer exchange pathway is significantly simpler in
botallackite, where the anion is a simple halide, but no transi-
tion to an incommensurate structure has been observed in the
chloride, bromide, or iodide [14,43-45]. We note, however,
that magnetization measurements on the chloride and iodide
were only performed on powder, and in rouaite powder 7; is
not observable [20-22]. The helical phase likely evidences a
delicate balance of interactions within the plane, a balance
which can be tipped by weak interlayer exchange or per-
haps Dzyaloshinskii-Moriya interactions. It is not clear why
the field strength required to reach this phase is similar for
fields along a and [0 O 1], but the fact that a higher field
is required to destroy the incommensurate phase in [0 0 1]
fields is unsurprising; when spins order helically, applying
magnetic fields perpendicular to the plane of the spins cants
the spins to make the order slightly conical, while fields in the
plane of the spins destroy the order. This effect has been used

to detwin or partially detwin helical magnetism in ZrCr,Seq4
[46], StFeOj3 [47], and Sr3Fe, 07 [48], among other materials.
The completely different behavior in b-axis fields likely stems
from the relative stability of the commensurate state for this
field orientation.

The narrow sliver of phase I', if it exists, would presumably
correspond to a state in which either the Cul or the Cu2 site is
helical, but the other is commensurate, in the magnetic analog
of the misfit layered compounds. This would suggest that one
site drives the helical order, dragging the other along with it.
A similar scenario was reported in antlerite, in which such a
magnetic misfit phase was found between 5.00 and 5.30 K at
zero field [13]. In rouaite, this tentative phase only exists in
a 0.06-K-wide window in zero field, and accessing the phase
would require carefully oscillating field or temperature while
approaching it, to avoid the hysteresis. Verifying its pres-
ence would be possible, and interesting given that this would
be only the third reported magnetic misfit phase after those
in antlerite [13] and Co3zTeOg [49-51], but this verification
would not be straightforward.

Before addressing phase I1I, we turn to the phase above 7y.
At high field, the ferromagnetic chains would polarize and the
ferromagnetic and antiferromagnetic chains would likely de-
couple, as has been reported in antlerite [12] and botallackite
Cu,(OH);Cl [45]. Previous work on rouaite points to transi-
tions of this nature around 15 T at low temperature, into a %
plateau phase corresponding to fully polarized ferromagnetic
chains [23]. This occurs where the transition we label as Ty
is suppressed to zero temperature. Such a phase, in which the
antiferromagnetic chains can no longer readily talk to each
other through saturated field-polarized ferromagnetic chains,
is a prime candidate for an exotic field-induced Tomonaga-
Luttinger liquid [12], and is accordingly labeled “TLL?” in
Fig. 12. It does not represent long-range order, and is not
separated from the low-field paramagnetic state by a phase
transition. In the case of rouaite, unlike in botallackite or
antlerite, any vestiges of the low-field canting pattern would
lead to a small net moment locally on each antiferromagnetic
Cu2 chain, and dipolar interactions among the net moments
on the short-range antiferromagnetic clusters may allow these
chains to order at sufficiently low temperature.

Phase III, found over a broad field range for fields applied
along a and [0 O 1], cannot be conclusively identified based
on our data, but we can speculate about its identity. In phases
I and II at zero field, the ferromagnetic chains have alternating
net magnetic moment along both a and [0 O 1], as can be seen
in Figs. 13(c) and 13(d). Once a field is applied along one of
these directions, half of the ferromagnetic chains are at higher
energy than the others. At fields exceeding the 7y line, the
ferromagnetic chains are fully polarized and no longer alter-
nate along the field direction. This implies that the disfavored
ferromagnetic chains must flip at some intermediate field,
likely in a discontinuous manner. 7, presumably corresponds
to this transition. Figures 20(a) and 20(c) show what this will
lead to for fields applied along a and [0 O 1], respectively, for
the single Cu layer shown in Fig. 13(d). For fields along b
[Fig. 20(b)], the ferromagnetic chains can adapt continuously
to the applied field and no such transition is expected, al-
though an analogous transition on the antiferromagnetic Cu2
chain would be possible at much higher field.
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FIG. 20. Proposed eftect of field on the single Cu plane shown
in Fig. 13(d), and inferred identity of phase III. (a) A field along
a is likely to flip the a component of every second ferromagnetic
chain. (b) A field along b will not produce a discontinuous change
on the ferromagnetic chains. At a higher field, it may eventually
flip the net moment on alternate antiferromagnetic chains, possibly
discontinuously (not shown). (c) A field along [0 0 1] should flip the
c-axis component of every second ferromagnetic chain. The field will
also slightly modify all canting angles, which we do not show here.

In the low-temperature limit, the angular dependence of 7,
may trace out a tilted ellipse or dumbbell as a function of angle
in the ac plane (fields perpendicular to the spin orientation
would polarize the Cul chains easily, leading to a minimum)
but it could also diverge for some field direction. This will
hinge on the strength of the interactions that prefer (1 0 1)
spin orientation over (101) in phase I, which may be the
weak interlayer interactions, and on the interactions that lead
to helical order in phase II. We also note that a field applied
along a (approximately perpendicular to the helical propaga-
tion vector) would destroy the helical order. Since it is not
clear what selects the spin orientation or whether it is possible
to rotate the field continuously from a to [0 O 1] without
encountering a phase transition, we cannot say whether phase
III would be the same for both a and [0 O 1] fields. These
are therefore labeled with subscripts in the phase diagrams.
Phase III, must be commensurate, but whether phase III.
remains helical will require further investigation. The similar
shape of the 7, transition in the phase diagrams for these field
orientations leads us to suspect that both are commensurate.

While no analog of the incommensurate phase II has been
reported in botallackite, a transition consistent with 7, has
been reported. In polycrystalline botallackite Cu,(OH)sCl,
this has been reported at 3 T [44,45]; it was observed at
roughly 5 T in single-crystalline Cu,(OH)s;Br in powder [44]
and for fields along a and [0 0 1] [52] (again slightly higher for
[0 0 1]); and in the iodide it occurs around 7 T in powder [44].
In the chloride, this field-induced transition was attributed to
the antialigned ferromagnetic chains abruptly aligning [45]

and the higher-field phase was labeled as ferromagnetic on
the phase diagram. However, this transition occurred at only
around % of the field required to reach the high-field plateau,
implying that a significant canting angle must still be present
at this spin-flop transition. The 7>-like metamagnetic transi-
tion in the botallackites presumably has the same origin as
in rouaite, most likely an abrupt change in the canting angle
toward the field of every second ferromagnetic chain.

The phase diagram for H || b in rouaite is completely dif-
ferent from the other two directions, with the low-temperature
phase being stabilized over the incommensurate phase instead
of destabilized, and no transitions are seen with field at low
temperature. Phase I can respond to b-axis fields by gradually
and continuously polarizing along b, and since the ferromag-
netic chains do not alternate along this direction, there is no 75.
The spins on the antiferromagnetic chains do alternate along
this direction, but with a much smaller net moment, so there
may indeed be a transition but only a very weak one. Given
the structural evidence that the antiferromagnetic interactions
along b are very strong, any such transition would most likely
occur at much higher field.

The incommensurate phase II is destabilized for H || b
because the applied field is in the plane of the spins, so the
phase diagram for this direction matches our expectations for
phases I-III. However, this raises two interesting points. First,
a field along [0 O 1] should also destabilize the helical order,
presumably at a similar field, but 7; for b-axis fields and 7
for [0 0 1] fields are only similar where they merge with Ty,
and their trajectories in the H-T phase diagrams are nearly
orthogonal. It remains unclear why this is. Second, the T}, 7>,
and tentative 77 transitions which are present for field orien-
tations perpendicular to the chains presumably must pinch off
somehow as the field is rotated away from b. It could be very
interesting to find and investigate the angular dependence of
these transitions.

In the phase diagrams in Fig. 12, several points seem not
to match with the points around them, and in some areas there
is considerable scatter. The transition temperatures and fields
often appeared to increase somewhat the longer the sample
was kept cold. While we cannot fully exclude artifacts from
the apparatus, this would suggest that cycling the sample
thermally and in magnetic field at low temperatures helps the
structure relax. The strong magnetoelastic coupling stretches
the crystal along b as seen in Fig. 7, and our temperature
sweeps typically extend up into the region where this turns on.
This stretching stabilizes exchange interactions at the expense
of the Coulomb interactions holding the crystal together, and
would be expected to stabilize the magnetic order. A drift with
cycling would be evidence of extremely high tunability of
the magnetic order, and would suggest that hydrostatic and
uniaxial pressure are likely to have extremely strong effects
on this system.

Finally, we note that the magnetic phases we identify in
rouaite differ markedly from the resonating-valence-bond and
weak zigzag-stripe phases proposed in Ref. [23], which would
potentially be in proximity to a quantum spin-liquid phase.
Hydrogen positions in that reference were not refined from the
neutron data, so the starting point for theory calculations was
an x-ray crystal structure refinement at 300 K and hydrogen
positions taken from density functional theory. In antlerite, we
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found that the calculated magnetic structure was exquisitely
sensitive to details of the interladder hydrogen positions, with
the previously published structure returning a ground state
which was not only incorrect, but was not among four pos-
sible ground states ultimately found in proximity to the final
exchange parameters [12]. The use of a room-temperature
rouaite crystal structure for the calculations in Ref. [23] will
also miss the significant deformation of the unit cell through
strong magnetoelastic coupling at low temperature. This will
have a large effect on the strongest exchange pathways.
The ground state calculated in Ref. [23] most likely arose
from these or similar subtle issues with the crystal structure,
combined with the apparent high sensitivity of the magnetism
to structural tuning. Reference [23] did not identify magnetic
intensity in their neutron diffraction data, most likely due to
a high background of incoherent scattering from protons, at-
tributable to the significantly lower deuteration level achieved.
This prevented experimental identification or refinement of
the magnetic phases, which would have offered an important
check on theory.

XII. CONCLUSION

Our magnetic phase diagrams for rouaite clarify the in-
teresting behavior in the low-field regime. We identify the
low-temperature magnetic state at low fields as being closely
reminiscent of that of botallackite Cu,(OH);Br, suggesting
that rouaite may represent a second potential platform for
probing spinon-magnon mixing, although this remains to be
confirmed and there are some differences in the magnetic
structure. The large crystals reported here will enable inelastic
neutron scattering to probe the excitation spectrum in search
of this mixing. The incommensurate phase at higher temper-
ature suggests that interlayer exchange interactions, which
should be extremely weak given the tortuous exchange path-
ways involved, nevertheless play a crucial role in stabilizing
the magnetic order and are capable of driving a first-order
magnetic phase transition. That this transition is not observed
in the botallackites suggests that chemically tuning interlayer
interactions will be a productive research direction in this
family. A transition at higher field, which is present in the
botallackites, is likely associated with the reversal of a cant-
ing angle on half of the ferromagnetic chains. The evidence
for strong magnetoelastic coupling, a delicate balance among
interactions, and a central role for very weak interactions in
tipping the balance and selecting a ground state, make the
tuning of rouaite through uniaxial or hydrostatic pressure par-
ticularly promising.

Rouaite may also offer a unique opportunity to study
and manipulate antiferromagnetic helical order. The strong
interactions in antiferromagnets ordinarily prevent helical

order, while the lack of a net moment makes it diffi-
cult to manipulate the order with a laboratory-scale applied
field [53]. The known helical antiferromagnets most com-
monly have near-ferromagnetic alignment within a layer
together with antiferromagnetic layer stacking [54-57]. Ma-
terials in which consecutive spins are nearly antialigned are
exceedingly scarce, with two of the best examples being FeP
[58,59] and CrAs [60-62]. In rouaite, the Cu2 chains have a
primarily antiferromagnetic spin alignment but participate in
both cycloidal and helical order, and the small net moment on
the Cu2 chains may enable control through field.

Samples and data are available upon reasonable request
from D. C. Peets or D. S. Inosov. Data collected at ISIS are
available through Ref. [63].
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APPENDIX: CRYSTAL STRUCTURE
REFINEMENT DETAILS

This Appendix contains details of our crystal structure re-
finements, which are summarized in Table I. Tables II and III
report the refined atomic positions in Cu, (OD);NO; based on
powder data collected at 20 K on Echidna, ANSTO, Australia,
and at 10 K on HRPT, PSI, Switzerland, respectively. Our
refined atomic positions in Cu,(OH)3;NO3 based on neutron
Laue data collected on Koala2, ANSTO, Australia, are listed
in Table IV. CIF files describing these refinements are pro-
vided in the Supplemental Material [40]. A plot of F2,. vs
F?., for the neutron Laue refinement is provided in Fig. 21,
to indicate the quality of the refinement.
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TABLE I. Summary of crystal structure refinements of rouaite
from neutron diffraction. The lattice parameters for the Koala2 re-

TABLE III. (Continued.)

finement were fixed at the data reduction stage since neutron Laue Site X y Z Uio
diffraction is not sensitive to absolute lattice parameters. The number N 0.2320(7) 0.2545(18) 0.4096(6) 0.00135
of reflections refined in the Echidna data includes the 5 peaks. o1 0.8719(10) 0251 0.8578(10) 0.00135
. 02 0.3087(18) 0.004(3) 0.8831(19) 0.00135
Echidna HRPT Koala2 03  —0307520) —0.007(3) 0.1250(19)  0.00135
Type Powder Powder Laue 04 0.2050(9) 0.251(4) 0.2250(8) 0.00135
Temperature (K) 20 10 10 05 0.3815(14) 0.1389(14) 0.4946(12) 0.00135
Space group P2, (No. 4) P2, (No. 4) P2, (No. 4) 06 —0.1036(13) —0.1162(16) —0.5006(12) 0.00135
a(h) 5.58683(3)  5.58639(5) 5.6005 DI 0.8940(10)  0.256(3) 0.7239(9)  0.00135
b(A) 6.06388(3) 6.06448(5) 6.0797 D2 0.3030(18) 0.019(3) 0.7384(16) 0.00135
c(A) 6.91127(5) 6.91187(9) 6.9317 D3 —0.2849(17) —0.015(3) 0.2612(16) 0.00135
B(deg) 94.9011(5) 94.9025(10) 94.619
vV (A% 233.283(2) 233.308(4) 235.253
VA 2 2 2
Density (g cm™) 3.45813(4) 3.45776(6) 3.4292 TABLE IV. Refined atomic positions in Cu;(OH);NO;3 from
Reflections 1306 477 1405 neutron Laue diffraction on Koala2 at 10 K; all atoms are at Wyckoff
Reflections >20 994 position 2a.
26 range (deg) 3.86-163.76 2.50-164.85
Index ranges —-6<h<9 Site X y b4 Uiso
0<k<11
0<I<I3 Cul —0.0016(6) 0.0006(4) 0.9929(3) 0.0020(2)
F(000) 96.794 Cu2 0.5095(4) 0.2520(4) —0.0013(2) 0.0021(2)
R 361 % 521 % 6.27 % N 0.2338(3) 0.2611(3) 0.4084(2) 0.0038(2)
WR 430 % 6.76 % 6.59 % 0O1 0.8664(5) 0.2545(5) 0.8553(3) 0.0039(3)
02 0.3126(7) 0.0073(4) 0.8767(4) 0.0040(4)
03 —0.3101(7) —0.0043(4) 0.1205(4) 0.0031(4)
04 0.2071(5) 0.2564(5) 0.2245(3) 0.0044(3)
TABLEII. Refined atomic pOSiti(zl’lS in Cu, (OD);NO; from neu- 05 0.3868(7) 0.1407(4) 0.4948(4) 0.0073(4)
tron powder diffraction using 2.440-A neutrons on Echidna at 20 K; 06 _0']013(7) —0.1 149(4) —0.4963(4) 00068(4)
all atoms are at WkaOff pOSitiOIl 2a. Copper pOSitiOl’lS and Uiso were H1 08940(12) 02591(13) 07217(8) 00208(8)
fixed in the final step of the refinement. The refined deuteration level H2 0.3018(16) 0.0224(9) 0.7358(11)  0.0176(11)
i592.495 %. H3  —0.2820(14) —0.0158(10)  0.2601(9)  0.0162(10)
Site X y Z Uiso
Cul —0.0044 —0.0183 0.99329 0.00135
Cu2 0.50715 0.23160 —0.0023 0.00135
N 0.2322(4) 0.2391(9) 0.4091(2) 0.00135
o1 0.8694(5) 0.2356(14) 0.8538(4) 0.00135 goooF ' T o T ]
02 0.3156(9) —0.0137(13) 0.8800(9) 0.00135 L
03 —0.3092(9) —0.0234(13) 0.1221(9) 0.00135 °
04 0.2069(4) 0.2354(14) 0.2231(4) 0.00135 L ° °
05 0.3848(7) 0.1227(7) 0.4945(5) 0.00135 6000}
06 —0.1013(7) —0.1340(8) —0.4951(5) 0.00135 L
Dl 0.8958(5) 0.2381(13) 0.7206(4) 0.00135
D2 0.3010(8) 0.0005(12) 0.7396(8) 0.00135 ~ L
D3 —0.2850(8) —0.0347(12) 0.2618(7) 0.00135 LE:% 4000}
TABLE III. Refined atomic positions in Cu,(OD);NO;5 from b
neutron powder diffraction on HRPT combining 1.886- and 2.449-A 2000t

data collected at 10 K; all atoms are at Wyckoff position 2a. The
refined Cu positions were taken from a refinement of 20-K Wombat
data which is not summarized here, Ui, is taken from the Echidna
refinement in Table II, and the deuteration level of 92.495 % from
the Echidna refinement was used.

Site pY y Z Uiso
Cul —0.0030 0.0 0.9890 0.00135
Cu2 0.50860 0.248 —0.0027 0.00135

O A N T T T TP T
0 1000 2000 3000 4000 5000 6000
Fmeasz

FIG. 21. Relationship between calculated and measured F? val-
ues for our refinement of Koala2 neutron Laue data at 10 K,
demonstrating the quality of the refinement.
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