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Topological quantum spin liquids (QSLs) are states of matter with remarkable predicted properties
– an ability to create and braid quasiparticles in certain topological QSLs equals the ability to
perform topologically protected quantum computation. There are various mathematical models with
topological QSL phases, but so far none has been physically realized. Here we show that α-RuCl3
exhibits a magnetic field-induced QSL ground-state. Nuclear Magnetic Resonance measurements
reveal that for fields larger than ∼ 10 T a spin-gap opens up while resonance lines remain sharp,
evidencing that spins are quantum disordered. Such a field-induced, gapped topological QSL phase
has been predicted in the Kitaev model, which is closely associated to α-RuCl3. The quasiparticles
in this phase of the Kitaev model have the statistical properties required for universal topological
quantum computation.

When the interactions between magnetic spins are
strongly frustrated, quantum fluctuations can cause spins
to remain disordered even at very low temperatures [1].
The quantum spin liquid (QSL) state that ensues is con-
ceptually very interesting – for instance new fractional-
ized excitations appear that are very different from the
ordinary spin-wave excitations in ordered magnets [2–5].
A fascinating aspect of these quasiparticles is that not
only their quantum numbers are fractions of those of the
constituent spins, but that even their quantum statistics

can be different. Specifically in topological QSLs quasi-
particles can emerge that are neither bosons nor fermions
– their statistics can be anywhere in between Bose and
Fermi statistics and they are aptly named anyons [6, 7].
Topological quantum computing is conceptually based on
the manipulation and braiding of such anyons, in partic-
ular anyons of the non-Abelian type. Such non-Abelian
anyons appear in the so-called Kitaev honeycomb model
in an external magnetic field – a prototypical and math-
ematically well-understood model of strongly frustrated
interacting spins [8, 9].

This observation has motivated the search for the ex-
perimental realization of the Kitaev honeycomb model
and its topological QSL phases. The quest was cen-
tered until recently mainly on honeycomb iridate ma-
terials [10, 11] of the type A2IrO3, where A = Na or
Li. However, in these iridates long-range magnetic or-
der develops at low temperatures for all known differ-
ent crystallographic phases [12–16]. Their QSL regime
is most likely preempted by the presence of significant
residual Heisenberg-type interactions, by longer-range in-
teractions between the spins or by crystallographically
distinct Ir-Ir bonds, if not a combination of these fac-
tors [17–20]. More promising in this respect is ruthe-
nium trichloride α-RuCl3 in its honeycomb crystal phase
[21–28]. Neutron scattering studies have shown that the

magnetic interactions in this material are closer to the
Kitaev limit [29]. But in spite of its proximity to QSL
ground-state, at low temperatures and in zero magnetic
field also this quasi-2D material exhibits long-range mag-
netic order.

It is well-known that the Kitaev model Hamiltonian
harbors a topological QSL state not only for zero mag-
netic field – at which an Abelian QSL forms – but also at
finite magnetic field, in which a non-Abelian QSL is sta-
ble [8, 9, 30]. In this Letter, we show by means of nuclear
magnetic resonance (NMR) that in α-RuCl3 large exter-
nal magnetic fields larger than ∼ 10 T melt the magnetic
order and a spin-gap opens that scales linearly with mag-
netic field. At the same time the resonance lines remain
very sharp, evidencing that the spins are quantum dis-
ordered and locally fluctuating. The state that emerges
therefore exhibits all NMR signatures of a QSL showing
that the detrimental effects of residual magnetic interac-
tions between the Ru moments can be overcome by an
external magnetic field that stabilizes a QSL state.

35Cl (nuclear spin I = 3/2) NMR was carried out in
a α-RuCl3 single crystal (2 × 1 × 0.5 mm3) at an ex-
ternal field (H) of 15 T and in the range of tempera-
ture (T ) 4.2 – 280 K. (See Supplementary Material (SM)
for the crystal growth and characterization.) The sam-
ple was reoriented using a goniometer for the accurate
alignment along H. The 35Cl NMR spectra were ac-
quired by a standard spin-echo technique with a typi-
cal π/2 pulse length 2–3 µs. The nuclear spin-lattice
relaxation rate T−1

1 was obtained by fitting the recov-
ery of the nuclear magnetization M(t) after a saturating
pulse to following fitting function, 1 − M(t)/M(∞) =

A[0.9e−(6t/T1)
β

+ 0.1e−(t/T1)
β

], where A is a fitting pa-
rameter and β is the stretching exponent.

Experimentally in α-RuCl3 a very peculiar, strongly
anisotropic magnetism has been reported previously [25–
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FIG. 1. a, Low-T specific heat Cp/T at zero and chosen
magnetic fields. The data at zero field taken from Refs. [27]
and [26] are compared. b, Temperature dependence of the
uniform magnetic susceptibility χ at H = 0.1 T obtained for
the four different field orientations with respect to the c axis.
The inset enlarges the low-T region.

27] based on measurements of the uniform magnetic sus-
ceptibility χ and the specific heat Cp/T . From the data it
is clear that the antiferromagnetic (AFM) state observed
at low T is hardly affected by external fields along the c
direction whereas the signatures of the long range mag-
netic order seen in Cp/T and χ(T ) disappear for moder-
ate fields of about 8 T applied along the ab plane. This
pronounced anisotropy of the magnetism is also found
in our crystals (see Fig. 1a and b). Note that whereas
earlier studies [26, 27, 31] reported either two magnetic
phase transitions at TN1 ∼ 8 K and TN2 ∼ 14 K or a
single transition at TN ∼ 13 K, our measurements of the
magnetization and the specific heat show essentially a
single transition occurring at a considerably lower tem-
perature, TN1 ∼ 6.2 K. This evidences that our single
crystal is of high quality with a (nearly) uniform stack-
ing pattern [29, 32].

We now turn to the 35Cl NMR measurements on α-
RuCl3. Since the 35Cl nuclei possess a large quadrupole
moment, the NMR spectra are strongly affected by the
quadrupolar interaction determined by the electric field
gradient (EFG). In α-RuCl3, the principal axis of the
largest eigenvalue of the EFG tensor Vzz at 35Cl is ex-
pected to point along the shared edges of the RuCl6 oc-
tahedra which are tilted ∼ 35◦ away from the c axis as
illustrated in Fig. 2a.

As a result, there exist three inequivalent 35Cl sites,
yielding a very complex and broad 35Cl spectrum in
a magnetic field, as shown in Fig. 2b, which would
make further NMR studies extremely difficult. However,
taking advantage of the fact that the influence of the
quadrupole interaction is very sensitive to the angle be-
tween the direction of Vzz andH, it is possible to separate
one 35Cl spectrum from other two spectra by applying H
along one of the three directions of Vzz at

35Cl. Moreover,
when H is parallel to the direction of Vzz , the quadrupole
line broadening should be significantly reduced, allowing
further narrowing of the line.

Indeed, by rotating the sample in the ac plane, we
achieved a very narrow single 35Cl line with the linewidth
of 10 kHz at θ ∼ 30◦ (see Fig. 2b). When the sample is
reversely rotated by 90◦ (i.e, H is perpendicular to the
direction of Vzz), we also detected a narrow 35Cl line.
These observations confirm that Vzz is directed ∼ 30◦

from the c axis and it is convenient to present the NMR
data for fields parallel and perpendicular to the direction
of Vzz . We therefore define the direction of Vzz as the c′

axis and in the following will present our NMR results
with respect to the c′ axis.

The T -dependence of the 35Cl NMR spectrum at 15 T
are presented for H ‖ c′ and H ⊥ c′ in Fig. 2c. Clearly,
there is no signature of long-range magnetic order, which
would cause a large broadening or splitting of the 35Cl
line. The absence of static magnetic order at 15 T ‖ c′

is consistent with the disappearance of the specific heat
anomaly above 9 T ‖ c′ (see Fig. 4a). Another feature
is the appearance of a new NMR peak that replaces the
original peak below ∼75 K (see the inset of Fig. 2c). This
is due to a first order structural phase transition, which
is also inferred from the magnetic susceptibility [25, 27];
details are provided in the SM.

Figure 2d presents the T dependence of the resonance
frequency ν in terms of the NMR shift K = (ν − ν0)/ν0
where ν0 is the unshifted Larmor frequency. K is com-
posed, mainly, of the three terms: K = Ahfχspin +
Kchem + Kquad where Ahf is the hyperfine (hf) coupling
constant, χspin the local spin susceptibility, Kchem the T
independent chemical shift, and Kquad the second order
quadrupole shift. Since Kquad which is determined by the
charge distribution around the 35Cl nucleus only weakly
changes with T , the strong upturn of K observed at low T
has to be attributed to χspin which is in good agreement
with the macroscopic susceptibility (see Fig. 1c).
The most striking result of our NMR measurements

is the H and T dependence of T−1
1 . Figure 2e shows

the T dependence of T−1
1 at H = 15 T oriented both

parallel and perpendicular to c′. For the discussion of
these data we divide the temperature range in three
parts. At high T above T ∗ ∼ 160 K, T−1

1 follows roughly
the behavior expected for simple paramagnets; T−1

1 is
nearly independent of T . The different absolute values
of T−1

1 for the two orientation of H are ascribed to the
anisotropic hf couplings which are expected in this highly
two-dimensional layered material. Indeed, the compari-
son of the NMR shift and the magnetic susceptibility
gives rise to the sizable anisotropy of the hf couplings,
see the inset of Fig. 2d and the SM for detailed discus-
sion.

As T is lowered below T ∗, T−1
1 increases for H ‖ c′

but it decreases for H ⊥ c′. Since the spin-lattice relax-
ation process is induced by the transverse components of
spin fluctuations (SFs) with respect to the nuclear quan-
tization axis, it is clear that T−1

1 for H ‖ c′ experiences
stronger in-plane and weaker out-of-plane SFs than for
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FIG. 2. a, The principal axis of the electric field gradient Vzz at the 35Cl nuclei is along the shared edges of the RuCl6
octahedra, resulting in three inequivalent 35Cl sites in field. The sample is mounted on the goniometer so that one of the three
axes of Vzz’s lies in the rotating plane. b, When H ‖ c (θ = 0), the 35Cl spectrum is extremely complex and broad. As H is
either parallel or perpendicular to the direction of Vzz, very narrow 35Cl NMR lines were obtained. c, 35Cl NMR spectrum
measured at H = 15 T as a function of T with cooling for two different field orientations. The first order character of the
structural transition is evidenced by the gradual transfer of the 35Cl spectral weight below TS ∼ 75 K, as clearly shown in
the inset. d, NMR shift K as a function of T . The strong anisotropy of K increases rapidly with decreasing T , approaching a
saturated value below ∼ 10 K. The dotted line is the estimated T dependence of Kquad (see the SM for details). The inset shows

the K vs χ plot, which yields the hyperfine coupling constants, A⊥c′

hf = 17.4 kG/µB and A
‖c′

hf = 12.3 kG/µB . e, Spin-lattice
relaxation rate T−1

1 as a function of T . Whereas T−1
1 is nearly T -independent above T ∗ = 160 K, it increases (decreases) for

H ‖ c′ (H ⊥ c′) below T ∗, implying the development of in-plane spin correlations.

H ⊥ c′. Hence, the increase of the T−1
1 anisotropy with

lowering T is an indication of the development of strong
in-plane SFs below T ∗. Remarkably, we find a small
but discernible anomaly at T ∗ for both field orientations.
Thus T ∗ is straightforwardly related to the development
of magnetic correlations upon cooling.

In the low T region, roughly below 50 K, T−1
1 starts

to decrease similarly for both field directions. For the
study of spin dynamics at low T , it is convenient to con-
sider the quantity (T1T )

−1, which is proportional to the
q-average of the imaginary part of the dynamical sus-
ceptibility,

∑
q
A2

hf(q)χ
′′(q, ω0)/ω0, where ω0 is the Lar-

mor resonance frequency, probing low-energy spin ex-
citations. The T dependence of (T1T )

−1 is shown in
Fig. 3a. A broad maximum of (T1T )

−1 occurs near
30 K, being followed by a rapid drop towards low T
in an identical manner for both field orientations. The
rapid decrease of (T1T )

−1 implies a pronounced deple-
tion of spectral weight in the spin excitation spectrum at
low T . The semilog plot of T−1

1 against 1/T drawn in
Fig. 3b unambiguously reveals a spin gap behavior, i.e.,
T−1
1 ∝ exp(−∆/T ), with the activation energy ∆ ∼ 44

and 50 K for H ‖ c′ and ⊥ c′, respectively.

An explanation of the observed spin-gap in terms of
static magnetic order can be ruled out. For example, the
35Cl spectra measured at H = 15 T do not show any
signature of magnetic order down to 4.2 K (see Fig. 2c),
in agreement with the conclusions from specific heat and
magnetization. Moreover, it is difficult to attribute the
extracted large spin gap to some kind of anisotropy gap
occurring in the spin wave spectrum in magnetically or-
dered systems. As displayed in Fig. 3a, the low tempera-
ture behavior of the spin-lattice relaxation is very similar
for both field orientations, indicating that spin dynamics
is nearly isotropic at least in the range of field orienta-
tions (30◦ – 60◦ off the ab plane). Therefore, not only the
measured large gap size but also the isotropic gap behav-
ior contradict any interpretation in terms of anisotropy
gaps. The findings are in particular not compatible with
the gap being due to a saturating ferromagnetic polar-
ization of spins. While the values of magnetisation and
Knight shift strongly depend on the field orientation, the
spin gap does not. In other words, a gap of similar size is
observed for spins close to the AFM alignment (H ⊥ to
the planes) and for the perpendicular direction showing
a much larger magnetisation, which rules out any dis-
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FIG. 3. a, (T1T )
−1 as a function of T measured at 15 T. At

low T , (T1T )
−1 for both field directions reaches a maximum at

∼ 25 K which is followed by a rapid drop upon further cooling.
Inset enlarges the low T region. b, Semilog plot of T−1

1 vs.
1/T unravels a spin gap behavior T−1

1 ∝ exp(−∆/T ). The
deviation from the gap behavior takes place below ∼ 10 K. c,
Strong field dependence of (T1T )

−1 at low T as a function of
H‖c′ . Below 9 T, AFM ordered phase was clearly detected by

sharp peaks of (T1T )
−1. d, The spin gap ∆ is rapidly filled

up with decreasing H‖c′ , vanishing completely at 10 T.

cussion of our data in terms of ferromagnetic polarized
spins. This clear-cut conclusion from the bare experimen-
tal findings is further supported by a detailed theoretical
analysis. Calculating the spin-flip spectrum by Lanczos
exact cluster diagonalization (see SM) shows that the ex-
perimentally observed magnitude and on-set field of the
gap are incompatible with it being due to field-forced
ferromagnetism.

In order to study the H dependence of the spin gap,
we measured T−1

1 as a function of H ‖ c′ in the low T
region. The results are shown in Fig. 3c and 3d. A spin
gap is only seen for H > 10 T. In this field range ∆ in-
creases with increasing H . At H = 10 T our data show
a Curie like upturn of the SFs, i.e. (T1T )

−1 diverges for
low T . Upon further lowering H below 10 T, a sharp
peaks in (T1T )

−1 signals static magnetic order below a
characteristic temperature TN which decreases with in-
creasing H . In the magnetically ordered phase, the 35Cl
spectrum progressively spreads out with decreasing T ,
indicating the incommensurate character of AFM order
[26], see Fig. S3 in the SM for the spectrum in the or-
dered state. Thus, our data for (T1T )

−1 clearly show a
qualitative change of the behavior as a function ofH : the
peak due to static order occurring at low field is replaced
by a spin gap like behavior at H ≥ 10 T. At the bor-

der the spin dynamics suggests quantum criticality, i.e.
a divergence of (T1T )

−1 for T = 0.
To back our NMR findings, we measured the specific

heat Cp/T for H ‖ c′, as shown in Fig. 4a. The specific
heat anomaly associated with AFM order is rapidly sup-
pressed toward 10 T, which perfectly agrees with the T−1

1

results shown in Fig. 3c-d. Further, we confirmed that
at 14 T Cp/T is significantly suppressed in the low T re-
gion, evidencing the opening of a spin gap at H > 10 T.
Quantitative analysis of the gap from specific heat data
at low T is difficult, partially due to uncertainties of the
phonon background. Modelling this background on the
basis of the data of non-magnetic isostructural RhCl3
and assuming a simple exponential law yields a value of
∆ ∼ 20 K at 13.9 T (see the SM) in rough agreement
with the NMR findings.
The data thus indicate a field induced crossover from

a magnetically ordered state at low fields to a disordered
state showing gapped spin excitations in large fields. As
evident from Fig. 3d, T−1

1 deviates from the gap behavior
at very low T and becomes almost T independent. This
suggests short-range SFs coexisting with the spin-gap in
the high field phase. A very clear-cut behavior is found
at higher temperatures T ≥ 10 K. Here T−1

1 changes
systematically with increasing H , yielding the spin gap
∆ that increases linearly with H .

It is interesting to note that for the pure Kitaev model
a magnetic field generates in lowest order perturbation
theory an excitation gap proportional to the field cubed
[8]. In α-RuCl3 certainly magnetic interactions beyond
the pure Kitaev exchange are of relevance [23, 25, 29, 33]
– how the perturbation results for the pure model are af-
fected by the significant residual interactions in presence
of a magnetic field is at the moment an open theoretical
question. Extrapolating the curve to lower fields yields a
threshold value of Hc ∼ 10 T, i.e. the same field where
the T dependence of the T−1

1 changes its qualitative be-
havior from an upturn to a downturn at low T . Fig. 3d
also shows a low T flattening out of T−1

1 indicating the
presence of another very low energy scale for spin dynam-
ics. This feature is likely related to inhomogeneous states
for instance due to magnetic defects. Its becoming sup-
pressed with increasing H is consistent with competition
between partially defect induced magnetism and a spin
gap that increases with H . We find in conclusion that a
magnetic field induces the suppression of slow magnetic
fluctuations as well as the increase of ∆ in the high field
region. These point to the same critical field separat-
ing a magnetically ordered state from a disordered state
exhibiting a large magnetic field dependent spin gap.

Our NMR findings of TN and ∆ as a function of H
are summarized in the H-T phase diagram shown in Fig.
4b. Note that the suppression of AFM order for H ‖ c′

occurs at ∼10 T, which is only slightly higher than ∼9 T
observed for H ‖ ab. This observation is striking because
for H ‖ c′ the field strength projected to the honeycomb
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FIG. 4. a, The dependence of Cp/T on H oriented along
c′ (30◦ off the c axis). With increasing H , magnetic order is
suppressed and completely disappears at 10 T - at 14 T a gap
appears to be present. b, The T -H phase diagram obtained
by NMR and specific heat measurements. TN obtained by
specific heat for H ⊥ c (empty triangle) is compared. The
very low temperature phase for H > 10 T, marked in the
shaded area, is governed by inhomogeneous states for instance
related to magnetic defects. In the QSL region of the phase
diagram the measured field dependence of the spin-gap ∆ is
shown (right axis).

plane is only half the applied one. This suggests that the
AFM order is robust only when H is nearly parallel to
the normal direction of the plane.

Previously it was established on theoretical and exper-
imental grounds that the magnetic interactions between
the quantum spins in α-RuCl3 are well-described by the
Kitaev model, however in the presence of residual inter-
actions which ultimately preempt the QSL state in zero
magnetic field [21–27, 29, 34]. In the pure Kitaev model
at zero-field, the ground-state is an Abelian QSL that is
gap-less [8] and the present observations suggest that the
absence of a gap leaves this Abelian QSL very suscepti-
ble to the perturbing residual interactions that drive the
formation of long-range magnetic order. In finite field,
however, a non-Abelian QSL forms in the pure honey-
comb Kitaev model, which is protected by a spin gap [8].
The data suggest that when the external magnetic field
and gap become large enough it can overcome the energy
scale related to the residual magnetic interactions so that
a QSL emerges.
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Forschungsgemeinschaft (Germany) via DFG Research
Grants BA 4927/1-3 and the collaborative research cen-
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Supplementary Materials to “Observation of a

Field-induced Quantum Spin Liquid in α-RuCl3”

Crystal growth and characterization

High quality single crystals of α-RuCl3 were grown by a
vacuum sublimation method. A commercial RuCl3 pow-
der (Alfa-Aesar) was thoroughly ground, and dehydrated
in a quartz ampoule at 250◦C for two days. The ampoule
was sealed in vacuum and placed in a temperature gradi-
ent furnace. The temperature of the RuCl3 powder was
set at 1080◦C. After five hours the furnace was cooled
to 600◦C at a rate of -2◦C/h. The obtained crystals
were black and have wide shinny surfaces of 3 × 3mm2.
The surfaces are parallel to the ab plane and are easily
cleaved. Their magnetic properties were investigated us-
ing a commercial SQUID magnetometer (Quantum De-
sign, MPMS-5XL). Specific-heat measurements of the
single crystals (3 × 3 × 1 mm3, and m ≈20 mg) were
performed using commercial Quantum Design platforms
(PPMS calorimeter).

Magnetic susceptibility

The temperature dependence of the magnetic suscep-
tibility χ(T ) is presented in Fig. 1c of the main text. De-
pending on the orientation of the magnetic field the tem-
perature dependence of χ(T ) shows qualitatively different
behavior and an analysis in terms of a Curie-Weiss law
reveals Curie-Weiss temperatures with different signs.
While χ(T ) remains very small for fields parallel to the
c axis, it strongly diverges at low T for H ‖ ab sug-
gesting ferromagnetic interactions. Here we expound the
peculiar magnetic properties of χ(T ). As evident from
the temperature dependence of the inverse susceptibility
plotted in Fig. S1a, for temperatures above 120 K χ(T )
follows the Curie-Weiss law. The low-temperature devia-
tion of χ(T ) from the Curie-Weiss law means that short-
range magnetic correlations persist to temperatures on
the order of 120 K. Noteworthy is that a nearly T -
independent magnetic Raman response was observed be-
low 100 − 120 K and was attributed to the system be-
ing in the vicinity of a spin-liquid phase [1]. In addition,
the temperature dependence of the spin-lattice relaxation
rate, T−1

1 , shows a signature of developing in-plane spin
correlations at T ∗ = 160 K (see Fig. 2e of the main text).
The Curie-Weiss fit of χ(T ) in the range of 120 K

to room temperature gives a Curie-Weiss temperature
of ΘCW = −270 K for H ‖ c and 33 K for H ‖ ab.
The very large frustration parameter of |ΘCW /TN | = 42
lends support to the system being in the proximity of a
spin liquid state. The anisotropy of ΘCW suggests that
the easy axis is perpendicular to the c axis. According to
the high temperature expansion formula for the extended

Kitaev-Heisenberg system[2], the anisotropy of ΘCW is
given by (Θc − Θab)/(Θc + 2Θab) = Γ/(3J +K) ∼ 3/2.
Assuming the values of J = −2.9 meV and K = 8.1 meV
from inelastic neutron scattering measurements[29], we
obtain Γ = −0.9 meV. This set of the magnetic parame-
ters determines the Γ−J −K phase diagram. The effec-
tive moment of µeff = 2.72 µB obtained from the H ‖ c
data is larger than µeff = 2.25 µB from the H ‖ ab one.
Noticeably, these values are much larger than the spin
only value of 1.73µB expected for Ru3+ (S = 1/2), sub-
stantiating a large orbital contribution to the magnetic
moment.
In addition to the magnetic anomaly, at high tempera-

tures χ(T ) displays a distinct jump and pronounced hys-
teresis in the warming and cooling process as shown in the
inset of Fig. S1a. This is ascribed to the first-order struc-
tural phase transition[3] from C2/m to R-3. From the
fact that the high-T anomaly is observed only in the out-
of-plane direction, we infer that interlayer interactions
are largely affected by the structural transition while the
intralayer interactions remain intact. Further, we note
that the structure related anomaly in χ(T ) is hardly vis-
ible in other samples. This may be due to substantial
stacking disorders and points at a high quality of our
crystals.
Figure S1c presents the field dependence of χ(T ) in the

low temperature range of T = 2 – 25 K for H ⊥ c. At
H = 0.1 T χ(T ) exhibits a sharp maximum at around 8
K with decreasing temperature, being in agreement with
the earlier reports [3–5]. From the derivative of χ(T )
shown in the inset of Fig. S1c, we identify a magnetic
transition at TN = 6.2 K, but we cannot see any clear
anomaly at 14 K. Compared to the earlier works [3–5],
the transition temperature is lower by a few Kelvins. Ap-
plying an external field, the maximum position and TN
shift to lower temperature. The resulting field depen-
dence of TN is plotted in Fig. S2d (open triangles).
Figure S1d displays the magnetization vs field mea-

sured at 2 K for H ⊥ c and H ‖ c. The anisotropic
magnetization curve M(B) confirms that the magnetic
easy axis is in the ab plane. Indeed, an anticipated spin-
flop transition is discernible at HSF = 0.9 T from the
derivative dM(B)/dB (solid line) when an external field
is applied along an easy axis. Apart from the spin-flop
transition, we observe another magnetization jump at
H = 5.8 T. It is striking that the metamagnetic transi-
tion field of 5.8 T is comparable to an energy scale of TN .
As discussed in the main text and below, this metamag-
netic transition corresponds to a field-induced quantum
phase transition to a quantum disordered phase.

Specific heat

Figure S2 summarizes the temperature dependence of
specific heat Cp/T for the three α-RuCl3 samples taken
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FIG. S1. a, Temperature dependence of magnetic suscep-
tibility measured at H = 0.1 T for a field parallel and per-
pendicular to the honeycomb ab plane. The inset shows a
photograph of the single crystal used for experiments. b,
Temperature dependence of inverse magnetic susceptibility
for H ⊥ c and H ‖ c measured at H = 0.1 T. The black
lines are fits to the Curie-Weiss law. The inset shows a jump
and hysteresis in the magnetic susceptibility associated with a
first-order structural transition. c, Field and temperature de-
pendence of the magnetic susceptibility measured in the field
range of 0.1− 5 T for H ⊥ c. The inset shows a derivative of
the magnetic susceptibility, identifying a magnetic transition
temperature at H = 0.1 and 5 T. d, Magnetization vs field
measured at T = 2 K for H ⊥ c and H ‖ c together with its
field derivative for H ⊥ c. The vertical arrows indicate a spin-
flop-like transition at 0.9 T and a metamagnetic transition at
5.8 T.

at different batches, named sample #1, sample #2, and
sample #3. For all samples, Cp/T shows a λ-like anomaly
at 6.2 K, further confirming the long-range magnetic or-
der. Our data revealed a strain-induced enhancement of
the 13 K transition as shown in panel a. This result is
related to a recent neutron diffraction finding[6] where
the 13 K transition is linked to the ABAB-type stack-
ing fault while the 6 K transition is associated with the
ABCABC-type stacked honeycomb lattice. The mechan-
ical deformation gains prosperity of the ABAB stacking
fault, compared to the unstrained sample #3. As the
long-range magnetic ordering temperature is determined
by an interlayer interaction, this in turn strengthens the
13 K anomaly. In the process of sample preparation for
specific heat measurements, a mechanical strain was in-
evitably exerted on samples while cutting and pressing
the crystals for a good thermal contact between the sam-
ple and calorimeter platform. This strain effect becomes
strong for H ⊥ c due to the large contact area as demon-
strated in panel b.

With increasing field above 7.5 T the peaks of Cp/T at
zero field turn into a weak hump, evidencing the develop-
ment of short-range spin correlations while suppressing

FIG. S2. a, Comparison of low-temperature specific heat
Cp/T between as-grown and mechanically strained sample
#3. b, Comparison of Cp/T of sample #1 between H = 0 and
7.5 T for H ‖ ab. The vertical arrows indicate the magnetic
anomalies. The magnetic orders are strongly suppressed at
H = 7.5 T. c, Comparison of Cp/T of sample #2 between
H = 0 and 9 T for H ‖ c. The magnetic transitions hardly
vary with field. d, Field vs temperature phase diagram of
sample #1 for H ‖ ab. The open circle symbols are the tran-
sition temperatures determined from the specific heat data
and the open triangle symbols are ones from the magnetic
susceptibility.

the long-range magnetic order. We note that the mag-
netic entropy is not conserved at the high-field phase in
the low-temperature range 1.5K < T < 14K because
only a small part of the expected total magnetic entropy
is released at the corresponding temperatures. Much of
entropy release will take place at temperatures higher
than 14 K as the consequence of the thermal fractional-
ization of spins, representing a characteristic signature of
a Kitaev model system. As plotted in panel c, there is
no appreciable field dependence of Cp/T for H ‖ c. It
is notable that mainly a single transition is visible be-
cause the strain is minimized in the sample preparation
for this geometry. Since NMR is a contact-free technique,
the investigated crystals can be assumed to have a nearly
uniform stacking order.
In panel d, we summarize the field-temperature phase

diagram drawn from the sample #3 forH ‖ ab. Applying
an external field above 7.5 T, α-RuCl3 undergoes a quan-
tum phase transition from the long-range AFM order to
the short-range correlated phase.

Specific heat analysis at 13.9 T

The spin gap ∆ was estimated from the specific heat
data measured at H‖c′ = 13.9 T. After subtracting the
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FIG. S3. The specific heat of α-RuCl3 subtracted by the
phononic contribution in a magnetic field H‖c′ = 13.9 T. The
blue line represents a fit using a combined exponential activa-
tion law together with a linear (electronic) term for tempera-
tures up to 10 K.

lattice contribution using the specific heat data obtained
in the isostructural non-magnetic analogue RhCl3, the re-
sulting specific heat Cmag/el was analyzed using the sum
of an activation law and a linear term,

Cmag/el = A exp (−∆/T ) + γT, (1)

where A is the constant (see Fig. S3). The linear (elec-
tronic) term with a small γ is needed because the simple
activation law failed to describe the data at T < 5 K.
The fit of the data up to 10 K using the above for-

mula yields ∆ = 21(2) K with a small γ = 5(2) mJ/mol
K2. Although the obtained ∆ is a factor of two smaller
than that determined by the NMR measurements, it un-
ambiguously confirms the emergence of the spin gapped
phase in the high magnetic fields above 10 T (See Fig.
4).

NMR peak below ∼ 75 K

Below ∼ 75 K, we observed a new NMR peak that
appears at a higher frequency and replaces the original
low frequency peak with decreasing temperature, see the
inset of Fig. 2c. This transfer of the 35Cl spectral weight
is attributed to the change of the EFG associated with
a first order structural phase transition, which is also in-
ferred from the magnetic susceptibility[4, 5] revealing a
weak discontinuous change accompanied by a clear hys-
teresis when comparing measurements upon heating and
cooling. It is interesting to note that TS significantly
differs when comparing the susceptibility and the NMR
results. While χ suggests TS > 120 K upon cooling, a
much smaller transition temperature TS ∼ 75 K is in-
ferred from the NMR data. We attribute this difference
to the well known “mechanical softness” of the compound
which implies that cooling conditions, fixing of samples
etc. strongly affects the samples. In order to avoid any

influence of the hysteretic behavior all data reported be-
low have been measured upon cooling and stabilizing
temperatures for a long time. The data show that the
structural transition has no or only a minor influence on
the magnetism of α-RuCl3 and for the present purposes
can be disregarded.

Estimation of the second order quadrupole shift,

Kquad

Due to the presence of the three inequivalent 35Cl sites
in field, it is challenging to obtain the precise tempera-
ture dependence of the quadrupole frequency νQ and the
anisotropy parameter, η. Nevertheless, it is still possi-
ble to make an approximation of νQ(T ). Assuming ax-
ial symmetry at the nuclei, the second order quadrupole
shift is given by ∆ν(θ) = 3ν2Q/16γnH(1 − cos2 θ)(1 −

9 cos2 θ) where θ is the angle between the principal axis
of the largest EFG, Vzz , and H . Since Kquad disap-
pears for θ = 0, it is only important for H applied per-
pendicular to the axis of Vzz, i.e., for 60◦ off c. From
the angle dependence of the 35Cl spectra (see Fig. 2b),
one can deduce that ∆ν(π/2) − ∆ν(π/6) ∼ 1.5 MHz,
yielding νQ ∼ 14 MHz at 180 K. Phenomenologically, a
thermal contribution to the quadrupole frequency is de-
scribed by νQ(T ) = ν0Q − aT 3/2, where ν0Q is the value
at T = 0.[7] A reasonable behavior of Kquad is then es-
timated, which is shown as the dotted line in Fig. 2d,
choosing a = 4× 10−4.

Determination of the hyperfine coupling constants

with respect to the direction of Vzz at 35Cl

The principal axis of Vzz at the 35Cl does not coin-
cide with the crystallographic axes in α-RuCl3. As there
are also three inequivalent 35Cl sites in field there is no
practical way to obtain the hyperfine coupling tensor in
the unit cell coordinate but it is still possible to obtain
the hf couplings with respect to the axis of Vzz (or 30◦

off the c axis) via a direct comparison with the NMR
shift K. By plotting K against χ (see the inset of Fig.

2d), one obtains the hf coupling constants, A
‖c′

hf = 12.3

kG/µB and A⊥c′

hf = 17.4 kG/µB, respectively, where µB

is the Bohr magneton. Note that, although Kquad(T )
needs to be subtracted for H ⊥ c′, it turns out that its
correction is insignificant. If Kquad(T ) estimated above

is subtracted from K⊥c′ , A
⊥c′

hf is only slightly reduced to
17.1 kG/µB. Therefore, one can conclude that the hy-
perfine coupling constants are highly anisotropic. Since
(T−1

1 )‖H ∝ (A⊥H
hf )2, to a crude approximation assuming

axial symmetry, one obtains

(T−1
1 )‖c′

(T−1
1 )⊥c′

∝
2(A⊥c′

hf )2

(A⊥c′
hf )2 + (A

‖c′

hf )
2
∼ 1.33,
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FIG. S4. Top: Spin-flip spectrum as a function of mag-
netic field. Bottom: comparison of experimental data and
theoretical magnetization curve for H ⊥ c calculated for the
Kitaev-Heisenberg model (Eq.2) in the parameter regime rel-
evant for α-RuCl3 (see Ref. [9]). A field-forced ferromagnetic
state appears for fields larger than critical field ofHc = 23.2T.

which accounts for the anisotropic T−1
1 at high tempera-

tures, as shown in Fig. 2e.

Field-induced ferromagnetic state

The basic magnetic properties of α-RuCl3 can be de-
scribed by a spin-1/2 model on the honeycomb lattice
with dominant Heisenberg and Kitaev terms. The effec-
tive Hamiltonian for a pair of Ru3+ ions at sites i and j
reads [9]

Hij = Jr S̃i · S̃j +KS̃z
i S̃

z
j + µB

∑

k=i,j

H · g · S̃k (2)

where S̃i and S̃j are 1/2-spin operators, Jr are the
isotropic Heisenberg interactions between nearest- (r =
1), second- (r = 2), and third-neighbor (r = 3) sites, and
K is the Kitaev coupling. By the fitting the magnetiza-
tion calculated for a 24 site cluster with the experimental
magnetization curve (Fig.S4, also see Ref. [9]) one obtains
J1 = 2.0, J2 = J3 = 0.5, K = −10.0 (in unit of meV),
and g⊥c = 2.4. Generally, a gap opens once a ferromag-
netic state is stabilized by a large magnetic field. In a
typical isotropic Heisenberg model, it is known that the
gap increases linearly above the saturation field H > Hs,
i.e., ∆ ∝ H − Hs. However, it is a nontrivial question
to find a field of the gap opening in our system (2) be-
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FIG. S5. Comparison of the 35Cl spectrum in the PM and
AFM states obtained at 6.2 T. The spectrum becomes ex-
tremely broad below TN , evidencing the incommensurate
character of the AFM ordering. The lowest frequency of the
spectrum at 5 K was limited by the tuning frequency range
in our experimental setup.

cause a full spin saturation M = Ms can be obtained
only at B = ∞, in a strict sense, due to the presence
of the Kitaev coupling. Thus, in order to estimate the
gap we calculate the excitation spectrum for a spin that
is flipped against the magnetic field (spin-flip spectrum),
which is defined by

I(ω) =
∑

ν

|〈ψν |S
−
i |ψ0〉|

2δ(ω − Eν + E0), (3)

where S−
i is the spin-flip operator at site i, |ψν〉 and

Eν are the ν-th eigenstate and the eigenenergy of the
system, respectively (ν = 0 corresponds to the ground
state). Since the exchange fluctuations are very small in
the forced ferromagnetic state, a quantitative estimation
of the gap is possible even with small clusters.
The spin-flip spectrum calculated by the Lanczos exact

diagonalization technique with 24-site cluster [10] is plot-
ted in Fig.S4 (upper panel). A linear gap opening is seen
in the high-field range, with the onset field H = 23.2 T,
This means that a forced-ferromagnetic state appears at
a critical field ofHc = 23.2 T. Experimentally we observe
that the gap opens at a field ∼ 10 T, which is at least
a factor of 2 lower than the forced-ferromagnetic critical
field. Apart from this, the slope of the experimentally
observed gap vs. field is 8.7 K/T and this is almost a fac-
tor of 3 larger than that of the forced-ferromagnetic gap,
3.1 K/T. On these grounds we can exclude that the ob-
served gapped state corresponds to a simple field-forced
ferromagnetic state.
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