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ABSTRACT: We present the results of a crystallographic analysis, magnetic
characterization including neutron powder diffraction, and theoretical
assessment of K2ReI6 prepared using solvent reactions. K2ReI6 crystallizes
in the space group P21/n with an inversion center. Magnetic measurements
of K2ReI6 sample indicate dominant antiferromagnetic coupling with a
Curie−Weiss temperature of θW = −63.3(1) K, effective magnetic moment
∼2.64 μB/Re but show a weak ferromagnetism ordered at ∼24 K. Neutron
powder diffraction indicates long-range order of the Re spins below 24 K,
with an ordered magnetic moment of 2.2(1) μB/Re at 1.5 K. Therefore, a
canted antiferromagnetic structure is concluded. The electronic structures
using first-principles calculations suggest that the antiferromagnetic model of
K2ReI6 yields the lowest total energy and opens a band gap with ∼1.0 eV
width, which is consistent with the UV−vis−NIR optical measurements.
After including the spin−orbit coupling (SOC) into the calculation, the band degeneracies slightly shift without influencing the
band gap. The results imply that K2ReI6 is an antiferromagnetic insulator with weak ferromagnetic spin-canting resulting from
strong SOC-entangled ground state S = 3/2.

■ INTRODUCTION

Recently, the importance of spin−orbit coupling (SOC) to
generate the electronic ground state in 4d/5d-based com-
pounds has emerged and many novel routes to host
unconventional physical states have been revealed, for example,
quantum spin liquids,1−9 Weyl semimetals,10−12 and axion
insulators.13−15 Such quantum materials with strong SOC may
have applications in data storage and memory, electronics, and
quantum computing.16−20 The major experimental and
theoretical efforts in quantum spin-liquid state study have
been solely undertaken to search for novel spin−orbit coupling
systems in various d5 systems with S = 1/2, for example, α-
RuCl3.

5,21−27 Few references have been reported concerning
other situations, for example, S = 3/2, because octahedral d3

configurations are expected to be orbitally quenched S = 3/2
states, in which case SOC enters only as a 3rd-order
perturbation.28−30 Despite this, there is significant experimen-
tal evidence that SOC influences the magnetic properties of
5d3 transition-metal oxides.24,31−33 A common magnetic
phenomenon related to SOC is spin-canting, which has been
widely observed and investigated in many different sys-
tems.34−36 Spin-canting means spins are tilted a small angle
about their axis rather than being accurately parallel. Generally,
the spin-canting can be attributed to two different sources. The
first one is due to the antisymmetric superexchange interaction
(the Dzyaloshinskii−Moriya interaction, DMI).37,38 The other

one is the presence of single-ion anisotropy, which provides
different preferential directions for the magnetic moments of
two types of ions locating on different sublattices. Both DM
and anisotropy rely on SOC. Thus, the spin-canting can be
considered as a strong hint of large SOC in the different
systems.
K2ReI6 was initially experimentally synthesized and charac-

terized by both structural and magnetic properties.39,40 The
correct crystal structure of K2ReI6, however, remains
unresolved possibly due to the crystalline sample quality.
One consistent observation, which can be confirmed according
to the references, is the shortest Re−Re distance around 7.5−8
Å between two isolated Re@I6 octahedral clusters. The
previous magnetic measurements showed the antiferromag-
netic ordering accompanying a weak ferromagnetic moment
with a 1.2° canting angle in K2ReI6.

39

Herein, we reported a thorough structural characterization
and investigation of the magnetic properties and theoretical
electronic structures of K2ReI6, in which Re4+ adopts a 5d3

electronic configuration. We focus on the magnetic ordering in
K2ReI6 by clarifying the intrinsic interplay of electronic, spin,
and orbital degrees of freedom arising from a complex balance
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of electron−electron correlations (U), spin−orbit coupling
(SOC), and crystal-field theory in K2ReI6. With a combined
experimental and theoretical study, we show that K2ReI6 is an
antiferromagnetic insulator.

■ METHODS

Sample Preparation of K2ReI6. The procedure for sample
preparation of K2ReI6 is following the previously reported
one.39 KReO4 (≥99%, Alfa Aesar) with amount of 2.0 g (6.8
mmol) was mixed with 6.0 g of KI (36.0 mmol) and were
dissolved in 60 mL of 47% HI solution in a 250 mL round-
bottom flask. After stirring at 70 °C for 1 h, the dark violet
solution was put into a lab use freezer with a temperature of 2
°C for another 0.5 h. The K2ReI6 will slowly precipitate and
crystallize on the bottom of the flask. The resulting solution
with precipitation was vacuum-filtered, and the obtained small
crystals were dried at 70 °C in oven overnight. The mass of the
dry product is 5.0 g, which leads to a yield of 71.7%.
Phase Identification. We use a Rigaku MiniFlex 600

powder X-ray diffractometer equipped with Cu Kα radiation (λ
= 1.5406 Å, Ge monochromator) to determine the phase
purity. The Bragg angle was ranging from 5 to 90° in a step of
0.005° at a rate of 0.8°/min. The powder X-ray diffraction
(PXRD) pattern was fitted by using Le-Bail model in
JANA200641 with the calculated pattern generated from the
single-crystal X-ray data.
Structure Determination. Crystals from each reaction

sample were mounted on the tips of Kapton fibers. Low-
temperature intensity data were collected on a Bruker Smart
Apex II diffractometer using Mo Kα radiation (λ = 0.71073 Å).
Data were collected over a full sphere of reciprocal space by
taking seven sets of data with 0.5° scans in ω with an exposure
time of 15 s per frame. The 2θ range extended from 6 to 66°.
The SMART software was used for data acquisition.42

Intensities were extracted and corrected for Lorentz and
polarization effects using the SAINT program. Empirical
absorption corrections were accomplished with SADABS,
which is based on modeling transmission by spherical
harmonics employing equivalent reflections with I > 3σ(I).
With the SHELXTL package, the crystal structures were solved

using direct methods and refined by full-matrix least-squares
on F2.43

Neutron Powder Diffraction (NPD). The magnetic
structure was determined by neutron powder diffraction
(NPD) performed at HB-2A, Oak Ridge National Laboratory.
A Ge (113) monochromator provides a principal wavelength
of 2.41 Å. The experiment was carried out at 1.5 and 40 K,
respectively, on a ∼1 cm long, ∼6 mm diameter pressed pellet
of ∼5 g K2ReI6 loaded in an aluminum sample holder. Data
were collected from 5 to 127° (2θ) with steps of 0.05° and
total counting time of 8 h per temperature. The magnetic
structure was obtained by refining neutron data with the
Fullprof Suite and SARAh.44−46 The propagation vector of k =
(0,0,0) was determined, and the resulting two different
symmetry allowed irreducible representations Γ1 and Γ3
were tested to refine the NPD data. The magnetic scattering
generated from Γ1 structure was determined to be the best fit
to the pattern.

Magnetization Measurements. The magnetization
measurements were performed using a Physical Property
Measurement System (PPMS) Dynacool with vibrating sample
magnetometer manufactured by Quantum Design, Inc. on
K2ReI6 crystals. The PPMS operates over a temperature range
of 1.8−300 K and in applied fields of up to 90 kOe. NPD at
low temperatures also gives magnetic contribution to nuclear
Bragg reflections, which facilitates refinement of magnetic
moments on each atom.

Electronic Structure Calculations. On the basis of the
experimental geometric and magnetic structures of K2ReI6, the
electronic structure was calculated using WIEN2k with spin−
orbit coupling (SOC) included. Spin-polarization using LDA +
U (U = 2 eV) was employed in the solely ferromagnetic and
antiferromagnetic models investigated. The energy cutoff was
500 eV. Reciprocal space integrations were completed over the
14 × 7 × 7 Monkhorst−Pack k-points mesh with the linear
tetrahedron method. With these settings, the calculated total
energy converged to less than 0.1 meV per atom.

■ RESULTS AND DISCUSSION

Crystal Structure of K2ReI6 with Inversion Center. We
successfully synthesized polycrystalline samples of K2ReI6 from

Figure 1. (A) Crystal structure of K2ReI6 (green: K atoms; blue: Re atoms; purple: I atoms). The red line indicates the unit cell of reported K2ReI6.
(B) Powder X-ray diffraction pattern of K2ReI6 fitted using the Le-Bail model. The blue line with circle stands for observed pattern. The red line,
orange line, and pink tick represent fitted pattern, different between observed and fitted pattern and peak position of K2ReI6, respectively.
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the solvent reaction. The single-crystal X-ray diffraction results
are examined carefully and shown in Figure 1A. K2ReI6 adopts
a monoclinic structure with space group P21/n (No. 14) and
an inversion center, which is different from the previously
reported one, Pn (S.G. 7).39 The red line in Figure 1A encloses
the unit cell obtained by previous researchers, whereas the
orange dash line is the unit cell we obtained. The volume
parameter we obtained (703.8(5) Å3) is ∼0.9% larger than the
reported one (697.45(5) Å3) with elongation of all three lattice
parameters: a (7.844(3) vs 7.815(1) Å), b (7.896(3) vs
7.874(1) Å), and c (11.363(5) vs 11.335(1) Å). Re4+ ions
occupy the inversion center surrounded by six I− ions and form
octahedral cluster. The Re@I6 octahedron is very slightly
distorted with four long Re−I bond interactions (2.729(1) Å)
and two short ones (2.726(1) Å). The antiferromagnetic
coupling between isolated Re@I6 clusters can be mediated
through K+ ions or Re−I−I−Re superexchange. The Re@I6
octahedron also tilts 8.73(3)° off c-axis resulting the
monoclinic structure instead of tetragonal K2PtCl6-type.
Moreover, the titling of Re@I6 clusters could lead to the
weak ferromagnetism due to spin-canting, which originates
from the existences of antisymmetric interaction and
anisotropy. The relatively long distances between the Re ions
(7.844(3) to 7.936(3) Å) indicate no direct interactions
between Re4+ and Re4+. The crystallographic data including
atomic positions, site occupancies, and isotropic thermal
displacements are summarized in Tables 1 and 2. Anisotropic

displacement parameters are shown in Table S1 in the
Supporting Information. The phase purity of K2ReI6 was
examined by powder X-ray diffraction shown in Figure 1B. A
high-purity phase of K2ReI6 can be indexed, and no additional
Bragg peaks can be found according to the PXRD pattern,

which means that no impurity can be detected using powder
X-ray diffraction.

Direct Current Magnetic Susceptibility of Polycrystal-
line K2ReI6. The previous study showed the antiferromagnetic
transition in K2ReI6 around 24 K. We performed the magnetic
properties of polycrystalline sample measured at 500 Oe
focusing on the temperature range from 1.8 to 50 K shown in
Figure 2. With temperature decreasing from 50 K, the zero-

field cooling χmol marked in blue starts increasing at 24 K to a
broad maximum at around 20 K, then drops dramatically to
another flat stage at around 15 K. With field cooling, χmol only
shows the transition around 24 K. The transition with zero-
field cooling around 20 K may be caused by spin-canting.47

To obtain more information about the magnetic suscepti-
bility, the magnetization M(T) at various applied fields is
examined carefully in comparison to M(H) in the temperature
range from 18 to 30 K shown in Supporting Information. The
magnetizations were measured with the zero-field cooling
procedure at 10 kOe illustrated in Figure 3. Different from the
magnetic susceptibility measured at 500 Oe, when the applied
field increases, the weak ferromagnetism region becomes
wider. The magnetization measured at 10 kOe shows that the
high applied field removes the antiferromagnetic interactions
completely, and only the weak ferromagnetism is kept. Fitting
1/χmol data above 30 K using the Curie−Weiss law yields an
effective moment 2.64 μB/Re and a negative θ = −63.3(1) K,
which indicates antiferromagnetic coupling in K2ReI6.

L−S Coupling in K2ReI6. In heavy atoms, the spin−orbit
coupling between the spin and orbital angular momenta cannot
be ignored. In K2ReI6, Re

4+ has electron configuration 5d3 with
a complicated interplay of crystal field and SOC effects

Table 1. Single-Crystal Refinement for K2ReI6 at 299(2) K

refined formula K2ReI6

F.W. (g/mol) 256.45
space group; Z P21/n; 8
a (Å) 7.844(3)
b (Å) 7.896(3)
c (Å) 11.363(5)
β (°) 90.350(9)
V (Å3) 703.8(5)
extinction coefficient 0.0067(3)
θ range (°) 3.142−33.152
no. reflections; Rint 6586; 0.0363
no. independent reflections 2630
no. parameters 44
R1: ωR2 (I > 2δ(I)) 0.0314; 0.0677
goodness of fit 1.047
diffraction peak and hole (e−/Å3) 1.486; −1.017

Table 2. Atomic Coordinates and Equivalent Isotropic Displacement Parameters of K2ReI6 System
a

atom Wyck. occ. x y z Ueq

Re1 2a 1 0 0 0 0.0253(1)
I2 4e 1 0.1992(1) 0.2811(1) 0.9789(0) 0.0407(1)
I3 4e 1 0.2801(1) 0.7993(1) 0.9721(0) 0.0396(1)
I4 4e 1 0.0527(1) 0.9980(1) 0.2376(0) 0.0457(1)
K5 4e 1 0.9845(3) 0.4550(3) 0.2511(2) 0.0663(5)

aUeq is defined as one-third of the trace of the orthogonalized Uij tensor (Å
2).

Figure 2. Temperature-dependent magnetic susceptibility of K2ReI6
measured at 500 Oe applied field (blue: χmol with zero-field cooling;
green: χmol with field cooling; red: 1/χmol).
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illustrated in Figure 4. The effective moment (μeff) on Re4+

(2.64 μB) obtained from magnetic susceptibility is much

smaller than the expected spin-only moment result

μ μ μ μ= + = =n n( ( 2) 15 3.87 )eff B B B . 48 In K2ReI6
with distorted octahedral Re@I6, the three unpaired electron
on Re4+ gives the largest value of total spin angular
momentum, S = 3/2.49 The expected ordered magnetic
moment on Re4+ is larger than our experimental measurements
from neutron scattering of 2.2(1) μB. This also indicates the
significant effects from the extended orbitals, for example,
covalency, on the magnetic properties of Re4+ in K2ReI6. To
incorporate the SOC into the consideration, the theoretical
magnetic moment of Re4+ can be obtained through the

equation, μ = +g J J( 1)J μB, where gJ is the modified Lande ́

g factor, = + + + + − +
+g 1J

J J S S L L
J J

( 1) ( 1) ( 1)
2 ( 1)

.50 Accordingly, it is

found that Lp = 0, S = 3/2, and J = 3/2 for the system without
SOC. As increasing the SOC in the system, the magnetic
moments will decrease.
Due to the large Re4+−Re4+ distance and weak Re4+−Re4+

interactions, we can treat Re4+ as a single ion in octahedral
coordination. To analyze the temperature-dependent effective
magnetic moment on Re4+, the Kotani plot is shown in Figure

5 with peff χ χ= −p T( 8( ) )eff 0 vs kT/λ, where k is the

Boltzmann constant, T is the temperature, λ is the system-
dependent SOC constant, and λ = 1350 cm−1 is used for Re4+

in K2ReI6.
51 This analysis was first proposed by Kotani, later

modified and widely employed for the molecular systems with
4d/5d transition metals by McQueen.52−54 The ground state
in d3 case is expected to be quartet, and d3 has no orbital
degeneracy according to Kotani’s prediction, which means that
the orbital motion of electrons has no contribution to the

magnetic moment. The octahedral d3 configurations are
expected to be orbitally quenched, and the μeff is supposed
to be a constant spin-only value 3.87 μB. The data for K2ReI6
do not follow the expected theoretical results given by the
Kotani. This reduction in magnetic moment on d3 has been
observed in several 5d compounds as being due to the
extended 5d orbitals leading to a large degree of covalency.24

Field-Dependent Magnetization in K2ReI6. The field
dependences of the magnetization M(H) measured with
applied fields up to 90 kOe at 1.8 K is shown in Figure 6.
The magnetization increases quickly from zero to ca. 0.022 μB
at 500 Oe, later it increases linearly to 0.19 μB till 90 kOe,
which is far from the expected saturation value. This also
indicates the strong antiferromagnetic interactions between the
Re4+ ions. The extrapolation to the zero field of the data at
high fields (>10 kOe) has a positive intercept (0.023 μB) to
the magnetization axis, indicating a weak ferromagnetic
behavior. The hysteresis loop at the zero applied field was
observed with the coercivity at ∼3.65 kOe. This kind of field-
dependent behavior reflects a magnetic transition from an
antiferromagnetic state in the form of a spin-canting to a weak
ferromagnetic state. To obtain more information of the
magnetic phase transitions, the field dependences of M(H)
at 150 K were investigated carefully upon both sweeping up
and down of the applied field, which shows the paramagnetic
properties above the transition temperature.

Magnetic Structure of K2ReI6 Determined by Neutron
Powder Diffraction. To further understand the exact
magnetic structure and magnetic interactions, neutron powder
diffraction was carried out on K2ReI6 pellet, and the results
were refined with the Rietveld method by the Fullprof suite, as
shown in Figure 7A. The k-vector was determined to be (0 0
0), which indicates that the antimagnetic unit cell is identical
with the crystallographic unit cell. This was utilized in a
representational analysis approach to generate irreducible
representations (IRs) and basis vectors. Two IRs are symmetry
allowed based on the propagation vector and with the Re ion
at the (x, y, z) position. Both were refined to arrive at the final
result. Two observable magnetic peaks emerge at 12.4 and
17.6°, corresponding to the (001) and (010) reflections.
According to the refinement, the magnetic moment is aligned

Figure 3. Temperature-dependent magnetic susceptibility and inverse
magnetic susceptibility of K2ReI6 at 10 kOe applied fields.

Figure 4. Scheme of S = 3/2 in K2ReI6 with a d3 electronic
configuration on Re4+.

Figure 5. Kotani curve on strongly spin−orbit-coupled K2ReI6. The
effective magnetic moment peff per mole of Re4+ is calculated by

χ χ= −p T8( )eff 0 .
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with the a-axis. Therefore, we determine that the magnetic
ground state of K2ReI6 is antiferromagnetic (AFM), which is
illustrated in Figure 7B, with the Re moment at 1.5 K of 2.2(1)
μB. The magnetic moment is consistent with S = 3/2 in K2ReI6
with three unpaired electrons on Re4+. The Shubnikov
magnetic space group of K2ReI6 is P1̅. Any weak spin-canting

causing a ferromagnetic component is too small to be observed

within the current neutron data. Figure 7C shows the intensity

of the magnetic peak as the temperature changing from 1.5 to

40 K. The intensity starts to grow around 24 K, matching the

expected transition temperature.

Figure 6. (Left) Field-dependent magnetization of K2ReI6 measured at 1.8 K with applied field ranging from 0 to 9 T. (Right) Hysteresis
measurements at 1.8 and 150 K from −9 to 9 T.

Figure 7. (A) (Left) Rietveld fitting of neutron powder diffraction patterns at 1.5 and 40 K for K2ReI6. (Right) Rietveld fitting of NPD pattern at
1.5 K. The blue solid circles, red and pink lines represent observed pattern, fitting line, and difference between experimental and fitting results.
Orange and dark blue vertical ticks represent crystal structure and magnetic structure peak positions, respectively. (B) Refined magnetic structure of
K2ReI6 with magnetic moment. (C) The intensity of the magnetic peak as the temperature changing from 1.5 to 40 K.
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Spin-Canting in K2ReI6. We can estimate the canting
angle (θ) through sin(θ) = MR/MS solely contributed from the
rotating of Re@I6 octahedral cluster. MR is the remnant
magnetization determined by extrapolating the M(H) data in
the high field, which is 0.023 μB from Figure 6. MS is the
saturation moment, 2.2(1) μB from neutron powder
diffraction. Accordingly, the canting angle is approximately
1.19°, which is consistent with the previously observed one
(1.2°) and significantly larger than the canting angle caused by
the anisotropy field.55 Moreover, the spin-canting angle is
different from any observed geometric ones. Consequently, the
DM interaction contributes critically to the spin-canting in
K2ReI6. Considering the origin of spin-canting, we would like
to connect the spin-canting with the spin−orbit coupling
effects rather than the symmetric factor, especially after
carefully examining the inversion center in the crystal structure
of K2ReI6.

37,38 WIEN2k calculations using both local density
approximation (LDA) and local spin density approximation
with the spin−orbit coupling (SOC) were applied to K2ReI6
shown in Figure 7. A Hubbard U = 2 eV was incorporated into
the calculation. The electronic structure of nonmagnetic (NM)
model shows that the bands across the Fermi level are
hybridized among electrons from Re-d and K-s and I-p orbitals.
After including the spin-polarization, the total energies of
ferromagnetic (FM) and antiferromagnetic (AFM) models
decrease significantly, which indicates that the antiferromag-
netic model is favored thermodynamically (Etot (AFM) =
−3.515 eV/K2ReI6; Etot (FM) = −3.118 eV/K2ReI6; Etot (NM)
= 0 eV/K2ReI6). A band gap with the width ∼1.0 eV in the
NM model can be observed around the Fermi level in Figure 8.
Moreover, the magnetic moments about 2.091 μB solely locate
on Re atoms with the spin−orbit coupling employed. The
calculation results confirm that the Re in K2ReI6 has an
electron configuration 5d3, the interplay between the SOC and
electron−electron correlations splits the degenerate gives Re4+

in K2ReI6 the spin angular momentum of S = 3/2.
Insulating K2ReI6. Similar with other halides, K2ReI6 is

corrosive to metals including the puck used to perform the
electric transport measurements. Instead, the UV−vis−NIR
spectrum measurements (Figure 9) were conducted to show
the insulating properties of K2ReI6. The UV−vis−NIR
spectrum uses the visible light to excite valence electrons to
empty orbitals.56 The band gap can be calculated by measuring
the relative change of reflectance of light as it passes through
the K2ReI6. The band gap is ∼1.026 eV since the reflectance is
the lowest at wavelength of 1206 nm. On the basis of the
theoretical band structure calculation, the antiferromagnetic
insulating K2ReI6 contains the indirect band gap with the width
∼1.0 eV. The approximately experimental results match with

the theoretical prediction with antiferromagnetic model very
well.

■ CONCLUSIONS

Antiferromagnetic insulator, K2ReI6, was synthesized using
solvent reactions, and its crystal structure and physical
properties were thoroughly characterized. In K2ReI6, Re@I6-
distorted octahedral clusters with 5d3 electronic configuration
are isolated from each other. Its magnetic properties show that
it is an antiferromagnetic material with a weak ferromagnetic
spin-canting at ∼24 K. The effective moments obtained from
magnetic susceptibility and saturation moments refined from
neutron diffraction confirm the S = 3/2 on Re4+. The spin-
canting angle is ∼1.19°, which indicates that the primary origin
of spin-canting is from DM interactions rather than crystalline
anisotropy. Optical measurements suggest that it is an insulator
with a band gap of ∼1.0 eV. The theoretical results confirmed
the magnetic moments solely from Re4+, and band gap is
around ∼1.0 eV. First-principles electronic structure calcu-
lations with SOC and spin-polarization substantiate the
antiferromagnetic insulating properties. The K2ReI6 with
isolated Re@I6 octahedral cluster provides an ideal platform
to study how the SOC influences the magnetic properties of
5d3 transition-metal halides.

Figure 8. Calculated ab initio electronic band structures of nonmagnetic (NM), antiferromagnetic (AFM), and ferromagnetic (FM) models with
spin−orbit coupling (SOC) included.

Figure 9. UV−vis−NIR spectrum measurement of K2ReI6. The blue
line and dots and red line represent the reflectance data and the
tangent line of the data line, which indicates the corresponding energy
of the lowest reflectance.
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