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Organic salts represent an ideal experimental playground for studying the interplay between magnetic
and charge degrees of freedom, which has culminated in the discovery of several spin-liquid candidates
such as κ-ðETÞ2Cu2ðCNÞ3 (κ-Cu). Recent theoretical studies indicate the possibility of chiral spin
liquids stabilized by ring exchange, but the parent states with chiral magnetic order have not been observed
in this material family. In this Letter, we discuss the properties of the recently synthesized
κ-ðBETSÞ2Mn½NðCNÞ2�3 (κ-Mn). Based on analysis of specific heat, magnetic torque, and NMR
measurements combined with ab initio calculations, we identify a spin-vortex crystal order. These
observations definitively confirm the importance of ring exchange in these materials and support the
proposed chiral spin-liquid scenario for triangular lattice organics.
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Introduction.—The role of higher order magnetic cou-
plings in organic quantum spin-liquid (QSL) candidates
such as κ-ðETÞ2Cu2ðCNÞ3 (κ-Cu) has been well discussed
over the past two decades [1–5]. These materials are Mott
insulators but exist on the verge of itinerancy, such that
conventional nearest neighbor magnetic couplings are
insufficient. Instead, one must consider higher order terms
such as four-spin ring-exchange KijklðSi · SjÞðSk · SlÞ.
These interactions are thought to play a crucial role in
promoting a QSL ground state [1,3,4]. In general, phases
characterized by scalar chiral [e.g., Si · ðSj × SkÞ� and/or
vector chiral (e.g.,

P
Si × Sj) order parameters tend to be

selected by large ring exchange. These include additional
ordered phases in classical ring-exchange models [6–16].
Additionally, a flurry of recent proposals [17–21] have
identified a chiral spin liquid (CSL) derived from these
classical orders as a leading candidate for the ground state
of κ-Cu. Thus, if κ-Cu is indeed a CSL, then the related
chiral magnetic orders (predicted to persist away from the
CSL) should also be observable in other organic materials
with suitably tuned couplings.
In this Letter, we consider the magnetic ground state

of κ-ðBETSÞ2Mn½NðCNÞ2�3 (κ-Mn) [22–30]. This
material has a layered structure (Fig. 1) typical of κ-phase
materials [31]. The organic layer is composed of
½BETS�1þ2 ð¼bisethylenedithio-tetraselenafulvaleneÞ dimers
forming a distorted triangular lattice with S ¼ 1=2 per

dimer. The anion layer is composed of Mn(II) (S ¼ 5=2)
ions also forming a distorted triangular lattice, linked by
dicyanamide bridges. The phase diagram of κ-Mn [25]
is similar to κ-phase ET salts such as the spin-liquid
candidate κ-Cu [32,33] and the antiferromagnet
κ-ðETÞ2Cu½NðCNÞ2�2Cl [34–36] (κ-Cl). All have insulating
ground states at low pressure, which are suppressed in
favor of metallicity and superconductivity under mild
pressure.

(a) (b)

(c)

FIG. 1. Definition of (a) π-π couplings between S ¼ 1
2
BETS

dimers in the organic layer of κ-Mn. (b) d-d couplings between
S ¼ 5

2
Mn(II) in the anion layer. (c) π-d couplings between BETS

and Mn. J labels two-spin interactions, while K labels four-spin
interactions.
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At elevated temperatures, the electrical conductivity of
κ-Mn decreases with increasing temperature, typical of a
metallic state. Magnetic order in the BETS layer onsets at
TN ∼ 22 K in conjunction with a metal-insulator transition
(MIT). This transition is marked by a significant broadening
of the 13C NMR resonances [27,28] and the appearance of a
field-induced spin reorientation detected via magnetic torque
[26,29]. However, as we elaborate in this Letter, the angle
dependence of the torque and specific pattern of NMR
resonances are incompatible with conventional collinear
magnetic orders. The precise magnetic structure and the
role of Mn spins remain open questions [26,29].
To address these questions, we first present ab initio

calculations and specific heat measurements that indicate
negligible coupling between the BETS and Mn spins. We
then establish the minimal magnetic model for the BETS
layers and show that the ring exchange is sufficient to
induce four-sublattice chiral order analogous to the spin-
vortex crystal (SVC) observed in some Fe-based super-
conductors [37–40] and other models [41,42]. Finally, we
show that the 13C NMR [27,28] and magnetic torque
[26,29] experiments are compatible only with this chiral
order, thus providing the first direct proof for the impor-
tance of ring exchange in these materials.
Role of Mn spins.—The magnetic couplings (Fig. 1) can

be divided into three categories: π-π (between BETS
dimers), d-d (between Mn ions), and π-d (between Mn
and BETS). The latter two can be summarized as

Hπd þHdd ¼
X

in

Jπdij si · Sn þ
X

nm

JddnmSn · Sm; ð1Þ

where si is a BETS spin (S ¼ 1=2) at site i and Sn is a Mn
spin (S ¼ 5=2) at site n. Following the approach of [43], we
have estimated Jdd and Jπd using hopping parameters
obtained from density functional theory calculations.
Full details are given in the Supplemental Material [44].
Within the Mn layer, there are two dominant couplings
[Fig. 1(b)]; we calculate Jdd1 ≈ Jdd2 ∼ 0.5–1.0 K. These
interactions are both frustrated and disordered due to
random arrangements of the NðCNÞ2 bridges. For the
π-d interactions, we also estimate a very small magnitude
of Jπdn < 0.1 K, which suggests the BETS and Mn are
essentially decoupled. The weak π-d and d-d couplings are
consistent with weak antiferromagnetic tendencies of the
Mn spins (experimentally, ΘMn ¼ −2hS2iJdd ∼ −5 K)
[26]. It is therefore expected that the Mn spins remain
disordered down to temperatures well below TN ≈ 22 K.
To assess these energy scales experimentally, we mea-

sured the specific heat of κ-Mn. Figure 2 shows the
electronic and magnetic specific heat divided by temper-
ature, ΔC=T, estimated by subtracting a smooth back-
ground as a proxy for phononic contributions (see the
Supplemental Material [44] for details). The peak in ΔC=T
at TN ∼ 21.5 K signals the MIT that occurs concomitantly

with the magnetic ordering of the BETS spins. The
entropy change is estimated as ΔSMIT ≈

R
25
19 ΔC=T dT ≈

ð0.4� 0.1Þ J · mol−1 · K−1 (8% of R ln 2), which is too
small to indicate significant participation of the Mn spins.
Instead, the entropy change is comparable to κ-ET salts with
nonmagnetic anions; for example, ΔS≈0.25 J·mol−1 ·K−1

was measured across the (charge-order) MIT in an ET-
based salt [61], while magnetic ordering in the insulating
κ-Cl was reported to have negligible ΔS [62].
For further comparison,ΔSMIT is one order of magnitude

larger in λ − ðBETSÞ2FeX4 (X ¼ Cl, Br), where sizable
π − d interactions lead to simultaneous ordering of the Fe3þ
and π system [43,63,64]. In these λ-phase materials, π-d
coupling also produces additional signatures that are absent
in κ-Mn: (i) no field-induced Jaccarino-Peter superconduc-
tivity [25,26] and (ii) no beats in the Shubnikov-de Haas
effect [30]. We therefore conclude that the π-d coupling is
sufficiently weak that the Mn spins play no significant role.
Below TN, a separate broad feature in ΔC=T appears

centered around 8 K, followed by a pronounced increase of
ΔC=T below ∼4 K. Given limitations in the lowest
accessible temperature, this provides only a lower bound
of the associated entropy: ΔSMn >

R
19
2 ΔC=T dT ≈

4.4 J · mol−1 · K−1 (29% of R ln 6). This distinctly larger
entropy change can be associated only with growing
antiferromagnetic correlations between Mn spins. The
temperature scales are compatible with the computed Jdd

couplings and measured ΘMn [26]. The multiple features in
ΔC=T may reflect the combined frustration [65,66] and
disorder, with the increase below 4 K potentially signifying
the onset of freezing or ordering of the Mn spins.
Magnetic model for BETS.—Given the weak π-d cou-

plings, we focus on the π-π couplings:

Hππ ¼
X

ij

ðJππij si · sj þDππ
ij · si × sj þ si · Γππ

ij · sjÞ

þ 1

S2
X

ijkl

Kππ
ijklPijkl ð2Þ
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FIG. 2. Specific heat of κ-Mn after subtraction of a smooth
phononic background (see the Supplemental Material [44]). The
pink (blue) area indicates the estimate of entropy associated with
the Mn (BETS).
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Pijkl ¼ ½ðsi · sjÞðsk · slÞ þ ðsj · skÞðsi · slÞ− ðsi · skÞðsj · slÞ�;
ð3Þ

where Kππ
ijkl, Dππ

ij , Γππ
ij parametrize the four-site ring

exchange, Dzyaloshinskii-Moriya (DM) interaction, and
pseudo-dipolar coupling, respectively. The unique
exchange constants are defined according to Fig. 1(a).
To estimate the magnitudes of the couplings, we employed
the ab initio method outlined in [67] (see the Supplemental
Material [44] for full details). The results are summarized
as follows. For the isotropic couplings, we estimate
J¼260K, J0 ¼530K, J00 ¼4.7K, J000 ¼ 26 K, K ¼ 16 K,
and K0 ¼ 39 K. For the anisotropic couplings, the presence
of a crystallographic inversion center ensures that jD0j ¼ 0
and jΓ0j ≈ 0. As a result, the only significant anisotropic
couplings appear for the nearest neighbor dimers, withD ¼
ð�22.6;∓ 1.9;�8.8Þ K oriented approximately along the
long axis of the dimers. For the specific orientations of each
D vector, see the Supplemental Material [44]. The larger
magnitude of the anisotropic couplings compared to ET
salts [67] is due to enhanced spin-orbit coupling afforded
by the heavy Se atoms in the BETS molecules.
In Fig. 3, we show the classical phase diagram of model

(2), taking the anisotropic couplings to zero and using the
approximate ratios of the isotropic couplings suggested from
perturbation theory [4]. Recent density matrix renormaliza-
tion group studies [17,19] of the Hubbard model have found
a similar quantum phase diagram, enriched by QSL states.
Various regions of the phase diagram have also been studied
previously [4,9–14,68,69]. The limit J ≫ J0 corresponds to

the square lattice, for which the ground state is a collinear
two-sublattice (2SL) Néel order. For small K, this is
bordered by a family of coplanar spiral states, typically
with incommensurate wavevectors. This family includes, as
a special case for the triangular lattice (J0=J ¼ 1), conven-
tional 120° order. Starting from this point and increasing K
leads first to a narrow multi- Q state with a modulated
canting of spins out of the plane of the spiral [13]. For larger
K, there is a noncoplanar chiral (NCC) phase. The spin
orientation in the NCC phase can be understood as follows:
starting from the 2SL statewith spins oriented perpendicular
to the plane, each spin is then canted toward the plane to form
four sublattices in the pattern indicated in Fig. 3. For the
special case J0=J ¼ 1, spins on different sublattices satisfy
si · sj ¼ −S2=3, as if oriented along the vertices of a
tetrahedron [11–13]. With increasing J0, the spins com-
pletely tilt toward a common plane, leading to the coplanar
spin-vortex crystal (SVC) [10,14]. κ-Mn differs from other
organics primarily in terms of J0=J ≈ ðt0=tÞ2, which has been
estimated as ∼0.2–0.35 for κ-Cl [67,70–72], ∼0.8–1.2 for
κ-Cu [67,70,71,73], and ∼2 for κ-Mn. Based on the
computed couplings, the classical ground state for κ-Mn
is the four-sublattice SVC.
Order parameter.—The SVC and NCC phases are

distinguished by a finite vector chiral order parameter.
Specifically, for each four-site square plaquette p defined
by the J bonds [solid lines, Fig. 1(a)], we define a vector
chirality vp ¼ s1 × s2 þ s2 × s3 þ s3 × s4 þ s4 × s1. The
SVC and NCC phases correspond to a staggered pattern
of neighboring vp vectors, depicted by ⊕, ⊖ in the inset of
Fig. 3. To see why large K favors finite jvpj, it is useful to
write, for a given plaquette

jvpj2 ¼
3

2
þ

X

i∈f1::4g
si · siþ2 −

1

2
si · siþ1

− 2½P1234 − ðs1 · s3Þðs2 · s4Þ�: ð4Þ

In general, the ring exchange K and couplings J0; J000 are
minimized when nearest neighbor spins are orthogonal
hsi · siþ1i ∼ 0, but second neighbor spins are antiparallel
(hsi · siþ2i > 0; hPijkli < 0), which corresponds to a finite
value of jvpj. The 2SL and spiral phases have jvpj ¼ 0.
Because of the specific symmetries of the crystal, states

with finite jvpj can be distinguished based on their
magnetic anisotropy. Importantly, the periodicities of the
DM-vector components in the b and ða�; cÞ directions are
different by symmetry (see the Supplemental Material
[44]). The vector chirality couples linearly only to Db,
which pins vpjjb at low fields. For the coplanar SVC phase,
this confines the spins to lie in the a�c plane. In contrast,
the symmetries of the 2SL and spiral phases are such that
they couple only to Dac. At low fields, the energy is
minimized for spins confined to the plane perpendicular to

2SL

SVC

spiral

0.0 1.0 2.0 3.0

0.0

0.1

0.2

0.3

0.4

NCC

+

-

+

+

-

multi-Q

FIG. 3. Classical phase diagram for the model defined by
Eq. (2), with the constraints J0=J ¼ J000=J00 ¼ K0=K, and
K=J00 ¼ 2, and jDj ¼ jΓj ¼ 0. The approximate locations of
various organic materials are indicated. 2SL, two-sublattice Neel
order; SVC, four-sublattice coplanar spin-vortex crystal; NCC,
four-sublattice noncoplanar chiral. Dashed (solid) lines indicate
transitions expected to be continuous (first order). The staggered
pattern of vector chirality vp for the NCC and SVC phases is
indicated by⊕,⊖ in the inset. The locations of κ-Cu and κ-Cl are
based on [67,74].
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Dac. This distinction may be probed by the angular
dependence of the magnetic torque τðH; θÞ.
Magnetic torque.—Although detailed analysis of

recently reported τðH; θÞ [26,29] is complicated by a
background contribution from the paramagnetic Mn, we
can make general observations. For T < TN, steplike
features appear in τðHÞ due to a field-induced reorientation
of ordered spins within the BETS layer. However, the
torque on the BETS spins vanishes for fields oriented in the
entire a�c plane. This is anomalous for two reasons: (i) for a
conventional spin-flop of an easy-axis 2SL state, τðHÞ
vanishes by symmetry only for fields along the easy axis,
rather than an entire plane, and (ii) for the 2SL (and spiral)
phases, the a�c plane is not a special plane of symmetry.
Taken together, these findings suggest the field couples to
an order parameter of novel symmetry. Similar effects have
also been seen in the related mixed Co-Mn salt [75].
These findings are consistent with an ordered phase with

finite jvpj. By symmetry (see the Supplemental Material
[44]), the free energy can be written schematically as

ESVC ¼ −ð0; db; 0Þ · v − ðh · vÞ2 þOðh4Þ; ð5Þ

where v is the staggered vector chirality, db is a reduced
DM coupling, and h is a reduced external field. The DM
interaction pins vjjb at low fields. An applied field tends to
tilt the ordering plane to be perpendicular to the field. For
fields oriented close the a�c plane, db competes with the
field, leading to a rapid rotation of the ordering plane at a
critical field hc. Such a transition may be viewed as a flop
of the vector chirality. The associated torque
(τc ¼ dESVC=dθ) for rotation around the c axis is shown
in Fig. 4. For h > hc there are two metastable domains with
v tilted toward and away from h. This leads to widening
hysteresis with increasing field, which may be related to the
reported irreversibility of τc for field sweeps with h > hc.
At all fields, the average value of τc for hjja� vanishes.
Similarly, for rotation around the b axis, the associated
torque τb ¼ 0 for all field orientations.

13C NMR.—As a more selective probe of the magnetic
order in the BETS layer, we also consider the 13C NMR

data reported in Refs. [27,28]. Below TN, the resonance
frequency of each 13C nucleus n at dimer site i shifts by
Δνn;i from the natural Larmor frequency due to the
hyperfine coupling with the local spin moment:

Δνn;i ¼ γCðjHeff;n;ij − jHextjÞ ð6Þ

Heff;n;i ¼ Hext þ Ai;n · hsii; ð7Þ

where γC ¼ 10.7084 MHz=T is the gyromagnetic ratio,
hsii is the local spin expectation value, and Ai;n is the local
hyperfine coupling tensor. There are two types of isotopi-
cally enriched 13C sites per dimer, depicted in Fig. 5(a). In
addition, as shown in Fig. 5(b), there are two symmetry-
related dimers per unit cell (sublattices A and B). Together,
this yields four crystallographically distinct 13C sites per
unit cell. In Fig. 5(c), we show the experimental spectra for
T ¼ 5 K, and H ¼ 7 T, reproduced from Ref. [27]. The
field is oriented 45° from the a� axis and perpendicular to
the ½01̄1� direction. The resonance is symmetrical about the
Larmor frequency, with a rich fine structure, indicating
many magnetically inequivalent 13C sites. To analyze the
reported spectra, we first estimated the A tensors using
ORCA [76] (see the Supplemental Material [44] for
details). We then simulated the expected resonance patterns
for different magnetic configurations, employing a
Lorentzian broadening consistent with the experimental
widths and ignoring the Mn dipolar fields.

0 50 100 150 200 250 300 350

a*

b

FIG. 4. Magnetic torque dESVC=dθ as a function of rotation
angle θ around the c axis for ESVC defined by Eq. (5). hc is the v-
flop field at θ ¼ 0.

a*

b

c

v

H

innerouter

(a)

A

A

B B

(b)

-1.0 1.00.50.0-0.5

(c) Exp.
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(f) SVC

a*

b

c Dac

H(g) 2SL

(e) Sim. 2SL

FIG. 5. (a) Distinct 13C sites in each BETS dimer. (b) Dimer
sublattices. (c) Experimental 13C NMR spectra measured at 5 K
and 7 T for field oriented 45° from the a� axis, and ⊥½01̄1�
obtained from [27]. (d),(e) Simulated spectra for SVC and 2SL
phases (see text). Sticks indicate resonance positions. (f),(g)
Orientations of the sublattice moments (gray) for the simulations.
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From the symmetry of the resonances, the 2SL phase can
be immediately ruled out. In κ-phase organics, the A and B
dimers in the unit cell correspond precisely with the two
magnetic sublattices in the 2SL state. At moderate fields, the
DM interactionDac selects a unique preferred orientation of
the sublattice moments with respect to the canted moment,
leading to a single domain. As a result, the magnetically
inequivalent 13C sites are in 1∶1 correspondence with the
crystallographically distinct sites. This leads to four distinct
resonances, with asymmetrical shifts for most field direc-
tions. This property was previously employed to confirm
2SL order in κ-Cl [77]. In Fig. 5(e) we show a representative
spectrum for κ-Mn in the 2SL phase, assuming the sublattice
moments are oriented along �Da�c ×H, as shown in
Fig. 5(g). The simulated spectrum is completely incompat-
ible with the experiment.
In the SVC state, there is no unique correspondence

between the crystallographic and magnetic sublattices;
domains are expected in which the A and B sublattices
are populated with spins of all four orientations. In total,
this leads to 16 distinct resonances for general field
orientations. The magnetic structure is symmetric under
the combination of inversion and time reversal, which
ensures that the NMR resonances are symmetrically dis-
tributed. To evaluate whether the experimental spectra is
compatible with SVC, we fit the data for a four–magnetic
sublattice model using the computed A tensors, con-
straining only s1 ¼ −s2 and s3 ¼ −s4. The resulting best
fit [Fig. 5(d)] shows almost perfect agreement with
the experiment. The fitted ordered moment is only
hsii ¼ 0.15 μB, which suggests strong quantum and/or
thermal fluctuations. More importantly, the orientations
of the fitted moments [Fig. 5(f)] conform with the expect-
ations for SVC. The fitted moments are nearly orthogonal,
and the vector chirality v is oriented close to the b axis, but
tilted toward the external field H.
Discussion.—On this basis, we conclude the anomalous

13C NMR and magnetic torque response are both consistent
with SVC order in κ-Mn, which is stabilized by higher
order interactions including ring exchange. This serves as
definitive proof of the relative importance of such terms and
establishes K=J ∼ 0.1. While the role of disorder has also
been recently discussed for κ-Cu [74,78], the possibility of
a (gapped) CSL state [17–21] should be considered
seriously, given that the parent chiral ordered state has
now been observed in κ-Mn.
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