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Introduction

The prevailing majority of copper oxide minerals are 
hydrated species which most likely results from biochemi-
cally mediated effects of atmospheric oxidation (Hazen 
et al. 2008). Recently, these objects of geology attracted 
considerable attention in quantum mechanics, namely in 
the field of low-dimensional and frustrated magnetism. The 
reason for that is the wonderful diversity of crystal struc-
tures and the peculiar magnetic topologies found in cop-
per oxides. Recently, efforts in this field were directed to 
studies and elucidation of quantum ground states in dimer 
compounds callaghanite Cu2Mg2(CO3)(OH)62H2O (Leb-
ernegg et al. 2014) and urusovite CuAlAsO5 (Vasiliev 
et al. 2015), frustrated spin-chain linarite PbCuSO4(OH)2 
(Schäpers et al. 2014) and quasi-two-dimensional diab-
oleite Pb2Cu(OH)4Cl2 (Tsirlin et al. 2013). The edward-
site Cd2Cu3(OH)6(SO4)24H2O (Fujihala et al. 2014) 
presents evidence of partial order and coexisting spin sin-
glet state on a distorted kagome lattice, while francisite 
Cu3Y(SeO3)2O2Cl (Zakharov et al. 2014) realizes exotic 
three-sublattice non-collinear antiferromagnetic structure at 
low temperatures. Here, we present another copper-based 
mineral shattuckite Cu5(SiO3)4(OH)2 where the ions of 
divalent copper constitute unique combination of well-sep-
arated chains and two-dimensional patterns.

In orthorhombic crystal structure of shattuckite 
Cu5(SiO3)4(OH)2 (Ewans and Mrose 1977), shown in 
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Fig. 1, the apices of the silicate tetrahedra are condensed on 
both sides of an extended copper–oxygen layer CuO2. The 
oxygen sites in this brucite-like layer (Mara and Sutherland 
1956) that are not supplied by SiO4 tetrahedra are occu-
pied by OH groups. The CuO2 layer is strongly bent at the 
region of contact of adjacent silicate chains, giving the lay-
ers, which lie parallel to the ac-plane, a corrugated aspect. 
The triple layers stack against each other along the b axis 
with their corrugations nested. These layers are linked 
together by additional copper atoms which are bonded 
to the outer unshared oxygen atoms of the silicate chains 
from adjacent triple layers to form square planar CuO4 pla-
quettes that are joined in twisted CuO2 ribbons parallel to 
the c axis.

Experimental

The sample of shattuckite Cu5(SiO3)4(OH)2 was pur-
chased from the stone shop, its origin was claimed to be 
Kaokoveld Plateau, Namibia. The piece of blue-colored 
shattuckite of about 100 mg in weight was grinded in 
agate mortar into fine powder, pressed into pellets, and 
investigated through measurements of magnetization, 
specific heat, and electron spin resonance. The chemi-
cal composition of shattuckite was studied by a digital 

scanning electronic microscope TESCAN Vega II XMU 
with energy-dispersive microanalysis system INCA 
Energy 450/XT (20 kV). It shows approximate 5CuO to 
4SiO2 ratio in the sample. The X-ray diffraction spectra 
were collected by BRUKER diffractometer (Cu Ka1 radia-
tion, graphite monochromator). The unit cell parameters 
of shattuckite Cu5(SiO3)4(OH)2 have been refined in the 
orthorhombic space group Pcab with a = 9.865(1) Å, 
b = 19.819(2) Å, c = 5.3736(7) Å and Z = 4. The X-rays 
diffraction pattern of natural shattuckite, shown in Fig. 2, 
reveals high purity of the sample with only trace amounts 
of secondary phases of clinozoisite Ca2Al2(Si2O7)(SiO4)
O(OH) and tentatively ankerite Ca(Mg,Mn,Fe)(CO3)2. 
Thermodynamic properties of Cu5(SiO3)4(OH)2, i.e., 
magnetization and specific heat, were measured by physi-
cal properties measurement system PPMS-9T of “Quan-
tum Design” in the range 2–300 K in magnetic field up 
to 9 T. Electron spin resonance (ESR) studies were car-
ried out using an X-band “Adani” ESR spectrometer CMS 
8400 (f ≈ 9.4 GHz, B ≤ 0.7 T) equipped with a low-tem-
perature mount, operating in the range T = 5–300 K. The 
effective g-factor has been calculated with respect to a 
BDPA (a,g-bisdiphenyline-b-phenylallyl) reference sam-
ple with get = 2.00359.

Electron spin resonance

The X-band ESR spectra for a powder sample of shat-
tuckite Cu5(OH)2(SiO3)4 were recorded in the paramag-
netic phase from room temperature down to 8 K. At lower 
temperature, the rapid signal fading occurs due to onset of 
long-range magnetic ordering and subsequent opening of 
the gap for resonance excitations. The representative exam-
ple is given in Fig. 2. The ESR powder pattern is character-
istic of Cu2+ ions with anisotropic g-tensor over the whole 
temperature range studied. For estimation of the parallel g∥ 

Fig. 1  Polyhedral representation of the crystal structure of 
Cu5(SiO3)4(OH)2 along the c axis

Fig. 2  Room-temperature X-ray diffraction pattern from powder 
Cu5(SiO3)4(OH)2 (CuK alpha 1 radiation) and calculated Bragg peak 
positions corresponding to the Pcab space group



and perpendicular g⊥, the lineshape was analyzed by sum 
of standard Lorentzian functions as shown in Fig. 3. Both 
principal components of g-tensor remain almost tempera-
ture-independent over the whole range investigated and are 
on average g∥ = 2.19 ± 0.01 and g⊥ = 2.07 ± 0.01 result-
ing in gav = 2.11 ± 0.01 corresponding to the stabiliza-
tion of Cu2+ ions in distorted square coordination (Krishna 
and Gupta 1994; Anufrienko et al. 2012; Tomlinson and 
Hathaway 1968) being in agreement with earlier reported 
values for shattuckite (Sarma et al. 1982; Feng 2012). At 
low temperatures, the partially resolved hyperfine struc-
ture was also visible in the spectrum. Since both stable 
copper isotopes 63Cu (natural abundance 69.09 %) and 
65Cu (natural abundance 30.91 %) have nonzero nuclear 
magnetic moment I = 3/2, one can expect four hyperfine 
components (Nhf = 2I + 1) in ESR spectrum due to inter-
action between the electron magnetic moment of unfilled 
electron d-shell of Cu2+ ions and nuclear magnetic moment 
of 63Cu and 65Cu isotopes. Indeed, at 8 K two sets of four 
lines superimposed over a broad anisotropic central line 
for the parallel and perpendicular principal components of 
g-tensor may be identified. The hyperfine-interaction con-
stants were estimated to be about 63,65A∥ ≈ 399 MHz and 
63,65A⊥ ≈ 96 MHz, respectively.

Thermodynamics

The temperature dependences of reduced magneti-
zation χ = M/B taken at various magnetic fields 
in Cu5(SiO3)4(OH)2 are shown in Fig. 4. In a wide 

temperature range, this quantity is almost field-independ-
ent, but it is quite sensitive to magnetic field at low tem-
peratures. The field dependences of magnetization taken at 
various temperatures are shown in the upper inset to Fig. 4. 
The hysteretic behavior in magnetization appears sharply 
at low temperatures, cf. curves taken at 6 and 8 K. At 2 K, 
the value of spontaneous magnetization constitutes about 
0.075 μB/f.u., i.e., about 1.4 × 10−2 of magnetization satu-
ration. At higher fields, the M versus B curve is essentially 
linear which is typical for antiferromagnets with large val-
ues of exchange interaction parameters. No signature for a 
spin-flop transition was evidenced up to 9 T.

In paramagnetic state, the temperature dependence of 
reduced magnetization taken at 0.1 T in Cu5(SiO3)4(OH)2 
can be approximated by the Curie–Weiss law χ = χ0 + C/
(T–Θ) with addition of the temperature-independent 
term. The fitting in the temperature range 150–300 K 
gives χ0 = 6.5 × 10−5 emu/mol, the Curie constant 
C = ng2μB

2S(S + 1) = 2.23 emu K/mol, and the Weiss tem-
perature Θ = −13.5 K. The value of the Curie constant 
somewhat exceeds that expected for number of Cu2+ ions 
(n = 5) in the formula unit of shattuckite and averaged 
g-factor of copper gav determined in ESR measurements. 
The negative sign of Θ indicates the predominance of anti-
ferromagnetic exchange interactions at elevated tempera-
tures. The sign and value of the temperature-independent 
term χ0 reflect the competition between diamagnetic Pascal 
contribution χdia = −2.23 × 10−4 emu/mol and paramag-
netic van Vleck contribution χvV = 2.74 × 10−4 emu/mol. 
The latter was calculated basing on the scheme of d-shell 
splitting of Cu2+ ions in distorted square coordination.
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Fig. 3  ESR spectrum of Cu5(SiO3)4(OH)2 at 8 K: Experimental data 
are shown by circles, and their analysis in accordance with sum of 
two Lorentzian profiles are shown by lines, dashed and dash dotted 
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Fig. 4  Temperature dependences of reduced magnetization χ = M/B 
taken at various magnetic fields in Cu5(SiO3)4(OH)2. The lower 
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At lowering temperature, the experimental data devi-
ates downward from the extrapolation of the fitting curve 
signaling further strengthening of antiferromagnetic inter-
actions contribution. Most clearly it is seen in the C versus 
T dependence shown in the lower inset to Fig. 4. This rep-
resentation of experimental data is most suitable for low-
dimensional low-spin magnetic systems where the presence 
of temperature-independent term can significantly distort 
the temperature dependence of inverse magnetic suscepti-
bility. At TN = 7 K, the temperature dependence of reduced 
magnetization M/B exhibits either sharp upturn at B = 0.1 
T or rounded maximum at B = 9 T. These features signal 
the transition into long-range antiferromagnetic state with 
finite spontaneous magnetization.

The transition into long-range ordered state in 
Cu5(SiO3)4(OH)2 was further confirmed in the measure-
ments of specific heat Cp. As shown in Fig. 5, the Cp ver-
sus T dependence taken at B = 0 T exhibits the rounded 
maximum at TN = 7 K. The application of magnetic field 
B = 9 T smears and shifts the anomaly to higher temper-
atures. This is a signature of the presence of spontaneous 
magnetization in the ordered phase of shattuckite. Such 
a behavior is typical for ferromagnets since larger fields 
develop magnetization already well above the zero field TN, 
and the magnetization does not arise spontaneously below 
a critical temperature anymore (Falkowski et al. 2009). The 
entropy released below TN = 7 K in Cu5(SiO3)4(OH)2 is 
basically of magnetic origin since the lattice contribution 
at these temperatures is negligible for silicates with Debye 
temperatures TD above ca. 500 K (Horai and Simmons 
1970; Tari 2003). The magnetic entropy at TN constitutes 
less than one-third of the expected value of Smagn = 5Rln2. 
This observation is in correspondence with the temperature 

dependence of the Curie constant in shattuckite which 
exhibits pronounced deviation from the Curie–Weiss law 
already below ~150 K. It means that the significant part of 
magnetic entropy is released at elevated temperatures. In 
the absence of non-magnetic counterpart of the title com-
pound, it is difficult to separate phonon and magnon contri-
butions to specific heat at low temperatures.

Electronic structure

Electronic structure calculation has been carried out for 
Cu5(SiO3)4(OH)2 with an aim to figure out the underlying 
spin model. The magnetic subsystem of shattuckite is repre-
sented by three inequivalent copper ions Cu1, Cu2, and Cu3 
which are at the center of a distorted oxygen square plane. 
The Cu1-O bondlengths are 1.884 and 1.988 Å with an 
average value of 1.936 Å, while Cu2-O bondlengths range 
within 1.904–2.040 Å with an average value of 1.953 Å and 
Cu3-O bondlengths range within 1.921–1.968 Å with an 
average value of 1.949 Å. Cu1O4 and Cu2O4 square planes 
share a common edge and also common corner, while two 
Cu2O4 squares share a common corner and form brucite-
like corrugated layer in the ac-plane, because two distorted 
square planes are bent. The inequivalent Cu ions Cu1 and 
Cu2 form Cu2–Cu2–Cu1–Cu2–Cu2 zigzag chain in the 
crystallographic ac-plane. Two zigzag chains are also con-
nected via O ions and form like a triangle at the corner 
of the zigzag chain. The Cu3O4-distorted square planes 
are connected by edge-sharing and form a twisted ribbon 
directed along c axis in the bc-plane. The corrugated layer 
of edge-sharing and corner-sharing Cu1O4 and Cu2O4 
squares and ribbons of edge-sharing Cu3O4 squares are 
connected by SiO4 tetrahedrons along b axis, as shown in 
Fig. 1. The Cu–O bondlengths of distorted square plane and 
twisted ribbon and the various angles are shown in Fig. 6.

Non-spin-polarized self-consistent calculation has been 
carried out for the title compound. The calculated elec-
tronic density of states is presented in Fig. 7. The square 
environment of oxygen ions surrounding copper ions 
results in a Cu-dx2−y2 state at Fermi level pronouncedly 
mixed with O-p states. Small admixture of Si-p state is also 
found at the Fermi level which mediates interactions from 
one layer to another layer in Cu5(SiO3)4(OH)2. Cu being in 
2+ oxidation state, all d states are completely filled except 
the dx2-y2 state which is half filled. Therefore, Cu-dx2−y2 
state at Fermi level is primarily responsible for the elec-
tronic and magnetic behavior of shattuckite.

The corresponding spin-polarized density of states, 
obtained in a self-consistent spin-polarized DFT calcu-
lation, projected onto Cu-d, O-p, Si-p and H-s states, are 
shown in Fig. 8. We find that the square planar crystal-
field splits the Cu-d levels according to scheme shown in 
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Fig. 9. All the d states are completely filled in the major-
ity and minority spin-channels except the minority channel 
of Cu-dx2−y2, suggesting the nominal Cu2+ or d9 valence 
of Cu. Si-p states are found to be nearly empty, suggesting 
the nominal Si4+ valence, while the O-p states are found 
to be mostly occupied suggesting the nominal O2− valence 
states, respectively. The O-p state shows finite, nonzero 
hybridization with Cu-d states close to Fermi energy, 
which contributes to the super-exchange path of magnetic 
interaction between two Cu sites. The calculated magnetic 
moment at Cu site is found to be 0.64 µB with rest of the 

moment sitting at neighboring O sites, with a total mag-
netic moment of 5 µB per formula unit.

Magnetic interactions

In order to estimate the various effective Cu–Cu interac-
tions present in the title compound, Nth-order Muffin 
Tin Orbital (NMTO)-based downfolding technique was 
applied to construct Cu-dx2−y2 only Wannier functions by 

Fig. 6  Various Cu–O distances 
and angles within a CuO2 layers 
and ribbons in Cu5(SiO3)4(OH)2

Fig. 7  Electron density of states (DOS) calculated using density 
functional theory-based TB LMTO in Cu5(SiO3)4(OH)2. Energy axis 
is plotted with respect to Fermi energy Fig. 8  Spin-polarized density of states. The up channel of Cu-d is 

completely filled, while the down channel of Cu-d is partially filled



downfolding all the degrees of freedom associated with 
O, Si, H, and Cu and keeping active only the Cu-dx2−y2 
degrees of freedoms. This procedure provides renormaliza-
tion of Cu-dx2−y2 orbitals due to hybridization from O-p, 
Si-p, and H-s and the other Cu-d orbitals. The effective 
Cu-dx2−y2–Cu-dx2−y2 hopping interactions were obtained 
from the real space representation of the Hamiltonian in the 
effective Cu-dx2−y2 Wannier function basis. The dominant 
hopping interaction is found to be intra-zigzag-chain near-
est-neighbor in-plane (ac-plane) interaction, t1 = 180 meV. 
The next nearest-neighbor in-plane intra-zigzag-chain 
interaction is t3 = 85 meV. The interchain in-plane inter-
action, t2 = 117 meV. The nearest-neighbor intra-chain 
interaction in the bc-plane is t4 = 50 meV. The interaction 
between these two planes is t5 = 50 meV. Therefore, the 
dominant interactions between the Cu atoms in the ac-
plane, t1 and t2 form an isosceles triangle. The paths for 
dominant interactions are shown in Fig. 10. We see that 
magnetic interaction, J1, corresponding to hopping t1 is 
mediated by Cu1 d-O p-Cu2 d and Cu2 d-O p-Cu2 d super-
exchange paths where the Cu1–O–Cu2 bond angles are 
104.55° and 97.59°, and Cu2–O–Cu2 bond angle is 108°, 
while J2, corresponding to hopping t2, is mediated by Cu1 
d-O p-Cu2 d super-exchange path where the Cu1–O–Cu2 

bond angle is 121.39°. J3, corresponding to t3, is medi-
ated by Cu2 d-O p-Cu1 d-O p-Cu2 d and Cu1 d-O p-Cu2 
d-O p-Cu2 d super-exchange paths, and J4 corresponding 
to t4 is mediated by Cu3 d-O p-Cu3 d super-exchange path 
where Cu3–O–Cu3 bond angles are 87.95° and 86.75°. 
The inter-layer interaction J5, corresponding to hopping t5, 
is mediated by Cu1 d-O p-Si p-O p-Cu3 d and Cu2 d-O 
p-Si p-O p-Cu3 d super-exchange paths. The magnetic 
interactions can be obtained from the knowledge of hop-
ping interactions with a choice of Hubbard U parameter 
by using the super-exchange formula 4t2/U. This, however, 
provides information of only the antiferromagnetic contri-
butions. The presence of super-exchange paths, involving 
Cu–O–Cu bondangles close to 90°, makes the ferromag-
netic contribution significant. To account for that, we car-
ried out total energy calculation of different spin configura-
tions and extracted the magnetic exchanges by mapping the 
DFT energies to that of the Heisenberg model. We find the 
interaction J1 mediated by edge shared and corner shared 
super-exchange path via O, turned out to be the strongest, 
whereas the interaction J2 which is mediated by corner 
shared super-exchange path via O is moderate and the rest 
J3, J4 and J5 are small compare to J1. The numerical values 
turned out to be, J1 = 14 meV, J2 = 6 meV, J3 = 3 meV, 
J4 = −1 meV and J5 = −1 meV. The positive (negative) 
signs of interactions indicate antiferromagnetic (ferromag-
netic) nature of exchange interactions. We note that esti-
mated tiny values of J3, J4 and J5 are beyond the accuracy 
limit of DFT, and the precise numerical values may not be 
trustworthy. Similarly, inter-chain Cu3–Cu3 interaction, 
which turned out to be antiferromagnetic but of negligibly 
small magnitude in DFT estimate, may also contribute.

Conclusion

In summary, the hierarchy of exchange interaction param-
eters in the brucite-like CuO2 two-dimensional patterns 

Fig. 9  Crystal field splitting of Cu-d shell in the distorted square pla-
nar environment

Fig. 10  Exchange paths for 
various magnetic interactions in 
Cu5(SiO3)4(OH)2



and twisted CuO2 ribbons suggests that the overall mag-
netic structure of shattuckite Cu5(SiO3)4(OH)2 can be rep-
resented as follows. The Cu2O4 corner-sharing plaquettes 
coupled by the strongest interaction J1 form parallel anti-
ferromagnetic zigzag chains in ac-plane. These chains are 
coupled through edge-sharing Cu1O4 plaquettes by simi-
lar antiferromagnetic J1 interaction. The competing anti-
ferromagnetic J2 interaction in corner-sharing Cu1O4 and 
Cu2O4 plaquettes is insufficient to introduce significant 
frustration to the system. That refers also to the next near-
est-neighbor antiferromagnetic J3 interaction both within 
the chains and between the chains which seems insuffi-
cient to induce helix arrangement of the magnetic moments 
(Drechsler et al. 2007). The edge-sharing Cu3O4 plaquettes 
forming CuO2 ribbons are coupled by relatively weak fer-
romagnetic intra-chain interaction J4. The Cu3 ions in the 
chains are coupled ferromagnetically through J5 interac-
tion to both Cu1 and Cu2 ions in the layers. Due to sym-
metry considerations J5 interactions effectively cancel each 
other making Cu3O4 chains virtually uncoupled from the 
layers. Tentatively, the chains are coupled by rather weak 
antiferromagnetic interaction, which are beyond the accu-
racy limit of DFT, resulting in overall antiferromagnetic 
structure.

The origin of weak ferromagnetism at T < TN most prob-
ably is the antisymmetric Dzyaloshinskii–Moriya interac-
tion within the brucite-like CuO2 two-dimensional pat-
terns. This antisymmetric exchange through Cu1–O–Cu1 
and Cu1–O–Cu2 pathways is a contribution to the overall 
magnetic exchange interaction between neighboring spins 
via single ligand. In magnetically ordered phase of an anti-
ferromagnet, it favors a canting of otherwise antiparallel 
aligned magnetic moments (Dzyaloshinskii 1958; Moriya 
1960).
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