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Quantum spin fluctuations and hydrogen bond network in the
antiferromagnetic natural mineral henmilite
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Henmilite {Ca2Cu(OH)4[B(OH)4]2} is a blue calcium copper borate mineral found only in the Fuka mine,
Okayama Prefecture, Japan. Crystal structure refinement, magnetic and specific heat measurements, and den-
sity functional theory (DFT) calculations are performed to clarify its magnetic properties. Synchrotron x-ray
diffraction experiments reveal that the hydrogen-bonded chains are arranged in an antiferroelectric manner,
doubling the unit cell along the a axis. An antiferromagnetic transition is observed at 0.2 K at zero magnetic field.
Furthermore, a dome-shaped antiferromagnetic ordering region exists in the temperature–magnetic-field phase
diagram, indicating the presence of quantum spin fluctuations. The obtained crystal structure in combination
with DFT calculations suggests that the system has a coupled two-leg ladder magnetic lattice, explaining the
very low ordering temperature.

DOI: 10.1103/PhysRevMaterials.5.104405

I. INTRODUCTION

Spin-1/2 low-dimensional antiferromagnets have been
widely studied because of their potential to exhibit
fascinating properties such as quantum spin liquid phases [1],
Bose-Einstein condensation of magnons [2], or a quantum
spin-nematic phase [3]. One-dimensional systems such
as spin chains [4] or spin ladders [5] are famous for their
unusual behavior. Quantum fluctuations in magnetic materials
are strong in systems containing spin-1/2 magnetic ions such
as Ti3+ [6] or V4+ [7]. However, a particularly large number
of inorganic S = 1/2 materials are realized with Cu2+ ions
[8]. Natural minerals containing Cu2+ have been of much
interest due to the diversity of their crystal structures [9].
For example, herbertsmithite, ZnCu3(OH)6Cl2 [10], and
variants of barlowite, Cu4BrF(OH)6 [11], are known as
candidate materials for quantum spin liquids, and azurite,
Cu3(CO3)2(OH)2 [12,13], is known as a one-dimensional
diamond chain system. Very recently, the mineral atlasovite,
KCu6FeBiO4(SO4)5Cl2, has inspired the synthesis of the
square-kagome-lattice material KCu6AlBiO4(SO4)5Cl [14].
Investigating copper minerals promises further surprises
and the discovery of new physical phenomena. The natural
mineral henmilite, Ca2Cu(OH)4[B(OH)4]2, is a calcium
hydroxy borate mineral (Fig. 1) found only in the Fuka mine,
Okayama Prefecture, Japan. Fuka is a limestone quarry, and

its metamorphic aureole is famous for a peculiar occurrence
of high-temperature skarn. These minerals resulted from the
intrusion of quartz monzonite into marine carbonate rocks.
Henmilite was first reported in 1986 [15,16].

According to previous reports [16], the crystal struc-
ture is triclinic with a space group of P1̄, and the lattice
parameters are a = 5.7617(5) Å, b = 7.9774(6) Å, c =
5.6488(4) Å, α = 109.611(6)◦, β = 91.473(1)◦, and γ =
83.686(7)◦. Square planar Cu(OH)4 units are connected via
a complex hydrogen bond network in the crystal structure,
resulting in a spin-1/2 distorted square (rectangular) lattice.
It was challenging to detect the correct hydrogen positions
with the accuracy of the single-crystal x-ray diffraction anal-
ysis methodology. In the reported crystal structure [16], the
occurrence of two hydrogen atoms on a single hydrogen
bond suggests that this might be an average structure and
the reality is more complex. The determination of the precise
crystal structure is crucial for the investigation of complex
magnetism because the calculated Hamiltonian parameters
can be extremely sensitive to structural details; an example
is the well-known triangular lattice material Cs2CuCl4 [17].
This is also true for hydrogen positions [18]; for clinoclase,
Cu3(AsO4)(OH)3 [19], it has been argued that the position of
the hydrogen is not a negligible factor in determining the mag-
netic properties. In the case of kapellasite, ZnCu3(OH)6Cl2,
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FIG. 1. Image of a henmilite crystal.

the position of hydrogen can even flip the sign of an
important exchange coupling [20].

In this paper, we performed a crystal structure refinement,
magnetic and specific heat measurements, and electronic
structure calculations of henmilite. Hydrogen-bonded chains
are arranged in an antiferroelectric manner, doubling the
unit cell along the a-axis (Fig. 2). The obtained structure
combined with the calculations reveals that the system is a
coupled two-leg spin ladder, which is regarded as a spin-
gapped system [21–24]. An antiferromagnetic transition was
observed at an extremely low temperature of 0.2 K at 0 T and
0.8 K at 3 T (μ0H ‖ b∗). Furthermore, an anomalous dome-
shaped antiferromagnetic ordering region was observed in the
temperature–magnetic-field phase diagram. This behavior can
be linked to effects of quantum fluctuations associated with
the geometry of the magnetic lattice.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Crystal structure refinement

The samples of henmilite were purchased from a min-
eral store. The single crystals were picked mechanically
from parent rocks. These single crystals were washed with
a dilute hydrochloric acid solution (∼2 wt %) to remove
amorphous impurities on the surface. The sample phase purity
was determined using powder x-ray diffraction (XRD) and
superconducting quantum interference device (SQUID) mea-
surements. The chemical composition was determined using
an electron probe microanalyzer [wavelength-dispersive spec-
trometer (WDS), JXA-8200; JEOL]. For synchrotron XRD
(SXRD) analysis, the single crystal was shaped into a sphere

using a spheronizer. The space group and unit cell were deter-
mined using an area detector at BL-8B, Photon Factory, High
Energy Accelerator Research Organization (KEK), Tsukuba,
Japan. For the space group determination, a monochromatic
beam λ = 0.995 953 Å was used. A four-circle diffractometer
at BL-14A, Photon Factory [25], was used to collect data for
refining the lattice and structural parameters. The multiple-
diffraction-avoidance technique was applied to reduce the
systematic error [26]. A customized avalanche photodiode
detector was used for reducing statistical error due to counting
statistics [27,28]. The synchrotron x-ray wavelength was λ =
0.684 31(2) Å. A spherical single crystal of henmilite with
140-μm diameter was used as the specimen. The crystal-
lographic software JANA 2006 was used for the refinement.
Refined parameters are summarized in Table S1 of the Sup-
plemental Material [29]. All structure drawings are done with
VESTA [30].

B. Physical property measurements: Magnetic and specific heat
measurements

The temperature dependence of the magnetic susceptibil-
ity of the powder sample (μ0H = 0.1 T, 2–300 K) and the
single crystal along the a∗, b∗, and c∗ directions (μ0H =
0.1 T, 2–30 K) and the magnetic field dependence of the
magnetization (T = 2 K, up to 5 T) were measured using a
SQUID magnetometer (MPMS-XL; Quantum Design). Ad-
ditionally, specific heat measurements along the b∗ direction
were performed using the quasiadiabatic method (handmade
calorimeter) between 0.1 K and either 4 or 10 K with fields up
to 15 T.

C. Computational methods

We perform all electron density functional theory cal-
culations using the full-potential local-orbital (FPLO) code
[31]. We use the generalized gradient approximation (GGA)
exchange-correlation functional [32]. Furthermore, we deal
with the strong electronic correlations in the Cu2+ 3d or-
bitals with a GGA+U correction [33]. While the Hund’s
rule coupling JH is kept fixed at JH = 1 eV in accordance
with earlier studies [34,35], we vary the on-site Coulomb

FIG. 2. Crystal structure of henmilite Ca2Cu(OH)4[B(OH)4]2 in projection along [001] (left), [010] (center), and [100] (right). Hydrogen
bonds highlighted with red lines show the antiferroelectric chains.
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FIG. 3. Diffraction spots of a henmilite single crystal. Odd h
index reflections correspond to superlattice reflections (h/2 k l ) with
the notation of the previously reported setting [15,16]. The inset
shows a magnified view of the (−11 0 4) reflection.

interaction U . For the GGA+U calculations, an atomic limit
double-counting correction was used.

III. RESULTS AND DISCUSSION

A. Crystal structure and hydrogen bond network

Superlattice reflections, which correspond to (1/2h k l )
with the same notation as in the previous setting [15,16],
were detected in the SXRD data (Fig. 3). These reflections
were not reported in previous studies. The correct lattice
parameters of henmilite were determined, which turn out to
be doubled along the a axis. {The parameters are summa-
rized in the Supplemental Material [29] and crystallographic
information file (CIF)}. In our structure refinement, all hy-
drogen positions were successfully determined, as shown in
Fig. 2. As seen in the figure, hydrogens make a complex
hydrogen bond network. The superlattice structure origi-
nates from the hydrogen bond network and antiferrodistortive
displacement of each atom, for example, an alternate dis-
placement of Cu along the a axis. The chains comprising
O1-H1 (OH1), O2-H2 (OH2), O7-H7 (OH7), and O8-H8
(OH8) are arranged in an antiferroelectric manner along the
a axis, namely, hydrogen-bond-type antiferroelectrics. Their
local electric dipoles roughly orient parallel to the b axis (b*
direction), as shown in Fig. 2. The hydrogen bond lengths
are summarized in Table S2 of the Supplemental Material
[29]. The hydrogen electron cloud is drawn toward the oxygen
due to covalency. Thus the O-H bond lengths of 0.7–0.8 Å

FIG. 4. The Cu sublattice and the Cu-Cu bond lengths.

are shorter than the typical lengths obtained from neutron
data, e.g., 1.0 Å for 5-bromo-9-hydroxyphenalenon [36,37].
The superlattice structure changes the aspect of the expected
nature of the magnetic spin system. The Cu-Cu bond lengths
are 5.65, 5.73, and 5.81 Å, indicating that the system could
be regarded as intermediate between a square (rectangular)
lattice and a two-leg ladder lattice (Fig. 4).

B. Magnetic properties

Figures 5 and 6 exhibit the temperature dependence of the
magnetic susceptibility of the powder and the single crystal in
the a∗, b∗, and c∗ directions, respectively. The Curie-Weiss
fit presented in Fig. 5 demonstrates the spin-1/2 antiferro-
magnetic nature. A broad peak was observed around 3 K,
indicating the low-dimensional nature, as shown in Fig. 6. The
behavior was reproduced by a spin-1/2 square-lattice model
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FIG. 5. Temperature dependence of magnetic susceptibility χ

of a henmilite powder sample (the zero-field process, solid blue
circles), with Curie-Weiss fit χ = C

T −�CW
+ χ0 (black curve), where

C is the Curie constant, �CW is the Weiss temperature, and χ0 is a
diamagnetic part. The fitting was performed between 30 and 300 K.
Inset: Inverse of χ after substraction of χ0.
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FIG. 6. Temperature dependence of magnetic susceptibility of a
henmilite single crystal in the a∗ (red), b∗ (blue), and c∗ (green) di-
rections. Black curves represent the fitting result for the field cooling
process. The applied magnetic field was 0.1 T.
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where N is the Avogadro constant, g is the gyromagnetic
ratio, J is the nearest-neighbor exchange, and kB is the Boltz-
mann constant [38,39]. An antiferromagnetic exchange of
J ∼ 2.7 K was obtained. The g factor in the b* direction is
slightly larger than those along the other directions, which
should be caused by the spin-orbital coupling of the Cu2+ ion
in the square planar coordination. Figure 7 displays the mag-
netic field dependence of magnetization at 2 K (M-H curve)
of randomly oriented henmilite crystals (powder). A slight
inflection point was observed around 3 T. This nonlinearity
in the magnetization curve vanishes completely at 4 K (Fig.
S3 of the Supplemental Material).

Specific heat measurements at a temperature as low as
0.1 K and magnetic fields up to 15 T were performed to clarify
the presence of a magnetic transition. The results are shown
in Fig. 8(a). The nuclear specific heats were subtracted from

FIG. 7. Magnetic field dependence of magnetization (M-H
curve) of randomly oriented henmilite crystals (powder).

FIG. 8. (a) Temperature dependence of specific heat in magnetic
fields up to 15 T (μ0H ‖ b*). All data are offset by 1 J/mol K2.
(b) Entropy change estimated from the specific heat results. (c) Tem-
perature dependence of specific heat (logarithmic) at 0 T and the
fitting of C = AT α between 0.4 and 1 K, where A is a constant, T
is the temperature, and α is the exponent.
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FIG. 9. The magnetic phase diagram of henmilite (μ0H ‖ b*)
in the magnetic-field–temperature plane (zero-field cooling pro-
cess). AFM and PM, antiferromagnetic and paramagnetic regions,
respectively.

the data, as described in the Supplemental Material. A λ-like
peak at 0.2 K and a broad peak at <3 K were observed at
0 T. The magnetic entropy change at 0 T and <5 K is ∼5
J mol−1 K−1 [Fig. 8(b)], nearly consistent with the theoretical
value expected for a spin-1/2 system, R ln(2S + 1) = 5.75
J mol−1 K−1. The specific heat exhibited a power-law behav-
ior of C ∝ T ∼2.3, which indicated the two-dimensional nature
of this spin system [Fig. 8(c)] [40]. We have concluded that
the λ-like peak and the broad peak correspond to an anti-
ferromagnetic transition and the development of short-range
ordering, respectively. The anomaly in the M-H curve should
be attributed to the suppression of the short-range ordering.
The antiferromagnetic transition temperature increased with
increasing applied magnetic field up to 3 T along the b*
direction, while the transition temperature decreased gradu-
ally at higher magnetic fields. The transition was no longer
observed above 9 T. Figure 9 shows the magnetic phase
diagram established in the temperature–magnetic-field plane
based on the results. A dome-shaped antiferromagnetic re-
gion appears in the diagram. Such behavior does not coincide
with that of common antiferromagnets [41], where the tran-
sition temperature decreases with increasing magnetic field.
Interestingly, such dome-shaped ordered phases have been
observed in some spin-1/2 low-dimensional antiferromagnets
[42–44]. The next section will be devoted to the microscopic
Hamiltonian governing henmilite.

C. Origin of quantum fluctuations

The band structure of Ca2Cu(OH)4[B(OH)4]2 is shown
in Fig. 10; there are ten bands with dominant Cu 3d char-
acter from the two Cu2+ ions in the unit cell. Crossing the
Fermi level, there are only the two bands of Cu 3dx2−y2

character. The band at the Fermi level is narrow, signifying
only small Cu-Cu hopping and consequently small Cu-Cu
exchange. Dispersions along kx and kz are comparable, while
dispersion along ky is negligible. This indicates that at least
electronically, the material is two dimensional. The GGA
band structure with bands crossing the Fermi level is shown
here because it characterizes the chemical properties of the

FIG. 10. Band structure of Ca2Cu(OH)4[B(OH)4]2 obtained
from GGA calculations. Orbital weights for Cu 3d orbitals are
highlighted.

material. For the exchange interactions, the GGA+U func-
tional at the relevant value of U = 7.7 eV [see Fig. 11(a)
for the choice of U ] opens a gap of Eg = 3.6 eV for all
spin configurations.

Next, we determine the Heisenberg Hamiltonian charac-
terizing henmilite using the energy mapping method [45,46].
For this purpose, we create a 2 × 1 × 3 supercell with 12
independent Cu2+ sites. This allows us to determine all the
nearest and next-nearest in-plane exchange couplings in the
distorted square lattice of henmilite; these seven different
exchange paths are shown in Fig. 11(b). By performing the
energy mapping on the average crystal structure of hen-
milite [16], we have verified that the material has very
two-dimensional exchange, with interlayer exchange cou-
plings below 1% of the dominant couplings. The energy
mapping has been performed for six values of the on-site
interaction U , as shown in Fig. 11(a). See the Supplemental
Material [29] for a table with all the determined cou-
plings. The Curie-Weiss temperature can be determined from
the equation

�CW = − 2

3
S(S + 1)

×
(

J1 + J2

2
+ J3

2
+ J4

2
+ J6

2
+ J8

2
+ J9

2

)
. (2)

We use the experimentally determined Curie-Weiss temper-
ature �CW = −3 K to select the relevant on-site interaction
as U = 7.7 eV; this yields the set of Heisenberg Hamiltonian
parameters J1 = 3.59(1), J2 = 3.48(1), J3 = 0.89(1), J4 =
0.14(1), J6 = 0.00(1), J8 = 0.20(1), and J9 = 0.19(1) K.
Note that the value of the on-site Coulomb repulsion U is
close to values around U = 8 eV that have been found to
describe many magnetic materials based on Cu2+ correctly
[47,48]. Thus the newly determined, lower-symmetry crys-
tal structure reveals that the magnetism of henmilite is not
the two-dimensional one of a rectangular lattice but is in
reality of one-dimensional spin ladder type. J1 and J2 are
of nearly equal strength and form ladders running along the
c direction. They are coupled in the ac plane by J3, which
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FIG. 11. (a) Exchange interactions of henmilite extracted by
DFT energy mapping. Couplings are shown as a function of local
Coulomb repulsion U while Hund’s rule coupling was fixed to JH =
1 eV. J1 and J2 dominate, making henmilite a two-leg spin ladder
compound, with an exchange network as shown in (b).

is only 25% of J1. Connecting the three largest exchange
couplings of henmilite to the new crystal structure, there is
J1, where exchange is along a hydrogen bond while for J2 and
J3 this is not the case. The Cu-Cu distances of 5.73 Å for J2

and 5.81 Å for J3 are very similar. A significant difference,
however, is the orientation of the OH groups involved in
the exchange paths; as measured by the H-O-O-H dihedral
angle, they are nearly coplanar for the J3 bond, while they are
nearly orthogonal for the J2 bond. This structural distinction
between the two exchange paths is most likely responsible
for the different magnitudes of J2 and J3; as noted above,
such sensitivity of magnetic exchange to hydrogen bonds is
known [19,20]. Thus the DFT calculations established that
henmilite is intermediate between isolated spin ladders and
a fully two-dimensional rectangular or square lattice. Fur-
thermore, next-nearest-neighbor couplings J4 = 0.04J1, J8 =
0.06J1, and J9 = 0.05J1 provide small but nonzero frustration
effects. Indeed, the Néel temperature is more than ten times
lower than the experimental value of J , which is unusual for
common square-lattice antiferromagnets [42,49]. A previous
theoretical study of the anisotropic dimerized square lattice

as defined by J1, J2, and J3 suggests that the ground state
of a model with the parameter values of henmilite would be
in a spin-gapped dimerized phase but in close proximity to
an antiferromagnetic long-range ordered phase [50]. We be-
lieve that the low-dimensional pattern defined by the magnetic
exchange interactions generates quantum spin fluctuations,
which result in the anomalous dome-shaped antiferromagnetic
region. The magnetic ordering was subdued down to 0.2 K
in zero magnetic field by the quantum spin fluctuations. This
effect is suppressed by an external field of up to 3 T, leading
to the pronounced increase in the antiferromagnetic transition
temperature. The higher magnetic field rather destabilizes the
antiferromagnetic ordering. Further studies, such as neutron
experiments, are necessary to elucidate details of the spin
structure and dynamics.

IV. CONCLUSIONS

In summary, we performed crystal structure refinement,
magnetic and specific heat measurements, and DFT calcu-
lations to understand the magnetic properties of henmilite.
We find that the hydrogen bond network has an important
influence on the crystal structure; we obtain a P1̄ space group
with a unit cell that is doubled compared with the previ-
ously published structure [16]. This discovery is crucial for
understanding the magnetism of henmilite. Our DFT energy
mapping yields a Heisenberg Hamiltonian which translates
the small lattice distortion into a substantial magnetic distor-
tion away from the rectangular lattice that can be expected
and calculated from the known average crystal structure. Hen-
milite is described by antiferromagnetic exchange couplings
that form weakly coupled two-leg spin ladders. This in turn
explains the very low ordering temperature we discover in
our magnetic measurements. In an applied magnetic field, this
magnetically ordered phase forms an unusual dome shape in
the temperature-field phase diagram which we ascribe to the
influence of strong quantum fluctuations. Thus we observe in
the natural mineral henmilite an essential connection among a
crystal structure distortion, dimensionality lowering, and the
enhancement of spin fluctuations.
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