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The magnetic ground states of the diluted «-Ru;_,Ir,Cl; are systematically investigated by magnetization,
specific heat, and muon spin rotation measurements. Introduction of moderate spin vacancies leads to a
destabilization of the zigzag antiferromagnetic order towards a short-range ordered state. It is remarkable that
the x = 0.2 sample located near a quantum critical point shows an extremely short correlation length of the
magnitude of magnetic moments &y, ~ 1.2a (a = lattice spacing) and a power-law behavior of the magnetic
susceptibility x (7') ~ T~? below 14 K for o H ||ab and below 30 K for 119 H ||c. Our work demonstrates that the
a-Ru;_,Ir,Cl; system hosts a short-range, quasistatic order characterized by critical spin correlations.
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I. INTRODUCTION

The exactly solvable Kitaev spin Hamiltonian on a hon-
eycomb lattice is a paradigmatic model to harbor topological
order and fractionalization of quasiparticles [1]. In the Kitaev
model, Jer = 1/2 spins are exchange coupled through bond-
dependent Ising interactions (H = K, Siy S;; y = X,y,Z) on
the three distinct links of a honeycomb lattice [2]. In close
analogy to geometrical frustration in triangular, kagome, and
pyrochlore lattices, exchange frustration creates the macro-
scopic degeneracy of a ground state and, thereby, gives rise
to topological quantum spin liquids (QSLs) and spin fraction-
alization into Majonara fermions (MFs) and static Z, gauge
fluxes [1]. Recently, the Kitaev QSLs and ensuing MFs have
been much sought after with a view towards their application
to topological quantum computation [3-7].

In the quest for a Kitaev honeycomb magnet, the two-
dimensional layered ruthenate o-RuClj; is considered a prime
candidate. In this material, the combination of large spin-orbit
coupling, Hund’s coupling, and electronic correlations in the
Ru*"(4d°) atom leads toa Jer = 1/2 pseudospin configuration
with one hole in the Kramers doublet of the #,, sublevels [8,9].
The 94° bonding angle of two Ru-CI-Ru exchange paths forms
anear-optimal geometry that maximizes the Kitaev interaction
[10-12]. In addition, the use of Ru*" instead of Ir** jons avoids
direct and longer-exchange interaction owing to weak trigonal
distortions from the cubic structure and smaller orbitals of
Ru?t. Nonetheless, it is almost impossible to nullify residual
Heisenberg (J) and off-diagonal symmetric (I") exchange
interactions, which stabilize zigzag antiferromagnetic (AFM)
order below 6.5 K [11-13]. In spite of the long-range magnetic
order, however, there are compelling experimental evidences
that «-RuClj; is in close proximity to a QSL phase in the K-I"-J
phase diagram [14-22]. This raises the important question of
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whether a QSL phase can be attained by melting the zigzag
AFM order through perturbations.

Significantly, the zigzag AFM order of «-RuCl; observed
at ambient pressure and zero field becomes destabilized to a
quantum disordered state under moderate pressure and in-plane
magnetic field [13,23,24]. By the same token, introduction
of spin vacancies can offer a promising route to promote a
dynamic quantum ground state. Theoretical studies of the di-
luted Kitaev-Heisenberg model show that small spin vacancies
turn the zigzag AFM order into a spin-glass state, reflecting a
short-range correlated nature of the Kitaev interaction [25-29],
which is clearly distinct from a Heisenberg magnet [30]. A
recent study of the diluted o-Ru;_,Ir,Cly (Ir**; Jo = 0) has
drawn a magnetic phase diagram, evidencing the suppression
of the zigzag order toward a diluted spin liquid [31]. This
motivates us to detail an evolution of ground state and magnetic
correlations in the vicinity of quantum critical points.

In this paper, we employ thermodynamic and muon spin
rotation (uSR) techniques to investigate magnetic properties
of the diluted @-Ru;_,Ir,Cl;. We find the two critical points
linked to ABC- and AB-type zigzag AFM orders at x,; = 0.13
and x., = 0.24. In the intermediate regime (x.; < X < X¢2),
our #SR study unveils a short-range correlated quasistatic
order coexisting with dynamically fluctuating moments. A
power-law dependence of the low-T magnetic susceptibility
suggests that the correlated magnetic moments are subject to
critical spin dynamics.

II. EXPERIMENTAL DETAILS

Single crystals of «-Ru;_,Ir,Cl; (0 < x < 0.33) were
grown by a vacuum sublimation method. A stoichiometric
mixture of commercial RuCls and IrCl; powders (Alfa-Aesar)
were thoroughly ground and dehydrated in a quartz ampoule
for two days. The ampoule was sealed in vacuum and placed
in a temperature gradient furnace. The temperature of the
Ru;_,Ir,Cl; powder is set at 1080 °C. After dwelling for five

©2018 American Physical Society
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FIG. 1. (a) X-ray diffraction patterns of a-Ru;_,Ir,Cl; (0 < x < 0.33) single crystals at room temperature. Four peaks are indexed with
Miller (001) indices. The inset is a zoom of the (009) peak. The data are vertically shifted for clarity. (b) x dependence of the c-axis lattice
parameter determined in the rhombohedral (R3) setting. A red dashed line is a guide to the eye.

hours, the furnace is cooled to 600 °C at a rate of —2 °C/h. The
obtained crystals are black with shiny surfaces.

A crystal structure of a-Ru;_,Ir,Cl3 was characterized by
x-ray powder diffraction (XRD) using Cu Ke radiation (the
Bruker D8-advance model). The phase purity and stoichiom-
etry of «-Ru;_,Ir,Cl; were determined by x-ray diffraction
and EDX (electron dispersive x ray). The actual compositions
of Ru;_,Ir,Cl; used for all experiments were checked using
EDX. A variation of the Ru:Ir ratio in a single piece (<2 mm
size) was evaluated by scanning a dozen spots of 50 um size.
Standard deviation from the average value of x is estimated
to be 0.3-2.6 mol% Ir from a Gaussian approximation of
the distribution. These values are slightly larger than those
reported in Ref. [31]. The small discrepancy is most likely
due to the different growth conditions. Notwithstanding, we
find no appreciable difference in magnetic properties between
the reported and present works (vide infra). Here we note that
the actual composition x slightly varies with each experiment
because even sample pieces from the same batch have some
distribution of compositions.

dc magnetic susceptibility was measured in the temperature
range T = 2-300 K using acommercial SQUID magnetometer
(MPMS-5XL SQUID, Quantum Design). An external mag-
netic field is applied parallel to the plane of platelike crystals
(noH |lab) and perpendicular to the plane (o H ||c). Specific
heat was measured at zero magnetic field between 1.8 and 16 K
using a heat-pulse relaxation method in a physical properties
measurement system (PPMS, Quantum Design). High-field
magnetization measurements were performed at the Dresden
High Magnetic Field Laboratory using a pulsed-field magnet
(25-ms duration) and an induction method with a pickup coil
deviceat T = 2.5 K.

1SR experiments were performed at the M15 and M20
beamlines in TRIUMF (Vancouver, Canada). For the M15
beamline measurements, single crystals were packed in a Ag
foil packet and attached to a silver holder by thermal grease. For
the M20 beamline measurements, the samples were wrapped
in athin Ag foil packet and glued with Al-mylar tape. Zero- and
longitudinal-field SR spectra were obtained for temperatures
from 1.6 K to 70 K with the LAMPF spectrometer in the M20
beamline and from 30 mK to 4 K with the DR spectrometer in

the M15 beamline. All of the SR data were analyzed using
the musrfit software package.

III. RESULTS AND DISCUSSION

A. Evolution of lattice parameters

a-Ru;_,Ir,Cl3 single crystals having a highly two-
dimensional layered structure are easily cleaved along the ab
plane. Figure 1(a) shows the XRD patterns of a-Ru;_,Ir,Cl;
obtained on the cleaved surface along the (001) direction at
room temperature. The four diffraction peaks are observed in
the 26 angle range of 10° < 20 < 90° and are indexed to (003),
(009), (0012), and (0015) in the R3 rhombohedral setting, in
which the (006) peak has a very weak intensity. The peak
positions are systematically shifted towards higher angles with
increasing Ir** content.

The c-axis lattice parameter was determined by Rietveld
Refinements of the XRD patterns using FullProf with preferred
oriented crystal modes of R3. The results are plotted in
Fig. 1(b). We identify a linear decrease of the c-axis lattice
constant with x, which agrees well with the earlier report [31].
The quasilinear decrease of the lattice parameter corroborates
the structure and the phase purity of the Ir-substituted crystals.

B. dc magnetic susceptibility

Figure 2(a) exhibits the temperature dependence of the mag-
netic susceptibility, x,»(T), of «-Ru;_,Ir,Cl3 (0 < x < 0.25)
measured in an applied field of uoH = 0.1 T for uo H ||ab. For
temperatures below T = 150 K, x,,(T) follows a Curie-Weiss
law x(T) = C/(T — ®Ocw) + X0, as seen from the linear T
dependence of 1/ ,,(T) in the inset of Fig. 2(a). Here C is the
Curie constant, Ocw is the Curie-Weiss temperature, and g
represents the temperature-independent part of the magnetic
susceptibility. On introducing nonmagnetic impurities of Ir**
to «-RuCls, x,,(T) is systematically suppressed and the cusp
position in y,,(T) gradually shifts to lower temperature. This
shift is clearly visible from the discontinuous jump in the
derivative d(x,»)/dT [see the vertical arrows in Fig. 2(b)], cor-
responding to the transition temperature 7. With increasing
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FIG. 2. (a) Temperature-dependent magnetic susceptibility x (7') of ¢-Ru;_,Ir,Cl; measured at uoH = 0.1 T for poH ||ab. The inset plots
the respective inverse magnetic susceptibility versus temperature. The black solid lines are fits of a Curie-Weiss law to the data. (b) Temperature
dependence of the derivative of x(7) with respect to temperature. The peaks in the derivative curves (marked with arrows) correspond to the
transition temperatures Ty. (c)—(e) x(T) of a-Ru;_,Ir,Cl; measured on cooling at woH = 0.1 T for poH||c. For clarity, x.(T) is separately
presented in the three different x ranges. The insets plot 1/ x.(7") versus temperature. The overlaid black lines are fits of Curie-Weiss law to the
data. (f) Comparison of the hysteretic behavior of x.(7") between the parent and x = 0.1 compounds. The inset demonstrates a lacking thermal

hysteresis of x.(7') in the x = 0.14 sample.

Ir content, the transition temperature Ty gradually decreases
[see also the specific heat in Fig. 5(b)].

We now turn to the x and 7" dependence of x.(7) measured
for the field perpendicular to the honeycomb plane (uoH ||c).
As shown in Figs. 2(c)-2(f), x.(T") exhibits a distinct jump
and pronounced hysteresis in the warming and cooling process
up to x ~ 0.1. This is taken as evidence for the first-order
structural phase transition from a high-T C2/m to alow-T R3
structure. From the fact that the high-7 anomaly is observed
only in x.(T), we infer that the interlayer interactions are
largely affected by the structural transition while the intralayer

interactions remain intact. Given that substantial stacking dis-
orders prevent us from observing the structure related anomaly
in x(T), the pronounced anomaly seen in x.(7) advocates a
high quality of our Ir-substituted crystals. However, we find
that the structural phase transition temperature does not display
a monotonic decrease with increasing x, as indicated by the
down gray arrows. This may be associated with the fact that
the crystals from the same batch contain sample pieces with a
different degree of the stacking faults.

Figure 2(f) compares the hysteretic loop of x.(7T') between
the x =0 and x = 0.1 samples. Compared to the parent
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compound, the x = 0.1 sample displays a wider hysteretic
loop than the pristine compound, while its structural phase
transition temperature is reduced down to 7s ~ 50 K on the
cooling cycle. This means that the Ir substitution leads to
the proliferation of the AB-type stacking, thereby stabilizing
the monoclinic structure against the rhombohedral one. As
shown in the inset of Fig. 2(f), the structural phase transition
becomes hardly discernible above x ~ 0.1 since a majority of
the ABC-type stacking layers turn into the AB-type ones above
this substitution level.

We next take a closer look at the x dependence of x (7).
With increasing x, x.(T") first increases steeply up to x ~
0.04 and then decreases in the range of x = 0.04-0.1, and
finally increases again above x > 0.1 [see Figs. 2(c)-2(e)]. The
enhanced y.(7') at x = 0.05-0.06 leads to a reduced magnetic
anisotropy. This anomaly is not an experimental artifact as
the magnetization curves display a similar trend as shown in
Fig. 4. Rather, this suggests that the Ir>* substitution exerts a
disparate, nonmonotonic impact on the Kitaev K, Heisenberg
J, and off-diagonal symmetric exchange interactions I" as a
function of x.

For a quantitative analysis of the magnetic parameters, x (T)
of @-Ru;_,Ir,Cls is fitted to the Curie-Weiss formula in the
temperature range of 7 = 150-300 K for both field directions.
The resulting Curie-Weiss temperatures (®cw) and effective
magnetic moments (i) are plotted as a function of x in

Figs. 3(a)-3(b) and Figs. 3(d)-3(e), respectively. For uo H ||ab,
the Curie-Weiss temperature @%’{N shows a rapid decrease up
to x ~ 0.1 and then becomes almost independent of x above
x ~0.1. ,ugfbf first increases from 2.3 ug atx = 0 to 2.6 ug at
x = 0.06 and then gradually decreases to 2.15 ug with further
increasing x. The nonmonotonic x dependence of . together
with the constant @%}{V above x ~ 0.1 is not compatible with
the linear decrease expected from an increasing magnetic
dilution.

Both 1&g and Oy, exhibit the anomalous x dependence as
well. With increasing x, ugy and |©¢y | decrease steeply up
to x ~ 0.05 and then increase in the range of x = 0.05-0.1,
forming a local minimum at about x = 0.05. Above x > 0.1,
both quantities slowly decrease. We stress that the nonmono-
tonic evolution of uly and ®gy, is not consistent with the
theoretical prediction of the J-K model with zigzag AFM
order as well as the experimental results of the diluted A;IrO3
(A=Na, Li) iridates [28,30]; the J-K dominant Na,;IrOz shows
a gradual decrease of p.¢ and Ocw all the way to a percolation
limit while the longer-range J dominant Li,IrO3 exhibits no
appreciable change of ®cw up to x ~ 0.5.

To exclude the possibility that the nonmonotonic x depen-
dence of . and Ocw is due to structural imperfections, we
selected the data showing only a single magnetic transition.
Furthermore, the Curie-Weiss fitting was limited to a high-
temperature region above 150 K and was made on the data
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FIG. 4. (a) High-field magnetization curves of «-Ru;_,Ir,Cl;
(x =0,0.03,0.06,and 0.15) measured at T = 2.5 K for both o H ||ab
and po H ||c. The dashed line is a guide to a linear relation, M o< H. (b)
Derivative of the magnetization vs field, d M.(H)/d H as a function of
x. The inset plots the magnetization anisotropy M,,(H) = M,/ M.,
a ratio of the in-plane to the out-of-plane magnetization.

obtained on a cooling process. For a further crosscheck,
we compare ugy and Ofy, extracted from the two distinct
classes of materials showing the clear (full symbols) and
marginal (open symbols) structural phase transitions. There
is no essential difference between them, confirming that the
nonmonotonic evolution of e and Gcw with x is intrinsic to
the J-K-I" honeycomb system.

Next, we proceed to define the magnetic anisotropies
|O¢w (x)/ ®‘é’{,v(x)| and pgg(x)/ ,ugf’f(x) from the in- and out-
of-plane ratios of the magnetic parameters. From Figs. 3(c)
and 3(f), it is evident that both |Ogy(x)/ @‘é’{,v(x)| and
Mg (x)/ ugf’f(x) decrease quasilinearly with increasing x up to
0.05 and then tend to increase above x = 0.05. The parent
compound has the maximum magnetic anisotropy, whereas
at a concentration of about 5% Ir the minimum magnetic
anisotropy is attained.

C. High-field magnetization

Figure 4(a) presents the magnetization curves M(H) of
o-Ru;_,Ir,Cl; (x = 0,0.03,0.06, and 0.15) measured at T =
2.5 K for the poH||ab plane and poH||c axis with pulsed
magnetic fields up to 50 T. M(H) of the parent compound is

strongly anisotropic between the two field orientations. With
increasing H, the in-plane magnetization M,,(H) increases
steeply with a sharp jump around puoH ~ 7 T, whereas the
out-of-magnetization M.(H)is weakly H dependent. Here, the
sharp step is associated with a spin-flop-like transition expected
for the zigzag-AFM system and heralds a crossover to a
partially-polarized quantum disordered phase. With increasing
x, the spin-flop-like transition gradually fades out. This trend
can be more clearly visible in a derivative d M, /d H .

As shown in Fig. 4(b), the peak in dM,;/d H, represent-
ing the spin-flop-like transition, is progressively suppressed
with increasing x, and finally disappears at x ~ 0.15. The
vanishing crossover is linked to the melting of the zigzag-
AFM ordering. As for M .(H), the overall magnetization
increases rapidly up to x ~ 0.06 and then decreases above
x > 0.06. To quantify this behavior, we define the magneti-
zation anisotropy M,,(H) = M,,(H)/M.(H). As plotted in
the inset of Fig. 4(b), M,,(H) is the smallest at x ~ 0.06.
The essentially same conclusion is drawn from the analysis
of |@%&y,(x)/ O, (x)| and uS;(x)/pnih(x). It is remarkable
that M.(H) of the x = 0.06 sample displays a linear field
dependence, typical for an AFM system. This cannot be mere
coincidence as discussed in Sec. III B. Taken together, our
magnetization study of o-Ru;_,Ir,Cls collectively suggests
that the magnetic anisotropy and exchange interactions evolve
in an intriguing way through x ~ 0.06, demanding a future
theoretical study on the dilution effect of the J-K-I" model
with different signs of the exchange interactions.

D. Specific heat and magnetic phase diagram

Figure 5(a) summarizes the phase diagram of
a-Ruy_ Ir,Clz (0 < x <0.33). TI{?BC and Tl\’?B refer to
the ABC- and AB-type zigzag AFM order, respectively. We
note that the two successive transitions result from the creation
of AB stacking faults in the ABC-type stacking matrix by
chemical substitution [14,32]. The x dependence of T:{B¢ and
T® was determined from the peak in specific heat, the cusp
of magnetic susceptibility, and the onset of the internal static
field by zero-field 1SR (see Sec. III E). All estimates coincide
well with each other and are consistent with earlier work [31].
Here we note that uSR (pink stars) probes either the AB-AFM
or the ABC-AFM order. This may be linked to the fact that
the volume fraction of the AB-AFM ordered phase is minute
below x.;, whereas its volume fraction becomes dominant
above x.. Thus, the weak internal field stemming from the
minor phase could not be resolved.

Shown in Fig. 5(b) is the low-T specific heat Cp/T of
a-Ruy_,Ir,Cl3. The parent compound undergoes a single
transition at 73B¢ = 6.5 K, indicating the formation of the
nearly uniform ABC-type stacking. With increasing x, the
primary peak in Cp/T is progressively suppressed and shifts
to zero Kelvin (marked by the arrows). Noteworthy is that
the higher-T secondary peak at T:{® becomes visible above
x ~ 0.05 and disappears above x ~ 0.15. This is ascribed
to a growing number of AB stacking faults produced by
substituting Ir** for Ru**. A linear extrapolation of the transi-
tion temperatures allows determining the two putative critical
points at x.; = 0.13 for TI{?BC(x) and x., = 0.24 for TI{?B(x).
The AB-type stacking phase becomes predominant over the
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FIG. 5. (a) Magnetic phase diagram of «-Ru;_,Ir,Cl;. Transition temperatures related to the ABC- and AB-type zigzag antiferromagnetic
order are determined from magnetic susceptibility (orange triangles), specific heat (green squares and blue circles), and muon spin rotation (pink
stars). Linear guide lines represent phase boundaries of AB-AFM (blue shading) and ABC-AFM (gray shading) order, respectively. The linear
extrapolations of Ty to zero temperature are marked with x.; and x.,. (b) Low-temperature specific heats of «-Ru;_,Ir,Cl; measured at zero
field. The specific heat curves are vertically shifted for clarity. The arrows mark the peaks of the ABC-type (gray) and the AB-type transition
temperature (blue). (c),(d) Low-temperature magnetic susceptibility x(7") of «-Ru;_,Ir,Cl; for poH ||ab and puoH ||c, respectively, plotted on
a log-log scale. Solid lines indicate a power-law behavior of x(7T') ~ T ~". The inset shows the extracted exponent as a function of Ir** content.

ABC-type stacking phase above x.;. This is fully consistent
with the absence of the first-order structural phase transition
in the respective x range [see Fig. 2(d)]. The anticipated
critical point at x., is close to the percolation limit x ~ 0.3
as known for the Kitaev honeycomb lattice [28,30]. Compared
to the ABC-stacking related phase, the longer survival of the
AB-stacking phase with dilution may be due to either stronger
frustration of interplane interactions or a less predominance of
the Kitaev to non-Kitaev terms.

Figures 5(c) and 5(d) zoom in the low-7" dependence of the
magnetic susceptibility y (7') of «-Ru;_,Ir,Cl;. For puo H ||ab,
a power-law behavior x(7) o« T~7 with p = 0.21-0.24 is
identified in a limited low-T interval as x approaches x.;.
For o H ||c, the power-law dependence with smaller exponent
p = 0.13-0.15 is observed at x = 0.08-0.2 in a wider range
of temperatures up to 30 K. Such a power-law divergence in
x(T) is reported for a system near a quantum critical phase
transition [33,34], suggesting that «-Ru;_,Ir,Cl3 (x > x;) is
dominated by critical spin dynamics.

E. ZF- and LF-uSR

With a view to elucidating the ground state of the in-
termediate phase samples, we performed ©SR experiments.

This technique measures the muon spin polarization P,(t)
as a function of time, which delivers information about
the spatiotemporal structure of local magnetic fields in the
sample.

The time-dependent P.(¢) of x = 0.03,0,1,0.16 and x =
0.2 in zero external field is shown in Figs. 6(a) and 6(b)
at T = 30mK-10 K. The ZF-uSR spectra above 10 K ex-
hibit a very weak depolarization with a Gaussian relaxation
form, typical for muon depolarization submitted to a static
distribution of random local magnetic fields mainly from
nuclear magnetic moments. On cooling towards Ty, the de-
polarization increases sharply, pointing to a development of
Ru spin correlations. At the base temperature of 30 mK,
P (¢) displays either a shallow dip or a kink without de-
veloping oscillations. In addition, the long-time muon po-
larization does not reach one third of the initial asymmetry.
This demonstrates a development of quasistatic order where
the disordered static magnetic moments are short-ranged
correlated.

The quasistatic magnetism is well captured by the
Gaussian-broadened Gaussian (GbG) depolarization function
Pev(t; Ag, W) [35], modeling a broader field distribution than
the Gaussian one. The GbG depolarization function is defined
as a convolution of the Gaussian Kubo-Toyabe (KT) function
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FIG. 6. (a) Temperature dependence of the zero-field muon depolarization P,(¢) of «-Ru;_,Ir,Cl; (x = 0.03) (upper panel) and x = 0.1
(lower panel). (b) Representative P,(r) of x = 0.16 (upper panel) and x = 0.2 (lower panel) at selected temperatures. (c) Longitudinal-field
dependence of Py g(r) of x = 0.16 (upper) and x = 0.2 (lower panel) measured at 7 = 30 mK in a magnetic field H = 0-1 kG. The solid lines
are fits to the data using a sum of the Gaussian broadened Gaussian function Pgug(#; A, W) and a simple exponential function described in the

text.

Gxr(A;t) with Gaussian field distribution [36]:

Pty = L 4 2 1 2 N
ST 3T 31 ¥ R2A22 1+ R2A22
2.2
wexp (——— 20" ), (1)
2(1+ R2A}?)

Here Ay and W are the mean value and Gaussian width of
the Gaussian distribution with the relative width R = W/A,
[35,36]. This GbG form is known to account for the magnetism
in the spin ice magnet Yb,Ti,O7 and the hyperkagome antifer-
romagnet NayIr;Og, featuring inhomogeneous static magnetic
moments with short-range correlations [36-39].

The experimental spectra were fitted by a sum of the
GbG depolarization modified with a simple exponential decay
function and a simple exponential component,

P.(t) = fPovG(t; Ao, W)e™ + (1 — fle = (2)

where f is the relative amplitude, representing the fraction of
quasistatic order in the sample. The second simple exponential
term describes dynamically fluctuating moments. The fraction
of frozen moments at the base temperature T = 30 mK is given
by f = 0.74(0.5) for the x = 0.16(0.2) sample. As expected,
a dynamic fraction of the sample becomes enhanced with x.
However, no systematic comparison of f is made for all the
studied samples since the measured temperature of the x =
0.03 and 0.1 samples is higher than 2 K.

Several comments on adopting the GbG function are in
order. First, it is well established that the magnetism of «-RuCl;
varies with a stacking pattern and the Ir>* substitution induces

structural inhomogeneities [14,31]. Even a single piece of
the sample contains some distribution of the composition
x. Thus, an inhomogeneous distribution of the quasistatic
magnetic moments is expected to appear upon introducing
spin vacancies. Second, Ggr(A; ¢) supplemented with a simple
exponential is employed to fit the SR data. Overall the GbG
function is found to provide a better description of all the
experimental data than the KT function (not shown here).

Further evidence for an inhomogeneous mix of the qua-
sistatic and dynamic magnetism comes from longitudinal-field
(LF) uSR measurements where an external field is applied
parallel to the initial muon spin direction. As shown in Fig. 6(c),
the 7 =30 mK uSR spectrum exhibits a systematic shift
upward with increasing field. A nearly full polarization of the
LF-uSR spectra occurs at H ~ 1 kG. From this decoupling
field, the local static field is estimated to be (B)j,c ~ 100 G,
corresponding to one tenth of 1 kG (see below for an indepen-
dent confirmation). Even at high fields of H =~ 1 kG, however,
a weakly relaxing component is discernible, confirming the
coexistence of the frozen and dynamic fractions of the sample.
Fits to the ZF-uSR spectra using Eq. (2) yield the T and x
dependence of the fitting parameters.

In Figs. 7(a)-7(c), we plot the T dependence of Ag, R, and
A for x = 0.16 and 0.2. With decreasing temperature below
In = 3.1 K (2.6 K) for x = 0.16 (0.2), the average internal
field Ao(T) shows an order-parameter-like increase described
by the phenomenological equation Ay(7T") o (1 — (T'/ %P,
where 8 = 0.110(0.127)is forthe x = 0.16(0.2) sample and §
is the dimensionality of lattices. The obtained critical exponent
is reminiscent of the theoretical value B = 0.125 of the
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FIG. 7. (a) Temperature dependence of the average of local inter-
nal field Ag(T') forx = 0.16 (pink squares) and 0.2 (green circles) on a
semilogarithmic scale. The solid lines are fits to the phenomenological
function Ay(T) o (1 — (T/Tx)*)?. (b) Temperature dependence of
the relative width R = 1/, (c) Muon spin relaxation rate vs
temperature on a semilogarithmic scale. (d) Local internal field (B ) s
as a function of Ir concentration. (e) Relative width R as a function of
Ir concentration. (f) Magnetic correlation length i, Vs Ir** content
in the nearest-neighbor unit.

two-dimensional Ising model. Due to a scarcity of data
close to Ty, however, this value should be regarded as a
phenomenological parameter. The T dependence of the relative
width R(T') shows a jump at Ty and a subsequent leveling off
below 1 K. Upon cooling through 10 K, the 7" dependence of
the ZF muon relaxation rate A(T') displays a significant increase
with a weak peak at Ty and then becomes 7 independent.
Along with the weak A-like peak in A(T), the T -independent
behavior of both A(T') and R(T) below Ty indicates persisting
magnetic fluctuations in the quasistatic ordered state. The
persistent magnetic fluctuations below 1 K are not totally
unexpected because the dynamic fraction of the sample
behaves like a diluted spin liquid in the percolation limit [31].

Shown in Fig. 7(d) is the x dependence of the root-mean-
square of the internal magnetic field (B)ms = Ao/y,, where
2my, = 135.54 MHz/T is a gyromagnetic ratio of the muon
spin. The obtained field is comparable to the local static
field of 100 G estimated by the LF-uSR data. Above x.,
(B)ms 1s strongly reduced to 58 G at x = 0.2, indicative of

a very weak magnetic order. According to the Monte Carlo
simulations on a short-range correlated spin cluster model
[35], the relative width R is inversely proportional to the
magnetic correlation length of a moment magnitude, {mag.
Here we stress that {y,g is nothing to do with a spin-spin
correlation length. Within the GbG model, it represents the
correlation length of the magnitude of the ordered magnetic
moments. Figures 7(e) and 7(f) present the relative width R
and the magnetic correlation length ¢n,e as a function of x.
Introducing spin vacancies drastically reduces the magnetic
correlation length from ¢y, = 7a (a=nearest-neighbor lattice
spacing) at x = 0.03 t0 {ma = (1.2-2)a at x =0.16-0.2.
This observation implies that the intermediate phase of the
a-Ru_,Ir, Clj; system is characterized by an extremely short-
ranged quasistatic moment, possibly arising from a strong
exchange frustration intrinsic to the Kitaev paramagnet.

IV. CONCLUSIONS

In summary, combining magnetization, specific heat, and
muon spin rotation techniques, we have drawn the phase
diagram of «-Ru;_,Ir,Cl; that maps out the x dependence of
the magnetic phase. We identify the two magnetic transitions
linked to ABC- and AB-type zigzag AFM orders. With increas-
ing x, the ABC-type zigzag AFM order vanishes first at x.; =
0.13 and then the AB-type weak zigzag AFM order disappears
at x. = 0.24, resulting in the two critical points. At low
temperatures of the intermediate regime (x.; < x < x.2), our
USR study reveals a short-range correlated quasistatic order
coexisting with dynamically fluctuating moments. A nearly
static broader-than-Gaussian field distribution is ascribed to the
AB-type stacking faults produced by the chemical substitution.
The salient feature of the fluctuating quasistatic state is its
extremely short magnetic coherence length of {mae ~ (1.2 —
2)a. In this regime, the low-T magnetic susceptibility displays
a power-law behavior x(7) o« T~7 with p = 0.13-0.15 for
woH||c and with p = 0.21-0.24 for puoH ||ab, providing evi-
dence for the critical spin correlations. Our results demonstrate
that a diluted K-I'"-J ruthenium honeycomb system hosts an
unconventional ground state and shows a nonmonotonic evo-
lution of magnetic properties as a function of Ir concentration.
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