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Abstract
The Chemical Vapor Transport (CVT) Reaction is an important and efficient method of synthesizing 

pyrite crystals. CVT-grown pyrites have been comprehensively investigated for physical properties and 
elemental chemical compositions. However, the isotopic compositions have not been investigated. In this 
study, four series of pyrite crystals (PY3, PY4, PY5, and PY6) were synthesized using the CVT method, 
with PY5 undoped and the others doped with nickel. The synthesized crystals were characterized 
qualitatively with confocal laser Raman microspectroscopy and quantitatively by EMPA, LA-ICP-MS, 
SIMS, and IRMS. The synthetic products are irregular polycrystalline aggregates or cubic and octahe-
dral monocrystals, with characteristic Raman bands at ~344 cm–1, ~380 cm–1/377 cm–1, ~427 cm–1/430 
cm–1, and S/Fe weight and atomic ratios of 1.15–1.17 and 2.01–2.04, respectively, indicative of pyrite. 
The pyrites contain traces of inevitable impurities such as Si and Br. The nickel contents of Ni-doped 
pyrites are heterogeneous, 39–27 300 ppm for PY3, 24–21 700 ppm for PY4, and 57–2610 ppm for 
PY6. By comparison, the δ34S values obtained by SIMS are relatively homogeneous (PY3 = 17.3 ± 
0.9‰, PY4 = 17.7 ± 0.8‰, PY5 = 17.9 ± 0.8‰, PY6 = 17.7 ± 0.6‰, ±2SD), and are consistent with 
IRMS δ34S values (17.8 ± 0.2‰ for PY3, 18.3 ± 0.9‰ for PY4, 18.2 ± 0.3‰ for PY5, 18.1 ± 0.1‰ 
for PY6, ±2SD). The homogeneity of 34S/32S suggests that CVT has the potential to synthesize refer-
ence materials for the determination of sulfur isotopic composition of pyrite using in situ techniques. 
Additionally, we also investigated the matrix effects of nickel in pyrite on the measurement of 34S/32S 
by SIMS, and a preliminary equation of Δ34S (‰) = –0.59 × Ni (wt%)0.27 (R2 = 0.3), where Δ34S is the 
discrepancy between in situ and bulk δ34S values, was derived for calibration.
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Introduction
Natural pyrite (FeS2) is extremely abundant on Earth and is 

widespread in sediments, (meta-)sedimentary rocks, and hydro-
thermal deposits (Rickard 2012). However, due to the common 
occurrence of impurities (e.g., Ni, As, Co, Se, etc.), they cannot 
be used for certain purposes, for instance, semiconductors with 
special requirements of electrical properties. In such cases, pure 
pyrite or pyrite doped with a specific element needs to be synthe-
sized in the laboratory. Pyrite crystals can be synthesized at high 
temperatures in the solid-state (Clark 1960; Fiechter et al. 1986) 
or wet-chemical (Xian et al. 2016 and references therein) ways. 
The Chemical Vapor Transport (CVT) Reaction is a solid-state 
method that has been long and widely applied to synthesizing 
undoped or specific element-doped pyrite with the use of halogen 
compound(s) such as AlCl3, KCl, AlBr3, FeBr3 as transport agents 
(Lehner et al. 2006; Diener and Köppe 2012; Lehner et al. 2012). 
CVT-grown pyrite is well crystallized, and monocrystals can be 
up to millimeters in size. In addition, the crystals are pure FeS2 
and can be grown without other iron sulfide phases.

The optical, electronic, and electrical properties (e.g., 
resistivity/resistance, carrier concentration, Hall coefficient, Hall 
mobility) of CVT-synthesized pyrite crystals have been investi-

gated comprehensively for the purposes of, for instance, revealing 
the causes of low open-circuit voltages (Voigt et al. 2020), confirm-
ing the surface conduction (Walter et al. 2017), and exploring the 
effects of dopants (Lehner et al. 2006, 2012). In comparison, their 
chemical compositions have not been often studied, with the ex-
ception of the concentrations of (unintentional) doped impurities, 
which have been measured using secondary ion mass spectrometry 
(SIMS), electron probe micro-analyzer (EPMA), laser ablation 
inductively coupled plasma mass spectrometry (LA-ICP-MS), 
Rutherford backscattering, ICP-MS, inductively coupled plasma 
atomic emission spectrometry (ICPAES), and proton-induced 
X-ray emission (PIXE) to establish the relationship between im-
purities and electrical properties (Lehner et al. 2006, 2012). The 
isotopic compositions, nevertheless, have not been examined yet.

Reference materials are critical for in situ analytical methodol-
ogy such as SIMS and LA-ICP-MS. Current reference materials 
for the in situ determination of pyrite sulfur isotopic composition 
are all of natural origin, e.g., Ruttan pyrite, Balmat pyrite (Crowe 
and Vaughan 1996; Ireland et al. 2014), Sierra pyrite (LaFlamme 
et al. 2016), Sonora pyrite (Farquhar et al. 2013; Chen et al. 2015), 
Maine pyrite (Philippot et al. 2007, 2018; Muller et al. 2017), 
PPP-1 pyrite (Li et al. 2017, 2019, 2021), and Py-1 pyrite (Li et 
al. 2021). The main problem with natural reference materials is 
the limited quantity. With the rapid increase in the application of * Corresponding author E-mail: emmaliu1016@gmail.com




