
 

Field-induced quantum criticality in the Kitaev system α-RuCl3

Citation for published version (APA):
Wolter, A. U. B., Corredor, L. T., Janssen, L., Nenkov, K., Schönecker, S., Do, S. H., Choi, K. Y., Albrecht, R.,
Hunger, J., Doert, T., Vojta, M., & Büchner, B. (2017). Field-induced quantum criticality in the Kitaev system α-
RuCl3. Physical Review B, 96(4), [041405]. https://doi.org/10.1103/PhysRevB.96.041405

DOI:
10.1103/PhysRevB.96.041405

Document status and date:
Published: 13/07/2017

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1103/PhysRevB.96.041405
https://doi.org/10.1103/PhysRevB.96.041405
https://research.tue.nl/en/publications/18a06bd7-113d-406c-aa86-aed3b316deb1


RAPID COMMUNICATIONS

PHYSICAL REVIEW B 96, 041405(R) (2017)

Field-induced quantum criticality in the Kitaev system α-RuCl3

A. U. B. Wolter,1,* L. T. Corredor,1 L. Janssen,2 K. Nenkov,1 S. Schönecker,3 S.-H. Do,4 K.-Y. Choi,4 R. Albrecht,5 J. Hunger,5

T. Doert,5 M. Vojta,2 and B. Büchner1,6

1Leibniz-Institut für Festkörper- und Werkstoffforschung (IFW) Dresden, 01171 Dresden, Germany
2Institut für Theoretische Physik, Technische Universität Dresden, 01062 Dresden, Germany

3Department of Materials Science and Engineering, KTH - Royal Institute of Technology, Stockholm 10044, Sweden
4Department of Physics, Chung-Ang University, Seoul 156-756, Republic of Korea

5Fachrichtung Chemie und Lebensmittelchemie, Technische Universität Dresden, 01062 Dresden, Germany
6Institut für Festkörperphysik, Technische Universität Dresden, 01062 Dresden, Germany

(Received 11 April 2017; published 13 July 2017)

α-RuCl3 has attracted enormous attention since it has been proposed as a prime candidate to study fractionalized
magnetic excitations akin to Kitaev’s honeycomb-lattice spin liquid. We have performed a detailed specific-heat
investigation at temperatures down to 0.4 K in applied magnetic fields up to 9 T for fields parallel to the
ab plane. We find a suppression of the zero-field antiferromagnetic order, together with an increase of the
low-temperature specific heat, with increasing field up to μ0Hc ≈ 6.9 T. Above Hc, the magnetic contribution
to the low-temperature specific heat is strongly suppressed, implying the opening of a spin-excitation gap. Our
data point toward a field-induced quantum critical point at Hc; this is supported by universal scaling behavior
near Hc. Remarkably, the data also reveal the existence of a small characteristic energy scale well below 1 meV,
above which the excitation spectrum changes qualitatively. We relate the data to theoretical calculations based
on a J1-K1-�1-J3 honeycomb model.

DOI: 10.1103/PhysRevB.96.041405

α-RuCl3 is a Jeff = 1
2 Mott insulator with a layered structure

of edge-sharing RuCl6 octahedra arranged in a honeycomb
lattice [1–8]. It has been suggested [9,10] that strongly
spin-orbit-coupled Mott insulators with that lattice geometry
realize bond-dependent magnetic “compass” interactions [11],
which, if dominant, would lead to a quantum spin-liquid
(QSL) ground state as discussed by Kitaev [12]. This exotic
spin-disordered state displays an emergent Z2 gauge field
and fractionalized Majorana-fermion excitations relevant for
topological quantum computation [12–15].

While α-RuCl3 displays magnetic long-range order (LRO)
of a so-called zigzag type, it has been proposed to be
proximate to the Kitaev spin liquid based on its small ordering
temperature and its unusual magnetic excitation spectrum
[16–18]. The magnetic interactions between the Ru3+ mag-
netic moments are believed to be described by a variant
of the Heisenberg-Kitaev model [10]: Electronic-structure
calculations indicate that the Kitaev interaction in α-RuCl3 is
ferromagnetic and indeed defines the largest exchange energy
scale [19,20]. However, the debate about the spin model
most appropriate for α-RuCl3—likely to include Heisenberg
and off-diagonal exchange interactions, possibly also beyond
nearest neighbors—has not been settled [19–28].

The physics of α-RuCl3 in an external magnetic field
promises to be particulary interesting: It has been reported
that magnetic ordering disappears for 8 and 10 T for fields
applied in the ab and c′ (30◦ off the c axis) directions [29–31],
respectively, while for fields perpendicular to the honeycomb
plane, TN does not shift up to 14 T [4]. Interestingly, NMR
measurements with fields in the specific direction H ‖ c′ per-
formed down to 4 K have indicated the formation of a sizable

*Corresponding author: a.wolter@ifw-dresden.de

spin gap at high fields [30]. Additionally, numerical exact-
diagonalization studies of an extended Heisenberg-Kitaev
model found hints for a transition from zigzag magnetic order-
ing to a spin-liquid state when applying a magnetic field [19].

In this Rapid Communication, we report a careful heat-
capacity study of α-RuCl3 down to low temperature T of
0.4 K in in-plane fields up to 9 T. We confirm the field-induced
suppression of LRO at a critical field of μ0Hc ≈ 6.9 T
and provide a detailed account of the field evolution of
the spin gap: This is small below Hc, closes at Hc, and
progressively grows above Hc. The specific-heat data display
universal scaling consistent with the existence of a quantum
critical point (QCP) at Hc. The scaling analysis yields critical
exponents d/z = 2.1 ± 0.1 and νz = 0.7 ± 0.1, where d is
the space dimension and ν and z are the correlation-length and
dynamic critical exponents, respectively. Based on explicit
calculations for a J1-K1-�1-J3 spin model, we argue that the
specific-heat behavior near Hc implies a mode softening at
Hc that accompanies the disappearance of magnetic order.
The observed violations of scaling for T � 3 K indicate the
presence of an intrinsic sub-meV energy scale near the QCP
which we interpret as a signature of Kitaev physics.

Experiment. High-quality single crystals of α-RuCl3 were
grown by a vacuum sublimation method. A commercial RuCl3
powder (Alfa-Aesar) was thoroughly ground, and dehydrated
in a quartz ampoule at 250 ◦C for 2 days. The ampoule
was sealed in vacuum and placed in a temperature-gradient
furnace. The temperature of the RuCl3 powder was set at
1080 ◦C. After 5 h the furnace was cooled to 600 ◦C at a
rate of −2 ◦C/h. The magnetic properties of the crystal were
checked through measurements as a function of T and H

using a vibrating sample magnetometer (Quantum Design)
with superconducting quantum interference device detection
(SQUID-VSM) (see the Supplemental Material [32] for the
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FIG. 1. (a) Temperature dependence of the specific heat, plotted
as Cp/T , of α-RuCl3 for different magnetic fields up to 9 T ‖ ab.
(b) As before, but showing the magnetic contribution to the specific
heat after phonon subtraction on a log-log scale; for details, see text.

magnetic characterization). Specific-heat measurements were
performed on a single crystal (m ∼ 7 mg) between 0.4 and
20 K using a heat-pulse relaxation method in a physical
properties measurement system (PPMS, Quantum Design),
in magnetic fields up to 9 T parallel to the ab plane. In order
to obtain the specific heat of α-RuCl3, the temperature- and
field-dependent addenda were subtracted from the measured
specific-heat values in the sample measurements.

Results. The low-T specific heat Cp/T as a function of
temperature in different applied fields is shown in Fig. 1(a).
The zero-field curve reveals the good quality of the sample,
with a single magnetic transition at TN = 6.5 K determined
from the peak position. By applying a magnetic field, the peak
becomes broader and the transition temperature is gradually
suppressed. Finally, no thermal phase transition is detected for
fields higher than 6.9 T, i.e., magnetic LRO disappears.

In order to extract the magnetic contribution to the low-T
specific heat, the data were analyzed by subtracting the lattice
contribution from the experimental Cp(T ) data by measuring
the nonmagnetic structural analog compound RhCl3 in pressed
polycrystalline form. The difference of mass and volume
between the Rh and Ru compounds was accounted for by
scaling the experimental specific heat curve by the Lindemann
factor [33], which was found to be 0.98. With the aim of
ruling out possible errors due to nonperfect sample coupling
during the measurements, the phononic contribution was also
calculated for RhCl3 by density-functional theory (see the
Supplemental Material [32]). This approach confirmed that
the phonon subtraction based on the experimental data is
consistent with the theoretical calculations for T � 1 K.

FIG. 2. Exponential fit of CmagT in order to extract the excitation
gap for magnetic fields (a) 5 T � μ0H � 6.8 T and (b) 7 T �
μ0H � 9 T. The data at 6.8 T cannot be meaningfully fit by an
exponential, i.e., the gap is too small.

The temperature dependence of the calculated magnetic
contribution to the specific heat is shown in Fig. 1(b). In the
lowest-T region, T � 3 K, an increase of Cmag/T with the
applied field could be observed up to μ0H = 6.8 T. Increasing
the field even further, the opposite behavior is revealed: The
magnetic contribution starts to decrease with field up to the
highest field of 9 T. Hence, low-T entropy accumulates around
6.8–7 T. Remarkably, around 6.9 T, the magnetic specific
heat displays an approximate power-law behavior between
0.4 and 2.5 K, with Cmag ∝ T x with x ≈ 2.5. Together, these
observations imply the existence of a field-induced QCP
[34,35] at μ0Hc ≈ 6.9 T.

Excitation gap. The lowest-temperature data away from
the QCP, with a gradual suppression of Cmag(T ), indicate
the opening of a magnetic excitation gap [Fig. 1(b)]. The
simplest model of a bosonic mode with gap � and parabolic
dispersion in d = 2 predicts that Cmag ∝ exp[−�/(kBT )]/T

(see the Supplemental Material [32]). According to this, the
experimental CmagT data were fitted to a pure exponential
behavior in order to extract the energy gap. The fits are shown
in Fig. 2 and the results in Fig. 4.

Two key observations are apparent: First, the data below
about 1.5 K indeed show an exponential suppression of Cmag,
and the corresponding gap is minimal near the putative QCP
at μ0Hc ≈ 6.9 T. It varies monotonically on both sides of the
QCP, consistent with theoretical expectations [34,35]. (Note
that a symmetry-broken phase below Hc should also display a
gap, as no Goldstone modes are expected due to the presence
of strong spin-orbit coupling.) Second, the data above ∼1.5 K
do not follow an exponential behavior (at least not in the field
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FIG. 3. Scaling plot of Cmag(T ,H ), showing Cmag/T d/z vs
T/(H − Hc)νz, here for μ0Hc = 7 T, d/z = 2.1, and νz = 0.7. The
two panels show fields (a) slightly below and (b) slightly above Hc.
The universal piece in the upper (lower) panel corresponds to the
scaling function f− (f+) in Eq. (1).

range studied here); in fact, Cmag/T between 1.5 and 5 K
appears more consistent with a power law [Fig. 1(b)]. This
indicates that the density of states of magnetic excitations
changes its character at a small energy scale of a few tenths of
a meV [32].

Scaling analysis. In order to further substantiate the
QCP hypothesis, we have performed a scaling analysis of
Cmag(T ,H ). Provided that hyperscaling holds, the critical
contribution to the specific heat is expected [34,35] to scale as

C = T d/zf±(T/|H − Hc|νz), (1)

where f± are universal functions describing the scaling for
H > Hc and H < Hc, respectively, and the argument T/|H −
Hc|νz is made dimensionless by using suitable units. Plotting
the specific heat as C/T d/z as a function of T/|H − Hc|νz,
separately for H � Hc and H � Hc, we find an approxi-
mate data collapse for d/z = 2.1 ± 0.1, νz = 0.7 ± 0.1, and
μ0Hc = 6.9 ± 0.1 T; see Fig. 3 for an example. (Note that the
data cannot be collapsed with d/z = 2.5.) For comparison,
the Supplemental Fig. S5(c) shows the scaling collapse of
specific-heat data obtained from a spin-wave-based model
calculation for a field-driven QCP in a J1-K1-�1-J3 model;
for details, see Ref. [32]. The agreement reinforces the notion
of a field-induced QCP in α-RuCl3.

It is instructive to analyze deviations from scaling in Fig. 3:
(i) None of the data sets realizes the critical power law Cmag ∝
T d/z, indicating that the critical point has not been reached
precisely. The most likely reason is sample inhomogeneities,
e.g., caused by crystallographic domains with different in-
plane orientation. These would lead to a distribution of |H −
Hc| values due to anisotropic g factors and hence to a smearing
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FIG. 4. T -H phase diagram for α-RuCl3 magnetic ordering
temperature and energy gap as a function of the applied magnetic
field ‖ ab. The dashed line corresponds to the fit of the gap function
to � ∝ |H − Hc|0.7. Additionally, the magnetic entropy Smag(T ,H )
is shown in a color scale.

of the QCP. (ii) Only data below ∼ 3 K follow the approximate
scaling; this is particularly clear from Fig. 3(a), where the
specific-heat peaks corresponding to TN do not scale. This
again implies the existence of a small energy scale, only below
which standard quantum critical scaling applies.

Phase diagram. Our findings are summarized in the phase
diagram (Fig. 4), which displays the Néel temperature (from
the peak position in Cp/T as a function of T ) and the gap
values extracted as in Fig. 2. The loss of magnetic order at Hc

is accompanied by the closing of the magnetic excitation gap
�. Figure 4 also shows the magnetic entropy Smag, obtained
from integrating the specific-heat data from Fig. 1(b). Focusing
on Smag(H ) at fixed T , the entropy accumulation near Hc is
clearly visible, as is the gap formation at elevated fields.

According to standard scaling, the gap values should follow
a power law � ∝ |H − Hc|νz. This is approximately obeyed by
the experimental data with νz = 0.7, but deviations are visible
very close to Hc. These deviations could in principle arise from
the transition being weakly first order (in which case the gap
would not vanish at Hc). We have checked this possibility by
performing field sweeps at 1.8 K searching for hysteresis [32].
However, the detected hysteresis in M(H ) is tiny, presumably
arising from defects, such that we can exclude intrinsic first-
order behavior. Hence, the deviations from power laws likely
originate from sample inhomogeneities, as discussed above.
Alternatively, the formation of an additional narrow low-T
phase near Hc appears possible, as theoretically predicted
in Ref. [36] for the classical Heisenberg-Kitaev model; this
requires more detailed low-T measurements as a function of
continuous H .

Mode softening and nature of the high-field phase. We now
return to the specific-heat data and discuss them in the context
of theoretical scenarios for the quantum phase transition (QPT)
at Hc. The data show that LRO is lost above Hc. If the QPT at
Hc is continuous, then this should be accompanied with a soft
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mode, i.e., the high-field phase should display a gapped mode
with gap � → 0 as H → H+

c , with this mode condensation
establishing zigzag LRO below Hc. The specific-heat data
above Hc are consistent with these considerations.

An exciting possibility is that the phase above Hc is a field-
induced spin liquid, accompanied by topological order. Then,
the mode which softens at Hc would presumably correspond
to an excitation of the emergent gauge field (dubbed vison for
a Z2 spin liquid). The field-induced spin liquid cannot exist
up to arbitrarily high fields, i.e., a second QPT at a higher
field Hc2 should exist where the spin liquid is destroyed in
favor of the high-field phase; this has not been experimentally
tested to date. While indications for a field-induced spin
liquid in Heisenberg-Kitaev models were found in numerical
simulations in Ref. [19], a full theory is not available.

Alternatively, the phase above Hc could be adiabatically
connected to the high-field limit, and the soft mode would
then correspond to a high-field magnon. We note that such a
magnon condensation is rather different from that in an SU(2)-
symmetric Heisenberg magnet due to spin-orbit coupling:
First, the zero-temperature magnetization above Hc can be
far below saturation. Second, due to the low symmetry, the
QPT is not of BEC type (z = 2, ν = 1

2 ) but generically in the
Ising universality class (z = 1, ν = 0.630 in d = 2).

We have studied this type of magnon-condensation transi-
tion in the framework of an appropriate J1-K1-�1-J3 model
[20] in some detail (see the Supplemental Material [32]).
Within our semiclassical approach, the critical exponents of
the transition are ν = 1

2 and z = 1. The results [32], including
the value of Hc, appear in semiquantitative agreement with
the experimental data. This lends further credit to the presence
of a field-induced QCP in α-RuCl3 but does not allow us to
conclusively identify the nature of the high-field phase. We
also note that the theoretical calculation shows the presence
of an additional energy scale arising from strong van Hove
singularities in the magnon band structure at high fields.
This energy scale varies approximately linearly with field
above Hc but does not vanish at Hc (see Fig. S6). Note the
distinctly different nature of the apparent excitation gap likely
induced by the van Hove singularity compared to the real
thermodynamic gap at low temperatures T � 7 K extracted in
this work. The apparent gap appears at higher temperatures and
scales differently with H . Beyond the semiclassical limit these
elevated-energy features are likely to lose their sharp-mode

character, possibly due to fractionalization, as has been found
in related models at zero field [37].

Summary. Via low-temperature specific-heat measure-
ments, we have demonstrated that the frustrated magnet
α-RuCl3 displays field-induced quantum criticality at μ0Hc ≈
6.9 T applied in the ab plane. The high-field phase is charac-
terized by a field-induced gap to magnetic excitations, which is
clearly visible below ∼2 K. Our scaling analysis of the low-T
specific-heat data yields estimates for the critical exponents
d/z = 2.1 ± 0.1 and νz = 0.7 ± 0.1, consistent with Ising
universality. While we cannot draw conclusions about the
nature of the high-field phase, we believe that the hypothesis
of a field-induced spin liquid deserves further studies.

Importantly, the data also reveal the existence of a sub-meV
energy scale near the QCP, above which the nature of the
excitation spectrum changes. It is conceivable that this scale
corresponds to a crossover from more conventional dispersive
modes at low energies to exotic fractionalized excitations
driven by Kitaev interactions. Studying the evolution of these
excitations at higher fields is an exciting task for the future.

Note added. Recently, we became aware of parallel works
[38,39] documenting related studies of α-RuCl3 in a magnetic
field. While Ref. [38] reported gapped magnetic excitations
at fields above Hc, the results of Ref. [39] were interpreted
in terms of gapless excitations in this regime. Interestingly,
Ref. [38] quotes the order-parameter exponent at Hc to be
β = 0.28, in reasonable agreement with the Ising value 0.326,
suggesting a conventional Ising transition. However, in both
Refs. [38,39] the measurements were restricted to temperatures
above 2 K. Our data show that lower temperatures are required
to reach the asymptotic regime.
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