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Thermodynamics of the Kitaev honeycomb magnet a-RuCls is studied for different directions of
in-plane magnetic field using measurements of the magnetic Griineisen parameter I's and specific
heat C. We identify two critical fields BAF! and BAF? corresponding, respectively, to a transition
between two magnetically ordered states and the loss of magnetic order toward a quantum param-
agnetic state. The B2F2 phase boundary reveals a narrow region of magnetic fields where inverse
melting of the ordered phase may occur. No additional transitions are detected above BAY? for
any direction of the in-plane field, although a shoulder anomaly in I'p is observed systematically
at 8 —10T. Large field-induced entropy effects imply additional low-energy excitations at low fields
and/or strongly field-dependent phonon entropies. Our results establish universal features of a-
RuCls in high magnetic fields and challenge the presence of a field-induced Kitaev spin liquid in

this material.

I. INTRODUCTION

The Kitaev honeycomb model offers a possible prac-
tical route toward a quantum spin liquid with exotic
fractionalized excitations and potential applications in
topological quantum computing [1, 2]. The 4d layered
honeycomb material a-RuCls is one of the best exper-
imental realization of this model available so far [3-5].
However, it develops long-range magnetic order in zero
magnetic field and may only be proximate to the elusive
Kitaev spin liquid (KSL) [6, 7]. Tuning a-RuCls by pres-
sure [8, 9] or chemical substitution [10] is hampered by
unwanted effects of dimerization and magnetic dilution,
respectively. On the other hand, magnetic fields applied
within the honeycomb (ab) plane can act as a very clean
tuning mechanism that eliminates magnetic order above
B.=70-75T [11-13].

The physics within this region without magnetic or-
der are subject of significant debate. On the one hand,
a half-integer plateau in the thermal Hall conductivity
(THC) as expected for the KSL phase has been reported
[14]. However, spectroscopic measurements find exci-
tations that are expected for the topologically trivial,
partially-polarized phase [15-17]. To scrutinize this, re-
cent studies compared the effects from rotating the mag-
netic field within the plane against the expectations for
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the KSL: For the Kitaev model under most in-plane field
angles ¢, the KSL would be gapped and show a quan-
tized THC with ¢-dependent sign. Yet for fields parallel
to a bond (¢ = n-60°, n € Z [18]), the KSL would
be gapless and show no THC. Experimentally, the sign
structure of the THC was indeed observed in a-RuClg
[19]. However, for in-plane fields, the same sign structure
is expected for the partially-polarized phase, suggesting
that the dependence of the THC with ¢ alone at the ac-
cessed temperatures cannot distinguish between the sce-
narios [20]. The gaplessness of the field-induced state
for distinct ¢ (as predicted for the KSL) however would
be a property clearly incompatible with the partially-
polarized phase. Accordingly, the ¢-dependent gap was
recently investigated by Tanaka et al. [21]. From analy-
sis of their low-temperature specific heat measurements,
a gapless behavior for ¢ = n-60° and gapped behavior for
¢ # n-60°, as expected for the KSL, was reported [21].

Another pertinent question is the occurrence of a phase
transition upon entering and leaving this putative QSL
as a function of field. No conspicuous signatures of such
transitions are found in recent studies using various ther-
modynamic probes [22, 23]. Here, we employ the mag-
netic Griineisen parameter (I'g) and specific heat (C) to
map out the field-angle, field-strength and temperature-
dependent phase diagram of a-RuCl;. These demon-
strate the absence of further phase transitions beyond
the magnetically ordered region for any in-plane angle of
the magnetic field. We furthermore uncover a finite re-
gion where inverse melting of the antiferromagnetic phase
may occur and track shoulder-anomalies in I'g within the
quantum paramagnetic region. In addition, the combi-
nation of I'p and C' allows to directly resolve entropy-
differences between states at different field strengths and
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angles. These reveal an unexpectedly large loss of en-
tropy from the zero-field gapped ordered phases to the
quantum paramagnetic region, independent of in-plane-
angle of the field.

II. METHODS
A. Experimental Details

The field-dependent measurements of specific heat (C)
and magnetic Griineisen parameter (I'g) were performed
in a dilution refrigerator using the relaxation method
for C' (see App. B) and the high-resolution alternating-
field method for I'p [24]. The background of the cell
was subtracted from the raw data, unless stated other-
wise. The magnetic field orientation in the honeycomb
plane of a-RuCls was adjusted by tilting the cell, includ-
ing the sample platform, using brass wedges with differ-
ent angles [Fig. 1(a)]. The crystal with a thickness of
~ 1 mm was mounted with the honeycomb planes on the
platform and the cell is attached to the cryostat sample
holder, such that the magnetic field always points in the
planes. Rotating the cell by the wedges results in a vari-
ation of the in-plane field angle. This way, we measured
several configurations and determined the critical fields
BAFL2 By comparing these results to ac-susceptibility
measurements [25], we calibrated our field orientation rel-
ative to the [010] direction which we defined as ¢ = 0°.
Here, we used the near six-fold symmetry which has fur-
ther been validated by the angle-dependency of specific
heat [21]. Note that our previously measured field di-
rection ¢ = 20° [23] as defined in the main text used
a slightly modified setup. Strictly speaking, this corre-
sponded to a value of ¢ = 100°, which is equivalent to
¢ = 20° in the angle-field phase diagram [Fig. 2]. In the
same way, ¢ = —5° is equivalent to ¢ = +5°. The ex-
cellent agreement of our angle-field phase diagram with
the ac-susceptibiliy measurements further approves the
six-fold symmetry of the BAF! and BAF? transitions.

Samples with a small heat capacity compared to that
of the cell require a careful background subtraction for
the Griineisen parameter I'g. First, the total value I' g tos
has to be measured which includes both cell and sample
contributions. Second, the heat capacities Cs, and Cgep
of, respectively, the sample and cell are needed. Together
with I' g cell, the sample’s Griineisen parameter is calcu-
lated according to Ref. [23]:

(T'B,tot — I'm,cen) - (1)

As a result, the background subtraction is not feasible
in the absence of C(B). Considering huge time require-
ments for such a measurement, as opposed to the mea-
surement of I'g, we chose not to perform it for each tem-
perature and field direction and used the raw data in our
analysis.
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FIG. 1. (a) Rotation of Griineisen and specific heat setup
by using brass wedges (Cj‘ perpendicular to sample platform,
magnetic field orientation indicated in the sketch). Note that
« is not equivalent to ¢ which is assigned by comparing the
critical fields to ac-susceptibility measurements [Fig. 2]. (b)
Cell background subtraction for [110] at 1 K following Eq. (1).
Raw data denote the Griineisen parameter from both cell and
sample. For the background measurement, I'g cen was mea-
sured independently with magnetic field applied perpendicu-
lar to the cell platform. Since no field dependency is expected
for the cell, all subtractions use the same background mea-
surement. Despite the subtraction, the positions of BAT! and
B2¥? are unaffected. (c) At high fields far beyond B2F2) the
background is responsible for the negative I'g values. The
characteristics of I'g(B), however, is again untouched by the
background subtraction.

In Fig. 1b, we exemplarily show background subtrac-
tion for I'p at 1 K. One sees that the cell background is
negligible in the vicinity of BAF! and B2F2, so the raw
data can be safely used for the determination of critical
fields. The background contribution becomes more sig-
nificant above B2F2 where specific heat of the sample



decreases. Here, the background is responsible for the
apparent negative values of I'g above 10 — 12T, while
positive values are recovered once the background con-
tribution is subtracted [Fig. lc]. Therefore, we argue
that I'p of the sample remains positive even well above
B?FQ. We also note that, should any phase transitions
occur above B2F2 they would of course show up also in
the raw data.

The same high-quality single crystal as in Ref. [23] was
used. It was grown by vacuum sublimation [26], and its
quality was checked by heat-capacity as well as suscepti-
bility measurements [23].

B. Model for Exact Diagonalization

To compare our measurements of I'g to expectations
from such extended Kitaev models, we employ exact di-
agonalization on a two-dimensional 24-sites honeycomb
cluster with C3 symmetry. To access I'p at small fi-
nite temperatures, we follow the method applied for the
theoretical calculations in Ref. [23]. While these two-
dimensional calculations cannot capture the transition
BAFL related to the change of the out-of-plane order-
ing wave vector, other properties like B?F 2, the magni-
tude and sign of I'g and possible occurrences of shoulder
anomalies may be compared qualitatively.

In extended Kitaev models, the three nearest-neighbor
bonds of the honeycomb lattice are defined as X1, Y1, Z;
bonds depending on their orientation. Second-neighbor
Xa, Yo, Zo (third-neighbor X3, Y3, Z3) bonds within the
plane are then defined as those orthogonal (parallel) to
the directions of the respective X1, Y1, Z1 bonds. The ef-
fective magnetic Hamiltonian for Z,-bonds (n € {1,2,3})
then reads

= 3 [JuSi- S, + K, ;87 + T, (SPSY + 575%)
(i5) 2y,
+ I, (8787 + 5757 +

Hy

SYS:+8:5Y)], (2

with effective spin—% operators S;. The Hamiltonians for
X, and Y, bonds can be obtained by cyclic permutation
of spin components (z,y,z) in Eq. (2). Furthermore, a
Zeeman term Hyze. = —ppy ;B -g-S; can contribute
with magnetic field B and the g-tensor g. If K; is the
only finite exchange coupling and B = 0, the model re-

duces to the exactly solvable Kitaev honeycomb model.

III. RESULTS

A. Inverse melting at critical fields BAFL/2

In Fig. 2, we show the measured field dependence of
I'p(B) = —(0M/0T)/C up to 14T for several in-plane
field directions. We also performed a measurement with
the field perpendicular to the ab-plane (B || ¢*) that re-
turned I'p &~ 0 up to 14T [empty circles in Fig. 2(a)].
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FIG. 2. Angle dependence of the magnetic Griineisen param-
eter I'p at 2K (raw data). The critical fields of the phase
transitions BAF! and B?Fiare shifted for different in-plane
field orientations, from (a) B || [110] to (d) B || [010]; the data
for ¢ = 20° are from Ref. [23]. The inset in (c) shows the
excellent agreement with the critical fields determined from
ac-susceptibility measurements [25]. No further phase transi-
tions are observed above B2Y? for all field directions up to at
least 14 T. The measurement perpendicular to the honeycomb
plane (B || ¢*) in (a) excludes any out-of-plane contribution.

This behaviour is to be expected since no field-induced
transitions should occur in the out-of-plane field within
the field range of our study [12, 27-29], and even the
Néel temperature of a-RuCls does not change appre-
ciably. This confirms that all features observed in our
measurements arise from in-plane fields and can not be
caused by sample misalignment.

Our data shows two phase transitions as a function of
field strength. The dominant feature is the sign change
of T'p from negative to positive at BAT2, which is equiv-
alent to an entropy maximum at a second-order phase
transition. It marks the phase boundary between the
long-range-ordered and quantum paramagnetic regions of
a-RuCls. A somewhat weaker signature identifies BAF!
as a first-order transition between two different antifer-
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FIG. 3. Field dependence of the magnetic Grineisen parameter I'g (raw data) for several temperatures with the in-plane
magnetic field B applied parallel (a) to [110], and (b) to [010]. B2 is the point where I's changes sign and indicates the
transition between long-range-ordered and quantum paramagnetic states of a-RuCls [23]. At higher temperatures, B2F2 ghifts
towards lower fields due to thermal fluctuations. However, below 2K an opposite behavior is observed, suggesting that the
phase boundary is non-monotonic (c,d). The phase transition inside the AF state at BAF! is most likely of first-order and,

thus, manifests itself in a maximum of T'p, which is clearly visible for B || [110]. By increasing the temperature the maximum

is suppressed and gradually shifted toward lower fields. A very similar behavior is observed for B || [010], yet the determination
of BAF! is significantly more difficult due to the proximity to BAF? (see App. A).

romagnetic (AF) ordered states [10] caused by a change
in out-of-plane ordering [25]. In this case, the transi-
tion point is determined by a maximum in I'g(B), which
is equivalent to a smeared negative step in the entropy.
Note that Fig. 2 depicts the raw data of I'g(B) since
subtraction of the cell background was not possible for
all curves. This neither affects the values of the critical
fields BAF12 nor changes their evolution at high fields
that will be discussed in the following.

Rotating the field strongly influences the positions of
both BAF! and BAF? illustrating the in-plane anisotropy
of the system (compare Fig. 2 (a)-(d)). This anisotropy
is most pronounced for the [110]-direction (Fig. 2(a)),
where already small changes of ¢ influence B2F1:2. Both
absolute values of the critical fields and their angular
dependence match perfectly the results of previous ac-
susceptibility (') measurements [25], where critical fields
were determined from peaks in /. This validates our
procedure for the evaluation of BAF! and BAF? and al-
lows their measurement over a broad temperature range,
as I'p is generally more sensitive to field-induced phase
transitions than, e.g., specific heat.

We will take advantage of this unique sensitivity to
probe the presence of field-induced phase transitions
above B2F2 but first we discuss peculiarities of the crit-
ical fields BAF! BAF2 a5 a function of temperature.

Fig. 3(a) shows the field-dependent raw data of I'p

for several temperatures and the field applied along the
[110)-direction. For 7" > 2K, the critical field BAF?
(marked by the sign change of ') shifts to lower fields
with increasing temperature. This behavior is expected,
since the stability of a symmetry-broken phase (B <
BAF2) is usually decreased by temperature. However,
below 2 K an opposite behavior is observed, resulting in
the non-monotonic phase boundary of BAF? [Fig. 3c].
A very similar temperature dependence of BA¥? is also
detected for B || [010] [Fig. 3b,d] and verified by indepen-
dent specific heat measurements, where B2F2 manifests
itself by a peak [Fig. 4]. Below 2K, we find excellent
agreement between the BAF2 values from T'p and C. At
higher temperatures, the peak in the specific heat broad-
ens, and the determination of BAF? from the peak posi-
tion becomes less accurate than from the sign change in
I'p. Temperature dependence of BAF! shows an overall
similar behavior, except for the fact that the temperature
dependence of BAF! is monotonic for B || [010].

The peculiarities of the phase boundaries are inde-
pendently confirmed by field dependence of the mag-
netic entropy obtained as AS = — [ dBT gC using the
Maxwell equation (05/0B) = (OM/0T) [Fig. 4]. The
Clausius-Clapeyron equation requires that dBéW1 /dT =
—AS/AM, where AS and AM are changes in, respec-
tively, entropy and magnetization across the transition.



Since AM > 0, dBAF1/dT > 0 implies a negative con-
tribution in the entropy due to BAF! (ASAF! < (), and
indeed we observe the reduction in AS around BAF! for
B || [110] (Fig. 4(a)) but not for B || [010] (Fig. 4(b)).

As likely no symmetry is broken for B > B2F2. the
non-monotonic phase boundary implies a narrow range
of magnetic fields, near 7.0 T for B || [110] and 7.6 T for
B || [010], where the system upon cooling first enters
a magnetically ordered state (AF2) and at lower tem-
peratures becomes disordered again. Such inverse melt-
ing behavior has been predicted theoretically for some
anisotropic spin models [30-32]. It may therefore be an
interesting future avenue for theory to also search for in-
verse melting in extended Kitaev models.

From the integrated entropy differences, we note that
the total observed field-induced entropy release from
zero field, S(0T) — S(14T) ~ 0.65mJmol ' K~! (here
at T = 1K, ¢ = 0°), appears to be much larger
than the maximum magnetic entropy that one would
expect in the zero-field antiferromagnetic phase with a
gap A > 1.5meV (inferred from inelastic neutron scat-
tering [13, 33]) [34]. Therefore, there are either addi-
tional low-energy magnetic excitations at B = 0 below
the resolution of neutron scattering [35, 36], and/or the
significant magnetoelastic coupling of a-RuClz [22, 36—
38] leads to a strongly field-dependent phonon entropy
through magnetostriction-type effects.

B. Beyond magnetic order (B >B2?)

Having established boundaries of the magnetically or-
dered phases in a-RuCls, we now proceed to the evolu-
tion of the system in the quantum paramagnetic region
above BAF2. Here, several measurements of thermal Hall
effect reported the half-integer plateau [14, 19, 39] — at
~9Tto~ 11.5T for B || [110] [19] — and also suggested
an extreme sensitivity of this measurement to the sample
quality [39]. If this thermal Hall plateau originates from
a gapped topological KSL as suggested by these reports,
phase transitions to the bordering topologically trivial
phases should occur. These would happen either through
gap closing or be first order. Our data firmly excludes
the former possibility for a-RuCls, since no sign change
from negative to positive is observed in I'p above BAF2
at any field direction [Fig. 2] and temperatures down to
0.5K [Fig. 5]. Instead, I'p appears to asymptotically ap-
proach zero at high field strengths for all angles [Fig. 2],
which would be consistent with the behavior of a single
partially-polarized phase above B2F2. Before discussing
the alternative scenario of a first-order transition out of a
putative KSL, we inspect I'g for further possible anoma-
lies aside from sign changes.

The only conspicuous feature in I'g at 1 K above BAF?2
is a shoulder for B | [010], setting in at 9.3T [Fig. 5,
yellow symbols]. This can be paralleled to similar weak
anomalies reported previously in the magnetocaloric ef-
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FIG. 4.  Field-dependence of specific heat C' and entropy
increment AS for in-plane fields parallel to (a) [110] and (b)
[010] at 1 and 2K, scaled by T? for better comparison. No
signature for any phase transition beyond B2F? is visible up
to 14 T. The most prominent part arises from the peak at the
phase transition B2F2 for both field directions. While BAM!
can also be identified in (a) C(B) and AS(B) by another
peak, respectively, it is not pronounced in the measurements
for (b), most likely due to the closeness to BAF2,
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FIG. 5. Close-up of high-field part of 'z at 1 K. Any pur-

ported phase transition is absent above B2F2 up to 14 T, and
I'p goes to zero due to very tiny remaining entropy [Fig. 4].
The shoulder reported in [23] for ¢ = 20° indicative for ex-
cited level crossing is also visible for B || [010], roughly setting
in at the same position of ~ 9.3 T. Additionally, a weaker sec-
ond kink is present at 8.6 T. For B || [110] a similar change of
slope can be identified at ~ 8.2T as the only anomaly above
B2F2 . Shown in the inset, the measurements at 0.5 K confirm
the aforementioned results with the lacking phase transition
and the more clearly visible anomalies. Note that the nega-
tive values of I'g are caused by the cell background, which
could not be subtracted at 0.5 K.

fect (¢ = 20°) [40] and magnetostriction ([010]) [37]. In



contrast, for B || [110], no clear shoulder is visible. How-
ever, a rather abrupt change of slope at ~ 8.2 T is present
(Fig. 5, magenta dotted line), which can be interpreted
as a shoulder superimposed on the rapidly decreasing
I'p ~ 1/(B — BAF2) in the vicinity of B2F? due to crit-
ical fluctuations [41]. Interestingly, a similar feature can
be identified for [010], too [Fig. 5, yellow dotted lines].
By reducing the temperature to 0.5 K, these anomalies
become more prominent, possibly with two shoulders for
B || [010] [inset Fig. 5]. Previously, we assigned such a
shoulder feature to a level crossing in low-energy exci-
tations [23]. Our data in Fig. 5 suggest that the field
strength at which this occurs has only a weak depen-
dence on the in-plane field direction, qualitatively con-
sistent with an ab-initio-derived microscopic model of a-
RuCls [38], see Sec. ITI C. This observation is also in line
with recent spectroscopic measurements suggesting only
a weak dependence of I'-point (q = 0) excitations on the
direction of the in-plane field [16, 42].

While we ruled out a continuous transition above
BAF2 we now investigate the possibility whether these
anomalies and/or other features in our data could sup-
port a first-order transition out of a KSL phase. Such a
first-order scenario was put forward recently [21], where
both the putative gapless (¢ = 0°) and gapped (¢ # 0°)
KSLs would experience first-order transitions towards a
gapped topologically trivial phase at B 2 10 T. We there-
fore examine field-dependent entropy changes, obtained
as AS = — [dBTpC. These are shown for ¢ = 30°
and ¢ = 0° in Fig. 4, where each entropy curve has
been shifted such that AS(14T)= 0mJK~!mol~!. No
anomalies are detected in AS above BAY2 for either field
direction and up to 14 T. For ¢ = 30°, the gap within the
putative KSL would be the largest, such that a first-order
transition to another phase with comparable gap may be
hard to detect. However, for the putative gapless KSL
along ¢ = 0°, one would expect significant latent heat to
be released at a first-order transition to a gapped state,
which we however do not observe. Instead, entropy ap-
pears to shrink asymptotically with field strength, consis-
tent with a continuously growing gap in a single partially-
polarized phase above BAF2.

C. Comparison to Exact Diagonalization Results

We discuss two representative models that have been
shown to be qualitatively consistent with numerous
experimental observations in a-RuCls. Fig. 6(a,b) shows
results for I'p for the minimal model of Refs. [43, 44]
(from here on “model A”), whose nonzero magnetic
couplings are (J1, K1,T1,J3) = (—0.5,—5,2.5,0.5) meV
and where (gap,gex) = (2.3,1.3). Fig. 6(c,d) shows
results of the ab-initio derived model of Ref. [38]
(“mOdel B”)a (J17 K17 F17 F/17 KQa F2a F/Qa J37 K?n F37 Fg) =
(—5.66,—10.12,9.35,—0.73, —0.18,0.06,0.03, 0.2, 0.25,
0.04,—-0.07) meV and g, = 2.36, where we omitted
weak second-neighbor J, and Dzyaloshinskii-Moriya ex-

changes. Both models feature zigzag antiferromagnetic
order at zero magnetic field and a single phase transition
under in-plane magnetic fields to a partially-polarized
phase. Within the antiferromagnetic phase, I'p is found
to be negative up to the critical fields (corresponding
to the suppression of magnetic order, BA¥2) near to
6 Tesla. At these critical fields, a sign change in I'g
occurs. The fact that I'p does not diverge at B2F2 and
only shows a delayed maximum at higher field strengths
is likely a finite-size effect of the calculation, as the
gap can not fully close at a continuous transition on a
finite cluster. Various universal features found in our
measurements are nevertheless captured qualitatively:
The field strength at which the sign change takes place
shows the correct dependence on the in-plane angle in
both models [blue vertical lines in Fig. 6], with highest
magnetic fields for ¢ = 0° and lowest for ¢ = 30°. While
model A shows no anomalies beyond the sign change and
maximum in 'z, model B features shoulder-anomalies at
higher field strengths [orange vertical lines in Fig. 6(c,d)].
Such anomalies are found in various extended Kitaev
models that are proximate to competing phases at
finite fields, but do not enter them [23]. They occur
as a result of field-induced level crossings in the lowest
excited states within the partially-polarized phase and
appear as a negative jump in I'g for T' — 0K, that is
smeared out at finite temperatures. In the present model
B of Ref. [38], both the position of the sign change,
and that of the should-anomaly are found to shift to
lower field strengths upon rotating from ¢ = 0° to
¢ = 30°. This behavior is qualitatively consistent with
the anomalies observed in experiment [Fig. 4 of main
text], however in the present set of ab-initio parameters
occurs at much higher field strengths. This might be
a result of finite-size effects and/or could be refined by
adjusting these parameters. We also checked the effect
of magnetic fields perpendicular to the honeycomb plane
(B || ¢*) [black points in Fig. 6(a)]. In accordance with
our measurement, the Griineisen parameter is found
to be approximately zero for this direction (up to field
strengths of ~ 33T in model A).

IV. CONCLUSION

In summary, our comprehensive thermodynamic study
of a-RuCl3 revealed several universal features of this
material that do not depend on the direction of the
in-plane magnetic field. For the magnetically ordered
phases B < B2 the phase boundary separating them
from the quantum paramagnetic state is non-monotonic,
suggesting a narrow region of inverse melting. The in-
plane anisotropy manifests itself in the different stabil-
ity range of the intermediate ordered phase observed be-
tween BAF! and BAT2. For the quantum paramagnetic
region B > BAF2 our data is clearly inconsistent with
the existence of an additional continuous transition and
also speaks against a first-order transition. This applies
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FIG. 6. Numerical results for I'g in two extended Kitaev models and different field directions. Blue vertical lines mark sign
changes in I'p, orange lines mark shoulder anomalies. (a,b) Results for the model of Refs. [43, 44] (“model A”). (c¢,d) Results
for the model of Ref. [38] (“model B”), whose small second-neighbor J» and Dzyaloshinskii-Moriya interactions were neglected.

both for field angles where a gapless Kitaev spin lig-
uid (KSL) and angles where a gapped KSL have been
proposed, implying that the plateau in the thermal Hall
conductivity in a-RuCls does not go along with a topo-
logically nontrivial KSL. Instead, the observed thermo-
dynamics are qualitatively consistent with a single phase
above B2AF2 with a monotonically growing excitation gap.
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Appendix A: More details about I'p

Here, we present our Griineisen parameter study in
more detail. Fig. 7 illustrates the whole field range from
0 to 14T for the field applied along (a) [110] and (b)
[010] at 1 and 2K, respectively. As already discussed
before, the main signatures result from BAF2 and BAF!,
the latter being weakest for [010]. The sign change due
to an entropy maximum at ~2 T from [23] is reproduced
and likely related to domain reconstruction, as reported

(@) [¢ =30°,[110]

FIG. 7. Field dependence of the magnetic Griineisen param-
eter I'p over the whole measured range from 0 to 14 T for the
different field orientations (a) [110] and (b) [010], respectively.
The main signatures are the transitions at B2¥2 and BAFL.
The sign change at ~2T from [23] is reproduced and likely
results from domain reconstruction [11].

previously [11].
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FIG. 8. Detailed I'p measurements used for the determination of BA¥! and B2F? for (a,b) [110] and (c,d) [010]. Raw data
without cell background subtraction are shown, because corresponding specific heat data were not always available. This does
not affect the positions of BAF! and B2F2, as explained in the text. The transition B2 is easily identified as the sign change
from negative to positive for all temperatures and field directions. (a,b) [110] direction. The maximum indicative of B2¥?" is
clearly visible at temperatures below 2.5 K (black and orange arrow) and broadens toward higher temperatures transforming
into a kink at 4 K (purple arrow), and finally vanishes. (c,d) [010] direction. Here, the determination of B2¥ is hindered by the
proximity to the dominant transition at BA¥2 The 2K data show a maximum (red arrow) that develops into a broad shoulder
at 1 K (black arrow), and becomes fully screened by the increasingly sharp feature at BAF2 toward lower temperatures. Above
2.5 K, the maximum becomes a kink (orange and purple arrow) and vanishes, similarly to the [110] orientation.
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FIG. 9. Field dependence of I'p at (a) 1K and (b,c) 500 mK (no background subtraction available due to lack of C(B)). (a)
More field directions at 1 K. (b) At 500 mK, BAFL and BAY? are very well resolved for all field directions. As already shown
previously, the subtraction of the background does not change the position of any anomaly in I'g(B). (c) Zoom-in into I'p

above BAF2. Shoulder-like anomaly (ies?) visible which is most pronounced for B || b.

Now, we focus on establishing the temperature-field  (c,d) [010], respectively. Determining BAF? as transition
phase diagram from the main text [Fig. 2]. In Fig. 8,  from the AF to the field-polarized state is straightforward
all measured temperatures are shown for (a,b) [110] and due to the obvious sign change from negative to positive.
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FIG. 10. (a) Field dependence of the total heat capacity Ctot (including background) up to 14T for several field orientations.
They perfectly match the 1K data from the main text, undoubtedly resolving BA¥? and, in the case [110], also BAFL Far
above B2Y? fitting with a single exponential function is not adequate anymore resulting in the unphysical increase towards
higher fields due to shortcomes of the single exponential function analysis. Nevertheless, we speculate that a phase transition

beyond BAF?

these data, we suspect that a phase transition seems to be unlikely. (f) Heat capacity for [110] at 200 mK. BAF! and

would give rise to a deviation of the monotonic behavior, e.g., in form of another peak. As a consequence, from

BAF? are

perfectly resolved while the monotonic behavior beyond B2F? does not indicate any further phase transition. (c-f) Examples
for the sample temperature response T'(¢t) at 500 mK and different magnetic fields, all applied along the [110] direction. A single
exponential function describes T(t) very well for lower fields of e.g. (a) 3.2 T and (b) 7T, respectively. At higher fields well
beyond the phase transition B2F2, the single exponential fit obviously deviates from the data points at (c) 10T and (d) 12.6 T,
respectively. This is even more obvious in the logarithmic plot in the insets where obviously two time constants are present,

manifesting themselves in different slopes.

In contrast, BAFL can not always be identified with com-
parable accuracy. For [110] at temperatures up to 2.5 K,
the maximum indicative of the first-order transition is
clearly visible [arrows in Fig. 8(a)]. However, this maxi-
mum broadens towards higher temperatures and eventu-
ally becomes almost completely smeared out at 4 K. At
this point, B2F! is defined by the remaining kink [ar-
row in Fig. 8(b)]. Above that temperature, even this
kink fades away. With the field oriented along [010],
establishing BAF! is even more challenging because of
the proximity to the dominant feature at BAF2. At 1K,
BAFL appears as a broad shoulder, which evolves into
a maximum at higher temperatures, e.g. 2K [arrows in
Fig. 8(c)]. Yet, it cannot be identified any more below 1K
because, most likely, it becomes hidden by B?F 2. Never-
theless, our data can not exclude the complete disappear-
ance of BAT! below 1K. Similarly to [110], the maximum
transforms into a kink at higher temperatures [Fig. 8(d)]
and eventually vanishes.

Finally, the field-evolution of the Griineisen parameter
at 1 K and 500 mK is shown in Fig. 9 for several field ori-

entations. At 1K in Fig. 9(a), ¢ = 20° reveals a plateau
at similar position like [010]. Furthermore, the weaker
anisotropy along [010] is corroborated because rotating
by ¢ = 5° does not change I'g(B) signicifcantly com-
pared to [010]. At 500 mK, the cell background can not
be subtracted as explained above. A minimal difference
between ¢ = +5° directly below BAF2 might indicate
that ¢ = 0° is not perfectly aligned along [010]. Nonethe-
less, this misalignment should be smaller than 2°. Aside
from this small deviation, the data for £5 and 0° are al-
most perfectly on top of each other, further confirming
the weaker anisotropy along the [010] direction. Fig. 9(c)
represents the evolution above BAF? in more detail. As
described in the main text, the shoulder feature as a uni-
versal characteristic is visible for all field orientations.
The measurements of ¢ = £5° confirm the probable ap-
pearance of a second shoulder anomaly for ¢ = 0°.



Appendix B: Heat Capacity below 1K

In this part, we present field-dependent heat capacity
measurements below 1 K. First, we focus on the phase
transitions BAF! and BAF2. Second, we discuss the in-
fluence of nuclear contribution on the results above BAF2.
Finally, we conclude with a comment about the analysis
at low temperatures and high fields in our setup, and how
this influences a potential determination of a small gap.

Fig. 10(a) shows the field-dependent heat capacity of
the a-RuCljz crystal at 500 mK for several directions in
absolute units of J/K since no cell background subtrac-
tion was possible, as explained in more detail below. The
phase transition at BAF2~ 7 — 7.6 T is perfectly resolved
as a peak for all field orientations. For [110], a second
maximum indicative for BAF! is clearly visible. In a sim-
ilar manner, the heat capacity data at 200 mK and [110]
orientation are interpreted [Fig. 10(b)]. Both BAF! and
BAY2 are undoubtfully identifiable.

Now, we return to the 500 mK data [Fig. 10(a)]. To-
wards higher fields a strange monotonic increase is ob-
served, its origin will be discussed below. Notwithstand-
ing this spurious effect, no additional anomaly can be
seen above BSFQ for any field direction, also for the
200 mK data in the field along [110]. Therefore, we con-
clude that our heat capacity data show the absence of
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further transitions beyond BAF? for all measured field
directions.

In the following, we focus on the reason for the un-
physical heat capacity behavior far above BAF2. We at-
tribute this to the presence of nuclear contribution in our
setup. This contribution is enhanced in high magnetic
fields and becomes comparable to the small sample heat
capacity in the order of several ~ 10nJ/K. Combined
with a sizable spin-lattice relaxation time this may give
rise to the so-called 27-effect [45, 46] and causing discrep-
ancies when standard analysis with a single exponential
function is used. Obviously, as shown in Fig. 10(c-f),
such deviations only occur at fields far beyond BAF?2,
which is unambiguously visible in the logarithmic plots
(insets). Consequently, the analysis using the single ex-
ponential function results in unreasonable behavior. We
assign the nuclear contribution to the sapphire platform
(Alz03) due to the nuclear moments of Al because the
background measurement without sample revealed very
similar behavior. Accordingly, a precise analysis of the
cell background was impossible, too, preventing a back-
ground subtraction in Fig. 10(a,b).

As a result, due to this problem below 1K and at high
fields, our heat capacity data do not allow to determine
the excitation gap under high magnetic fields. The frame-
work beyond Refs. [45, 46] would be needed to ensure an
appropriate subtraction of the nuclear contribution and
goes beyond the scope of our present work.
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