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We discuss the implications that new magnetocaloric, thermal expansion, and magnetostriction data in
«-RuCl; single crystals have on its temperature-field phase diagram and uncover the magnetic-field dependence
of an apparent energy gap structure A(H) that evolves when the low-temperature antiferromagnetic order is
suppressed. We show that, depending on how the thermal expansion data are modeled, A(H ) can show a cubic
field dependence and remain finite at zero field, consistent with the pure Kitaev model hosting itinerant Majorana
fermions and localized Z, fluxes. Our magnetocaloric effect data provide, below 1 K, unambiguous evidence for
dissipative phenomena at H,, a smoking gun for a first-order phase transition. Conversely, our results show little

support for a phase transition from a QSL to a polarized paramagnetic state above H..

DOI: 10.1103/PhysRevB.102.214432

I. INTRODUCTION

The Kitaev model treats S = 1/2 spins on a honeycomb
lattice with bond-dependent interactions and is one of the
few examples of an exactly solvable quantum spin-model
on a two-dimensional (2D) lattice. It has been shown that
its ground state is a quantum spin liquid (QSL) with Majo-
rana fermions and Z, fluxes as fundamental excitations [1,2].
The proposal [3] that Mott insulators with strong spin-orbit
coupling and the correct geometry could display Kitaev in-
teractions and the associated QSL ground state stimulated
significant research into candidate materials. Initially, these
focused on the iridate compounds Li,IrOs; and Na,IrOs,
but more recently significant attention has been paid to
«-RuCl; [4-7] and monolayer of chromium compounds such
as CrSiTes [8,9]. The effective magnetic Hamiltonian for the
materials includes Kitaev terms that may be anisotropic, as
well as Heisenberg and off-diagonal exchange terms. In the
absence of a magnetic field, stoichiometric «-RuCl; single
crystals show a sharp transition to antiferromagnetic (AFM)
order around Ty = 7 K. The RuCl; layers are weakly coupled
by van der Waals forces, and thus stacking faults are easily
formed. These faults along with other defects or disorder lead
to additional transitions, most prominently a broad transition
around 14 K related to a different AFM stacking order [10].
The AFM order in o-RuCl; can be readily suppressed by the
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application of a magnetic field; however, a definitive determi-
nation of the temperature-field phase diagram has proved so
far elusive.

Indeed, numerous studies have recently proposed a field-
induced QSL phase in «-RuClj;, based on the observation of
unusual physical properties [11,12], such as the emergence
of a plateau in the thermal Hall effect [13,14], the opening
of a spin gap from thermal conductivity [15], specific heat
[16], electron spin resonance (ESR) [17], and nuclear mag-
netic resonance (NMR) [18-21] measurements. There are two
types of quasiparticles arising from the fractionalization of the
spin degree of freedom in a QSL: Majorana fermions and Z,
fluxes. Majorana fermions are itinerant, charge-neutral spin-
1/2 particles that are their own antiparticles. They are excited
with a gapless continuum, whereas the localized Z, fluxes
are gapped [1]. In a magnetic field Majorana fermions also
acquire a gap with a cubic field dependence, whereas the Z,
excitations are insensitive to the magnetic field [1]. As pointed
out by Nagai et al. [20] the field dependence of the spin gap
is, however, controversial in the literature with specific heat
and NMR studies reporting a vanishing gap around the critical
field noH. = 7 T as well as a scaling behavior that is in agree-
ment with a quantum critical point at H. [16,18,19], while
other experiments indicate the presence of a finite residual gap
in zero field [17,21,22] or a two energy-gap structure [20].

Here we report in-plane lattice effects that underscore
the strong spin-lattice coupling in «-RuCl; single crystals
in both the AFM order and the field-induced states. This is
complemented with magnetocaloric effect (MCE) measure-
ments performed in pulsed magnetic fields at temperatures
down to 0.56 K. Earlier dilatometry work [23,24] focused
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mainly on the lattice change along the out-of-plane crystal-
lographic direction [0,0,1]. By contrast, we perform thermal
expansion and magnetostriction measurements directly prob-
ing the change of the relevant in-plane lattice parameters along
[1,1,0] using a fiber Bragg grating method (FBG) [25,26].
These results reveal an energy gap, i.e., an energy scale, that,
depending on the modeling, does not vanish at H.. Mag-
netocaloric effect measurements in a *He refrigerator down
to 0.5 K were accomplished in two limits, quasiadiabatic
and quasi-isothermal [27,28], that show previously undetected
dissipative mechanisms closely related to the suppression of
AFM order at H...

II. RESULTS

Single crystal samples of «-RuCl; were prepared us-
ing high-temperature vapor transport techniques from pure
a-RuCl; powder with no additional transport agent [29]. All
crystals reported here exhibit a single dominant transition
temperature of 7y >~ 7 K comparable to other recent studies
[10,30,31], indicative of high-quality crystals with minimal
stacking faults. Characterization carried out by means of mag-
netization measurements on the «-RuCl; single crystals in
a Quantum Design magnetic properties measurement system
(MPMS) is consistent with previous studies [6,19,32].

A. Thermal expansion

Figure 1 shows the thermal expansion vs. temperature of
a-RuCl;. The optical fiber was attached to the side of the
sample parallel to the [1,1,0] crystallographic direction, thus
probing the change of the in-plane lattice parameters. A sharp
dropin AL/Ly = [L(T) — L(Twin)1/Lo, where L is the length
of the fiber Bragg grating (5 mm), can be observed at the
AFM ordering temperature 7y around 7 K. The broad feature
present around 14 K is attributed to the presence of stacking
faults [10]. The magnetization data for the same crystal in
Fig. 1 inset shows a single steplike transition at 7y and no fea-
ture at higher temperatures. However, magnetization can be a
less sensitive probe than specific heat or thermal expansion in
detecting the 14 K transition. Some stacking faults might be
induced by the cutting process, which is unavoidable for this
experiment. The FBG method is potentially more sensitive to
stacking faults in the vicinity of the cut edge than the mag-
netization, which probes the entire sample. A small amount
of residual strain on the sample, caused by the differential
thermal contraction between sample and optical fiber, cannot
be ruled out as well.

The magnetic field dependence of Ty can be tracked by
thermal expansion measurements as shown in Fig. 2(a). The
AFM transition is visible as a drop in the relative change
of length AL/Ly signal at Ty(H) in applied fields up to
6 T, as well as a peak in the coefficient of linear thermal
expansion a(T) = (1/Ly)(dAL/AT) shown in Fig. 2(c). Re-
markably «(T) obtained at H > 6 T show a broad feature
resembling a Schottky-type anomaly indicating the presence
of an energy gap [see Fig. 2(b)]. We, therefore, fit the temper-
ature dependence of the thermal expansion coefficient with
the equation:

a(T) ~ (1)

T2 1+ eA/T)z ’
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FIG. 1. Thermal expansion AL/L, as a function of temperature.
The arrows indicate the onset of the antiferromagnetic ordering tem-
perature 7y at around 7 K (black arrow) as well as the broad feature
present at 14 K (blue arrow). The inset shows the low-temperature
magnetization of the same crystal recorded at a magnetic field of
100 Oe. A depiction of the fiber Bragg grating setup is shown in
the bottom. The magnetic field is aligned along the optical fiber and
parallel to the [1,1,0] crystallographic direction.

where R is a constant and A an energy gap. The presence
of a Schottky-type anomaly in the thermal expansion data is
a somewhat common phenomenon since heat capacity and
thermal expansion coefficient are both second derivatives of
the free energy. The effect has been observed before primarily
in f-electron compounds where the energy gap is associated
with the relatively small crystal field splitting (see, for exam-
ple, Refs. [33,34]). In «¢-RuCl A increases as a function of
the applied field as depicted in Fig. 2(d). Furthermore, A(H)
can be described by a single power law A(H) = Ao + aH?,
where A is the gap value at H = 0. The zero field gap Ag
and the exponent B can be extracted from the fit: One ob-
tains Ag = (14 £0.1) K and 8 = 2.9 £ 0.1. Figure 1 in the
supplementary material illustrates the robustness of the fitting
parameters [35]. The nearly cubic field dependence of A(H)
is consistent with a Majorana fermion gap [1] as seen before
in NMR measurements [20,21]. The finite zero-field gap A
can be associated with the field-independent Z, flux.

Indeed, for magnetic fields below 6 T no Schottky anomaly
can be identified, likely due to the presence of the AFM
transition which dominates the temperature dependence of the
thermal expansion coefficient [see Fig. 2(c)]. Note that the 6-T
curve in Fig. 2(b) already shows a significant drop in « due to
the magnetic ordering; however, it is still possible to fit the
high-temperature tail to Eq. (1) and extract the gap value as
depicted in the graph. Similarly to earlier specific heat mea-
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FIG. 2. (a) Thermal expansion AL/Ly vs. temperature for different magnetic fields. Curves were shifted vertically for clarity. The gray
shaded region indicates the antiferromagnetic transitions. (b) Thermal expansion coefficient « for fields H > 6 T. The solid red lines are
fits representing a Schottky-like behavior according to equation 1 while the curve recorded at 6 T was fitted only for temperatures above
7 K, avoiding the antiferromagnetic transition. (c) Thermal expansion coefficient « vs. temperature at zero magnetic field. (d) The gap A(H)
(squares), indicating a H* behavior (solid red line) and a finite gap Ay at uoH = 0 T. The triangles represents the activation energy extracted

from fits using a single exponential function.

surements [36] we also fit the low-temperature tails of «(7")
with a single exponential activation function «(7') = Ae T
(see Fig. 2 in the supplementary material [35]) which yields a
field-dependent gap [triangles in Fig. 2(d)] that is comparable
with those extracted from specific heat and thermal conduc-
tivity measurements [15,16,36].

B. Magnetostriction

Under an external magnetic field «-RuCl; shows lattice
contraction along [1,1,0] as depicted in Fig. 3(a). The crit-
ical field H., which leads to the destruction of the AFM
order and the onset of a partially field polarized magnetic
phase, manifests as a kink in the AL/Ly vs. H data, where
AL = L(H) — L(H = 0). A second transition at a lower field
H* is evident in the linear magnetostriction coefficient A =
(1/Ly)0AL/0H and corresponds to the transition between
two different AFM phases with different stacking order. These
phases have been identified in the literature [30,37] and la-
beled zz; and zz,. The low field anomaly in o(H ) around 1 T
is likely a redistribution of magnetic domain populations [36].
It is interesting to note that the significant lattice parameter
reduction in the high magnetic field state is, by itself and
independently of the specific functional dependence, chosen
to fit the data, unambiguous evidence for a finite-energy
gap. The magnetostriction curves are almost temperature
independent to 7 =7 K and puoH = 10T aside from the
above-mentioned features that indicate the phase transitions.
The resulting AFM phase diagram of o-RuCl; is shown in
Fig. 3(b) containing both the FBG and MCE data discussed
below. The critical fields were extracted from minima in A(H ).
Our phase diagram and critical fields agree well with the
literature [30,37].

C. Magnetocaloric effect

Results from our MCE measurements are discussed in two
parts. First, measurements under quasiadiabatic conditions
were carried out at temperatures above 2 K by removing the
“He exchange gas, which decreases the thermal conductivity
between the sample and the bath. For these measurements the
magnetic field was also applied along the [1,1,0] axis. The
resulting temperature-field curves shown in Fig. 4(a) display
an almost perfectly reversible behavior on sweeping the mag-
netic field up and down above 7 K, confirming quasiadiabatic
conditions, i.e., virtually no heat exchange with the thermal
bath. The open loops below 7 T, seen as separation between
up and down field curves, are attributable to some irreversible
heating at the phase boundaries characteristic of first-order-
like phase transitions.

The critical fields H* and H, manifest as minima and/or
shoulders in the temperature vs. H curves and were added
to the phase diagram shown in Fig. 3(b). The temperature
drop at critical fields is typical due to the increased mag-
netic entropy in the proximity of phase transitions. The zz,
phase appears to be much narrower in field in the dilatom-
etry data, when compared to the MCE effect. However, so
far we can only speculate about the possible reasons for
this behavior and the difference might also be related to
the criteria chosen to define H* and H.. A small in-plane
sample misalignment (*5°) between the MCE and FBG mea-
surements can lead to a shift in the transition fields and a
narrower zz, phase [37]. Additionally, strain induced by the
thermal expansion mismatch between the optical fiber and the
a-RuCl; sample might also lead to different critical fields,
since the MCE sample is not attached to any substrate or fiber
and thus strain free. The critical field values shown for this
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FIG. 3. (a) AL/L vs. the magnetic field at T = 1.6 K (black 2 049
curve). The arrows denote the critical fields marking anomalies 5
in the derivative A = (1/Ly)0(AL/L)/0H (red line) between the _e 0.48
different AFM phases zz; and zz,, as well as AFM and the par- S
tially field polarized paramagnetic state. The low field anomaly = 047
(blue arrow) is likely caused by magnetic domain flip as mentioned '2] '
in the text. (b) Phase diagram of «-RuCl; extracted from mag- 0.46
netoelastic and MCE measurements. Open symbols represent the ’
transition from the zz, to the zz, AFM state, and solid symbols 045

indicate the transition between AFM order and the partially field
polarized PM state.

type of measurement are in excellent agreement with earlier
reports [30,37].

Adiabatic conditions at temperatures below 2 K are diffi-
cult to realize due to residual liquid “He in the sample space
and adsorbed “He atoms on the sample surface, as well as
the lack of sufficient cooling power in the absence of residual
liquid. In order to study the phase diagram at temperatures
below 2 K, we conducted MCE measurements under quasi-
isothermal conditions (also called “equilibrium® in Ref. [39])
where the sample was immersed in either liquid *He or “He
ensuring a good thermal link between the sample and bath.
This finite (good enough to cool down the sample yet far from
perfect) thermal link results in a finite temperature change
AT as a function of the magnetic field close to the criti-
cal fields and a otherwise constant sample temperature. The
scaled AT vs. H curves, after subtraction of a smooth back-
ground, are shown in Figs. 4(b) and 4(c). Low-temperature
features are enhanced compared to the higher-temperature
data (e.g., the 4 K curve) as a result of the temperature scal-
ing; the raw data are included in the supplemental material
(Fig. 3) [35].

ATrev >> ATirr

AT

quasi-isothermal

} —
H, Field

FIG. 4. (a) Sample temperature vs. magnetic field under quasia-
diabatic conditions. The shaded areas mark the first (blue) and
second (gray) critical field, respectively. The arrows symbolize the
field sweep direction. (b) Relative change of the sample temperature
AT/T as a function of the magnetic field under quasi-isothermal
conditions, after a smooth background subtraction. (c) Expanded
MCE curve at an initial temperature of 1.1 K. (d) Cartoon displaying
the expected quasi-isothermal behavior of the MCE under reversible
(second-order) and irreversible (first-order) conditions [38].
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At temperatures of ~1 K and above our data agree well
with recent results by Balz et al. [30], consistent with a contin-
uous (second-order-like) transition from the AFM state. Due
to magnetic fluctuations and an increased entropy, a reduction
of the sample temperature is observed in the quasiadiabatic
data as the magnetic field approaches H*. After passing the
phase transition the sample temperature slowly relaxes back
toward the bath temperature and further cooling is observed
by crossing the phase boundary at H.. Consequently, a pos-
itive temperature change AT is observed when entering the
AFM phase by decreasing the magnetic field. Under quasi-
isothermal conditions, the magnitude AT is not the same
during the up- and down-sweep due to the different sweep
rates and irreversible contributions. Similarly to Ref. [38] one
can split AT into an reversible and irreversible component
AT = ATy + ATi. The irreversible temperature difference
AT, represents dissipative processes inside the sample which
always lead to an increase in the sample temperature, regard-
less in which direction the phase boundary is crossed.

Remarkably, the MCE curves clearly show irreversible
behavior below 1 K, meaning that while going through the
AFM phase transition in both up- and down-sweep the sample
temperature increases, indicating the release of latent heat
or other irreversible processes such as AFM domain move-
ment. The transition at H* is expected to be first order due
to the coexistence of phases with a different AFM order-
ing vector. The second phase transition at H. also shows
a large irreversible component at low temperatures. Due to
the vanishing entropy and T — 0, AT, becomes smaller
at lower temperatures and A7j, dominates below 1 K. This
strongly indicates a first-order phase transition below 1 K as
opposed to a second-order phase transition which is char-
acterized by a reversible temperature behavior displaying
sample cooling during the up-sweep and heating during the
down-sweep [see Fig. 4(d)]. Whether the transition remains
first order at higher temperatures under quasiadiabatic con-
ditions cannot be clearly determined from our data partially
due to the experimental resolution and overlap with the
transition at H*.

III. DISCUSSION

The first point we want to address in our discussion is the
presence of the energy gap feature which emerges from the
thermal expansion measurements. Due to the connection be-
tween o and c,, it is natural to assume that A can be associated
with the spin gap observed in previous specific heat studies
of wRuCl; even though it is difficult to extract the purely
magnetic contribution to «(7"), one can assume that the non-
magnetic (phonon) contribution to «(7') is field independent.
Indeed, the analysis of the low-temperature activation behav-
ior above H, yields a similar gap size and A(H) behavior
when compared to the specific heat and thermal conductivity
measurements [15,16,36], thus indicating that the exact field
dependence of the spin gap strongly depends on which model
and temperature range is chosen to extract the gap size. Our
approach yields two energy gaps that overall are consistent
with the two-gap structure reported in Ref. [20]. The gap size
and the increasing field dependence are also in agreement with
recently reported ESR and neutron scattering data [30,40].

Note that in those studies a reopening energy gap is observed
for fields below H, that are not captured by our measurements.

Second, we discuss our results in the light of a potential
field-induced QSL phase or proximate QSL behavior above
H.. In the past, significant efforts have been made to reveal
the field-induced quantum spin liquid phase in -RuCl;. Most
prominently, studies of the thermal hall effect [13,14] report
evidence for fractional excitations based on the emergence
of a half integer plateau within a finite field range between
approximately 10 and 11 T for H | [1, 1, 0] [14]. This sug-
gests the presence of additional phased transitions above H,
between the quantum spin liquid and polarized paramagnetic
state. Signs for transitions above H. were detected by MCE
measurements at around 9 T [30] and magnetostriction ex-
periments at approximately 11 T [24]. Other studies reporting
measurements of the magnetic Griineisen parameter and spe-
cific heat [41] as well as ESR [40] show no signatures of phase
transition beyond 8 T.

The magnetoelastic and magnetocaloric data presented
here show no evidence for a field-induced phase transition
above H, even at temperatures as low as 0.57 K. Only a broad
maximum in the isothermal MCE is visible around 12.5 T
(see supplementary material, Fig. S3 [35])—not indicative of
a phase transition.

Note that in this work the magnetic field is aligned per-
pendicularly to the Ru-Ru bonds, whereas in Refs. [24,30,41]
different in-plane field orientations were chosen. This calls for
further studies to evaluate whether additional high field phase
transitions are present for different in-plane field orientations.

IV. SUMMARY

In summary, we conducted new measurements of the lattice
and thermal properties of «-RuCl;. We observe an energy
gap which follows a H3 behavior. It is, however, unclear
whether this behavior can me assigned to fractional exci-
tations as in recent specific heat measurements [42] or if
it can be attributed to conventional magnons [40]. Thermal
measurements for fields applied perpendicular to the Ru-Ru
bonds show clear evidence for a first-order phase transitions
at H* and H.. No signature of a transition between the pro-
posed field-induced quantum spin liquid and the high field
paramagnetic state was found. These results place strong
constraints on any theory put together to explain quantum
critical behavior and the phenomenology of a QSL phase
in «-RuCl;.
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