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Noncollinear spin order, field-induced transitions, and short-range correlations in CuysSO4(OH)j
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We report a comprehensive study of spin—% quantum magnet brochantite, CuySO4(OH)4, combining high-field
thermodynamic measurements, polarized neutron diffraction, inelastic neutron scattering, and nuclear magnetic
resonance spectroscopy. Using bulk magnetization and specific heat measurements we construct the magnetic
H-T phase diagram for magnetic fields applied along main crystallographic directions up to 24.1 T. Polarized
neutron diffraction reveals a noncollinear magnetic ground state confined to the ab plane. A field-induced
transition is observed for magnetic fields in the ab plane whose critical field and character evolve continuously
with field direction in the ab plane. While the transition for H || might be a spin-flop-like transition, the one
for H||a resembles the short-range correlated state above Ty, suggesting a magnetic configuration related to the
quasi-two-dimensional correlations in the bc planes. The experimental results demonstrate that the ground-state
and field-induced phases cannot be explained by a simple XXZ model with a single dominant exchange
interaction and that weaker interchain and anisotropic interactions have to be taken into account. Our work
establishes brochantite as a low-symmetry Cu-based quantum magnet with noncollinear order and complex

field-induced behavior.

DOI: 10.1103/1362-1h1r

I. INTRODUCTION

Magnetic systems comprising spin-% ions have been in a
focus of condensed matter physics for several decades. Being
subject to enhanced spin fluctuations often combined with
reduced dimensionality and/or magnetic frustration, these ma-
terials create a rich landscape for exotic physical phenomena.
These include quantum spin liquids and fractional excitations,
Bose-Einstein condensation and dimerization, magnetization
plateaus, and Kitaev physics amongst others (see, e.g. [1-8],
and references therein). Beyond their fundamental interest,
these materials have significant practical importance, par-
ticularly in connection with magnonics, which is based on
collective motions of magnetic moments instead of mobile
charges, or quantum information, where such systems can be
used as quantum simulators or qubits [9-15].

Significant progress in understanding these materials has
been achieved by improvements in both theory and numerical
methods, and advances in solid state chemistry and mea-
surement techniques. Among the latter the ability to produce
the large, high-quality single crystals necessary to perform

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOL

2469-9950/2026/114(1)/014414(13)

014414-1

neutron scattering (NS) experiments has been critical. NS pro-
vides direct access to static and dynamic correlations in matter
with great detail, but despite advances in neutron sources
and instrumentation, still requires relatively large samples
given the weak interaction cross section of neutrons with
matter. Because of this, there are still cases where nature
outperforms human capabilities in the preparation of suit-
able samples. For example, until now the spin-% compound
CusSO4(OH)g, known as the mineral brochantite, could only
be produced in powder form or as tiny crystals [16,17]. In
contrast, natural minerals found in several places around the
globe can readily reach 1 cm? or more. Brochantite is a com-
mon corrosion product on bronze sculptures, giving rise to
green patina during outdoor weathering of, e.g., the Statue
of Liberty. Other reasons, however, have recently stimulated
interest in this compound. One is the search for quantum
spin-liquid candidates, which has pointed to CuySO4(OH)g
and ZnCu3(OH)¢SO4 (so called Zn-brochantite) as geo-
metrically frustrated, two-dimensional Heisenberg quantum
kagome antiferromagnets [16,18-20]. The other is nonre-
ciprocal magnons, which have different energies for wave
vectors of equal length and opposite direction due to the an-
tisymmetric Dzyaloshinskii-Moriya interaction (DMI). This
phenomenon opens the possibility of new functionalities for
magnon-based devices, such as spin-wave logic and spin-
wave caustic, as well as possible realization of isolators and
circulators (see, e.g., [21] and references therein). Recently,

Published by the American Physical Society
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FIG. 1. (a) Crystal structure of brochantite. Edge- and corner-sharing CuOg octahedra are shown in light blue and SOy tetrahedra are shown
in yellow. (b) Single Cu>" zigzag double chain where the main exchange interactions within the chain are shown. (c) Spin-wave dispersion
of CuySO4(OH)g in the AFM state at 1.7 K measured along / direction using Cold Neutron Chopper Spectrometer at the Spallation Neutron
Source, Oak Ridge National Laboratory. The spectrum’s lower part below the black dashed line was collected with E; = 3.32 meV and the
upper part with £; = 12 meV. The data are integrated by £0.5 r.l.u. in two orthogonal directions. (d) Magnetization of brochantite measured

in pulsed fields applied along principal crystallographic directions.

in addition to ferromagnets (FM) and FM thin films, non-
reciprocal magnons were reported for the first time in an
antiferromagnet (AFM) «-Cu,V,07 [22]. The advantages of
AFM in comparison to FM are higher frequencies and lower
damping. As shown below, brochantite shows a number of
striking similarities to «-Cu,; V,07. Nevertheless, as the crys-
tal structure of brochantite is centrosymmetric it does not
allow nonreciprocal magnons in a straightforward way. In this
case a full magnetic system (crystal and spin order) should
lack any symmetry that maps k — —k.

The most common form of brochantite [Fig. 1(a)], which
we refer to in this work, has a monoclinic structure with
space group (SG) P2;/a (No. 14) and lattice parameters
a = 13.140, b = 9.863, c = 6.024 A, B = 103.16° [23,24].
There are, however, indications that the true low-temperature
symmetry of natural CusSO4(OH)g could be lower [25,26].
There is also a recent paper on the synthetic single crystals
reporting a new brochantite polytype (SG No. 36 with roughly
doubled unit cell) with bulk magnetic properties very simi-
lar to those reported in the natural mineral [25-27]. Ginga
et al. reported that monoclinic polymorphs are very similar
in terms of their magnetic models, and the occurrence of
one or another does not significantly influence their magnetic

properties, consistent with the previous works on the magnetic
behavior of brochantite [17]. The main structural components
controlling magnetism in brochantite are Cu** zigzag double
chains running along the ¢ axis, turning this material into
a low-dimensional quantum magnet [Fig. 1(b)]. These are
created by two nearly linear chains of edge-sharing copper
octahedra. Along the b direction one double chain is con-
nected to the other by corner sharing, creating corrugated
sheets roughly in the bc plane. Along the a direction these
sheets are connected through the sulfate groups. Despite its
low dimensionality, brochanite orders at low temperatures.
Both the temperature dependence of the magnetization and
the specific heat show a transition to a magnetically ordered
state below about 6 K [16,25,26,28].

Elastic NS clearly points to a commensurate (CM) mag-
netic order in CusSO4(OH)s [16,25,26]. The best model
based on a limited single-crystal data set suggested zigzag
AFM chains coupled antiferromagnetically [25,26]. The Cu
moment is significantly reduced, mc, = 0.3 pg, and is pre-
dominantly aligned along the a axis. The most striking
observation is that spin dynamics in brochantite is dominated
by strong gapped magnonlike excitations along the / direction
centered at the incommensurate (ICM) positions / = 0.19 r.1.u.
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(reciprocal lattice units), suggesting spiral spin-chain dynam-
ics in spite of static CM long-range AFM order [Fig. 1(c)]
[25,26]. Despite this complex crystal structure, however, the
main features of spin dynamics can be explained using a rela-
tively simple S = % XXZ AFM Heisenberg chain model with
dominant nearest-neighbor interaction J; = 10.6 meV, easy-
axis anisotropy § = 1.05, and antisymmetric DMI = 3 meV.
DFT+H-U calculations taking into account higher-neighbor in-
teractions essentially confirm the inelastic neutron data and
report that the J; interaction is larger than all the others by a
factor from 3 to 100 [17,25,26].

One of the main issues remaining with respect to the
magnetic properties of CusSO4(OH), is the presence of a
metamagnetic transition when magnetic field is applied along
the a and b axes with critical fields woH, = 5T and uyH, =
13.9T [Fig. 1(d)], respectively [25-27]. These cannot be ex-
plained either by the collinear magnetic structure reported by
Nikitin et al. or by its modified version assuming a small
rotation toward the b axis [25-27]. While the transition along
the b axis looks as a spin-flop transition since the value of H,
agrees well with a Zeeman energy of 1.5 meV corresponding
to the observed gap, this is not the case for H ||a. For the a axis
the critical field is only one third of that along the b, whereas
the magnetization roughly doubles across the metamagnetic
transition. In addition, below pugH, = 5T the magnetization
along the a axis and the hard direction ¢ axis are comparable,
while above H, the magnetization along the a axis is enhanced
and remains larger than that along the ¢ axis up to 30 T. This
contrasts with the b axis, where the magnetization along b
is lower than that along ¢ up to H, and reaches the same
level at the transition. A possible explanation may be that
the Cu ions create two magnetic subsystems which react to
the magnetic field independently. Recent work on synthetic
single crystals indicates a double transition at Ty in the heat
capacity measurements, which might be considered in favor of
the above scenario [27]. Alternate scenario with one magnetic
subsystem would require more complex noncollinear mag-
netic structure.

Clearly, addressing these issues requires examining the
details of the magnetic ground state and understanding the
mechanism behind the field-induced transitions. In this work
we investigate the response of brochantite to high-magnetic
fields using an extended range of experimental techniques
including magnetization, specific heat (SH) measurements,
and nuclear magnetic resonance (NMR). The field was ap-
plied both along principal crystallographic directions and
in-between them. Based on these results a detailed H-T phase
diagram is constructed. We performed polarized NS measure-
ments giving us access to a weak magnetic signal on the top
of nuclear reflections. Their outcome unambiguously demon-
strates that the ground state in brochantite is a noncollinear
magnetic order constrained in the ab plane. The proposed
magnetic structure is consistent with the field-induced transi-
tion observed in the ab plane. The critical field and character
of this transition strongly depend on the field direction. While
the H||b limit is consistent with a spin-flop-like response, the
H ||a one is more closely related to the correlated regime above
the ordering temperature. Our results reveal that the ground-
state and field-induced phases in CuySO4(OH)g cannot be
explained by a simple XXZ model with a single dominant

exchange interaction, and one to two orders of magnitude
weaker interactions have to be also taken into account.

II. EXPERIMENT

High-quality natural single crystals of CusSO4(OH)4 were
obtained commercially. They originate from the Milpillas
Mine, Cuitaca, Sonora, Mexico. The largest crystal (350 mg),
used in this work for neutron scattering experiments, is the
same as the one utilized in our previous work, Refs. [25,26].
Sample characterization is provided in the Supplemental
Material (SM) and in the above work [29].

The SH measurements were carried out at the High Field
Laboratory for Superconducting Materials (HFLSM) at the
Institute for Materials Research (Tohoku University, Japan).
The SH was measured by the long-relaxation (dual-slope)
method designed for a two-axis rotator [30]. A bare-chip
resistive thermometer (Cernox 1030BR) was used as both
thermometer and heater [31]. The thermometer was calibrated
in magnetic fields up to 24 T at 0.5, 1.4, and 4.2 K. The sample
was directly attached to the bare chip using Apiezon grease
for good thermal contact. The holder was rotated by a two-
axis rotator inserted in the 25 T cryogen-free superconducting
magnet (25T-CSM). The angle of the chip was measured
by two Hall sensors placed orthogonally on the rotator. In
this way, the complete SH vs temperature dependence was
mapped out for the selected fields applied in the a*b and bc
planes, where a* is a reciprocal lattice axis perpendicular to
both b and ¢ axes. Additional SH measurements down to 0.3 K
and up to 9 T were conducted using a Physical Property Mea-
surement System (PPMS) at Japan Atomic Energy Agency
(JAEA) in Tokai, Japan.

Magnetization measurements were performed using the
PPMS at the CoreLab Quantum Materials, Helmholtz-
Zentrum Berlin fiir Materialien und Energie (HZB). Measure-
ments of the angle dependence of the magnetization in the
ab plane were achieved by manual regluing the crystal with a
precision of 1°-3°.

The proton ('H) NMR (nuclear spin I = %, gyromagnetic
ratio y = 42.577 MHz/T) measurements were carried out
using the 15T-SM superconducting magnet and *He refrig-
eration system at the HFLSM. The NMR coil was made of
copper, and >’Al NMR from an aluminum foil inserted into
the coil was used to calibrate the exact magnetic field center at
the sample position. The experiment was performed by fixing
the frequency of the alternating external magnetic field to
f =149.65 and 315.1 MHz and scanning the external dc mag-
netic field applied along the a* and b axes. The measurements
were run for the two magnetic field regions, below and above
the critical field ygH, = 5T, and the temperature dependence
of the NMR signal was followed from 150 down to 1.7 K.
The NMR spectra were measured using the general spin-echo
method. The 7 /2 pulse length was 3 us and each spectrum
tracked the peak position.

The polarized neutron scattering experiment was per-
formed using the thermal triple-axis spectrometer TAS-1
installed in the reactor hall of the research reactor JRR-3 of
JAEA. The spectrometer was operated in elastic mode with
E; = E; = 14.7 meV using the double-focusing Heusler (111)
monochromator and analyzer. Higher-order contamination
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FIG. 2. Temperature dependence of the specific heat at different
fields H ||b from O (the uppermost curve) up to 16 T (the lowermost
one) with a step of 1 T. For clarity, the C, curves are presented
as AC, =C,(T,H) — C,(T, 24.1 T) and vertically offset by equal
increments.

was suppressed by a PG filter placed in front of the sam-
ple. Longitudinal polarization analysis was achieved using a
Mezei-type flipper placed in front of the sample while the
Helmbholtz coil provided the field parallel to the scattering vec-
tor Q (P, channel) at the sample position. The 350-mg sample
of brochantite used in our previous work was aligned within
the (h k 0)-scattering plane and placed into the cryogen-free
variable temperature top-load cryostat (Cryogenic) [32].

Additional elastic and inelastic neutron measurements
were performed on the time-of-flight (TOF) Cold Neutron
Chopper Spectrometer (CNCS) [33,34] at the Spallation Neu-
tron Source, Oak Ridge National Laboratory. The same crystal
as above was mounted on an aluminum sample holder and
aligned in the (& k 0)-scattering plane. All measurements were
performed at temperatures of 1.7 and 15 K using a standard
orange cryostat.

For data reduction, analysis and refinement we used the
MANTID and FULLPROF software packages [35,36]. The crystal
and magnetic structures presented in this paper were drawn
using the VESTA visualization program [37].

III. RESULTS

A. Bulk properties

We start by presenting the SH data of CusSO4(OH)g
measured in high magnetic fields up to 24.1 T. At zero
field (see Fig. 2), a sharp A-shaped peak was observed at
Ty = 6K indicating a transition to the magnetically ordered
state, in agreement with our current and previous measure-
ments [16,25,26,28]. A double transition into the magnetically
ordered state has been reported in recent work on synthetic
single crystals [27]. However, our zero-field data did not
clearly resolve it [25,26].

We continue with the field dependence of the SH for the
fields applied along the principal crystallographic directions.
The single curves are presented in Fig. 2 for H||b and the

three-dimensional (3D) maps for all field directions are dis-
played in Fig. 3. In the case of H|la or b axis, the anomaly
shifts down to lower temperature, which is typical for AFM.
Specifically for the magnetic field applied along the a direc-
tion [Fig. 3(a)], where a metamagnetic transition has been
observed at 5 T [Fig. 1(d)], the peak becomes broader and
is rapidly suppressed for the fields above 4 T. In the extended
temperature range down to 0.3 K, no anomalies were observed
in the field range between 5 and up to 9 T (not shown).
The higher-field data for H ||a have no pronounced anomalies.
Keeping in mind that CusSO4(OH)g has monoclinic sym-
metry, we have carried out the same type of SH as well as
magnetization measurements for H|a*. Since no substantial
differences had been observed, the H|la* data yield results
equivalent to that for H||a, and in the following they are used
interchangeably.

For the magnetic field applied along the b direction [Figs. 2
and 3(b)], the peak becomes broader and less intense. How-
ever, the anomaly can be followed up to about 13 T, where it
disappears. No further anomalies can be detected for H ||b up
to 24.1 T. The situation is different for the field applied out of
plane, where no changes in the SH anomaly were observed up
to the highest applied field [Fig. 3(c)].

In the following step, we present the results of the
SH measurements for selected fields applied along differ-
ent crystallographic directions. In all the cases presented in
Figs. 3(d)-3(f), an overall data symmetry with respect to the
field direction around 0° (as defined below) is observed. At
35and9 T, ie.,at H < H,and H, < H < H, [Figs. 3(d) and
3(e)], we looked into the SH response to the magnetic field
applied in the a*b plane. Here, the angle setting around 0°
corresponds to the field applied along the a* axis, and +90°,
where a strong peak in SH is observed, corresponds to the
field along the b axis. The peak intensity decreases as the
field deviates from this axis, and the peak moves to lower
temperatures. At ugHH = 3.5 T, the peak can be observed in the
entire angular range between 5 and 6 K, as shown in Fig. 3(d).
In the extreme case, when the field is applied along the a* axis
(0° settings), the intensity is minimal and the anomaly is
shifted down to 5.5 K, in agreement with Fig. 3(a). At yoH =
9T, the SH intensity is centered around +90° and a small
angular range around it, where it can be followed down to
the lowest temperatures [Fig. 3(e)]. At £90°, i.e., with the
field applied along the b axis, the peak is weak and appears
shifted from Ty down to 5 K [see also Fig. 3(b)]. With the field
applied off the b axis, the peak intensity is reduced and its po-
sition shifts to lower temperatures. For a field offset of £30°
the peak is observed at the lowest temperature, while for larger
angular offsets no transition can be detected. The absence of
the SH anomaly around 0° 4 60° in the whole temperature
range below 8 K is due to the fact that the low-field phase
at H||a* has already been suppressed. Indeed, at 30° off the
b axis, the field component along a* already amounts to 4.5 T,
i.e., approaching H,.

Finally, the magnetic phase boundaries in the bc plane were
investigated at 20 T, above H,, as visualized in Fig. 3(f). Here,
the data qualitatively resemble those at 9 T for H in the a*b
plane: With increasing the offset angle from the ¢ axis, the
peak shifts to lower temperatures, and its intensity is reduced.
Initially, a strong SH peak is observed at the angle settings
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FIG. 3. Specific heat data presented in form of temperature-field (a)—(c) and temperature-angle (d)—(f) color maps: (a)-(c) C, for
H|la, b, and c, respectively; (d), (e) C, for yyH =3.5 and 9 T L ¢, respectively; (f) C, for uyyH = 20T _L a*; there is a slight angular
misalignment in plane for H L a* resulting in unequal SH intensities at positive and negative angles. For clarity, the C,, curves are presented as

AC, =C,(T,H)—C,(T, H|la=24.1T).

—105° and 75°, which corresponds to the field applied along
the ¢ axis. With the field deviating from the c axis, the SH
peak shifts to lower temperatures and loses its intensity. The
peak is observed at the lowest temperature for the field offset
of £45°, while no transition can be detected for larger angular
offsets. The absence of the SH anomaly at these higher angles
below 8 K is a result of suppression of the low-field phase at
H||b above 14 T, as can be seen from Fig. 3(b). At 45° off the
c axis, the field component along b amounts to ~14 T, close
to Hy,.

Summing up the above results, a continuous variation of
the SH anomaly as a function of temperature and field for dif-
ferent angles is detected, suggesting that we are dealing with
a single magnetic sublattice arranged in a noncollinear fash-
ion. To evaluate this scenario, we performed angle-dependent
magnetization measurements presented in Fig. 4. The field
was applied along the a* and b directions and at several in-
termediate angles. Previous results are readily reproduced for
H||la and H||b [see Fig. 1(c)], showing minimal and maximal
critical fields, respectively. A single transition with critical
fields lying in-between H, and H;, was found for intermediate
field directions in the a*b plane. As the inset in Fig. 4 shows,
the critical field of the transition varies smoothly with the
angle of the applied field, confirming a single magnetic system
with a noncollinear moment arrangement.

Based on the SH and magnetization data, a magnetic H-T
phase diagram has been constructed as displayed in Fig. 5. In
zero field the AFM phase is observed below 6 K. When the
field is applied within the ab plane there is a metamagnetic

transition whose critical field strongly depends on the field
direction: it is minimal, yyH, = 5T, for H|a and reaches
maximum, wH, = 13.9T, for H|b. For the field applied
along intermediate directions in the ab plane the transition
field varies smoothly and lies between H, and H), suggesting

0.075 e . . . .
=75 ,"'
_ 350- S ’
3 0.050 -5’25- o'" 1
I olan
= 0 4H 8(_'_;2
Mol
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0 2 4 6 8 10 12 14
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FIG. 4. Field dependence of the magnetization measured in dc
magnetic fields along different directions in the a*b plane. Zero
degrees corresponds to the field along the a* axis. The inset shows
the angle dependence of the critical field. The dashed line is a guide
to the eye.
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FIG. 5. The H-T phase diagram of brochantite based on the
specific heat and magnetization data for magnetic fields applied
along principal crystallographic directions and in the ab plane. The
symbols are derived from the experimental data and the lines are
guides to the eye.

that the Cu moments are confined within the plane. For H||c
no field-induced anomalies are detected up to 24.1 T.

B. Polarized neutron scattering

Having established that the high-field magnetic properties
of brochantite comply with a noncollinear magnetic order, we
have revisited its magnetic structure using polarized neutron
diffraction. The problem studying this material using unpolar-
ized neutron diffraction is caused by the combination of the
reduced Cu moment and the propagation vector k = (0, 0, 0),
which results in weak magnetic contributions appearing on
top of strong nuclear peaks. Figure 6 displays the unpolarized
TOF data measured using the CNCS spectrometer at SNS in

(0 £0) (rlu)

— -4 -2 0 2 4 6
(h00) (r.Lu)

the form of (k k 0) scattering maps above and below Ty. As
one can see, the neutron intensities are dominated by nuclear
scattering. No extra superlattice reflections were detected. On
the contrary, polarized neutron scattering allows unambiguous
separation of nuclear and magnetic scattering contributions. In
longitudinal polarization analysis using the P, configuration,
the non-spin-flip (NSF) channel measures purely nuclear scat-
tering, while the spin-flip (SF) channel selectively probes the
magnetic one.

The magnetic intensity in the P, SF channel is readily
observed at 1.6 K, in the magnetically ordered phase, in the
(1 2 0) reflection [see the inset of Fig. 7(a)] similar to the
previous unpolarized neutron diffraction results [25,26]. To
make sure that the observed intensities are related to magnetic
order, we consistently performed temperature scans up to 9 K,
across the Ty, where the magnetic intensities should disappear
[Figs. 7(a) and 7(b)]. For comparison, we present the intensity
of the (1 2 0) peak in the NSF channel, which probes nuclear
scattering and, as expected, does not show any temperature
evolution below 10 K. Using the magnetic scattering in the
P, SF channel, we could detect magnetic signals that would
otherwise be obscured by the overlap with strong nuclear
reflections, in particular (2 0 0) [see Fig. 7(b)]. The latter is
especially important, as it directly points to the presence of the
magnetic moment component along the b axis. Strictly speak-
ing, this signal points to a magnetic moment perpendicular to
a*, but the P, channel data (neutron spin perpendicular to Q
and normal to the horizontal plane), as shown in the SM, do
indeed show absence of the moment component along the ¢
direction [29].

In this way, we mapped an extended range of reciprocal
space, shown in Fig. 7(c), where intensity differences between
the 1.6- and 9-K data are displayed for the P, SF channel.
In total, we collected 23 reflections to model the magnetic
structure. This is still a small number given the low symmetry
and four Cu sites in the general position, but it allows us to
significantly improve the magnetic structure model, as shown
below.

Intensity (arb. units)

— -4 -2 0 2 4 6
(h00) (r.lu)

FIG. 6. The elastic neutron scattering map measured in the (i k 0) plane taken with an incident energy E; = 12.0meV (A = 2.61 A) at (a)
T =1.7K and (b) T = 15K, integrated over an energy-transfer range of E; = —0.1 to 0.1 meV.
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FIG. 7. (a), (b) Temperature dependence of the P, SF and NSF intensities of selected reflections in brochantite as measured with the TAS-1
spectrometer at JRR-3. The inset of (a) is the SF peak profiles of the (1 2 0) reflection. (c) The (% k 0) color map of all the collected reflections
in CusSO4(OH)g. The P, SF intensities are presented as the difference between 1.6 and 9 K, Alg, i.e., the intensities in the magnetically
ordered state minus those in the paramagnetic state, and the marker sizes are proportional to log Alsg.

In order to further quantify the results, we ran a number of
measurements in the paramagnetic state at 50 K. The flipping
ratio obtained, defined as the ratio between the intensities
in the NSF and SF channels, was found to be around 20.
The intensities were corrected for instrumental imperfections
using the procedure described in Refs. [38—40].

C. Magnetic structure analyses

The details of the crystal structure and the magnetic repre-
sentation analysis using the parent P2;/a space group were
obtained previously using single-crystal neutron diffraction
[25,26]. Therefore, only the scaling factor was adjusted here
based on the data collected in the paramagnetic state. How-
ever, even given the symmetry constraints, the number of
refinable parameters for four magnetic ions in the general po-
sition is too large for the set of magnetic reflections obtained.
We, therefore, assumed that the Cu moments on different
sites are equal, which is reasonable if the deviation between
the moment sizes is not large. This reduces the number of
parameters to four, which are the angular positions within the
ab plane for each Cu spin. Refinement was performed for

different values of the magnetic moment ranging from 0.1
up to the Cu?t theoretical maximum of 1 ug, as can be
expected in the materials containing Cu’" ions (see, e.g.,
Refs. [41-45]). More details on the refinement and its results
are provided in the SM [29].

The best results were obtained for the irrep I'4, correspond-
ing to the magnetic space group P2} /a. This is in agreement
with our previous work, where only the a component of the
magnetic moment was considered [25,26]. This time, how-
ever, the b component could be clearly identified as visualized
in Fig. 7(b) and included in the calculations.

Because of the cross correlation between the size and ori-
entation of the spin, a range of magnetic moments from about
0.45 to 0.9 ug was found to have almost the same reliabil-
ity factors of the obtained magnetic structures. The resultant
structures showing the most symmetric moment arrangement
are displayed in Fig. 8. In the first case [Fig. 8(a)], the mo-
ments within each zigzag chain are aligned in two linear FM
chains with an angle of about 90° between them. The refined
Cu moment is reduced to 0.47(1) ug. In the second, the linear
chains consist of noncollinear 0.70(1) ug moments rotated
by about 90° relative to each other. The adjacent moments
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FIG. 8. (a), (b) The models of magnetic structures of brochantite
obtained from single-crystal refinement of polarized neutron data.
The top row represents the corresponding structures as viewed from
the ¢* axis while the bottom displays the magnetic unit cells as
seen from the b axis. In the latter case only two out of four zigzag
chains are shown. The structures’ description and the way they were
obtained are given in the main text and the SM. The reliability
factors R, > amount to 19 and 14.4 for the models in (a) and (b),
respectively.

between the linear chains are coupled either AFM or FM
[Fig. 8(b)]. We note that both FM and AFM J, interactions
were reported from ab initio calculations [17].

Although neither of these structures is a unique solution,
they can still be used to identify a few important char-
acteristics of CuySO4(OH)4. First, all the structures have
noncollinear moment arrangement within the chains. Second,
the moments are arranged such that the angle between them
is close to 90°. Finally, while the magnetic structures describe
the polarized neutron diffraction data, it is not straightforward
to combine them with the INS data [25,26]. Indeed, the experi-
mental inelastic spectrum suggests a dominant AFM exchange
interaction J; between two otherwise FM chains, combined
with an antisymmetric DM interaction pointing along the easy
axis. Obtaining the zigzag chains shown in Fig. 8 from the
above parameters does not work out in a simple way, suggest-
ing that further investigations are required.

To address this issue, we tried to solve the magnetic struc-
ture using space group P-1, with 16 independent magnetic
ions. Based on the INS data, the only constraint applied was
that the Cu moments in the zigzag chains should remain
collinear and AFM coupled. This reduces the problem to
two independent parameters per chain (eight parameters in
total), namely, the magnetic moment and its angular position
within the ab plane. Refinement using this model resulted in
reliability factors that were significantly worse than that in the
models presented in Fig. 8.

D. Proton nuclear magnetic resonance

To get further insights into magnetic structure of brochan-
tite, we performed (‘H) NMR measurements on a single
crystal. We focused the measurements on H|a* and H|b
since these directions exhibit the most pronounced anisotropic
features in the low-temperature magnetization and are there-
fore the most relevant for establishing the phase diagram.
By contrast, for H||c, no clear anomaly was resolved in the

measured field range of the low-temperature M-H data. The
results are summarized in Fig. 9. Figures 9(a) and 9(b) show
the field-swept ('H) NMR spectra for H ||a* measured at
fixed frequencies of f = 149.65 and 315.1 MHz, respectively.
Figure 9(c) shows the field-swept ('H) NMR spectra for H || b
measured at a fixed frequency of f = 149.65 MHz.

First, we discuss the spectral line shape in the param-
agnetic state. For protons with nuclear spin [ = %, there is
no quadrupolar interaction, and thus no EFG-related (elec-
tric field gradient) splitting or asymmetry. Therefore, the
("H) NMR spectrum directly reflects the distribution of the
effective local magnetic field at the proton sites: in the
paramagnetic state it provides a site-resolved map of crys-
tallographically distinct proton environments, whereas in the
magnetically ordered state it probes the distribution of internal
fields. As shown in Figs. 9(a)-9(c), at a temperature well
above Ty (T = 100K), the ('"H) NMR spectrum exhibits a
line shape that is well described by a superposition of two
Gaussian components. The crystal structure of brochantite
CuySO4(OH)g contains six crystallographically distinct H
sites. In principle, the ('"H) NMR spectrum should therefore
consist of six overlapping site-resolved contributions; never-
theless, the experimental spectrum is captured by only two
Gaussian components. This indicates that the proton local
environments are effectively grouped into two classes. To clar-
ify the microscopic origin of this classification, we note that
each proton exists as part of an O-H group, and its hyperfine
coupling is expected to be dominated by the electronic envi-
ronment of the nearest oxygen atom. It is therefore natural to
characterize the proton sites in terms of how the correspond-
ing oxygen in the O-H group is coordinated to nearby Cu ions.
The corresponding O-H local geometries, illustrated for the
same crystal orientation, are shown schematically in Fig. 9(d).
As illustrated in this way, the distinction becomes clear: the
O-H1~0-H4 groups have three effectively coordinating Cu
ions, whereas the O-H5 and O-H6 groups have only two.
Moreover, the Cu—O bond lengths associated with O-H5 and
O-H6 are shorter, suggesting that the hyperfine coupling at
HS and H6 should be larger than that at H1-H4.

For H | a*, as shown in Figs. 9(a) and 9(b), the double-
Gaussian spectrum appears to undergo an additional splitting
into three components below ~20 K. One possible origin is
a weak differentiation within the threefold-coordinated O—H
groups: because the O—-H lengths for O-H1 (0.844 A) and
O-H3 (0.914 A) are shorter than those for O-H2 (1.074 A)
and O—H4 (0.981 A), their hyperfine couplings are expected
to be slightly larger, which could account for the observed
splitting. However, it is important to note that for 7 2 20K
the spectral line shape, including the peak positions, remains
essentially unchanged. Below ~20K, the spectrum begins
to evolve abruptly, as if an additional hyperfine (internal)
field suddenly develops. This behavior can be attributed to
the development of short-range order (SRO) above Tn(H),
likely reflecting the formation of low-dimensional AFM cor-
relations, as reported in Refs. [16,25,26]. Notably, for H || b
[Fig. 9(c)], no comparable SRO-related spectral evolution is
observed below T ~ 20 K: the double-Gaussian line shape
remains essentially unchanged down to just above Tn(H).
Below Tn(H), the spectrum broadens due to the emergence
of internal fields.
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FIG. 9. Field-swept (‘H) NMR spectra of brochantite Cu;SO4(OH), measured at fixed frequencies. For clarity, representative spectra at
selected temperatures are shown and are vertically offset by equal increments. The NMR intensities are normalized. (a) f = 149.65 MHz for
H || a*. The vertical dotted line indicates the Larmor field Hy = f/y. (b) f = 315.1 MHz for H || a*. The thick brown curves for the T = 1.7K
data in (a) and (b) are guides to the eye. (¢) f = 149.65 MHz for H || b. (d) Schematic illustrations of the local environments of the O-H groups
associated with the crystallographically distinct H sites, shown for the same crystal orientation.

As shown in Fig. 9(a), further line broadening and ad-
ditional splittings are observed below Ty(H) ~ 6 K, where
long-range AFM order emerges. Since these spectra were
measured at fields below the critical field, ugH, ~ 5T, for
T < 1n, they reflect the low-field phase. If the previously pro-
posed collinear AFM order [25,26] were realized, each of the
three classes of ('H) sites would experience a pair of internal
fields +=H im (i=1,2,3). Upon projection onto the external-
field direction, this would produce a simple twofold splitting
for each class, resulting in a total of six resonance lines. In
contrast, the spectrum at 7 = 1.7 K exhibits a substantially
more complex pattern, with multiple splittings that appear
to overlap and merge. Nevertheless, the spectral intensity re-
mains concentrated into several partially resolved components
rather than forming a single smooth continuum typically ex-
pected for an incommensurate order with a broad distribution
of internal fields; in particular, for H || b the line shape shows
more discretized features that are qualitatively compatible
with a commensuratelike splitting in agreement with neutron
diffraction results of this and previous works [16,25,26]. At
the same time, the H || b data are still too complex to be ac-
counted for by the simple collinear twofold-splitting scheme
described above. These observations therefore indicate that
a collinear AFM structure is not consistent with the NMR
spectra.

Finally, we emphasize a key insight obtained from the
present ('"H) NMR measurements. Below Ty (H ), the spectra
exhibit highly complex line shapes. Further measurements
and a detailed line-shape analysis will be necessary to
determine whether these spectra are consistent with the non-
collinear magnetic structure proposed in Fig. 8. Importantly,
the spectral evolution that sets in below T ~ 20 K, which we
attribute to the development of quasistatic AFM short-range

correlations, is clearly observed even in magnetic fields ex-
ceeding the metamagnetic critical field upH, = 5T, as shown
in Fig. 9(b). Moreover, at T = 1.7 K the spectra on both sides
of H, remain multicomponent, and the high-field spectrum
does not recover the simple double-Gaussian line shape ob-
served above T ~ 20 K. These observations indicate that the
correlations responsible for the multicomponent local-field
distribution persist into the high-field regime where long-
range magnetic order is suppressed. A detailed discussion is
given in the next section.

IV. DISCUSSION

Below 6 K in zero field brochantite exhibits a long-range
AFM order (see the magnetic H-T phase diagram presented
in Fig. 5). Polarized neutron measurements show that the
magnetic structure has spin components along both the a and b
axes. The exact type of magnetic order is impossible to deduce
based purely on the measured neutron scattering data, but all
the refinements point to a noncollinear magnetic structure.
One of the best results is given in Fig. 8. Here, the moments
within the double chains are noncollinear, either collinear FM
chains rotated to each other by roughly 90° or noncollinear
chains with the moments coupled both FM and AFM.

Obviously, the magnetic order obtained is not fully com-
patible with the oversimplified XXZ AFM Heisenberg chain
model with dominant nearest-neighbor interaction J; [25,26].
Indeed, the presence of the noncollinear spin arrangement on
the level of the zigzag chains implies that a single J; within
the chain is not enough to describe the magnetic order and
has to be complemented by next-nearest-neighbor interactions
within and between the planes. This is not surprising, as
CusSO4(OH)4 shows a 3D magnetic order in the ground state.
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FIG. 10. Magnetic excitations in brochantite measured with inci-
dent energy E; = 3.32 meV at 1.7 K along the & (a) and k directions
(b), respectively, using CNCS spectrometer.

In agreement with this, about an order of magnitude smaller
(compared to J;) but still finite dispersion along the b and a
directions was detected in our previous INS measurements
[25,26]. Experimental dispersion bandwidths are shown in
Figs. 1(c) and 10. We note that additional measurements of
the temperature dependence of the gap mode show that the
gap decreases on warming and closes on approaching 7.
This behavior is more naturally consistent with an anisotropy-
induced magnon gap associated with the ordered state than
with a simple singlet-triplet excitation of a spin-dimer ground
state. Figures 1(c) and 10 provide a useful hierarchy of en-
ergy scales: a dominant nearest-neighbor exchange along the
chains in the ¢ direction, J; & 10meV, a much smaller in-
terchain coupling roughly along b, J, & 1.5meV, and a very
weak coupling roughly along a, J, < 0.5meV, where the
Cu sheets are connected through the sulfate groups [25,26].
In this respect, it is worth recalling that above Ty(H), our
NMR data for H | a*, together with the specific heat and
magnetization data reported in Refs. [16,25-27], indicate the
presence of SRO. Within the H-T phase diagram of Fig. 5,
this regime is best regarded as a crossover region located in
the vicinity of the long-range-ordered phases, rather than as
an independent thermodynamic phase. The SRO inferred from
the NMR and bulk data is characterized by quasistatic antifer-
romagnetic correlations. Since the weakest exchange is along
the a direction, i.e., between the bc sheets, these correlations
can be naturally interpreted as quasi-two-dimensional AFM
correlations developing within the bc layers.

Turning to the high-field properties (Fig. 5), a metamag-
netic transition is observed when the external magnetic field
is applied within the ab plane. As can be seen from the data
in Figs. 3 and 4, changing the field direction causes a smooth
variation of the critical fields and transition temperatures. The
critical field and magnetization change across this transition
are strongly dependent on the field direction. The lowest criti-
cal field upH, = 5T and at the same time the largest change in
magnetization (its approximate doubling) are observed for the
field applied along the a axis, while for H ||b the critical field is
the largest, uoH, = 13.9 T, accompanied by the smallest mag-
netization increase. The field range between the boundaries
defined by H ||a and H ||b lines in Fig. 5 represents the cases in

which the field is applied in the ab plane with the critical fields
H, < H < H,, and intermediate magnetization jump. Finally,
for H ||c the zero-field phase with a finite magnetization, pre-
sumably induced by a small moment canting off the ab plane,
remains stable up to 24.1 T.

The high-field bulk measurements presented here sug-
gest that strong dependence of the magnetic transition on
the field direction in CuySO4(OH)g is related to a non-
collinear magnetic structure confined in the ab plane. The
proposed magnetic structure (Fig. 8) and the bulk magneti-
zation [Fig. 1(d)] are mutually consistent if one takes into
account the anisotropic exchange inferred from the INS dis-
persions. A full, quantitative model would require additional
data to construct a microscopic Hamiltonian including all
intrachain and interchain exchange terms and anisotropic ex-
change contributions. Although that is beyond the scope of
this work, some conclusions can still be drawn and a qualita-
tive mechanism proposed.

Obviously, the mechanism of the transition changes when
going from one extreme field direction, H||b, to the other,
Hl|a, given the underlying noncollinear magnetic structure.
The phase transition for the former is consistent with a spin-
flop-like transition involving weakly coupled chains. It cannot
be an ordinary spin-flop transition, as brochantite is not a
uniaxial AFM. Nevertheless, half of the Cu moments have
a large spin component aligned along the b axis. This has
some similarity to green dioptase, Cug[SigO;s] - 6H,O, an-
other natural Cu?*-based mineral, with different orientations
of the local easy axes [46]. There, no sharp phase transition
takes place when going from the low-field to the high-field
state but rather a strong crossover. Here, the magnetization
also shows a spin-flop-like shape with a smooth transition at
H,. Additionally, its energy scale agrees with the inelastic neu-
tron scattering dispersion along the b axis. The magnetization
curve suggests that J;, is only weakly anisotropic.

The transition along the a axis should have a different
origin. In principle, half of the Cu moments again have
a comparably large spin component along the a axis and
different orientations of the local easy axes. However, the
magnitude of H, is almost three times smaller while the jump
of magnetization at H, is much larger. The magnetization in
this direction is also larger than that for the hard direction,
Hl|c, from H, up to 30 T which is not typical for spin-flop
transitions. In Cu oxides, the experimentally observed g fac-
tors can be anisotropic, leading to magnetization differences
(see, e.g., Refs. [47-49]). The electron spin resonance (ESR)
spectrum (not shown) measured at 10 K and 360 GHz in
pulsed magnetic fields applied along the a* axis exhibits a
minimum corresponding to the g value of 2.03. This implies
that the g factor in CuySO4(OH)gis very close to the isotropic
value, suggesting that this mechanism can be excluded.

An alternative interpretation is suggested by the ('"H) NMR
spectra measured both above Ty (H ) and at base temperature.
For T 2 20K, the field-swept double-Gaussian-like spectra
for H || a* show no qualitative change in the overall line shape
across UpH, >~ 5T. This indicates that the local-field distri-
bution probed by ('"H) NMR remains essentially the same
across H, in this temperature range. In contrast, upon cooling
below T ~ 20K the spectrum evolves abruptly into a multi-
component line shape, which we attribute to the development
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of quasistatic AFM short-range correlations. At 7 = 1.7K,
the low-field spectrum at yoH ~ 3.5 T shows clearly resolved
splittings below 7n(H), consistent with the emergence of
long-range order. Above H,, the spectrum remains multi-
component and is broadly consistent with a three-component
profile, although the relative peak positions and intensities
differ from those in the low-field phase. This persistence
of a multicomponent spectrum across H, disfavors a simple
spin-flop scenario for H | a. If a spin flop occurred at H,, the
ordered moments would rotate toward the bc plane, which
would substantially reduce their projection onto the a axis and
would be expected to produce a much simpler ('H) NMR line
shape than observed.

These NMR results therefore suggest that the metam-
agnetic transition at H, does not simply transform the
low-temperature state into a collinear high-field phase. Rather,
the underlying AFM correlations responsible for the multi-
component local-field distribution persist into the high-field
regime, even where long-range order is suppressed. The field-
direction dependence provides additional constraints. For H ||
b, no comparable SRO-related spectral evolution is observed
[Fig. 9(c)]. At present, it is not possible to determine whether
this reflects an intrinsic anisotropy in the field-induced de-
velopment of SRO, or whether the SRO is present but its
associated hyperfine field has a strong anisotropy so that the
relevant component is not captured in the ('H) spectra for
H || b. A more detailed microscopic description, together with
additional NMR data and line-shape analysis, will be required
to establish the nature of the SRO in the high-temperature and
high-field regime.

V. CONCLUSION

In conclusion, we have presented the results of com-
prehensive studies of spin-% quantum magnet brochantite
CuySO4(OH)g. The phase diagram has been constructed us-
ing bulk measurements, showing the main magnetic phases
as a function of temperature and magnetic fields up to
24.1 T. Employing polarized neutron scattering the ground-
state noncollinear magnetic structure has been proposed,
and its connection to the field-induced magnetic phases has
been established. The results indicate that the ground-state
and field-induced phase transitions cannot be explained us-
ing a simple XXZ model with a single dominant J; and,
further, although one to two orders of magnitude smaller,

exchange interactions have to be taken into account. It is the
complex interplay between them combined with the quasi-
two-dimensional geometry of the material that produces a rich
landscape of magnetic phases.

Our measurements show that brochantite hosts a non-
collinear spin arrangement within the zigzag chains and
exhibits the field-induced transition for the magnetic field
applied in the ab plane. The character of the transition changes
for the field applied along the a and b directions. While
the latter might be a spin-flop-like transition, the angle-
resolved specific heat, magnetization, and NMR data reveal
that the transition along the a axis arises from a different
mechanism. The high-field state for H|a closely resem-
bles the short-range—correlated regime above Ty, suggesting
that the field stabilizes a configuration inherited from quasi-
two-dimensional correlations in the bc planes. These results
provide a solid basis for developing a full microscopic Hamil-
tonian and motivate further high-field spectroscopic studies to
explore the excitation spectrum in the field-induced phases.
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