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Using high-pressure single-crystal x-ray diffraction combined with thermodynamic measurements and
density-functional calculations, we uncover the microscopic magnetic model of the mineral brochantite,
CuySO4(OH)g, and its evolution upon compression. The formation of antiferromagnetic spin chains with the
effective intrachain coupling of J 2~ 100 K is attributed to the occurrence of longer Cu—Cu distances and larger
Cu-O-Cu bond angles between the structural chains within the layers of the brochantite structure. These zigzag
spin chains are additionally stabilized by ferromagnetic couplings J, between second neighbors and moderately
frustrated by several antiferromagnetic couplings that manifest themselves in the reduced Néel temperature of
the material. Pressure tuning of the brochantite structure keeps its monoclinic symmetry unchanged and leads
to the growth of antiferromagnetic J with the rate of 3.2 K/GPa, although this trend is primarily caused by the
enhanced ferromagnetic couplings J,. Our results show that the nature of magnetic couplings in brochantite and
in other layered Cu®* minerals is controlled by the size of the lattice translation along their structural chains and

by the extent of the layer buckling.

DOI: 10.1103/g459-sxb7

I. INTRODUCTION

The field of mineralogy has been pivotal in developing
functional materials with distinct chemical and physical
properties. Minerals and their synthetic analogues with
complex interaction geometries of transition-metal ions show
intriguing magnetic properties. For example, copper minerals
with their spin—% Cu* ions are of significant interest for
studying collective phenomena in quantum and frustrated
magnets [1-5].

The diversity of copper minerals goes hand in hand with
their structural complexity. In these materials, leading mag-
netic interactions rarely follow the shortest Cu—Cu distances
[6,7], and even dimensionality of the spin lattice may deviate
from the dimensionality of the underlying structural units
[8—10]. Tailoring such materials toward the desired quantum
regime requires a thorough microscopic understanding of in-
dividual magnetic interactions for their eventual control by
external stimuli, such as pressure and strain.

Here, we consider brochantite, CusSO4(OH)g, one of the
ancient green pigments [11] and an integral component of
copper patina [12]. From the magnetism perspective, it serves
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as a prototype of a large class of layered copper minerals. Its
structural layers formed by Cu and O atoms comprise two
ubiquitous units of cuprate structures, the chains of the CuOy4
plaquettes connected by edge-sharing (A) and corner-sharing
(B), as shown in Figs. 1(c) and 1(e). Such structural chains
are building blocks for a large variety of Cu-based materials
where they may form not only infinite layers as in brochantite,
but also isolated chains [13,14], multichain ribbons [15], and
complex three-dimensional frameworks [16]. Understanding
magnetic interactions within and between these chains, as
well as exploring their pressure tunability are both important
tasks for elucidating the magnetic behavior of a large class of
prospective quantum magnets.

Previous studies of brochantite revealed its low-
dimensional magnetic behavior manifested by a broad
maximum in the magnetic susceptibility around 60 K
followed by the magnetic ordering at Ty ~ 6 K [17,18].
Collinear magnetic structure determined by neutron
diffraction features ferromagnetic (FM) order along the
structural chains and antiferromagnetic (AFM) order between
the chains, as shown in Fig. 1(f) [17,19]. This remarkably
simple ground state was elucidated in an inelastic neutron
scattering study [19] that revealed the zigzag geometry of
AFM spin chains spanning the adjacent structural chains
A and B [J; in Fig. 1(d)]. Interestingly, all other magnetic
couplings, including the couplings along the structural
chains, were identified as negligible in that work, whereas
an anisotropic exchange term was invoked to explain the
observed magnon gap and helical spin dynamics [19].
Zn-substituted brochantite, ZnCus(OH)gSOy, received further
attention as a spin-liquid candidate with the kagome-like

Published by the American Physical Society
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FIG. 1. (a) Natural brochantite specimen from Bisbee, AZ, with flat prismatic plate crystals. (b) Optical and laser image of brochantite
crystal aggregates taken using a Keyence VK-X200 microscope. The ambient-pressure crystal structure and the microscopic magnetic model
of brochantite viewed along ¢ (c), (d) and a (e), (f) axes. In (f), experimental magnetic structure [17,19] is also shown for one of the layers.

network of the Cu?* ions [20-22] and the Kondo screening
effect [23].

In the following, we use ab initio calculations combined
with the experimental probes to determine the microscopic
magnetic model of brochantite and its evolution under pres-
sure. We seek to understand how the complex structure of
brochantite comes down to the simple model of AFM spin
chains. We further explore pressure-induced changes in the
crystal structure and magnetism of brochantite and establish
quantitative links between the evolution of individual ex-
change couplings and the underlying structural geometry. Our
work sets a benchmark for pressure studies of Cu-based quan-
tum magnets and helps in rationalizing the magnetic behavior
of structurally complex Cu®* compounds.

II. METHODS

Experiments were performed on natural thin prismatic
crystals of brochantite obtained from Bisbee, AZ [Fig. 1(a)].
Some of the crystals were ground into fine powder for collect-
ing high-resolution ambient-pressure x-ray diffraction (XRD)
data at 80 K and 298 K at the ID22 beamline of the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France
using a wavelength of 0.35433 A and the multi-analyzer
detector setup [24]. Additionally, selected crystals were stud-
ied at ambient pressure and room temperature on a STOE
Stadivari diffractometer equipped with a GeniX 3D Cu-HF
(Xenocx) microfocus x-ray source and a hybrid pixel detector
Pilatus 300K (Dectris). Data processing was carried out with
the STOE X-Area software package [25].

Thermodynamic properties at ambient pressure were stud-
ied on the ground powder sample. Magnetization was
measured on a Quantum Design MPMS-XL SQUID magne-
tometer over a temperature range of 2-280 K, with the applied
fields of 0.01 T, 0.1 T, 1T, and 5 T. The heat capacity (C,)
was measured on a pressed pellet over a temperature range
1.8-200 K using the Physical Property Measurement System
(PPMS) from Quantum Design.

High-pressure single-crystal XRD data were collected at
room temperature at the P02.2 beamline [26] of the PETRA III
synchrotron (DESY, Hamburg, Germany) using x-rays with
the wavelength of 0.2910 A and a Perkin Elmer XRD 1621
detector. Diffraction images were obtained by a ¢-rotation
of the pressure cell between —30 and +30° with a step
of 0.5° and integrated using CrysAlisPro software [27].

Jana2006 [28] was used for all structure refinements. A
single crystal, measuring approximately 30 x 30 x 10 um?,
was placed inside a diamond anvil cell (DAC), comprising
Type Ia Boehler-Almax cut diamonds with a culet diameter
of 300 um. Neon gas was used as the pressure-transmitting
medium. Pressure was determined through ruby luminescence
measurements [29]. About 3000 reflections with 1400-1800
unique reflections were used to refine 81 structural param-
eters including atomic positions and atomic displacement
parameters (ADP’s) of Cu, S, and O. The Cu ADP’s were
refined anisotropically. Additionally, we performed a refer-
ence measurement at ambient pressure using the wavelength
of 1.54187 A where full reciprocal space could be covered,
resulting in 5271 measured reflections with 1163 unique re-
flections. The refinement of this data set converged to almost
the same atomic positions and produced similar refinement
residuals as the lowest pressure point of our high-pressure
data sets. Therefore, the crystal structure of brochantite can
be determined with sufficient accuracy also at high pres-
sures. Further details of the structure refinements are given
in Ref. [30].

Magnetization measurements under pressure were per-
formed in a CuBe cell with a 900 um culet diameter using the
MPMS 3 magnetometer from Quantum Design following the
procedure described in Ref. [31]. Daphne oil 7373 was used
as the pressure-transmitting medium. The measurements were
conducted on a collection of randomly oriented small crystals.

Magnetic couplings in brochantite were evaluated by
density-functional theory (DFT) band-structure calculations
performed with the VASP code [32,33] using the Perdew-
Burke-Ernzerhof type of the exchange-correlation potential
[34]. Experimental lattice parameters and atomic positions for
Cu, S, and O were used in all calculations. Hydrogen positions
were optimized by DFT structure relaxations because of the
lower sensitivity of XRD to hydrogen atoms. The accurate
location of hydrogen atoms in the structure is known to be cru-
cial for the correct evaluation of magnetic couplings [35,36].
Whereas at ambient pressure neutron diffraction experiments
can locate hydrogens with a much better precision than XRD,
similar accuracy can be achieved using DFT-based structure
relaxation [8]. The resulting hydrogen positions are insensi-
tive to the choice of the basis set and exchange-correlation
functional. Therefore, we opt for the DFT-based hydrogen
positions for full consistency between the ambient-pressure
and high-pressure structural models.
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The coupling parameters of the Heisenberg Hamiltonian,

H = J,’ jSiS j (1)
(i)

where S = 1/2 and the summation is over bonds, were ob-
tained by a mapping procedure [37] using total energies from
DFT + U calculations with U; =9.5eV and J; = 1 eV for
the Cu 3d shell and the double-counting correction in the
atomic limit [38,39]. Additionally, we performed a tight-
binding analysis of the band structure calculated in FPLO [40]
for a cross-check of the DFT 4 U results, as explained in
Sec. III below.

III. AMBIENT-PRESSURE BEHAVIOR

Natural brochantite features two monoclinic polymorphs
with the different layer stacking [41—43], whereas yet another,
orthorhombic polymorph was recently stabilized in synthetic
samples [18]. The monoclinic polymorphs are MDO, (P2, /a,
a~6.02A, b~985A, c~13.07A, and g ~ 103.3°) and
MDO, (P2;/n, a~6.02 A, b~9.85A, ¢ ~12.72 A, and
B ~90.0°). Our high-resolution powder XRD data (see
Supplemental Material, SM [44]) confirm the high crys-
tallinity and excellent purity of the natural brochantite sample.
These data can be described by either of the two monoclinic
models, although P2;/n returns slightly lower refinement
residuals of R} = 0.040 compared to R; = 0.043 for P2,/a.
Interestingly, single-crystal XRD data collected at ambient
pressure are indicative of the P2, /a structure, but our high-
pressure XRD data (Sec. IV) systematically showed the P2 /n
structure instead. One possible explanation for these observa-
tions is that the P2, /a structure transforms into the P2 /n one
already at low pressures and even upon grinding, because the
two polymorphs must be very close in energy. Below, we show
that these two polymorphs are also very similar from the per-
spective of their magnetic models, and the occurrence of one
or another monoclinic polymorph should have no significant
influence on the magnetic behavior of brochantite.

The high-resolution powder XRD data collected at 80 K
showed only minor changes compared to room temperature.
Therefore, we used the room-temperature crystallographic
parameters in DFT calculations of the magnetic couplings.
Both monoclinic polymorphs of brochantite feature four Cu
sites with a plethora of nonequivalent exchange pathways.
Fortunately, many of these pathways are similar to each other,
making it convenient to distribute the couplings into groups
(Table I). The first group involves the Cu—Cu contacts of
3.5-3.6 A that correspond to antiferromagnetic (AFM) cou-
plings on the order of 100 K. These couplings are labeled J;
following Ref. [19]. They form zigzag spin chains that span
the adjacent structural chains A and B [Figs. 1(d) and 1(f)].
Despite the very short separations between these spin chains,
the couplings between them given by J3, with the Cu—Cu
distances of about 3.2 A, are relatively weak, leading to the
quasi-1D magnetic topology.

Yet, another group of couplings involves the shortest Cu—
Cu contacts of 3.0 A that occur within the A and B structural
chains of brochantite. Following Ref. [19], we label these
couplings as J4 and J? because they describe second-neighbor
interactions within the zigzag spin chains formed by J;. One

unexpected finding is that J5' is AFM, whereas J? is FM
following the different connectivity of the CuO4 polyhedra
[Fig. 1(c)].

We now assess the magnetic couplings in brochantite
using the hopping parameters (¢;) as a gauge of AFM
superexchange, JiAF M~ tiz. These hopping parameters
elucidate the difference between J; and J3. The couplings of
the J3 group feature smaller hoppings because of the lower
Cu—O—Cu angles that average to 99°, in contrast to 122° in
the case of J;. Additionally, the shorter Cu—Cu distances in
the case of J; lead to larger FM contributions because of
direct exchange. Therefore, the couplings of the J; group
dominate, and the structural layers of brochantite split into
spin chains. The effect of the FM contributions is even
more pronounced in the case of J5 and J? with their shorter
Cu—Cu distances and Cu—O-Cu angles approaching 90°.
The change from AFM J35' to FM J# can be also ascribed
to the reduction in the bond angle, in agreement with the
Goodenough-Kanamori-Anderson rules.

Another important finding is the occurrence of the long-
range AFM couplings J;' that connect second neighbors
within the structural chains A. Such couplings are indeed very
common in Cu chains with the edge-sharing geometry [45].
On the other hand, they are usually suppressed in the Cu
chains with the corner-sharing geometry [13] where the re-
spective O—O distances are too large to facilitate the coupling.
Indeed, we find a negligible J2 in brochantite.

Our microscopic magnetic models for the two monoclinic
polymorphs of brochantite are not only qualitatively but also
quantitatively similar. Therefore, we make no further dis-
tinction between these polymorphs and compare the model
to the experimental data that are usually reported for the
P2, /a structure. The collinear magnetic order in brochantite
[Fig. 1(f)] is well explained by the interplay of AFM J; and
J3 that cause FM order along the structural chains. This FM
order is further stabilized by J¥ < 0 and weakly frustrated by
Jé"‘ > 0, but the main mechanism of frustration is the second-
neighbor coupling J4 > 0 that would lead to helical order if
confronted with Jf alone. However, in brochantite the FM
order along the structural chains is stabilized by the much
stronger coupling Jj, so the frustration by J{ does not re-
sult in a departure from collinearity. Our calculated exchange
couplings are also in favorable agreement with the inelastic
neutron scattering (INS) results [19]: compare J%NS =124 K
with our value of 97 K and J%NS = 0(2) meV with our J, =~
—5 K obtained by averaging J5 and J? from Table 1.

Before turning to thermodynamic properties, we note in
passing that our tight-binding analysis uncovers two further
exchange couplings that are smaller than J; —Jy but still
sizable. The AFM coupling J# connects chain B to another
chain B, whereas J, is the AFM interlayer coupling that,
surprisingly, occurs for every fourth Cu site only (Fig. 1).
This interlayer coupling is consistent with the experimental
magnetic structure [19] where spins are aligned antiferromag-
netically along the direction perpendicular to the structural
layers. Both JZ and J, are long-range in nature and share
the common mechanism of the Cu—O-O-Cu superexchange
between two co-aligned CuQO,4 plaquettes. The strength of
such couplings is controlled by the Cu—O-O angles. While
the larger angle of about 139° is observed for the stronger
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TABLE 1. Exchange couplings calculated for the P2,/a [41] and P2,/n [42] polymorphs of brochantite at ambient pressure, with all
hydrogen positions relaxed. The d; and «; stand for the Cu—Cu distances and the respective bond angles (Cu—O-Cu for J; — J3 and Cu—O-O
in the case of Jy, Js, and J, ). The J; values are obtained from the DFT 4 U mapping analysis, whereas ¢; are the corresponding hoppings in
the PBE band structure. The couplings are split into groups based on the similarity of the Cu—Cu distances and interaction geometries, with an
average value calculated for each group and given in bold. The notation of the Cu atoms is shown in Fig. 1.

PZ] /a P21 /n
d; (A) a; (deg) t; (meV) Ji (K) d; (A) a; (deg) t; (meV) Ji (K)
Ji Cul—Cu2 3.561 121.3 124 88 3.557 122.2 122 107
Cul—-Cu4d 3.533 124.4 —132 121 3.522 122.4 125 114
Cu2—Cu3 3.561 119.9 122 88 3.573 121.2 —112 72
Cu3—Cu4 3.518 121.7 —117 91 3.529 121.3 —118 95
97 97
J;‘ Cul—Cu3 2.996 97.7 -79 8 3.012 979 82 13
Cul-Cu3 3.020 98.4 —111 36 3.015 97.7 96 22
22 18
Jf Cu2—Cu4 2.997 91.2 —45 —-29 3.002 91.0 52 —28
Cu2—Cu4d 3.019 91.9 —-55 -32 3.025 92.2 53 -35
=31 =32
J; Cul—Cu2 3.194 99.7 —80 4 3.243 97.0 78 18
Cul—-Cu4 3.206 102.1 93 23 3.273 99.4 98 42
Cu2—Cu3 3.230 96.2 —95 28 3.204 99.7 —-76 9
Cu3—Cud 3.265 99.2 106 56 3.219 101.1 —-79 12
28 20
Jf Cul-Cul 6.015 138.8 68 27 6.026 138.7 60 27
Cu3—Cu3 6.015 138.9 65 30 6.026 139.0 68 28
29 28
Jf Cu2—Cu2 6.015 34 1 6.026 37 2
Cu4—Cu4 6.015 32 1 6.026 32 1
1 2
Jf Cu2—Cu2 5.067 121.8 36 15
Cud4—Cu4 5.043 122.2 —-25 15
Cu2—Cu4 5.067 122.2 34 15
Cu2—Cu4d 5.075 122.2 30 15
15 15
J. Cu2-Cu2 5.366 116.7 42 10 5.377 119.3 38 9

coupling J#, the smaller angles of 117-119° and 122° occur
in the case of the weaker couplings JSB and J , respectively.
All further couplings, both within and between the structural
layers of brochantite, are below 2 K and thus negligible.

Figure 2(a) displays the temperature-dependent magnetic
susceptibility of our brochantite sample. Similar to the previ-
ous reports [17,19], it shows a broad maximum around 60 K
followed by a minimum around 30 K and an increase toward
low temperatures. While the maximum arises from the spin
chains pinpointed by our microscopic analysis, the origin of
the upturn below 30 K has not been revealed. Here, we model
this upturn as a simple impurity contribution because its
magnitude varies across the different samples reported in the
literature. It is worth noting, though, that the synthetic sample
of brochantite showed such an upturn for one field direction
only [18]. Its exact origin requires further investigation that
goes beyond the scope of our present study. Here, we fit the
experimental magnetic susceptibility with

x(T)=xo+ + Xen(T) @)

imp
T — Omp

where x.n(7) is the magnetic susceptibility of a uniform
spin—% chain given in Ref. [46], xo is the temperature-
independent contribution, and the second term stands for
an impurity contribution described by the Curie-Weiss law.
The fit of the experimental data down to 6 K returns J =
104.3 £ 0.3 K in an excellent agreement with our ab ini-
tio estimate of J; = 97 K in Table I. Further fit parameters
are g = 2.17, Cipp = 0.060 emu K/mol, Oipnp = —2.6 K, and
xo = —7.3 x 107* emu/mol. The Cimp Vvalue corresponds to
4% of spin—1 impurities per Cu®* ion.

Our susceptibility data measured at 0.1 T also show a
kink around 7y = 5.0 K that corresponds to the magnetic
ordering. This 7y value is somewhat lower than 6.0-6.5 K
[18,19] and 7.5 K [17] observed in the previous studies,
probably because of some sample dependence across the
natural crystals of brochantite. It is worth noting that we
do not find any signatures of an additional magnetic tran-
sition around 18 K that has been seen in some of the
brochantite samples [17,47]. Both magnetic susceptibility and
specific heat data clearly show the transition at 5.0 K only.
This transition shifts toward lower temperature on increasing
the field.

094412-4



PRESSURE-TUNED SPIN CHAINS IN BROCHANTITE, ...

PHYSICAL REVIEW MATERIALS 9, 094412 (2025)

Sl ef _
g™
3 ”m
,,“E’ 12t | |
5 z
X B3l
210 g i
3 o
a (a) £ 12t
g er - P T
2 el ? femperature ()
ie) 6 1T
] ZFC
g ——Fit
2 4 C 1 1 1 1 1 1 ]
0 50 100 150 200 250 300
Temperature (K)
04 T T T T T T 4

£03 13
6 ~~
£ <
=02 12E
£
o 3
g g
O U)E
0.1 14
0.0
{0

0 4 8 12 16 20 24 28
Temperature (K)

FIG. 2. (a) Temperature-dependent magnetic susceptibility of
brochantite measured in the applied fields of 0.1 T and 1 T. The inset
shows magnetic transition in the low-temperature region. (b) Cag/T
of brochantite as a function of temperature at O T and the calculated
magnetic entropy Sp,, in zero field.

To estimate the entropy associated with the magnetic or-
dering transition in brochantite, we determined the phonon
component (Cy) of the total heat capacity (C,) by fitting
the data in the range of 13-280 K (see the SM [44]) with a
combination of three Debye functions

3

Co(T) =Y 8i Coen.i(Bpen,i- T) 3)
1

where g; are pre-factors that determine the fractions of differ-
ent contributions. Three Debye temperatures used for this fit
were Opeb,1 = 190 K for 4 Cu atoms, Opep 2 = 1280 K for one
S atom, and 6pep 3 = 724 K for 10 oxygen atoms per formula
unit. The light hydrogen atoms give rise to high-energy optical
modes that can be neglected in the temperature range of our
study. By subtracting the calculated phonon contribution from
the experimental heat capacity data, the magnetic heat capac-
ity was obtained [Fig. 2(b)]. The magnetic entropy derived
by integrating Cyag/T up to 25 K is about 15% of the total
entropy Smae =4 RIn2 ~23.04J mol~! K~! expected for the
four Cu®t ions [Fig. 2(b)], whereas only 4% of the total

magnetic entropy is released at 7 < Ty. This large reduction
in the magnetic entropy confirms low-dimensional nature of
brochantite magnetism.

For a rough estimate of 7y, we calculate the averaged
interchain coupling, J$ =J; +J,/4 =22 K where the
factor of % is due to the fact that only one out of 4Cu*" ions
is coupled to the adjacent layer. The resulting J$ /J; ~ 0.23
would lead to Ty/Ji =~ 0.3 [48] and Ty =~ 29 K, which
is much larger than the experimental 7y of 5-6 K. This
comparison demonstrates that the spin lattice of brochantite
must be frustrated, because of the couplings J3, J4, and J&
that are not satisfied by the experimental magnetic structure.
The reduction in Ty is then a combined effect of the low
dimensionality and frustration.

It is also worth noting that neither the interchain couplings
(5, J1) nor the long-range intrachain couplings (J3, J2, Ji')
could be resolved in the inelastic neutron scattering study
of brochantite [19] where low-energy part of the spectrum
was described using linear spin-wave theory with the leading
intrachain coupling J; and a sizable Dzyaloshinsky-Moriya
term. This low-energy part is dominated by a gap of
about 1 meV. Such a gap cannot be reproduced by
the Heisenberg spin Hamiltonian (1), and signals the
presence of anisotropy. While anisotropy manifests itself in
the low-energy spin dynamics, it does not have any immediate
effect on the magnetic susceptibility of brochantite. In our
work, we use magnetic susceptibility measurements to probe
pressure evolution of brochantite magnetism and, therefore,
concentrate on the Heisenberg spin Hamiltonian, while
leaving the possible anisotropic terms to a separate dedicated
investigation.

IV. PRESSURE EVOLUTION

Our single-crystal XRD study revealed a gradual com-
pression of the brochantite structure and the retention of the
P2 /n symmetry up to at least 33 GPa. In the following, we
show the structural data up to 21 GPa only, because technical
difficulties in the data collection hindered complete structure
refinements at higher pressures.

The fit of the pressure-dependent volume with the third-
order Birch-Murnaghan equation of state [Fig. 3(b)] returns
the equilibrium volume V = 761.075(1) A3/f u., initial bulk
modulus By = 50.3(1) GPa, and pressure derivative of the
bulk modulus B, = 6.62(2). Compressibility of brochantite is
comparable to that of other hydroxy copper minerals, such as
malachite with By = 48(4) GPa [49], botallackite with By =
51 GPa [50], and azurite with By = 40(2) GPa [51]. Despite
the layered nature of the brochantite structure, its compres-
sion is remarkably isotropic because of the multiple linkages
between the layers. These linkages arise from the network of
hydrogen bonds (see the SM [44]) and from the fact that Cu
atoms of the adjacent layers are bonded via oxygen atoms of
the SOy tetrahedra. Such Cu—O bonds are apical (perpendic-
ular to the CuOy4 plaquettes) and longer than the equatorial
bonds within the CuOy4 plane (Fig. 4). This characteristic
Jahn-Teller distortion of Cu’* is preserved across the whole
pressure range of our study, although the apical bonds show a
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FIG. 4. Pressure-dependent evolution of the average values of
the Cu—O bond lengths in the crystal structure of brochantite. The
insert shows the arrangement of apical and equatorial bonds in the
coordination environment of the copper cation.

much stronger compression, which is a common effect across
the different Cu?* compounds [52,53].

The energy of hydrogen bonds in brochantite varies sig-
nificantly, as evidenced by infrared and Raman spectroscopy
[54]. Our structural analysis of brochantite reveals two distinct
groups of hydroxyl (-OH) sites with different hydrogen-
bonding environments. Specifically, in two hydroxyl groups,
(OH), and (OH)e, the hydrogen bond acceptors are other
hydroxyl groups, forming interconnected OH ---OH net-
works. In the remaining four hydroxyl sites, the hydrogen
bonds are instead donated to oxygen atoms of adjacent
(SO4)*>~ groups, stabilizing the sulfate framework. Under
pressure, the most pronounced changes occur in the D-H
bonds of (OH), and (OH)g, where a neighboring hydroxyl
acts as an acceptor. The longest D - - - A distance, O6 - -- 05
(3.25 A), corresponds to weaker bifurcated hydrogen bonds,
yet this contact dramatically shortens to 2.62 A under pres-
sure (see the SM [44]), suggesting a substantial strengthening
of this interaction. In contrast, the shortest D.--A dis-
tance, O1 --- 08, which is 2.66 A, decreases to 2.45 A under
pressure, reinforcing its role as a strong and directional
hydrogen bond.

The observed pressure-induced enhancement of hydro-
gen bonding plays a crucial role in the structural stability
of brochantite. Typically, layered structures are prone to an
anisotropic compression that may even lead to an interlayer
collapse. However, in brochantite, a complex network of hy-
drogen bonds reinforces the Cu-OH layers, mitigating this
effect. Stronger OH-O(SO4)?~ interactions and the tightening
of OH - - - OH contacts under pressure contribute to an almost
isotropic compression behavior, which is clearly seen in the
very similar compression of the intralayer and interlayer lat-
tice parameters b and c, respectively (Fig. 4). Such a weak
elastic anisotropy is not typical for the layered hydroxy miner-
als. Additionally, the synergy between the Cu*" coordination
and hydrogen bonding further stabilizes the structure by
counteracting distortions within the sulfate-linked hydroxyl
network. This highlights hydrogen bonding as a key factor
in maintaining the structural integrity of brochantite across a
wide pressure range.

We now calculate exchange couplings as a function of
pressure using experimental structural data and allowing only
hydrogen positions to relax. Despite some scatter in the indi-
vidual J; values, this approach leads to very robust trends for
the pressure evolution of the exchange parameters (Fig. 5).
The largest effect is seen in the case of J4 that changes
sign from AFM at ambient pressure to FM above 3 GPa. Its
counterpart Jf also becomes more FM, but at a much smaller
rate. Both trends arise from the reduction in the Cu—O-Cu
bond angles in agreement with the Goodenough-Kanamori-
Anderson rules. The twice larger value of dJ/dP in the case
of J4 can be traced back to the stronger FM direct exchange
in the edge-shared geometry.

A similar trend is seen in the coupling J;3 that becomes
less AFM as its bond angle decreases. On the other hand, we
observe a weak increase in the intrachain coupling J;, whereas
its bond angle remains unchanged within the accuracy of our
measurement. This weak increase in J; is then probably re-
lated to more subtle effects beyond the nearest oxygen atoms,
for example, to the changes in the position of the O—H bond,
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FIG. 5. Pressure-dependent evolution of the averaged magnetic couplings J; (a), J5' (b), J2 (c), J5 (d), J; (e), J. (f) and the corresponding
structural parameters (bond angles) in brochantite: Cu—O—Cu in the case of J; — J3 and Cu—O-O in the case of Jf and J, (see also Table I).
Dashed green lines show the trends in the bond angles as a guide for the eye. The inserts show the connectivity pathways of the copper

polyhedra for the corresponding magnetic couplings.

which is known to modulate the strength of superexchange via
the oxygen atom [36].

Coming to the long-range couplings, we note that the in-
terlayer exchange J increases with pressure [Fig. 5(f)]. This
trend is likely rooted in the increasing Cu—O-O angle that
indicates a gradual evolution toward the linear Cu—O-O-Cu
geometry, which would be most favorable for the long-range
superexchange. Interestingly, J; shows exactly the opposite
trend, namely, this coupling increases upon compression,
whereas the corresponding Cu—O-O angle decreases. We
note, however, that the change in the angle between 0 and
20 GPa is slightly above —1 deg in the case of Jf vs +10 deg
in the case of J. It is then plausible that effects beyond the
bond angle, in particular, the reduction in the O-O distance
upon the shrinkage of the CuO,4 plaquettes (Fig. 4) result in
the enhancement of Jf under pressure.

The largest pressure-induced changes (Table II) are ob-
served for the couplings J3' and J? with the Cu~Cu distances
of about 3.0 A and the significant contribution of direct ex-
change. All other couplings show moderate dJ;/dP of less
than 1.0 K/GPa regardless of the exact geometry. Interest-
ingly, the couplings mediated by the Cu—O-Cu short-range
superexchange and Cu—O-O-Cu long-range superexchange
mechanisms show a similar tunability by pressure.

TABLE II. Pressure dependence of the exchange couplings in
brochantite, dJ;/dP (in K/GPa). The values are obtained from the
linear fits of the data shown in Fig. 5.

Ji J3 JE J3 J3 Ji

0.8 —4.4 -2.0 -0.7 0.8 0.7

Experimental magnetic susceptibility of brochantite mea-
sured under pressure is shown in Fig. 6. The data are restricted
to 1.9 GPa because of the weak signal that would not be
detectable in a smaller gasket required for reaching higher
pressures. This narrow pressure interval is in fact already
sufficient for tracing the pressure evolution of brochantite
magnetism. The broad susceptibility maximum around 60 K
shifts toward higher temperatures on compression [Fig. 6(a)].
Fits with Eq. (2) show a systematic increase in the intrachain
exchange coupling J with the slope of (3.2 +0.3) K/GPa
[Fig. 6(c)]. This trend mirrors the enhancement of the in-
trachain coupling J, although that coupling increases much
slower under pressure (Table II). The larger dJ/dP seen ex-
perimentally can be explained by the fact that the AFM order
along the zigzag spin chains is stabilized not only by AFM J;,
but also by FM J4' and J2. Considering J ~ J; — (J5 + J%)/2
and using the values from Table II, we estimate dJ/dP =
4.0 K/GPa in a better agreement with the experimental value
of 3.2 K/GPa. Remarkably, the rise in the FM interactions
J> makes the dominant contribution to the pressure-induced
enhancement of the AFM intrachain coupling J.

We also used the susceptibility data to track the pressure
dependence of Ty. While the kink at Ty is largely smeared out
in these measurements, the transition is visible by the weak
splitting of the susceptibility measured under field-cooled and
zero-field-cooled conditions [Fig. 6(b)]. The transition shifts
from 5.0 K at ambient pressure to around 7.0 K at 1.9 GPa.
This increase in Ty with dTy/dP = 0.96 £ 0.10 K/GPa is
comparable in magnitude to the pressure-induced changes in
J3 and J, (Table II), in agreement with the fact that 3D mag-
netic order in spin-chain systems is largely determined by the
interchain couplings. The frustration of brochantite should be
somewhat reduced under pressure because J5 becomes FM.
However, the frustration caused by J4' persists.
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V. DISCUSSION AND SUMMARY

Although many aspects of the brochantite magnetism can
be understood within the simple model of AFM spin chains,
their formation in the complex layered crystal structure is far
from obvious. Our analysis shows that such zigzag spin chains
arise from the longer Cu—Cu distances of 3.5-3.6 A spanning
the structural chains A and B. However, the AFM coupling J;
along the spin chains is by far not the only relevant interaction
in this material. Pressure dependence of the effective intra-
chain coupling J clearly shows that the AFM spin chains are
additionally stabilized by the couplings J», with J? being FM
already at ambient pressure, whereas J3 is initially AFM and
becomes FM upon compression. Several long-range couplings
frustrate the collinear magnetic structure of brochantite and
result in a quite low Ty/J >~ 0.05 — 0.06, despite the very
short distances and sizable exchange couplings between the
adjacent spin chains.

The largest pressure dependence of about —4 K/GPa is ob-
served for the coupling J4 that corresponds to the edge-shared
CuOy plaquettes and hinges upon a delicate interplay of AFM
superexchange and FM direct exchange. Pressure reduces the
former and enhances the latter by reducing the Cu-O-Cu
bond angles and the respective Cu—Cu distance. These trends
explain the crossover from AFM to FM J4' under pressure.
Several other magnetic couplings show an opposite evolution,
and here it is remarkable that the same pressure dependence
of about +1 K/GPa is observed for J; mediated by Cu—O—Cu
superexchange and J; or J, that involve superexchange via
two oxygen atoms. Consequently, brochantite remains frus-
trated under pressure, although its Néel temperature increases
as the couplings along the spin chains (J;, J3, J¥) and between
the layers (J, ) are enhanced.

The pressure dependence of the exchange couplings, es-
pecially J5' and J2, can be used to rationalize the behavior
of several frustrated Cu>* minerals. These structural siblings
of brochantite are listed in Table III along with their exchange
couplings and the lattice parameter b taken along the structural
chains. The AFM J4' and FM J# are clearly distinguished.
Moreover, increasing the lattice parameter (negative pressure)
renders J5' more AFM and J# less FM, in agreement with the
pressure dependence observed in our work (Fig. 5). The same

trend can be seen in the experimental magnetic structures
where chains A develop collinear AFM order in botallackite
[2] and antlerite [57] and a twisted AFM-like order in rouaite
[58]. By contrast, chains B develop collinear FM order in
botallackite [2] and rouaite [58] and a twisted FM-like order
in antlerite [57]. The magnetic ground state should of course
also depend on the couplings J; and J5 between the structural
chains. Here, brochantite seems to be unique in that it fea-
tures J; > J3, likely because of the buckled layer geometry
[Fig. 1(e)] that allows increased Cu—Cu distances and Cu—
O-Cu bond angles for J;. Other materials listed in Table III
are expected to show comparable J; and J3 [2,57], thus being
further away from the 1D limit manifested by brochantite.
Finally, we note that hydrostatic pressure and uniax-
ial strain are both powerful tools for tailoring quantum
magnetism of Cu’>" compounds [59-61]. The microscopic
evaluation of the pressure and strain effects is often hindered
by the lack of accurate structural data, because complex sam-
ple environment restricts the accessible reciprocal space and
renders the full determination of the crystal structure impos-
sible. Our study shows that even with the limited part of the
reciprocal space accessible in a diamond anvil cell, the Cu
and O positions in the complex structure of brochantite can be
resolved as a function of pressure with the accuracy sufficient
for the quantitative analysis of magnetic couplings, which are
known to be highly sensitive to even minor alterations of the
structural geometry. This sets a benchmark for future studies
of pressure and strain effects in cuprates without relying on

TABLE III. Comparison of the structural chains A and B in
several Cu®t minerals. The lattice parameter b (in A) describes the
periodicity of the chains, whereas J3' and J5 (in K) are the respective
nearest-neighbor couplings.

Mineral Composition b J JB Ref
brochantite CuySO4(OH)g 6.02 18 =32

langite CuySO4(OH)¢ - 2H,O  6.03 24 —49 [55]
rouaite Cu,(OH);NO; 6.07 60 3 [56]
antlerite Cu3SO4(OH), 6.08 42 =21 [57]
botallackite Cu,(OH);Br 6.16 62 —19 [2]
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ab initio structural relaxations, such that the structural in-
formation can be obtained from the experiment only. The
pressure dependencies determined in our work for different
types of exchange couplings (Table II and Fig. 5) can be
directly applied to other Cu?* materials for a preliminary
assessment of their evolution under pressure and strain.
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