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Anisotropic Ru*t 4d° magnetism in the a-RuCl; honeycomb system: susceptibility,
specific heat and Zero field NMR
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Hexagonal a-Ru trichloride single crystals exhibit a strong magnetic anisotropy and we show that
upon applying fields up to 14 T in the honeycomb plane the successive magnetic order at Th =
14 K and 75 = 8 K could be completely suppressed whereas in the perpendicular direction the
magnetic order is robust. Furthermore the field dependence of x(T) implies coexisting ferro- and
antiferromagnetic exchange between in-plane components of Ru®'-spins, whereas for out-of-plane
components a strong antiferromagnetic exchange becomes evident. '°*Ru zero-field nuclear mag-
netic resonance in the ordered state evidence a complex (probably non coplanar chiral) long-range
magnetic structure. The large orbital moment on Ru®* is found in density-functional calculations.

PACS numbers: 75.30.Gw, 75.40.Cx, 76.60.-k, 71.20.-b

Low dimensional 4d- and 5d-magnets show a wide
variety of magnetic ground states due to crystal elec-
tric field (CEF) splitting in combination with a strong
spin-orbit coupling (SOC). Especially the 5d°- iridate
compounds earned great attention because of the pre-
dicted topological Mott insulating state due to the strong
SOC and the Coulomb correlation[1]. Furthermore the
strong SOC favors the asymmetric Dzyaloshinskii-Moriya
(DM) interaction that often results in chiral spin ar-
rangements in the ordered phases[2, 3]. In addition,
for spin-1/2 systems geometrical frustration of the mag-
netic exchange interactions frequently leads to a quan-
tum spin-liquid ground state[4]. Among 4d- and 5d- sys-
tems, the Heisenberg-Kitaev model (HKM) was estab-
lished to describe the competing bond-dependent mag-
netic exchange interactions in the honeycomb type of
lattice structures[5]. Prominent examples are the 2-1-3
iridates (Li2IrOs, NagIrOs) where the magnetism is asso-
ciated to the 5d° electrons on the Ir** ions. According to
the HKM, the phase diagram provides a transition from
a conventional Neel-type of antiferromagnetic (AFM) or-
der to a AFM stripy- (or zigzag-) type of order towards
a pure quantum spin liquid (QSL) phase as a function
of control parameter[6]. Indeed NasIrO3 shows an AFM
order of zigzag-type at T = 15 K, whereas the LisIrOg3
system is more close to the QSL regime and a non copla-
nar spiral order is discussed[7].

In order to search for new 4d- or 5d- model system
with the honeycomb lattice arrangement as a platform
of HKM «o-RuCl3 turns out to be an excellent candi-
date because the low spin 3+ state of Ru (4d®) is equiv-
alent to the low spin 4+ state of Ir (5d°). However, low-
temperature magnetic properties of a-RuCl; were not
studied in detail and, so far, on powders only. Recently,
Plumb and co-workers have shown in a spectroscopic ex-
periment that a-RuCls is a magnetic insulator due to
sizable Coulomb correlations accompanied by the spin-
orbit coupling[8].

In this Rapid Communication, we report detailed stud-
ies on the magnetic anisotropy by magnetization and spe-
cific heat on single crystals over a wide temperature and
field range. Furthermore, we applied ??'°'Ru zero-field
nuclear magnetic resonance as a local and ”on-site” probe
for the ordered ground state. The system has a strong
magnetic anisotropy and reveals an overall ferromagnetic
exchange when field is applied in the plane (H L ¢) and
an AFM one when the field is applied perpendicular to
the plane (H || ¢). Moreover, two phase transitions at T}
= 14 K and Ty = 8 K have been detected. We show fur-
ther that upon applying fields up to 14 T in the plane, the
complex magnetic order could be completely suppressed,
whereas in the perpendicular direction the magnetic or-
der is robust up to 14 Tesla.

Single crystals of a-RuCls were grown by chemical
transport reaction, starting from a microcrystalline pow-
ders of pre-reacted materials, which were obtained by
the reaction of the elements. The transport experiment
was carried out from microcrystalline sample of a-RuCls
in an evacuated quartz tube in a temperature gradient
from 730°C (source) to 660°C (sink). Chlorine (2 mg/ml)
was used as transport agent. Selected crystals were ana-
lyzed by EDXS (which provides a typical stoichiometry of
Ru:Cl = 1:3.09), chemical and thermal analysis, and X-
ray diffraction. a-Ru trichloride forms a hexagonal struc-
ture (P3;12) with a=5.97 A and ¢=17.2 A[9]. The struc-
ture hosts one Ru site and three different Cl sites. The
crystals have lateral dimensions of a few mm, whereas
their thickness is less than 0.1 mm. Magnetization mea-
surements were performed with a commercial SQUID
VSM (vibrating sample magnetometer) from Quantum
Design (QD) and using the PPMS magnetometer op-
tion. Specific heat measurements are conducted at a com-
mercial PPMS (Physical Property Measurement System)
from Quantum Design by use of a modified sample holder
for ”vertical” (field in-plane) specific heat measurements.
Magnetization measurements in pulsed fields up to 50



T are performed on powder samples at the high field
research center (HLD) at Helmholtz-Zentrum Dresden-
Rossendorf. All magnetic measurements are performed
in the ZFC (zero field cooled) modes. Between field cy-
cles the sample was always heated to 200 K and then
the field was ramped to zero. Magnetization and spe-
cific heat measurements are performed on a single crystal
(~ 1 mg), whereas zero field NMR was done on a stack
of single crystals (~ 90 mg). NMR measurements are
carried out by applying conventional pulsed NMR. The
zero-field NMR spectra have been obtained by sum of
the spin echo time FFT (Fast Fourier Transform) spec-
tra measured typically 0.2 MHz step. In general, the zero
field spectra originate from the anisotropic hyperfine field
transferred from the Ru-4d® moments.
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FIG. 1: (Color online) (a): Temperature dependence of the
magnetic susceptibility (x| and x1) of a-RuCls measured in
H=100 Oe, (b): Inverse susceptibilities and Curie Weiss fit
(straight lines).

Figure 1(a) shows the susceptibility as a function of
temperature for the two directions (in-plane and perpen-
dicular to the plane) in a-RuCls. For H||c there are clear
signatures of two phase transitions at 14 and 8 K, whereas
for Hlc between 14 and 8 K a plateau-like behavior is
found, followed by a sharp decrease of the susceptibility.
This decrease points towards a sort of spin compensa-
tion (eg., an antiferromagnetic transition or an effective
dimerization in the ab plane). Below 300 K, the in-plane
susceptibility x is larger than the out-of-plane compo-
nent x| (x1/x| ~ 2.5 at 60 K). The inverse suscepti-
bility is shown in figure 1(b). The Curie Weiss fit of
the inverse susceptibility clearly yields dissimilar effec-
tive coupling constants for the two field directions: i)
for Hlc a Curie Weiss temperature of + 37 K evidences
an effective ferromagnetic exchange (J/Kp=37 K) and
an effective moment of 2.14 pp/Ru and ii) for Hljc a
Curie Weiss temperature of -150 K which evidences a
strong antiferromagnetic effective exchange and an effec-

tive moment of 2.7 pup. So far no single crystal data
for magnetization were available in the literature. From
powder results a positive Curie Weiss temperature 6 =
23-40 K was determined [10] and the moments calculated
are around 2.3 up. This is approximately what we found
for the in-plane contribution in our single crystal and it
is most likely that the powder average is dominated by
this in-plane contribution. Nonetheless, our single crys-
tal studies clearly reveal the anisotropic nature of the
magnetic exchange and give clear evidence for an effec-
tive antiferromagnetic exchange interaction with a larger
effective moment of 2.7 up when field is applied along the
c direction. This is well above the spin-only value for the
S = 1/2 low spin configuration of Ru (1.73 up) which
points towards a prominent SOC. This is supported by
our field-dependent susceptibility studies shown in figure
2(a). In the ¢ direction, the susceptibility and the step-
like transitions at 14 K and 8 K remain unaffected in
fields up to 7 T. In contrast to that, the in-plane suscep-
tibility is strongly affected by magnetic fields for T<50 K.
Upon applying fields upto 14 T the phase transitions are
shifted towards lower temperatures and the susceptibility
is enhanced. This is not expected because of the effective
ferromagnetic coupling evidence from the Curie Weiss fit.
The reduction of x, with field evidences admixed anti-
ferromagnetic correlations which supports the scenario of
dissimilar exchange interaction (Heisenberg type versus
Kitaev type) being present in the honeycomb layer.
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FIG. 2: (Color online) x for H L ¢ and H || ¢ at different
magnetic fields, (C/T) versus T? at different magnetic fields
for H L cand H || c

To study the complex phase transitions and the effect
of the magnetic field for both directions, we conducted
specific heat measurements (figure2). In figure 2 (b), the
quotient of specific heat and temperature is plotted as
a function of T2 between 2K and 20 K in fields up to
14 T and for the H.lc configuration. At zero field, the
two phase transitions at 14 K and 8 K could be clearly



identified. The high temperature transition is somewhat
broader than the low-temperature transition. Upon ap-
plying magnetic fields up to 14 T, the complex transition
is monotonously suppressed which is consistent with our
findings in the susceptibility. At highest fields of 14 T,
the onset of the low-T transition is at about 3 K. Above
this transition, the C/T" curve remains smooth and shows
a nice C' ~ T? (inset of Figure 2(b)) power law between
5 K and 14 K, which might indicate a spin-liquid-like
behavior. In contrast to that, there is no such strong
field dependence for the H||c configuration. Here, both
phase transitions at 14 K and 8 K remain unaffected by
the field. Assuming a negligible phonon contribution, we
find an entropy of S = 0.5R1In2 below 20 K for H = 0
T. So far we do not have a proper phonon reference to
do a more quantitative specific heat analysis.

As a microscopic probe of the anisotropic magnetic
order, we performed ??1%'Ru zero-field NMR on the a-
RuClj3 single crystal. Due to the presence of two isotopes
with the higher (>1/2) spin (5/2 for “Ru and 5/2 for
101Ru) a complex zero-field NMR spectrum is expected.
Early ??Ru Moessbauer measurement on the a-RuCls
powder show the absence of sizable quadrupolar inter-
action and provide the powder-averaged hyperfine field
at the Ru- site of about 20.9 T[10]. The value of the
hyperfine field is in good agreement with the prediction
of Watson and Freeman of about 20 T per unpaired 4d
electron (and 11 T per unpaired 3d electron)[11]. For
the Ru®t 4d° state in the low-spin configuration (LSC) a
hyperfine field of 20 T is expected whereas for the Ru*+
4d* state in LSC in the perovskite-type StRuO3 a hyper-
fine field of about 40 T is expected and experimentally
confirmed[12, 13].

From the hyperfine field of Hpy = 20.9 T we could
calculate the NMR frequency by the gyromagnetic ratio
101y = 2,193 MHz/T which leads to an average NMR
frequency of about 45.83 MHz. Figure 3(d) shows the
101Ry zero-field NMR frequency spectra at 4.3 K. The 4.3
K spectra is located somewhat lower in frequency than
expected and, moreover, the line exhibits a pronounced
broadening of about 10 MHz which corresponds to 4.56
T. The observed broadening of the zero field *°!Ru NMR
line around the average hyperfine field of about 17.8 T
points toward a complex type of magnetic order. The
main contribution is the on site contribution (due to core
polarization) from the Ru®* ion to the nucleus whereas
the modulation of the field (?double horn spectra”) is
probably related to the anisotropic hyperfine interaction
with nearest and next nearest (in - plane-) neighbors in
a complex moment arrangement. This could be either
the planar ”zig-zag” type or the ”stripy” type of order
predicted by the HKM or even a non planar (spiral) type
found in frustrated Heisenberg chains (e.g. LiCuyO2[14])
or discussed recently for the 5d° system LipIrO3[15]. For
the isostructural high spin homologues FeCl; (3d°) and
CrCl3 (3d®) such a complex modulated line was not re-
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FIG. 3: (Color online) (a) Magnetization versus field (open
symbols and solid line represent data from PPMS -pulse
field measurements respectively), (b) Anisotropic field tun-
ing in RuCls (closed symbols: heat capacity, open symbols:
susceptibility). Curved solid lines correspond to a fit with

Tordering = To(1 = (55)?) with Hc = 13.2 T for the 14 K

transition and Ho = 14.5 T for the 8 K transition. (¢)M(H)
and xac(H) for H L ¢, (d) Zero field '**’ Ru NMR spectra at
4.3 K.

ported in Fe- (Cr) zero field NMR results[16, 17].

To probe the ordered moments, we performed mag-
netization measurement in pulse field (H < 60 T) on a
powder specimen (Fig. 3(a)). To calibrate the high-field
data, dc magnetization measurement performed in static
fields up to 14 T (Figure 3(a)) were used. Up to 60 T
there is no full saturation of the ordered moment in the
powder specimen but from the changeover in curvature
one might speculate about an in plane saturation field of
nearly 15 T. To proof that we conducted M (H) measure-
ments on a single crystal with fields up to 14 T applied
in the plane (Fig. 3(c)). Indeed the 14 T magnetization
is close to 1up which suggests that we are near full in
plane saturation. Furthermore the in plane ac suscepti-
bility shows a clear peak at about 8 T which is indicative
for a spin flip due to the quenching of the in-plane afm ex-
change contribution in agreement with the monotonous
suppression of the 8 K transition (Fig 2a).

Finally, we briefly discuss microscopic features of a-
RuCl3[18]. Plumb et al.[8] have shown that ruthenium
ions are in the 3+ state, and the formation of the
insulating state is driven by both spin-orbit coupling
(SO) and on-site electronic correlations (U). To explore
the electronic structure of a-RuCls, we performed full-
relativistic density-functional calculations using the FPLO
code[19] with the basis set of local orbitals and Perdew-
Wang exchange-correlation potential (LDA)[20].

The LDA+SO band structure is shown in Fig. 4, top
right. It is very similar to the scalar-relativistic band
structure obtained in LDA (without SO, not shown). The



band structure is metallic, with states at the Fermi level
dominated by Ru 4d orbitals. The fraction of CI 3p states
is about 34% (27% in the t2, bands and 44% in the e,
bands), which is comparable to 35% of oxygen 2p states in
honeycomb iridates. Therefore, a-RuCls and Ir*t com-
pounds feature same degree of metal-ligand covalency.
Two well-separated band complexes centered at around
—0.5eV and 2.0eV belong to the 3, and e, states of Ru,
respectively, but no further splitting of the t5, levels can
be observed. In contrast to iridates,[21] neither crystal-
field effects nor the spin-orbit coupling split the broad
o4 complex into narrow bands that would be then easily
split by even weak electronic correlations. We quanti-
fied orbital energies by fitting the LDA4SO band struc-
ture with Wannier functions and found e,, = —0.33eV,
gyz = —0.34eV, g,, = —0.36€eV, €3,2_,2 = 2.00eV, and
€p2_y2 = 1.89eV, where z, y, and z axes are directed
along the Ru—Cl bonds within the RuClg octahedra, and
the LS-basis is used. Similar energies of the zy-, yz-,
and xz-orbitals reflect marginal distortion of the octahe-
dra and suggest minor importance of crystal-field effects.

In order to reproduce the effect of electronic correla-
tions, we performed LSDA+U+SO calculations assuming
the ferromagnetic spin arrangement in a-RuCls. This
simplest possible spin configuration enables us to focus
on the local physics of one Ru3™ ion. Following Ref. 8,
we used the on-site Coulomb repulsion U = 1.5eV and
Hund’s exchange J = 0.3 eV. This leads to the insulating
state with an energy gap of about 0.4eV in agreement
with the experimental optical gap[8]. Five out of six to4
states nearly merge into the Cl 3p band, whereas the
remaining empty band is slightly above the Fermi level.

The spin and orbital moments on Ru®t in
LSDA+U+SO are about 0.51 pup and 0.40 upp, re-
spectively, when spins are in the ab plane. For spins
directed along the ¢ axis a much lower spin moment of
only 0.16 up and a quite high orbital moment of 0.38
pp are found. The formation of the jeg = 3 state is
reminiscent of iridates[22]. Given one unpaired electron
per Ru?t ion, the spin moment is dramatically reduced
with respect to its free-ion value of 1 up, and a huge
orbital moment is formed. This is in agreement with
the experimental effective magnetic moments of 2.14
up and 2.70 up for H L ¢ and H||c, respectively, that
imply an effective spin—% behavior but with the large
deviation from the spin-only value due to the orbital
moment. Considering pop, = 0.40up, we estimate
g = 2.8 and peg = 2.42up in reasonable agreement with
the experiment. However, the directional anisotropy
of the effective moment (different values depending on
the field direction) is not fully reproduced and requires
further analysis.

In contrast to iridates, the spin-orbit coupling neither
splits the tz, manifold nor opens the band gap in o-
RuCl; when Coulomb correlations are not taken into
account. The combination of the spin-orbit coupling
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FIG. 4: (Color online) Left panel: crystal structure of a-
RuCl3 built of honeycomb Ru—Cl layers that are held together
by weak van-der-Waals forces. Right panel: electronic den-
sity of states (DOS) for a-RuCls calculated within LDA+SO
(top) and LSDA+U+SO (bottom, total DOS for both spin
directions is shown). The Fermi level is at zero energy. Note
that the spin-orbit coupling does not split the broad complex
of t24 bands crossing the Fermi level. The gap is formed only
in LSDA+U+SO, where correlation effects are accounted for
in a mean-field fashion.

and Coulomb correlations within LSDA4U+SO calcula-
tions is sufficient to reproduce the electronic structure
of the material[8] and pinpoints a sizable orbital mo-
ment that is likely responsible for the strong magnetic
anisotropy. We have studied this anisotropy on single
crystals and demonstrated that Curie-Weiss tempera-
tures, which measure the effective magnetic exchange, are
not only numerically different for different field directions
but also differ in sign being positive and strongly field
dependent for the field in-plane and negative and robust
for the field out-of-plane. This strongly suggests that a-
RuClj3 is a platform for the HKM. Details of this physics
require further investigation, though, and a careful eval-
uation of individual exchange parameters[23]. From a
phenomenological viewpoint, a-RuCls reveals very pecu-
liar physics with two transitions at 14 K and 8 K that
are also strongly anisotropic. The 1°*Ru zero-field NMR
line point towards a complex long-range magnetic order.
Single-crystal neutron diffraction studies are required to
obtain the magnetic structure in the ordered phase[24].
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