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Abstract

In this paper, we report inelastic neutron scattering measurements of the magnetic excitations
of green dioptase Cug[SigO1s] - 6H2O. The observed spectrum contains two magnetic modes and
a prominent spin gap that is consistent with the ordered ground state of Cu moments coupled
antiferromagnetically in spiral chains along the ¢ axis and ferromagnetically in ab planes on the
hexagonal cell. The data are in excellent agreement with a spin-1/2 Hamiltonian that includes
antiferromagnetic nearest-neighbor intra-chain coupling J. = 10.6(1) meV, ferromagnetic inter-
chain coupling J,;, = —1.2(1) meV and exchange anisotropy AJ, = 0.14(1) meV. We calculated
the sublattice magnetization to be strongly reduced, ~ 0.39up. This appears compatible with
reduced Neel temperature, Ty = 14.5 K <« J., and can be explained by a presence of quantum

spin fluctuations.

PACS numbers: 91.60.Pn, 78.70.Nx, 75.10.Pq, 75.30.Ds



I. INTRODUCTION

Gem crystals of natural dioptase with colors ranging from emerald-green to bluish have
delighted people since ancient times and still attract attention of mineral collectors around
the globe. The first scientific investigations of dioptase date to the nineteen century when its
formal chemical composition was established as Cug[SigO1s] - 6H,O'. Depending on the de-
hydration level three varieties of dioptase, namely natural green and blue Cug[SigO1s)-6H-0O,
and black phase CugSigO1g, are distinguished?. The crystal structure of green dioptase (space
group R3) consists of corrugated silicate rings SigO,s interconnected by Cu?* ions. Analo-
gous rings of water molecules 6H,0 alternate with the silicate rings along the c-axis®*. Oxy-
gen atoms form axially-elongated octahedral of CuO4(H0),. The early studies of dioptase
were limited to measurements of structural and chemical properties until the first evidence
for a magnetic ground state was obtained from NMR and heat capacity measurements®©.
Detailed investigations of its magnetic susceptibility, specific heat and neutron diffraction
proved the presence of long-range antiferromagnetic (AFM) ordering at a Neel temperature

Ty ~ 14.5 K and a reduced Cu ordered magnetic moment ~ 0.5up"®.

The magnetic ground state of green dioptase remains controversial. Each Cu?* ion has
two Cu nearest-neighbors (NN) in a helical chain along the c-axis and only one Cu in-plane
neighbor forming a threefold spin-1/2 network. Two exchange interactions have thus major
importance and determine the magnetic structure, namely NN intra-chain coupling J. along
the spiral chain and NN inter-chain coupling .J,;, which forms Cu-dimers in the ab plane
(Fig. 1)1, Depending on the J,;/J, ratio different kinds of the magnetic ordering can be
expected, going from one dimensional (1D) helical chain-like ordering for |J.| >> [Ju| to
magnetic dimer formation in the case of |J.| << |Ju|. Both extreme cases would lack long

range magnetic order.

Both exchange interactions, J. and J,, can be either negative or positive that suggests
a reach magnetic phase diagram. From the neutron diffraction and magnetic susceptibility
of black (dehydrated) dioptase, Wintenberger et al. proposed that a) intra-chain exchange
interactions are AFM, J. > 0, and inter-chain ones are ferromagnetic (FM), J,, < 0; and b)
| Ju| is substantially lower than |J.|”. These conclusions were supported by extended Hiickel
tight-binding calculations which found that black dioptase is an S = 1/2 uniform AFM chain

system in which the inter-chain spin exchange is weaker than the intra-chain exchange by



two orders of magnitude'?. On the other hand, Gros and coworkers proposed that for fully
hydrated green dioptase both J. and .J,;, are positive, corresponding to AFM coupling within
and between the chains'®. Their quantum Monte Carlo calculations predict that the system
is close to a quantum critical point (QCP) between an AFM ordered state (Jy,/J. < 1.86)
and a quantum spin liquid (J,/J. > 1.86). In contrast, Janson et al. claimed that J. > 0 and
Ja» < 0 for green dioptase!'. Based on full-potential density functional theory calculations
they suggested the values of the coupling constants are J. = 6.72 meV and J,;, = —3.19 meV
with Ju/J. ~ —0.5.

In light of this controversy, we studied the magnetic interactions in green dioptase
Cug[SigOss] - 6H2O using inelastic neutron scattering. By analyzing the features of the
magnetic excitations, and fitting them with spin wave calculations of a model spin Hamilto-
nian, we unambiguously determined the strength of the interactions and the magnetic order

of green dioptase.

II. EXPERIMENTAL

Natural single crystals of green dioptase were obtained for these experiments. The ma-
terial run on the time-of-flight CNCS spectrometer was originally from the Tsumeb mine
in Namibia (provided courtesy of the American Museum of Natural History, New York)
and Reneville, Brazzaville Department, Republic of Congo. These were cut into 32 thin
slabs ~ 3/4 mm thick parallel to the c-axis. The total sample mass was 4.4 g. The sample
used for the experiments on the HB-1 triple axis spectrometer was also a natural single
crystal originally obtained from the Okawandasi Mine, Kunene Region, Namibia, weighing
approximately 1 g., 22 mm along the c-axis and 4 mm across the diameter. This sample
was oriented and run uncut. The latter two samples were obtained commercially.

Inelastic neutron scattering measurements were performed using the Cold Neutron Chop-
per Spectrometer (CNCS)!? at the Spallation Neutron Source at Oak Ridge National Labora-
tory. The sample was mounted in the (H0L) scattering geometry in an ”orange” continuous
flow liquid He cryostat. Note, that here and elsewhere in this paper we use the hexagonal
setting. The measurements were carried out using a rotating single crystal method at tem-
peratures of T'= 1.7, 6.0 and 25 K. The detector coverage out-of-plane was about +15°, so

that a limited ) range along the K-direction could also be accessed. The data were collected
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FIG. 1. (Color online) Simplified crystal (top) and magnetic (bottom) structure of green dioptase
showing S = 1/2 Cu atoms only. Both magnetic exchange interactions, along the spiral chain J,.

(green) and inter-chain Jy;, (red) are indicated.

using fixed incident neutron energies of 12.0 meV and 3.1 meV, which allowed the measure-
ment of excitations up to energy transfers of iw ~ 11.0 meV and ~ 2.8 meV respectively.
In these configurations, a full width at half maximum resolution of 0.38 meV and 0.07 meV
was obtained at the elastic position. The crystal mosaicity was found to be about 3 degrees
and thus accounts for the dominating contribution to the Q resolution over the measured
range of reciprocal space. The excitation spectra were recorded while rotating the sample
in a 100° range with 2° step. For the simulated cuts we convoluted the spin wave spectrum
with the finite mosaicity, bin window and instrumental energy resolution. The detector
efficiency correction was performed using a vanadium reference sample. To unambiguously

define the energy scale of the magnetic excitations additional inelastic neutron scattering



measurements along selected high-symmetry directions were performed at temperatures of
T = 4 K and 20 K using the HB-1 triple axis spectrometer at the HFIR reactor at Oak Ridge
National Laboratory. The measurements were carried out using pyrolitic graphite crystals
for the monochromator and analyzer, operating at a fixed final energy of 13.5 meV. The
collimation was set at 48 — 80" — 80" — 120/, producing an energy resolution of 1.5 meV at
the elastic position. To reduce higher order wavelength contamination, a pyrolitic graphite
filter was placed after the sample. The MantidPlot'*, Horace'® and Dave' software pack-
ages were used for data reduction and analysis of the datasets. Linear spin-wave theory, as
realized in the SpinW program package!”, was used to calculate the excitation spectra and

neutron scattering cross section of the spin Hamiltonian.

III. RESULTS AND DISCUSSION

The scattering intensity as a function of () and energy transfer along selected high-
symmetry crystal orientations, obtained using the CNCS are summarized in Fig. 2 (top
panel). To emphasize the magnetic scattering, the non-magnetic background was subtracted.
We simulated the background for a 2D slice by using the signal at high Q in a 1D cut and
then replicating it into 2D and subtracting from the real data. For the (H 0 3/2) data the H
range was 1.8 < H < 2.0 r.l.u.; for the (0 0 L) data the L range was 2.7 < L < 3.2 r.L.u. For
the out of plane direction (0 K 3/2) we used ([1.8-2.0] 0 3/2) data. The integration along
other directions was 0.1 r.l.u. The observed spectrum comprises two distinct dispersive
magnetic modes suggesting that the excitations are spin waves and the magnetic structure
has two sublattices. Both spin wave modes are gapped - the minimum of the dispersion
curves at the center of the Brillouin zone does not go to zero energy (A, # 0). Instead,
the spin excitation spectrum has an energy gap, Ay, of ~ 1.5 meV at (0 0 3/2). The
inelastic scattering is strongest around an (H K L) of (0 0 1.5), which is consistent with a
propagation vector of (0 0 3/2). The band widths of the magnetic excitations were found
to be very different parallel and perpendicular to L. The larger bandwidth along L suggest
that J. > J,. Measurement of the spin excitation energies using the HB-1 triple-axis
spectrometer along L shows that the top of the spin wave bands reach ~ 12 meV (Fig. 3).
Inelastic scans along the (H 0 3/2) and (0 K 3/2) directions show that the dispersion curves

in the (H K 0) plane has a maximum energy of ~ 5.5 meV. Comparison of HB-1 data at
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FIG. 2. (Color online) The o(Q, E) slices through the 4-dimensional inelastic neutron data sets
measured at CNCS in green dioptase at T' = 1.7 K, showing the dispersion of magnetic excitations
along high-symmetry directions. Top: background-subtracted experimental data. The integration
along the H, K or L directions is 0.1 r.l.u. Bottom: 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.

4 and 20 K (Fig. 3 (inset)) shows that the spin waves are sharp and well-defined below Ty,
and broad and significantly damped above Ty. Similar result was obtained at 6 and 25 K
on CNCS (not shown).

As outlined in the introduction, several models for the magnetic ground state and ex-
change interactions in green dioptase have been proposed. Since the material exhibits long
range AFM ordering, the case when both J,, and J. are negative (FM) can be ruled out.
The uniform AFM S = 1/2 chain system'? with .J,; ~ 0 and J. > 0 proposed for the black
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FIG. 3. (Color online) Constant energy scans Ahw along the (0 0 L) direction at several energy
transfers as measured on the HB-1 triple axis spectrometer at 7" = 4 K. The lines are guide to
eye. The baselines have been shifted for each energy transfer for clarity. The inset shows the

Ahw =4 meV scan at T' = 4 K (solid squares) and T' = 20 K (open squares).

dioptase CugSigO1s would result in a spinon spectrum along (0 0 L) and no dispersion in
the (H K 0) plane. The energy scale is determined by the value of J.. Another extreme
case, J. ~ 0 would lead to the formation of a S = 1/2 dimer system. The spin Hamiltonian
splits the electronic ground state into a singlet (S = 0) and a triplet (S = 1) with an en-
ergy separation equal to J,'®. In the case of dimerization the triplet modes could also be
dispersive when considering further magnetic exchanges. However, a long range magnetic
ordering? with a sign of first order phase transition in the heat capacity® rules dimerization

out. Both magnetic exchange interactions, .J. and J,;, therefore have nonzero values.

We compare the inelastic neutron scattering cross section o(Q, F) quantitatively with

8



the spin-spin correlation function calculated from linear spin wave theory and multiplying
it with the squared magnetic form factor of Cu?* ions. We propose the following minimum
Hamiltonian to fit the experimental data:

M= JS;-S;+ALSISi+ > JuSi-S;, (1)

(.5)e (i.5)ab

where the summations run over (i,j). and (i,j), which denote bonds along the chains
and bonds in the ab-plane respectively. The observed spin wave gap can be alternatively
reproduced using an easy axis anisotropy on every Cu?* ion by adding the following single

ion anisotropy term to the Hamiltonian:
Ha=—) AS? (2)

where S? is the classical value of the spin'®. The same gap can be reproduced if A = AJ..
From linear spin wave theory alone we cannot tell which model is correct. To fit the observed
spin wave dispersions, the experimental energies at several wave vectors were taken along
all three high-symmetry directions. The standard least squares fitting procedure of the
dispersion relations was used to get best fit. This yielded the following exchange parameters,
in meV: J,, = —1.2(1), J. = 10.6(1) and AJ. = A = 0.14(1). In order to compare the above
model results with the experimental data, 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 (Fig. 2 (bottom panel)). Figure 4 shows
a comparison of the measured and simulated intensity on the (H 0 L) plane at different
energies. The exchange parameters obtained perfectly reproduce both the shape of the spin
wave dispersion for each of the three high-symmetry directions and their relative intensities.
Note that the values obtained for J,, and J. are in a quantitative disagreement with the
parameters published in Ref.!! (J,; = —3.2 meV and J. = 6.7 meV), possibly because
the fit in Ref.!! was based on magnetization data only. The anisotropy term, assuming
single ion anisotropy, is comparable to DFT results on several Cu?* compounds'®. We
expect that due to the small S = 1/2 spin quantum number, corrections to linear spin wave
theory are necessary. The main correction is the renormalization of the spin wave energies
with a momentum independent constant Z that is often > 1 (Z. = 1.18 for square lattice
antiferromagnet?®). As a result the real exchange constants can be smaller than our fitted

values.
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FIG. 4. (Color online) Measured (top) and simulated (bottom) constant energy maps for the green

dioptase at T' = 1.7 K.

Linear spin wave theory can also estimate the size of the sublattice magnetization. Cal-
culated from our Hamiltonian, the size of the ordered moment is 0.38up in reasonable agree-
ment with neutron diffraction data 0.55(1)ug®. The presence of quantum fluctuations due
to the small Cu-Cu coordination number is a plausible explanation for this low value as well

as for a reduced Neel temperature (Tx ~ 14.5 K) in comparison to J. ~ 123 K.

IV. CONCLUSIONS

To summarize, a spin-wave model with two exchange interactions, an NN AFM intra-
chain coupling J. = 10.6(1) meV, NN FM inter-chain coupling J,, = —1.2(1) meV and
exchange or single ion anisotropy of AJ. = 0.14(1) meV is shown to provide a good de-
scription of the observed magnetic excitations in green dioptase. Our study proves that the
magnetic ground state features spiral AFM spin chains along the hexagonal ¢ axis with FM

9,11

inter-chain coupling in agreement with”" " and disagrees with the picture of green dioptase

as an antiferromagnet close to a quantum critical point suggested by'°.
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