PHYSICAL REVIEW B 100, 184401 (2019)

Magnetic ground state and magnetic excitations in black dioptase CuSigOqs
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The low-temperature magnetic properties and magnetic structure of fully dehydrated black dioptase CugSigO1s
have been studied by single-crystal neutron diffraction and magnetization measurements in magnetic fields up to
30 T. The intrachain J. and interchain J,;, interactions as well as the anisotropy of the exchange coupling J. have
been determined using inelastic neutron-scattering techniques. Zero-field antiferromagnetic order at 7y = 6.7 K
can be described by a commensurate propagation vector of k = (0, 0, 3/2) with respect to the hexagonal R3:H
unit cell. The Cu magnetic moments are aligned antiferromagnetically along the ¢ axis with about 12° tilt and
are coupled ferromagnetically between the chains. The high-field magnetization measurements provide strong
evidence for the presence of a spin-flop phase above 8 T. We found that J,. in black dioptase is significantly
increased, while J,;, is much weaker compared to its counterpart, green dioptase Cug[SicO,5] 6H,O. We suggest
that black dioptase behaves like a nearly ideal S = 1/2 antiferromagnetic Heisenberg spiral chain with enhanced
quantum fluctuations and weak spinon confinement J,,;,/J. ~ 0.02.
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I. INTRODUCTION

Low-dimensional magnets have been one of the central
subjects of condensed-matter physics due to the presence of
significant quantum many-body effects such as dimensional
crossover [1], fractionalized magnetic excitations (spinons)
[2], condensation of magnetic excitations [3], and spin lig-
uids [4]. One of the simplest quantum magnets is a spin-
1/2 isotropic Heisenberg antiferromagnetic (AFM) 1D chain
with a nearest-neighbor (NN) exchange interaction. This fun-
damental system has an exact analytic solution, the Bethe
ansatz [5], and is currently well understood [6]. The magnetic
dynamics of the 1D Heisenberg AFM chain are characterized
by delocalized spinon excitations, which can be observed
using inelastic neutron scattering (INS). The weak couplings
between chains can lead to spinon confinement and form
quantized spinon bound states [7,8]. The presence of such
weak interchain exchange interactions tends to stabilize 3D
long-range order and often creates a system with an exotic
magnetic ground state. Recent studies of a growing number
of newly synthesized 1D magnetic materials with interchain
exchange open a world of fascinating magnetic phenomena
and quantum phase transitions. Examples include spin-1/2
kagome- and triangular-lattice Heisenberg antiferromagnets
[9], spin ladders [10], and spin-Peierls transitions [11].
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Besides laboratory-grown synthetic crystals, there are ma-
terials with complex magnetic structures created by nature
[12] that show intriguing quantum phenomena. Although
synthetic materials often have highly consistent properties
with few unnecessary inclusions, many minerals are difficult
to synthesize as single crystals large enough for experimental
studies. This is especially true for the magnetic measurements
using neutron-scattering techniques, which often require sam-
ples with a volume of several cubic millimeters. One example
is a gem crystal green dioptase, known since ancient times
and still attracting the attention of mineral collectors around
the globe. The formal chemical composition of green dioptase
was established in the 19th century as Cug[SigO;3] 6H,O
[13]. Later it was found that the crystal structure consists of
corrugated SigO;3g rings interconnected by Cu®* ions. Analo-
gous rings of 6H,O molecules alternate with the silicate rings
along the c axis [14,15]. Each Cu?* ion has two Cu NNs in
a helical chain along the ¢ axis and only one Cu in-plane
neighbor forming a threefold spin-1/2 network (see Fig. 1).
Magnetic susceptibility, specific heat, and neutron-diffraction
measurements determined that green dioptase contains long-
range AFM ordering at a Néel temperature 7y ~ 14.5 K and a
reduced Cu-ordered magnetic moment ~0.5up [16—18]. Our
recent study of the magnetic interactions in green dioptase us-
ing INS found two important exchange interactions: NN AFM
intrachain coupling J. = 10.6 meV along the spiral chain and
NN ferromagnetic (FM) interchain coupling J,;, = —1.2 meV,
which forms Cu-dimers in the ab plane [19]. The small J,,/J,
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FIG. 1. Schematic crystal and magnetic structures of black diop-
tase showing the Cu atom positions only (blue spheres). (a) ab and
(b) ac projection of part of the unit cell, showing the copper rings
and the spiral copper chains, respectively. Both magnetic exchange
interactions along the spiral chain (green) and interchain (blue) are
indicated.

ratio puts green dioptase among the systems whose magnetic
ground state features weekly coupled AFM spin-1/2 chains.
A study of the effect of dehydration of Cug[SicO;3] 6H,O
on the structural and magnetic properties by Law et al. [20]
reveals that black dioptase is a one-dimensional AFM spin-
1/2 Heisenberg quantum chain with a substantial intrachain
exchange constant, which is about two orders of magnitude
larger than exchange coupling between the chains.

Starting from natural green dioptase and following two
different dehydration treatments, two different crystal struc-
tures can be synthesized. The first one, the orthorhombic
polysilicate, CuSiOs3, has been a subject of intensive studies
for the last 20 years due to its interesting magnetic properties
and the possible presence of a spin-Peierls transition [21-26].
The second compound, completely dehydrated black dioptase
CueSigO1s, although known for more than a century [27], has
been much less studied. The crystal structure of black dioptase
keeps the 3D framework-type crystal structure of the parent
green dioptase (see Fig. 1), but lacks water molecules [28].
The unit cell volume of CusSigOgs is reduced by about 2.4%
compared to Cug[SigO;5] 6H,O, which leads to considerable
shortening of both in-chain and interchain Cu-Cu distances
[15]. Because of this change, the strength of the magnetic
interactions, governed by the superexchange between neigh-
boring Cu?* ions, is predicted to increase, and one should
see markedly different magnetic properties relative to green
dioptase.

Available information about the magnetic properties of
CugSigOgg is limited. Little is known about magnetic excita-
tions of this compound. The consensus is that black dioptase
exhibits long-range AFM order similar to that described for
green dioptase [16-18,20]. The estimated Néel temperature
T for black dioptase ranges from 5 K [20] to 110 K [16]
and the exchange interactions have only been evaluated from
magnetic susceptibility measurements [20] and have never
been confirmed by INS experiments. In this paper, we use
neutron diffraction and INS, in combination with magnetiza-
tion measurements in magnetic fields up to 30 T, to study the
magnetic properties of black dioptase in detail.

II. EXPERIMENTAL DETAILS

Natural  single  crystals of green  dioptase
Cug[SicO;3] 6H,O were obtained commercially. The crystals
were dehydrated by heating them in air at 7 = 873 K for
12 hours following the procedure described in Ref. [29].
The weight loss in the dehydrated sample showed that,
within error, the water content had been reduced to zero
by this process. The crystal structure and phase purity
were examined by powder x-ray diffraction. The details
of the sample characterization, including TGA and x-ray
measurements, are in the Supplemental Material [30].

Bulk magnetic characterization of the sample was carried
out by means of magnetic susceptibility and magnetization
measurements up to 7 T at the Max Planck Institute, Dres-
den. High-field magnetization measurements were performed
using a 30 T pulsed magnet and a “He flow cryostat at the
Institute for Materials Research, Tohoku University (Sendai).

The magnetic structure of black dioptase was determined
from neutron single-crystal integrated intensities obtained
using the HB-1 triple-axis spectrometer installed at the High
Flux Isotope Reactor (HFIR) at the Oak Ridge National Lab-
oratory (ORNL). The fixed incident neutron energy was E; =
13.5 meV (A = 2.46 A). The horizontal collimator sequence
was 48 — 80" — sample — 80" — 240’. A pyrolytic graphite
filter was placed after the sample to eliminate higher-order
reflections.

The INS experiments were performed using two time-of-
flight spectrometers: the fine-resolution Fermi chopper spec-
trometer SEQUOIA [31,32] and the Cold Neutron Chopper
Spectrometer (CNCS) [33,34], both at the Spallation Neutron
Source at ORNL. The data were collected from a single crystal
with a mass of around 0.6 g, which was aligned in the (HOL)
scattering plane. The measurements were carried out using
the rotating single crystal method at temperatures 7 = 5.0 K
(SEQUOIA) and T = 1.7 K (CNCS). The incident neutron
energy was fixed at E; = 65 meV (SEQUOIA) and E; =
3.0 meV (CNCS), resulting in a full width at half maximum
energy resolution of 4.0 meV (SEQUOIA) and 0.07 meV
(CNCS) at the elastic position.

The MANTID [35], HORACE [36], FULLPROF [37], BASIR-
REPS [37], and VESTA [38] software packages were used for
data reduction, analysis, and visualization. Linear spin-wave
theory (LSWT), as realized in the SPINW program package
[39], was used to calculate the excitation spectra and neutron
scattering cross section of the spin Hamiltonian.
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FIG. 2. Temperature dependencies of the static spin susceptibil-
ity of black dioptase measured at magnetic fields of 1 and 7 T applied
parallel and perpendicular to the ¢ axis ([001] direction) and the
results of QMC calculations.

III. BULK PROPERTIES

Figure 2 shows the temperature dependencies of the static
spin susceptibilities M/B measured at magnetic fields of 1
and 7 T applied both parallel and perpendicular to the ¢
axis. First, let us consider the results obtained at B =1 T. At
high temperatures, both curves exhibit a broad maximum at
T* ~ 100 K, which can be associated with strong intrachain
fluctuations [20]. When the magnetic field is applied along
the ¢ axis, a second peak appears at 6.7 K, whereas the curve
measured with B _L ¢ shows a monotonic increase down to the
lowest available temperature (1.8 K). Such behavior indicates
that the Cu®* spins exhibit a transition to a long-range AFM
state at Ty = 6.7 K, with the moments aligned parallel or
close to parallel to the ¢ axis. This value is close to the value
of Ty ~ 5 K obtained from the specific-heat measurements
[20]. On the other hand, the presence of magnetic impurities
or defects induces a strong increase in magnetization at low
temperatures for both geometries and hides the weak anomaly
at Ty when B L c. A magnetic field of 7 T suppresses the im-
purity contribution (Curie-like tails) at low temperatures, but
does not affect the high-temperature peak at 7*. Furthermore,
the AFM ordering temperature shifts down to 7 = 5.5 K, as
expected for a typical antiferromagnet. Thus, the magnetic
behavior of black dioptase is dictated by two very different
energy scales: strong intrachain coupling, which yields a
peak at T*, and a much weaker interchain interaction, which
induces AFM ordering at 7y.

To quantitatively calculate the intrachain exchange interac-
tion, we performed quantum Monte Carlo (QMC) modeling
using the ALPS software package [40,41]. Simulations were
performed on a chain of N = 1000 spins with S = 1/2 using
the directed loop stochastic series expansion (SSE) applica-
tion [42,43]. To reduce statistical errors, we used 150 000
sweeps for thermalization and 1 500 000 sweeps after thermal-
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FIG. 3. Magnetization curves (solid line) of black dioptase at
1.5 K for a field applied parallel (top) and perpendicular (bottom)
to the ¢ axis. The inset shows a first derivative of the magnetization
as a function of the magnetic field applied parallel to the ¢ axis.

ization in the temperature range 7 /J = 0.03-2. We calculated
the magnetic susceptibility and tuned the intrachain exchange
interaction J. to fit the experimentally observed peak at 7*
(see Fig. 2). This yielded an exchange interaction J, = 183 K
(15.77 meV). Our findings are in good agreement with those
of Law et al. [20], who showed that the intrachain exchange
is 174 K, and the interchain exchange is of the order of ~2 K.

Figure 3 displays the field dependence of the magnetization
measured in a pulsed magnetic field up to 30 T applied parallel
or perpendicular to the ¢ axis. The absolute value of the
magnetization was obtained by low-field measurements on a
SQUID magnetometer. At both orientations, the magnetiza-
tion grows almost linearly with field strength and does not
show any saturation up to the highest field observed. For B L
¢, no anomalies were observed up to the maximum applied
field. However, for B||c there is a metamagneticlike transition
at about 8 T. A similar transition has been observed at 13 T
in the parent green dioptase and attributed to a spin-flop
transition [44]. In black dioptase, the transition appears at
lower fields and the jump in magnetization is less pronounced.
The inset in Fig. 3 shows a first derivative of the magnetization
where the transition is more evident.
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FIG. 4. Results of the refinement of nuclear (top) and magnetic
(bottom) structures of black dioptaseat 4 K: Calculated vs observed
intensities for the nuclear and magnetic peaks as obtained using
FullProf. The straight line shows F2 = F2, . The reliability factors
are also given.

IV. MAGNETIC ORDER

Neutron-diffraction measurements for black dioptase, per-
formed on a powder sample, were reported in Ref. [16]. The
authors determined the propagation vector, k=(0, 0, 1/2), and
proposed a model where Cu magnetic moments of 0.5 up
are aligned along the ¢ axis and coupled FM between the
chains. Unfortunately, low intensities and a limited number
of observed peaks precluded a proper magnetic structure
refinement.

Here, we use single crystal neutron diffraction to determine
the magnetic structure of black dioptase. The crystal was
oriented on the HB-1 triple-axis spectrometer at HFIR such
that the scattering plane was spanned by the vectors (1,0,0)
and (0,0,1). Figure 4(a) shows the results of the nuclear
refinement which has been performed to obtain the input
parameters for the magnetic refinement. The good agreement
between the observed and calculated intensities confirms that
the crystal structure of black dioptasedoes not change upon
cooling as expected. In addition to the nuclear reflections, a
number of weak superlattice reflections were detected at tem-
peratures below 8 K. The magnetic peaks can be indexed with
a propagation vector k = (0,0, 3/2) in the hexagonal cell,
the same as was reported for the parent green dioptase [18].
Temperature dependence of the selected (2, 0, 1/2) reflection,
which is directly related to the magnetic order parameter, is
shown in Fig. 5.

Using representational analysis, we determined the irre-
ducible representations (irreps) (Table 1) associated with little
group Gy, which contains all the symmetry elements leaving k
invariant [37,45]. These irreps were used to define the possible
magnetic structures which comply with all the symmetry
operations of the little group Gi. The best refinement using
11 nonequivalent magnetic reflections was then obtained for
the magnetic structure associated with irrep I';. This strongly
resembles that of the parent compound [18]: The moments in
the FM-coupled chains are aligned predominantly along the ¢
axis with about 12° tilt. The Cu-moment is, however, further
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FIG. 5. Temperature dependence of the magnetic (2, 0, 1/2) re-
flections as measured on the HB-1 spectrometer. Error bars through-
out the text represent one standard deviation.

reduced as compared to the parent compound to 0.26(2) up.
The resulting magnetic structure is visualized in Fig. 1.

V. MAGNETIC EXCITATION SPECTRUM

Figures 6(a) and 6(c) show color contour plots of the
magnetic excitation intensities S(Q, w) measured along the
(0,0,L) direction at temperatures below 7. The spin dy-
namics exhibit signs of quantum effects, i.e., a continuumlike
spectrum with a magnon dispersing low-energy offset com-
posed of two- and higher-order spinons [2]. The excitations
are quite different from that found in green dioptase. First,
the bandwidths of the magnetic excitations extend up to
~30 meV compared to 12 meV in green dioptase [19].
Second, in contrast to the spectrum of Cug[SicO;3] 6H,0,
which comprises two distinct dispersive magnetic modes, we
observe only the broad branch.

To check whether the minimum of the dispersion curve at
the center of the magnetic Brillouin zone goes to zero energy,
we obtained high-resolution INS spectra using the CNCS
spectrometer. The spin excitation spectrum [Fig. 6(c)] reveals
an energy gap of ~1.8 meV at (0,0, 3/2), which confirms
the presence of an easy axis anisotropy of the exchange
interaction.

Contour maps of the scattering intensity in the (H, 0,L)
plane integrated over the energy ranges fiw = [6, 8] meV

TABLE 1. Irreducible representation of the group Gy for the
magnetic structure with k£ = (0, 0, 3/2).

1 3+ 3~ 1 3+ 3-

I 1 1 1 1 1 1
r, 1 1 1 -1 —1 —1
I3 1 & eF 1 & o
F4 1 e% 6’% —1 e% e%
I's 1 et e 1 eF &
4mi 27i i Smi
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FIG. 6. Observed and simulated excitation spectra of black diop-
tase along the (0, 0, L) direction measured at SEQUOIA (a), T =
5.0 K, and CNCS (c), T = 1.7 K. The integration along the H and
K directions is 0.5 r.l.u. (b), (d) Simulation, based on the model
cross section and the fitted parameter values, and convoluted with
the spectrometer resolution, as described in the text. Note that r.L.u.
stands for reciprocal lattice units. The intensity scale is the same in
all panels and the data have been smoothed.

[Fig. 7(a)] and 7w = [15, 17] meV [Fig. 7(c)] show rods of
scattering that extend along the H direction. Similar behavior
was observed for magnetic excitation along the K direction
(not shown). Thus, within the resolution of our measurements,
there is no dispersion along both H and K. This points to
a very weak interchain coupling, which is evident in the
one-dimensional behavior of the system.

It worth noting that, even though the magnetic excitations
have no dispersion perpendicular to the L direction, their
intensities change nonmonotonically with H. This behavior
may arise as a consequence of the buckling of the magnetic
chains, as discussed in detail in Ref. [46] and in the SM of
Ref. [47]. Figure 1(b) shows a sketch of the crystal structure
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FIG. 7. Measured (top) and simulated (bottom) contour plots of
the magnetic scattering of black dioptase in the (H, 0, L) plane,
integrated over the wave vector K = [—0.5, 0.5] r.l.u., and the energy
transfer fiw = [6, 8] meV (a), (b) and K = [—1.5, 1.5] r.lLu., hiw =
[15,17] meV (c), (d).

and one can see that the Cu?>* ions form spirals, twisted
along the ¢ axis, rather than simple linear chains. Spin-wave
calculations show that such a spiral structure does not change
the dispersion curve but induces a redistribution of spectral
intensity that correctly reproduces our experimental data, as
can be seen in Fig. 7.

The spin Hamiltonian used for the spin-wave analysis of
magnetic excitations in green dioptase [19] was

H=> (JSi-S;+ ALSSH) + Y JuSi-S;. (1)
(i.j)e (i, f)ab

where J,, and J, are the interchain and intrachain exchange
interactions, and the summations run over (i, j). and (i, j)u»
which denote bonds along the chains and bonds in the ab
plane, respectively. A describes the anisotropy of the ex-
change coupling J.. The corresponding labeling scheme is
shown in Fig. 1. Our analysis closely follows that used in
our previous work [19]. The standard least squares fitting
procedure of the dispersion relations was used to get the
best fit. For a direct comparison with the measured neutron
intensities, the calculated spin-spin correlation function was
convoluted with the instrumental resolution function. The
intensities of the calculated spin waves were scaled to agree
with the experiment. The agreement between the experimental
and the calculated INS spectra nicely confirms the exchange
parameters of Eq. (1), namely, —0.5 < J,; < 0 meV, J. =
27.0(1) meV, and AJ. = 0.05(1) meV. However, the J. value
is significantly different from that obtained by fitting the
magnetic susceptibility, which yields J. = 15.77 meV. We
discuss a possible origin of this disagreement below.

VI. DISCUSSION AND CONCLUSIONS

As confirmed by this study, both green and black dioptase
are rare natural realizations of a magnetic model system useful
for investigation of quasi-1D quantum magnetism. The final
section of this paper will summarize our findings for black
dioptase, and put the results in context of the recent magnetic
studies of Cug[SigO;g] 6H,O [19].

The results of the susceptibility and INS measurements
show that the magnetic behavior of black dioptase is caused
by a combination of intra (J.) and interchain (J,;) exchange
interactions (J. > J,»), in which the anisotropy is relatively
weak. In such a case, one can expect a strong effect of
quantum fluctuations, which reduces an ordered moment. Re-
finement of the neutron-diffraction measurements shows that
the ordered moment is indeed reduced almost four times down
to 0.26(2) wp, compared to the full moment of 1 ug expected
for Cu* ions. Furthermore, the elementary excitations of 1D
S = 1/2 chains are fractionalized spinon quasiparticles, rather
than classical magnons, and the excitation spectrum of the
model is characterized by a broad continuum [2]. Indeed, such
a continuum is clearly seen in the INS data presented in Fig. 6.
However, our measurements were performed below Ty, where
spinons get weakly confined and the majority of the spectral
intensity is transferred to its lower boundary [7]. Note that
the broadening of the INS spectrum due to site mixing, as
was observed in some frustrated magnets, such as YbMgGaO,
[48], is implausible in our case. Such Cu-Si mixing was
not observed in the detailed single crystal structure study
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of Belokoneva et al. [18] nor in our x-ray measurements,
see the Supplemental Material. In addition, the continuum
development in the quasi-1D § = 1/2 antiferromagnet is well
known and expected (see, e.g., Ref. [49]). It also worth noting
that the J. value calculated by means of the LSWT exceeds
that obtained by fitting the magnetic susceptibility with QMC
by a factor of JSSWT /JQMC — 1 71 in full agreement with the
classical result of des Cloizeaux and Pearson [50].
Comparing magnetic behavior of dehydrated black diop-
tase with that of its fully hydrated green counterpart, de-
hydration has a dual effect on the magnetic interactions: It
significantly increases the intrachain exchange interaction J,.
and simultaneously decouples the chains by suppressing J,.
As a result, the results for black dioptase are much closer
to the clean 1D Heisenberg limit. Consistently, despite the
significant increase in J, both the ordering temperature, Ty,
of black dioptase and the ordered moment, mcy, are half as
large as for those green dioptase. Furthermore, INS mea-
surements of green dioptase can be correctly reproduced by
means of LSWT, indicating that the spectra are dominated by

conventional magnon excitations, whereas the continuum of
excitations observed in black dioptase indicates the presence
of fractionalized spinons.
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