PHYSICAL REVIEW B 106, 134432 (2022)

Combined experimental and theoretical study of hydrostatic He-gas pressure effects in ¢-RuCl;
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We report a detailed experimental and theoretical study on the effect of hydrostatic pressure on various
structural and magnetic aspects of the layered honeycomb antiferromagent «-RuCl;. Through measurements
of the magnetic susceptibility y performed under almost ideal hydrostatic-pressure conditions by using helium
as a pressure-transmitting medium, we find that the phase transition to zigzag-type antiferromagnetic order
at Ty = 7.3 K can be rapidly suppressed to about 6.1 K at a weak pressure of about 94 MPa. A further
suppression of 7y with increasing pressure is impeded, however, due to the occurrence of a pressure-induced
structural transition at p > 104 MPa, accompanied by a strong dimerization of Ru-Ru bonds, which gives
rise to a collapse of the magnetic susceptibility. Whereas the dimerization transition is strongly first order, the
magnetic transition under varying pressure and magnetic field also reveals indications for a weakly first-order
transition. We assign this observation to a strong magnetoelastic coupling in this system. Measurements of x
under varying pressure in the paramagnetic regime (7 > Ty) and before dimerization (p < 100 MPa) reveal
a considerable increase of x with pressure. These experimental observations are consistent with the results
of ab initio density functional theory (DFT) calculations on the pressure-dependent structure of o-RuCl; and
the corresponding pressure-dependent magnetic model. We find that pressure strengthens the nearest-neighbor
Heisenberg J and off-diagonal anisotropic I' coupling and simultaneously weakens the Kitaev K and anisotropic
I'" coupling. Comparative susceptibility measurements on a second crystal showing two consecutive magnetic
transitions instead of one, indicating the influence of stacking faults, reveal that by the application of different

temperature-pressure protocols the effect of these stacking faults can be temporarily overcome.

DOI: 10.1103/PhysRevB.106.134432

I. INTRODUCTION

The layered honeycomb material @-RuCl; is one of the
prime candidates to probe fundamental aspects of Kitaev
physics [1,2]. This assessment has motivated numerous stud-
ies on this and other materials despite the occurrence of
magnetic order at low temperatures, reflecting additional mag-
netic interactions beyond the pure Kitaev coupling [3-5].
There have been various attempts to access the range where
Kitaev physics prevails in «-RuCl; by suppressing the mag-
netic order via variation of temperature [6-9] or application
of a magnetic field [10-22]. Specially under strong scrutiny
has been the region beyond magnetic order under appli-
cation of an in-plane magnetic field, where the possibility
of an intermediate field-induced spin liquid phase is being
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controversially discussed [14,15,18,20,22-32]. The most
striking measurements are thermal Hall conductivity measure-
ments [20,27-32], where some studies reported half-integer
quantization [20,30-32] as predicted for the Kitaev honey-
comb model under a magnetic field [1].

An aspect that has lately gained increased attention is
the interplay of Kitaev interactions and magnetoelastic cou-
pling [33-35], which is expected to influence the thermal
Hall conductivity measurements [36-38]. In «-RuClj, large
anisotropic magnetostriction effects [39—41] and a high sen-
sitivity of phonon properties to magnetism [19,42,43] were
recently observed. These imply the presence of a sub-
stantial magnetoelastic coupling and a strong dependence
of the various exchanges on modifications in the lattice
structure [35].

©2022 American Physical Society
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The application of external pressure is in this context an
interesting avenue, both to further investigate the magnetoe-
lastic coupling itself, as well as to tune the material away from
magnetic order. In fact, pressure has proven an excellent tun-
ing parameter for exploring exotic quantum states in a variety
of materials, with organic charge-transfer salts [44-46] being
among the most prominent examples. The pressure studies
performed on «-RuCl; until now [47-50] have revealed that
the magnetic ground state becomes unstable under pressure
giving way to a nonmagnetic phase at p > p. with different
critical pressure values reported of p. ~ 0.2 GPa [49] or
~ 1 GPa [48]. This high-pressure phase has been assigned
to a state with triclinic symmetry [49] characterized by a
strong dimerization of Ru-Ru bonds [48,49]. Less clear is,
however, the response of the magnetic state to weak and mod-
erate pressures p < p.. Whereas measurements of the specific
heat, magnetization, and NMR [47,50], all of which were
performed by using oil as a pressure-transmitting medium, re-
vealed a slight increase of Ty with pressure, thermal expansion
measurements carried out at ambient pressure predict a rapid
suppression of Ty with pressure and a complete suppression of
magnetic order around 0.3 GPa [51]. To address the question
of whether or not magnetic order can be reduced or even fully
suppressed by the application of pressure, the peculiarities
of this material have to be taken into account. a-RuCl; has
a layered structure with weakly van der Waals-coupled hon-
eycomb layers, which implies a strong tendency to various
types of structural transitions—common to the whole fam-
ily of metal trihalides [52]—and the formation of stacking
faults [10,53,54]. Therefore, deviations from truly hydrostatic
pressure conditions can be an issue. Such problems can be
minimized by using a pressure-transmitting medium with a
solidification temperature as low as possible in order to reduce
the thermal expansion mismatch between the frozen pressure
medium and the sample upon cooling.

Here we present a thorough magnetic susceptibility study
on a-RuCl; single crystals under almost ideal hydrostatic
pressure conditions by using helium as a pressure-transmitting
medium. Our observations are supported by ab initio density
functional theory (DFT) calculations on the pressure depen-
dence of the structure and the so-derived pressure-dependent
magnetic model, which we find to reproduce consistently
the evolution of the experimental susceptibility. The salient
results of our study can be summarized as follows: (i) The
magnetic ordering temperature becomes rapidly reduced with
pressure from 7y = 7.3 K at ambient pressure to about 6.1 K
at p~ 94 MPa but cannot be fully suppressed to Ty =0
on further increasing the pressure due to the occurrence
of the pressure-induced dimerization transition [48,49] at
T; =~ 45 K (upon cooling) for p ~ 110 MPa. (ii) Thorough
investigations of the magnetic transition at Ty at varying
pressures and magnetic fields reveal clear indications for a
weak first-order transition. (iii) The magnetic susceptibility
in the paramagnetic regime (7 > Ty) and before dimerization
(p < 100 MPa) considerably increases with pressure. Based
on our model calculations, we assign this effect to a pressure-
induced strengthening of the nearest-neighbor Heisenberg |J/|
and off-diagonal anisotropic I' coupling and a simultaneous
weakening of the Kitaev |K| and anisotropic I’ couplings.
(iv) By applying different temperature-pressure protocols, the

magnetic state of a single crystal, showing two consecutive
magnetic transitions, can be transformed into a single-Ty
state.

The paper is organized as follows. Section II presents the
methods used for the experimental (Sec. ITA) and theoreti-
cal (Sec. IIB) investigations. Experimental results are given
in Sec. III with the sample characterization in Sec. IIIA,
the pressure and field dependence of the magnetic transi-
tion in Sec. IIIB, the pressure-induced dimerization transition
in Sec. IIIC, the pressure-temperature phase diagram in
Sec. IIID, and the effect of pressure on a multiple-7y state
in Sec. IIIE. In Sec. IV we present our theoretical calculations
and in Sec. V we discuss the results of the experimental and
theoretical studies by focusing on the structural phase transi-
tion at 7} in Sec. VA, the pressure dependence of the magnetic
susceptibility in the paramagnetic regime in Sec. VB, the
phase transition into zigzag-type magnetic order in Sec. VC,
the structural transition at 7; in Sec. VD, and the healing effect
of pressure-temperature treatments on a multiple-7y state in
Sec. VE. Finally, the conclusions are summarized in Sec. VI.

II. METHODS

A. Experiments

Single crystals of «-RuCl; were grown using the chemical
transport reactions method [19]. Measurements were per-
formed on two crystals (#S50, #SS-Ru-1-CVT, labeled from
here on as #1 and #2, respectively) prepared by following
different protocols, see Appendix A. These crystals differ by
the occurrence of a single magnetic phase transition (#1) as
opposed to two magnetic transitions (#2), indicating the pres-
ence (or higher concentration) of stacking faults for crystal
#2 [54]. The susceptibility was measured by using a commer-
cial superconducting quantum interference device (SQUID)
magnetometer (MPMS, Quantum Design) equipped with a
CuBe pressure cell (Unipress Equipment Division, Institute
of High Pressure Physics, Polish Academy of Science). The
pressure cell is connected via a CuBe capillary to a room
temperature *He-gas compressor, serving as a gas reservoir,
which enables temperature sweeps to be performed at p ~
const. conditions. The use of helium as a pressure-transmitting
medium ensures truly hydrostatic pressure conditions over the
wide range of temperatures and pressures where helium is
in its liquid phase. Even when entering the solid phase upon
crossing the solidification line ;o (p) [with T (100 MPa) =
13.6 K for example, see black dotted line in Fig. 4 below],
which is accompanied by a pressure drop of about 5% =+
0.2% for 20 MPa < p < 350 MPa [55], the deviations from
hydrostatic conditions are very small. This is due to the low
solidification temperature of helium, implying a small ther-
mal expansion mismatch between sample and frozen pressure
medium upon cooling, and the small shear modulus of solid
helium [56]. The susceptibility data were corrected for the
contribution of the sample holder, including the CuBe pres-
sure cell determined independently. The single crystals were
also characterized by low-temperature specific heat measure-
ments performed by using a heat-pulse relaxation method in
a Physical Properties Measurement System (PPMS, Quantum
Design). In order to obtain the specific heat of @-RuCls, the
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temperature-dependent addenda was subtracted from the mea-
sured specific-heat values in the sample measurements.

B. Theory

We performed full structural optimization under hydro-
static pressure by means of density functional theory (DFT)
calculations, as implemented in VASP [57]. We included cor-
relation (Uge = 1.5eV) and van der Waals corrections, the
spin-orbit coupling (SOC) is taken into account by perform-
ing fully relativistic calculations. Further details are given
in Appendix B. The initial guess structure for the structural
optimizations is the experimentally confirmed monoclinic
structure (space group C2/m) determined by x-ray diffraction
of single crystals [54]. Relaxations are performed assuming
the zigzag antiferromagnetic (zzAFM) configuration. Note
that the calculated pressure range is far wider than that cov-
ered in the experiment due to the underbinding problem of
the GGA+4SOC methods as was observed in other Kitaev
candidate materials, e.g, in iridates and rhodates [58,59] and
due to negligible changes in calculated lattice geometries in
the experimental pressure range (~0.1 A). Although these
shortcomings result in a larger transition pressure to dimer-
ization than in the experimental observations, the structural
trends obtained this way are able to reproduce consistently the
experimental trends of susceptibility and Néel temperature, as
we will show below.

For each relaxed structure, we extracted then an effective
spin jeir = 1/2 Hamiltonian up to third nearest-neighbor sites
via the “projED” method [5,60], detailed in Appendix B.
This procedure is based on nonrelativistic band structure
calculations with the Full Potential Local Orbital [61] code
(FPLO). Additionally, we employed model parameters for
Ru** spin-orbit coupling strength A = 0.15eV [62], and fol-
lowed constrained RPA results [63,64] for «-RuCl; Coulomb
repulsion U;,, = 1.68 eV and Hund’s coupling J;,, = 0.29¢V.
To compare the so-derived pressure-dependent spin mod-
els to our experiments, we employed exact diagonalization
methods. For finite-temperature calculations of the magnetic
susceptibility, we took advantage of the recently developed
orthogonalized finite-temperature Lanczos method (OFTLM)
[65] (see Appendix B). The calculations were performed on
a 24-site honeycomb cluster with full point group symmetry.
We note that finite-size effects prohibit true symmetry break-
ing in our simulations, and only hints of phase transitions
for the thermodynamic limit can be obtained. However, we
will show that the experimentally observed pressure-induced
changes can be qualitatively and consistently reproduced.

III. EXPERIMENTAL RESULTS

A. Sample characterization

Figure 1 shows data of the magnetic susceptibility taken
at ambient pressure (labelled p = O from here on) on crystal
#1. The results essentially reproduce published data [8,49] but
excel by revealing a single, sharp drop in x at Ty = 7.33 K,
signaling the high quality of this crystal. This assessment is
also corroborated by low-temperature specific heat data on the
same crystal, shown in the inset of Fig. 1, yielding a very sharp
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FIG. 1. Molar magnetic susceptibility of @-RuCl; (crystal #1) as
a function of temperature at an in-plane field B = 0.1 T. The full
(open) orange circles represent data points taken with decreasing (in-
creasing) temperature. The inset exhibits specific heat data, plotted as
C,/T vs T for the same crystal.

phase transition anomaly at Ty. The susceptibility data in
Fig. 1 disclose a second, distinctly smaller anomaly centered
around 157 K with a pronounced hysteresis of width ~17 K
upon cooling and warming (see arrows near 7 in Fig. 1). We
assign this feature to the first-order structural transition at T
from a high-temperature monoclinc C2/m structure [10,54]
to a low-temperature structure, the symmetry of which is still
under debate, see Sec. VA.

B. Pressure- and field dependence of the magnetic transition

Figure 2 shows the low-temperature part of the magnetic
susceptibility on expanded scales for crystal #1 measured
at different pressure values at an in-plane field B=0.1T
[Fig. 2(a)] and at different magnetic fieldsof B=1,3,and5 T
at p = 95.0 MPa [Fig. 2(b)]. Note that for all gas pressures ap-
plied here (p < 95.0 MPa), T;,; (p) of the pressure-transmitting
medium helium lies above 9.5 K (see Fig. 4 below) to avoid
any interference of the solidification process with the mag-
netic transition in «-RuCl;.

At each pressure value data have been taken upon decreas-
ing and increasing temperature. Several observations can be
made: (1) Whereas the data at p = 0 lack any clear indication
of hysteretic behavior, the phase transition anomaly revealed
at finite pressure of 56.5, 77.5, and 95 MPa [66], all show
a small but distinct hysteresis upon cooling and warming.
Hysteretic behavior is revealed also on increasing the field to
B=1T,3Tand 5T at p = 95 MPa, see the inset of Fig. 2(b)
for the data at 5 T on enlarged scales. (2) With increasing
pressure, the susceptibility at 7 > Ty increases considerably
in a monotonic manner. This growth in y in the paramagnetic
regime is accompanied by an increase in the size of the drop
of x(T') upon cooling through 7y. (3) The data in Fig. 2(a)
reveal a clear suppression of Ty with increasing pressure. By
identifying Ty with the maximum in d(x - T)/dT (see Ap-
pendix C), we find Ty = 7.33K (p = 0), 6.65 K (56.4 MPa),
6.5 K (77.5 MPa), and 6.04 K (95.0 MPa).
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FIG. 2. Magnetic susceptibility of a-RuCl; (crystal #1). Upper
part (a) shows data as a function of temperature at an in-plane field
B = 0.1T for various pressure values: p = 0 (dark-yellow circles),
56.5 MPa (orange circles), 77.5 MPa (red circles), and 95.0 MPa
(dark-brown circles). The full (open) symbols represent the data
taken with decreasing (increasing) temperature. Lower part (b) shows
data as a function of temperature at p = 95.0 MPa for various mag-
netic fields applied parallel to the planes: B = 1 T (brown circles),
3 T (black circles), and 5 T (grey circles). The inset exhibits the data
taken at 5 T on enlarged scales.

C. Pressure-induced dimerization and collapse of
magnetic susceptibility

Figure 3 shows the susceptibility for crystal #1 at various
pressure values 0 < p < 200 MPa over the whole temperature
range investigated. At p = 29.6 MPa, the data reveal essen-
tially the same behavior as at p = 0 except a slightly enhanced
x(T) at low temperatures and a reduced Ty. On increasing
the pressure to 110 MPa, 140 MPa, and 200 MPa, however, a
sharp drop in x (T) occurs at intermediate temperatures, which
is accompanied by a pronounced hysteresis upon cooling and
warming. We assign this drop to the first-order structural tran-
sition at 7, characterized by the dimerization of Ru-Ru bonds
[48,49], which is accompanied by the collapse of the magnetic
susceptibility. For the cooling runs, we obtain 7; = 43.28 K
(110 MPa), 63.17 K (140 MPa), and 83.35 K (200 MPa). On
further cooling the susceptibility data at p = 110 MPa and
140 MPa show some remnants of the nondimerized phase,
i.e., an enhanced susceptibility, which grows upon cooling
followed by a drop at the magnetic transition temperature 7y .

The inset of Fig. 3 shows a blowup of the data around the
structural transition at 7 for the various pressures. The data
reveal an extraordinarily strong increase of 7; with pressure,
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FIG. 4. (a) p-T phase diagram of «-RuCl; (crystal #1) includ-
ing a high-temperature structural transition at T;, the transition to
zigzag-type antiferromagnetic order below 7y and the structural
transition characterized by the dimerization of Ru-Ru bonds below
T,. Whereas the transitions at 7; and 7; are strongly first order, the
transition at Ty shows indications for a weak first-order character.
The cross-hatched green area at intermediate pressure 95 MPa < p <
140 MPa marks a range of inhomogeneous phase coexistence. The
black-broken line in (a) represents the solidification line 7y, (p) of the
pressure-transmitting medium helium. (b) Blow-up of the variation
of Ty with pressure for p < 125 MPa. Up (down) triangles in (a) and
(b) indicate data points collected upon increasing (decreasing)
temperature.
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which is accompanied by a significant reduction of the width
of the hysteresis.

D. Pressure-temperature phase diagram

In Fig. 4 we compile the data for T, Ty and T; of crystal
#1 in a temperature-pressure phase diagram. The diagram
discloses several remarkable features. In the pressure range
investigated, the structural phase transition at 7 follows, to a
very good approximation, a linear increase with pressure at
an extraordinarily high rate of d7;/dp = (614 £ 10) K/GPa.
Such a strong increase of 7 is consistent with the relatively
large volume expansion at this transition and small entropy
change [9,51,67]. This increase in 7 is accompanied by a
uniform reduction in the width of the hysteresis with pressure
indicating a complete closure around 350 K. In contrast to
this p-linear variation of Tj, there is a strikingly discontinuous
evolution of the phases associated with 7y and 7; at lower
temperatures. For small pressures p < 95 MPa, the system
orders antiferromagnetically with Ty becoming rapidly sup-
pressed with pressure, cf. Fig. 4(b) for a blowup of the Ty (p)
data. For the initial slope we find (dTy/dp),—o = —(10.9 &
0.5)K/GPa.

Upon further increasing the pressure from 95 MPa to
200 MPa the material’s ground state changes drastically by
showing a progressive collapse of the susceptibility due to the
formation of Ru-Ru dimers [48,49] for T < T, accompanied
by a strongly first-order structural transition into a triclinic
(P1) low-temperature phase [49]. At intermediate pressures
95 MPa < p < 140 MPa, the data indicate an inhomogeneous
phase coexistence below T; of the dimerized, nonmagnetic
phase with the nondimerized, magnetic phase (cross-hatched
area in Fig. 4). The transition temperature shows a strong in-
crease with pressure, starting at 7; = 43.5 K (measured upon
cooling) at 100 MPa and reaching a value of T; &~ 83.3 K at
200 MPa.

E. Effect of pressure on a multiple-7y state

The x (T, p) measurements on crystal #1 discussed above
were supplemented by corresponding experiments on crystal
#2, which shows two magnetic transitions, cf. Fig. 5(a). The
figure displays the results of a set of consecutive measure-
ments on this crystal as a function of temperature taken at
different pressures 0 < p < 95 MPa. The pressure changes
between the runs were conducted at 20 K. The blue sym-
bols represent data taken at p = 0 during the initial cooling
procedure and the subsequent heating run. In this “virgin”
state the susceptibility reveals two magnetic transitions of
similar size at Ty, &~ 9.5 K and Ty; =~ 6.8 K. With increasing
pressure the size of the anomaly at Ty; increases while that
of Ty, decreases. At 95 MPa, the maximum pressure applied
in this set of experiments, the anomaly at Ty, is almost com-
pletely suppressed. Figure 5(b) compares the low-temperature
susceptibility of crystal #2 in its “virgin” state [blue circles
in Figs. 5(a) and 5(b)] with another data set, also taken at
ambient pressure (orange circles), obtained after applying
the following protocol: The sample was heated up to 50 K
and then slowly pressurized to 140 MPa. The pressure and
temperature were kept constant for approximately 24 hours.
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FIG. 5. (a) Magnetic susceptibility of «-RuCl; crystal #2 at p =
0 (blue circles) measured during the initial cooling procedure from
room temperature down to 2 K and in the subsequent heating run
from 2 K up to 20 K. For the subsequent runs at finite pressure of
18.8 MPa (red circles), 37.6 MPa (dark-green circles) and 95 MPa
(black circles), the pressure was applied at 20 K and data were
taken upon cooling (full symbols) and warming (open symbols).
(b) Magnetic susceptibility of crystal #2 at p = 0 after following
different protocols: The blue circles represent the data taken after
the initial cool down whereas the orange circles correspond to data
obtained after warming the sample to 50 K and applying a pressure
of 140 MPa for a limited period of time of approximately 24 hours
before releasing the pressure to p = 0, see text for details.

Subsequently, the pressure was released to p = 0 prior to
cooling the sample to the base temperature of 2 K. Data were
taken upon cooling (full symbols) and subsequent heating
(open symbols) to 20 K. Figure 5 clearly demonstrates that
following this particular temperature-pressure treatment, the
magnetic state of crystal #2 can be drastically changed, now
showing a single phase-transition anomaly at Ty = 6.9K.
The size of the transition is very similar to that revealed for
crystal #1, cf. Fig. 2. We stress that this transformation into a
single-Ty state is reversible, as the system adopts its original
multiple-7y state, once the crystal had been warmed up to
room temperature (not shown).

IV. THEORETICAL RESULTS

We performed extensive ab initio calculations combined
with exact diagonalization methods on finite clusters of the
resulting low-energy magnetic models to qualitatively under-
stand the microscopic behavior of the structure and magnetic
interactions under hydrostatic pressure.

A. Crystal structure under applied hydrostatic pressure

The results of the crystal structure relaxation under hydro-
static pressure are summarized in Fig. 6. A structural phase
transition to the dimerized phase [Z-bond/X(Y)-bond ~1.25]
occurs above p, = 8 GPa and the symmetry of the crystal
lattice changes from C2/m [shown in Fig. 6(a)] to a dimerized
triclinic lattice with space group P1 (not shown here). In this
structure, there is only one short bond and two large bonds.
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FIG. 6. (a) Crystal structure of «-RuCl; in the C2/m space
group. Bond names X, Y, and Z are depicted. [(b)-(d)] Calculated
(DFT+SOCH+-U) lattice parameters as a function of pressure. (b) Lat-
tice constants a, b, ¢ (left y axis), and the monoclinic angle B (right y
axis). (c) Ru-Ru interatomic distances for X/Y bonds and Z bonds.
(d) Ru-Cl-Ru bond angle around the Z bond and X(Y) bond. p. de-
notes the critical pressure at which the structure is found to dimerize.

We note that while the absolute value of the critical pressure is
overestimated with respect to the experimental observation for
the reasons mentioned in the Method section, the trends pre-
dicted by the calculations are in agreement with experiments
as shown below. To emphasize the qualitative agreement with
experiment, we show relative pressures p/p,. in Fig. 6.

Before dimerization (p/p. < 1), the crystal structure re-
mains in the C2/m symmetry with zigzag AFM ordering
being energetically favored. The lattice parameters [Fig. 6(b)],
as well as Ru-Ru interatomic distances [Fig. 6(c)] and Ru-Cl-
Ru bond angles [Fig. 6(d)], decrease with increasing pressure,
while the monoclinic angle 8 between the a and ¢ axes en-
hances slightly for higher pressures.

B. Pressure-dependent j ;s Hamiltonian

The exchange matrix on the Z bond (see Fig. 6) in the
conventionally used cubic x, y, z axes is parametrized as

J T r’
rr rr J+K

Here K (J) is the Kitaev (Heisenberg) coupling, and I, T/
are off-diagonal anisotropic exchanges. The definitions for the
exchange matrices on X- and Y bonds follow by cyclic permu-
tation of (x, y, z) axes. Note that there are symmetry-allowed
additional correction terms £ and ¢ (see definition in, e.g., Ref.
[5]), which are however small at ambient and low pressure,
and vanish upon C3 symmetrization, where X /Y- and Z bonds
have same coupling strengths.

Our pressure-dependent results for the nearest-neighbor
exchanges are illustrated in Fig. 7, with open points denoting
X/Y- and Z-bond results, and filled points the Cs-averaged re-
sults. At ambient pressure, we obtain a model with a dominant
ferromagnetic Kitaev (K < 0) interaction, and smaller I' > 0,
J <0 and T < 0 exchanges. This is generally consistent
with the established literature on «-RuCls [68,69]. Through
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FIG. 7. Nearest-neighbor exchange parameters as a function
of pressure obtained with the projED method. The couplings
[parametrized as in Eq. (1)] on Z- and X/Y bonds are shown as red
and blue circles, respectively, while the Cs;-symmetrized parameters
are illustrated in black.

computing spin-spin correlations (S_q - Sq) within exact di-
agonalization, we find that zigzag antiferromagnetic order is
correctly reproduced by the obtained j.ir = 1/2 models at low
temperatures and low pressures.

Longer-range interactions are found to be significantly
smaller, both at zero and at finite pressure. We find g values
of in-plane g,, ~ 2.3 and out-of-plane g~ ~ 1.9 at ambient
pressure; their pressure dependence is found to be rather weak
compared to that of the exchange constants, with maximal
relative variations (along the scanned pressure range) below
5%.

In contrast to the case of compressive uniaxial strain along
c*, [35] for compressive hydrostatic pressure the a and b
crystal axes are not expanding. For the dominant nearest-
neighbor exchange parameters this results in some opposite
trends for the individual interactions. Here, the magnitudes of
the Kitaev interaction K and off-diagonal "' decrease, while
the Heisenberg interaction J and off-diagonal I" are enhanced
in magnitude. For instance, at p = 0.75 p., we have domi-
nant J & —12.1 and I" =~ 17.5 meV, whereas K ~ 1.9, I’ ~
—0.25, & ~ —1.5,¢ = 0.9 meV. & and {—usually ignored in
the analysis of Kitaev materials—become similarly important
as the Kitaev interaction at high pressures near dimerization.
Taking into account the signs of the respective coupling, this
implies a destabilization of zigzag order, mainly due to the
positive contribution to I'. Since the Kitaev coupling |K| de-
creases with pressure, this destabilization may not necessarily
be in favor of a Kitaev spin liquid phase, and instead accom-
panies a stronger competition with ferromagnetism, due to the
strong negative contribution to J.

V. DISCUSSION

Below we discuss the results of our experimental and
theoretical studies on the various structural and magnetic
properties of «-RuCl; and the variation of these properties
upon the application of hydrostatic pressure.
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A. Structural phase transition at 7

We start the discussion by first focusing on the struc-
tural transition at 7;. A structural phase transition has been
observed for many metal trihalide compounds with partially-
filled d shells [52]. For «-RuCl; this transition is from a
high-temperature monoclinic C2/m structure [10,54] to a low-
temperature phase the symmetry of which is still under debate.
Whereas some reports are indicating a monoclinic C2/m low-
T structure [10,54] others are in favor of a rhombohedral R3
[67,70] structure. The transition temperature 7; is somewhat
lower for crystal #2 (see Appendix D), where it is centered
around 149 K, as compared to 157 K for crystal #1. In addi-
tion, the width of the hysteresis of about 46 K for #2 is larger
than 17 K revealed for #1, cf. Fig. 1. We assign the differences
in the transition temperature and the width of the thermal
hysteresis to the presence of stacking faults, the concentration
of which is presumably higher for crystal #2 as compared
to #1, see the discussion below on the magnetic properties.
By following the evolution of 7; with increasing pressure via
magnetic susceptibility measurements on #1 we find a strictly
linear pressure dependence of 7 at an extraordinarily high rate
of dT;/dp = (614 £ 10)K/GPa. This linear evolution of T
with pressure contrasts with the strongly nonlinear variation
with pressure of the magnetic- and dimerization transitions
at Ty and Ty, respectively. This indicates that the structural
transition at 7; has only little effect on the broken-symmetry
state evolving at low temperatures.

B. Pressure dependence of magnetic susceptibility

Measurements of the magnetic susceptibility under varying
pressure in the paramagnetic regime (7 > Ty) and before
dimerization, i.e., p < p. &~ 100 MPa, reveal a considerable,
monotonous increase of y with pressure. This is accompa-
nied by an increasing suppression of 7y and a nonmonotonic
evolution of y with pressure below Ty. In what follows, we
compare these experimental findings with calculations for the
susceptibility based on the model presented above and discuss
the implications with respect to the relevant couplings.

For the paramagnetic region T > Ty, we can estimate the
expected effect of a pressure-induced change of each coupling
onto x from a high-temperature expansion or equivalently
from the dependence of the Weiss constant on these couplings
[71]. These imply that, for in-plane magnetic fields, x can
be increased by negative contributions to J and K, and by
positive contributions to I and I'". Hence, from the calculated
pressure-dependence of the respective couplings (Fig. 7), the
trends revealed for J, I', T’ all lead to the experimentally
observed increase in the high-temperature susceptibility, al-
though the influence of K competes.

To more accurately model intermediate and low tempera-
tures, we employ OFTLM as described in the methods section.
We employ the nearest-neighbor Cs-symmetrized models dis-
cussed above, and a pressure-independent in-plane g value
of g, = 2.3, as the pressure-dependence of the g tensor was
found to be minor compared to that of the exchange couplings.
In Fig. 8 we show the temperature-dependent susceptibility
X = M/B for models at various pressures and small magnetic
field B=1 T (with B || b). Statistical error estimates are
shown as shaded areas. The Néel temperature is determined

1.0 T T T T T
0 0.5 1.0 1.5 2.0 25 3.0

T I T(p=0)

FIG. 8. Magnetic susceptibilities of the ab initio derived jog =
1/2 models at different pressures normalized to p,, the critical pres-
sure above which the dimerization transition occurs. The data are
computed via OFTLM (see main text). The temperature axis has
been normalized to the Néel temperature at ambient pressure. The
arrow for each pressure indicates the Néel temperature, determined
by a maximum in d(x - T)/dT. Shaded areas indicate estimates of
statistical errors (+10).

by a maximum ind(y - T)/dT, as done in our measurements.
While the results indicate an overestimation of the absolute
Néel temperature Ty =~ 24 K at zero pressure, we find the
qualitative trends to be well in line with our main exper-
imental observations [Figs. 2(a) and 3]. Specifically, with
increasing pressure, Ty is monotonically suppressed, while
the high-temperature susceptibility (T 2 Ty) grows with pres-
sure. The susceptibility at low temperatures T < Ty, on the
other hand, first grows with pressure but eventually decreases
at intermediate pressure (see p/p. = % in Fig. 8), which is
also consistent with the experiment [cf. Fig. 2(a)].

Overall we conclude good agreement with the experi-
ment. The observed dependence of the magnetic susceptibility
is consistent with a pressure-induced strengthening of the
off-diagonal I" and Heisenberg exchanges and simultaneous
weakening of the Kitaev and I'’ couplings, leading to destabi-
lization of zigzag magnetic order.

C. Phase transition into zigzag-type antiferromagnetic
order at Ty

An important aspect revealed in the present study relates to
the order of the phase transition at 7y. The jump-like changes
observed in the magnetic susceptibility in 7-dependent mea-
surements at finite pressure p < 95 MPa and varying magnetic
fields B < 5 T, together with the hysteretic behavior detected
upon cooling and warming, are clear indications for the first-
order character of the transition. In addition, a discontinuous
change in x(7T') at Ty characterizes also the data at p = 0
albeit these data lack clear indications for hysteretic behav-
ior. In this respect we like to mention the results of thermal
expansion measurements at ambient pressure also yielding
step-like changes in AL/L at Ty, indicating a first-order phase
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transition. The appearance of the AL/L anomaly, however,
depends on the crystal investigated and the measurement
technique applied [9,39,40]. The sharp step-like changes,
presented in [40] using a fiber Bragg grating method, were
observed for crystals with a small amount of stacking faults
similar to #1 in this paper.

First-order magnetic transitions are relatively rare—the
vast majority of the known magnetic transitions are of second
order. However, there has been a certain number of materi-
als identified where the transition is first order. Two classes
can be distinguished. Most common are magnetostructural
transitions involving a simultaneous change in the crystal
symmetry. Less frequent are magnetoelastic transitions that
leave the crystal symmetry unperturbed, (see, e.g., Ref. [72]
and references cited therein).

For «-RuCls, it is tempting to assign the first-order nature
of the magnetic phase transition to the strong magnetoelastic
coupling in this system. This is reflected in the simultaneous
occurrence of anomalies in the lattice and magnetic degrees
of freedom at the various phase transitions. A strong magne-
toelastic coupling is also supported by our model calculations.
Alternatively, a first-order magnetic transition resulting from
the action of a finite biquadratic term in the exchange inter-
action, in addition to the dominant bilinear term, has been
discussed [73,74]. However, such a scenario seems unlikely
for a-RuClj as it rather applies to highly symmetric systems
such as UO, and MnO [73]. In this context, it is relevant that
the magnetic spacegroup associated with zigzag magnetic or-
der is generally not a maximal subgroup of the spacegroup of
the paramagnetic phase, which is the typical situation for con-
tinuous transitions [75]. For example, we can discuss isolated
layers with threefold rotational and inversion symmetries with
space group P31’. The zigzag phase is then the magnetic
spacegroup Ps1, with, e.g., a doubled unit cell along the a axis.
It can be shown that P31’ > P11’ O Ps1 [76], which implies
a two-step ordering process where rotational symmetry is
first broken on decreasing temperature (giving a nematic-like
phase), then time-reversal symmetry is finally broken giv-
ing zigzag magnetic order. Indeed, this series of transitions
was observed in the classical simulations of the Heisenberg-
Kitaev models in Ref. [77]. Under conditions where these two
symmetries are broken simultaneously, Ref. [77] found the
single transition becomes first order. Thus, we conclude that a
first-order transition is compatible with the observed magnetic
order.

It has been found that some characteristics of first-order
magnetic phase transitions are sensitive to compositional ad-
justments, and that a partial replacement of atoms on the
nonmagnetic site can result in an almost complete disappear-
ance of the hysteresis [78]. These observations, along with
our findings on the influence hydrostatic pressure has on the
effects of stacking faults in w-RuCl;s, suggest the follow-
ing scenario for crystal #1: in this crystal there is a small
but finite concentration of stacking faults, which makes the
hysteresis accompanying the weakly first-order transition at
Ty unmeasurably small at ambient pressure. Above a certain
threshold pressure, however, the system adopts a metastable
state rendering the stacking faults ineffective and the hystere-
sis becomes clearly visible. An immediate consequence of the
(weak) first-order character of the magnetic transition, which

stays first order in fields up to at least 5 T [cf. Fig. 2(b)], is
that fluctuations are strongly suppressed. This raises questions
about the relevance of quantum critical fluctuations in such
samples as #1 around the field of uoH., = 7.8 where the
magnetic order is suppressed [13,30,39].

D. Structural phase transition at 7,

At higher pressures p > 95 MPa the system undergoes a
structural phase transition, which is accompanied by a strong
dimerization of Ru-Ru bonds [48,49] and a collapse of the
magnetic susceptibility. The strongly first-order character of
this transition at T; provides a rational for the existence of a
finite pressure range 95 MPa < p < 140 MPa of an inhomo-
geneous coexistence, below 7y, of a dimerized nonmagnetic
phase and a nondimerized phase. The latter phase shows the
same signatures of magnetic order as revealed for lower pres-
sures p < 95 MPa, albeit significantly reduced in size and
a Ty, which hardly changes with pressure. In the range of
phase coexistence, the relative volume fraction of the dimer-
ized phase vs the nondimerized magnetic phase grows with
increasing pressure.

E. Healing effect of pressure-temperature treatment on a
multiple-Ty state

The occurrence of multiple magnetic transitions in
a-RuCl3 has been assigned to stacking faults, i.e., different
stacking patterns of the honeycomb layers that coexist in
separated domains of the material [54]. The results of the
magnetic susceptibility on crystal #2 [cf. Figs. 5(a) and 5(b)],
yielding two transitions, as opposed to a single transition for
crystal #1, indicate a distinctly higher concentration of these
stacking faults for crystal #2. By applying moderate pressure
at low temperatures (20 K), the relative size of the anomaly in
x at Ty; was found to grow at the cost of the anomaly at Ty,
indicating a change in the relative volume fraction of the cor-
responding magnetic phases. This “transformation process”
towards a single-7 state continues with increasing pressure
and is almost completed at p = 95 MPa. At this pressure there
is only a small signal related to the transition at Ty, visible.
The pressure-induced single-7y magnetic state remains stable
as long as the crystal is kept at low enough temperatures—in
this experiment below 20 K—but adopts its original multi-7y
state after being warmed up to 300 K (at ambient pressure). A
full transformation into a truly “single-7y” state at p = 0 can
be obtained, however, by a temporary application of a pressure
of 140 MPa at a temperature of 50 K. These observations
indicate a small energy barrier (of order 10 meV), associated
with the stacking faults, separating a metastable single-Ty
state from the distorted multi-7y state. This conclusion is
consistent with time-dependent studies (not shown) of the
susceptibility on crystal #2 after releasing the pressure at T =
20 K from 95.0 MPa (or lower) to ambient pressure resulting
in relaxational behavior with a time constant of several hours.

VI. CONCLUSIONS

Measurements of the magnetic susceptibility under hydro-
static (He-gas) pressure conditions reveal a rapid suppression
of the magnetic ordering temperature in «-RuCl; with
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pressure from 7y = 7.3 K at p = 0 to about 6.1 K at p <
94 MPa. Importantly, however, the experiments show that Ty
cannot be completely suppressed upon further increasing the
pressure due to the occurrence of the pressure-induced dimer-
ization transition at p > 104 MPa. Furthermore, it is found
that the magnetic susceptibility in the paramagnetic regime,
and before dimerization, considerably increases with pressure.
Based on our model calculations, we assign this behavior
to a pressure-induced strengthening of the nearest-neighbor
Heisenberg |J/| and off-diagonal anisotropic coupling I' to-
gether with a simultaneous weakening of the Kitaev |K| and
anisotropic |I'|” couplings. These results indicate a region of
competition between two long-range orders, AFM zigzag and
FM, before entering the dimerized phase.

Thorough investigations of the magnetic transition at Ty at
varying pressures and magnetic fields reveal clear indications
for a weak first-order transition. We interpret this experi-
mental finding as an indication of a strong magnetoelastic
coupling in «-RuClj, as also suggested by our calculations.
Moreover, by comparative studies on a second single crys-
tal, showing two instead of one magnetic phase transition, a
single-Ty state could be prepared by the application of certain
pressure-temperature protocols. These observations indicate
the important role stacking faults play for the type of long-
range magnetic order that develops in «-RuCl;.
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APPENDIX A: SAMPLE PREPARATION

Samples #1 and #2 were prepared from Ru metal powder
and gaseous Cl, by various tempering regimes. For sample #1,
fine «-RuCl; powder was presynthesized from the elements
by annealing at 450°C, then it was sealed off in another
evacuated quartz ampoule and subjected to heating up to
1000°C at the rate 60°C/h, soaking at 1000°C for 5 hrs,
slow controlled cooling down to 1000 °C at the rate of 3°C/h,
annealed at 600 °C for 96 hrs, and finally quenched into cold
water. During this treatment the powder has transformed into
hexagonal-shaped, relatively thick (up to 1 mm) platelets of
a-RuCls, as confirmed by EDX and powder x-ray diffraction
of grounded crystals. Sample #2 was produced from the stoi-
chiometric amounts of the elements that were evacuated in a
quartz ampoule and heated up to 750°C at the rate 60°C/h in
a two-zone furnace. After annealing at 750°C for 2 days, the
temperature of one zone was decreased to 650°C in 2 hrs, and

the ampoule was kept in the temperature gradient 750 650°C
for 5 more days before water-quenching. Elongated platelet-
like black crystals of «-RuCl; formed in the ampoule’s “cold”
end. Their chemical composition and the monoclinic crystal
structure were confirmed by EDX and single-crystal XRD,
respectively.

APPENDIX B: CALCULATIONS DETAILS

For all DFT calculations, the exchange-correlation func-
tional is approximated by generalized gradient approximation
(GGA) [79].

Within the structural optimization under hydrostatic pres-
sure with VASP, the correlation corrections are included
through the Dudarev [80] scheme with the effective Coulomb
repulsion U = 1.5 eV. van der Waals (vdW) corrections are
implemented through the DFT+4-D2 method of Grimme [81].
A planewave cut-off of 650 eV is used for the expansion of
the basis functions along with a 10 x 10 x 10 k mesh for the
Brillouin zone sampling. A force convergence criteria of 1073
eV/A is used for all three components of the forces for all the
atoms in the unit cell.

The “projED” method [5,60] allows to extract an effective
spin jeg = 1/2 Hamiltonian based on two steps. First, we
determined the hopping parameters between the 4d ruthenium
atoms via wannierization of nonrelativistic band structure
calculations with the Full Potential Local Orbital [61] code
(FPLO) within the GGA approximation [79]. These param-
eters allow then to construct an electronic Hubbard Hamil-
tonian Hoe = Hnop + Hsoc + Hine, Where Hyop contains the
structure-specific ab initio single-particle hopping parameters.
The spin-orbit coupling effects in Hsoc =AY ; L; - S; (where
Si denotes the electron spin) were treated in the atomic ap-
proximation with a spin-orbit coupling strength A = 0.15eV
[62]. For the two-particle interaction Hi, the employed
Coulomb repulsion U, = Fy + (4/49)(F> + Fy) = 1.68eV
(where F; are the radial Slater integrals) and Hund’s coupling
Jn, = (3/49)F, + (20/441)F, = 0.29¢V follow constrained
RPA results [63,64] for the experimental C2/m structure of
a-RuCls. In a second step, we then solved the two-site, five-
orbital Hubbard Hamiltonian by exact diagonalization and the
effective spin Hamiltonian extracted via projection onto the
low-energy subspace, i.e., Herr = PHilP =3,/ Ji‘j”Sf”S;
with w, v € {x,y,z} and jer = 1/2 operators S;. The same
model parameters A, Uy, , and J;,, were successfully employed
previously by some of the authors to calculate magnetic
exchange parameters for o-RuCl; structures under uniaxial
strain [35].

The orthogonalized finite-temperature Lanczos method
[65] combines the random sampling of the finite-temperature
Lanczos method [82] (FTLM) with numerically exact results
for few lowest-energy states to improve the accuracy at low
temperatures. This was necessary for reliably computing the
magnetization M, since no conservation of M could be uti-
lized in the present models, leading to worse convergence
of standard FTLM than in more symmetric models [83]. For
all presented results, we employed N, = 7 exact low-energy
states, M = 45 Krylov steps for the FTLM sum, and at least
R > 300 random initial states. Statistical errors due to a finite
R were estimated by a jackknife resampling procedure.
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increasing temperature (open circles). By assigning the tran-
sition temperature to the maximum in d(x - 7)/dT, we find
for the heating runs 7y = 7.33 K (p = 0), 6.65 K (56.4 MPa),
6.5 K (77.5 MPa), and 6.04 K (95.0 MPa). Consistent with the
lack of hysteresis in the y vs T data at p = 0 shown in Fig. 2,
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FIG. 9. The temperature derivative of x - T of o-RuCl; (crystal
#1). Upper part (a) shows data as a function of temperature at an in-
plane field B = 0.1 T for various pressure values: p = 0 (dark-yellow
circles), 56.5 MPa (orange circles), 77.5 MPa (red circles), and
95.0 MPa (dark-brown circles). The full (open) symbols represent
the data taken with decreasing (increasing) temperature. Lower part
(b) shows data as a function of temperature at p = 95.0 MPa for
various magnetic fields applied parallel to the planes: B = 1T (brown
circles), 3 T (black circles), and 5 T (grey circles). The position of
the maximum in d(x - 7)/dT is used to determine the transition
temperature to antiferromagnetic order at Ty.

APPENDIX C: DETERMINATION OF Ty (p) FROM
SUSCEPTIBILITY MEASUREMENTS

Figure 9 shows the low-temperature part of the magnetic
susceptibility plotted as d(x - T)/dT for crystal #1. The data
were taken at varying pressure values at an in-plane field B =
0.1 T [Fig. 9(a)] and at different in-plane magnetic fields of B
=1,3,and 5 T at p = 95.0 MPa [Fig. 9(b)]. At each pressure

there is also no indication for hysteretic behavior by plotting
these data as d(x - T)/dT vs T in Fig. 9(a). In contrast, the
phase transition anomaly revealed at finite pressures of 56.5,
71.5, and 95 MPa all show a small but distinct hysteresis upon
cooling and warming. Hysteretic behavior is revealed also in
the data taken in fields of B = 1T, 3 T, and 5 T at p =
95.0 MPa, cf. Fig. 9(b).

APPENDIX D: SIGNATURES OF THE STRUCTURAL
TRANSITION AT 7; IN THERMAL EXPANSION

Figure 10 shows the relative length changes AL(T)/L for
crystal #2 (red triangles) measured as a function of temper-
ature for 80 K < T < 220 K. The data reveal slightly
broadened step-like changes of order 2 x 1073, which are
accompanied by a pronounced thermal hysteresis, indicating
a first-order phase transition. The data are consistent with
results reported in literature [9,39,51]. On increasing the tem-
perature (open triangles) the midpoint of the transition is
around 172 K whereas it is around 126 K on decreasing
temperature (closed triangles) for #2. A jump of similar size is
observed also for crystal #1 upon warming (yellow triangles),
where it coincides with the transition observed in the magnetic
susceptibility at T, cf. Fig. 1.
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