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Magnetism in the Kitaev quantum spin liquid candidate RuBr;
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The present studies show that long-range magnetic order takes place in RuBr; at &34 K. The observations
of clear oscillations in the muon time spectra demonstrate the presence of well-defined internal fields at the
muon sites. The magnetic ordering appears to be very robust and static, suggesting a more conventional nature
of magnetic ordering in the RuBr; system at zero field. Present investigations prove that in RuBr; the Kitaev
interactions are likely to be weakened at zero field in comparison to the o-RuCl; system. This proves that it is
possible to tune the Kitaev interactions by replacing Cl with heavier halogen elements such as Br.
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I. INTRODUCTION

A quantum spin liquid (QSL) is an exotic state of matter, in
which electron spins are strongly entangled, but do not exhibit
any long-range magnetic ordering down to 7' = 0 K. Despite
considerable effort in the past, so far, experimental realiza-
tions of a clean QSL remain scarce [1-3]. Kitaev proposed a
theoretical model, known as the Kitaev model, where spins
(S=1/2) are placed on a honeycomb lattice. They are coupled
with their three nearest neighbor spins with bond-dependent
ferromagnetic Ising interactions [4]. The Kitaev model is
exactly solvable, and the ground state is a quantum spin lig-
uid. Recently, the ruthenium halides are considered promising
candidates for the realization of a Kitaev spin liquid. The
bond-dependent Kitaev magnetic exchange interactions drive
this quantum spin liquid phase. To realize this experimentally,
a-RuClj has been extensively studied. However, the theoret-
ical descriptions of «-RuClj are still debated, and a correct
microscopic description of the low-temperature phase is not
available [5—13]. It appears that a lack of analog materials
for a-RuCls puts forward certain limitations to find out the
electronic properties as functions of interaction parameters.
In @-RuCl; the covalency between Ru-4d and Cl-p orbitals
is important to induce Kitaev interaction. Thus, replacing Cl
with heavier halogen elements, such as Br or 1, is a sensible
approach to strengthen the Kitaev interaction further. Indeed,
a recent comparative study of the electronic structures of
«-RuCls, RuBrj3, and Rul; and the estimation of magnetic
exchange interactions of all three compounds suggests that
RuBrj is a promising candidate to realize Kitaev spin liquid
phases [14-17].

The material RuBr3; has a Bilz-type structure (space group
R3) where Ru*" forms an ideal honeycomb lattice even at
room temperature and it does not show a structural transition
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down to low temperatures. RuBr; orders antiferromagneti-
cally at =34 K.

To further investigate this system, in particular, its nature
of the static and/or dynamic ground state, we have per-
formed detailed muon spin resonance (uSR) experiments,
both in zero-field (ZF) and in the longitudinal field (LF)
along the initial muon polarization, in the temperature range
1.5-200 K. Present SR studies confirm the presence of long-
range magnetic ordering at ~ 34 K. Muon relaxation rates ()
probe the dynamic/static spin susceptibility at ueV energy
scales. This gives important information which is comple-
mentary to nuclear magnetic resonance and inelastic neutron
scattering. Present data are typical representations of static
magnetism. Thus, in zero-field the magnetic ordering is robust
and static, suggesting a more conventional type of quasi-three-
dimensional magnetic ordering in RuBr3, at least in the ©SR
time scale. However, the field dependence of the interactions
is not yet known.

II. EXPERIMENT

Polycrystalline sample of RuBr; was prepared by a high-
pressure synthesis according to Ref [14]. uSRexperiments
were performed at the PSI, SWISS using the GPS instrument.
For muon measurements, 300 mg of a powder sample was
used. The puSRdata were analyzed with the muSR fit pro-
gram [18]. The crystal structure of the RuBr; system is drawn
using VESTA [19]. Fig. 1 shows the crystal structure of the
RuBrj; system.

III. #SR RESULTS: THE PRESENCE OF LONG-RANGE
MAGNETIC ORDERING

Representative ZF-uSR asymmetry spectra, measured in
wide temperature ranges, are shown in the left panel of Fig. 2.
The right panel shows the Fourier transformed pSR time
spectra at zero fields at the selected temperature. For visual
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FIG. 1. Crystal structure of the RuBr; system.

clarity, both time spectra and the Fourier-transformed spectra
are shifted vertically. In general, implanted muons (here pos-
itive muons) are highly sensitive to the local magnetic fields
with a resolution about (B = ?/—’:vu) ~0.1 mT produced by the

adjacent Ru*" spins [20]. This makes 1SR an ideal probe to
detect the presence of any tiny static magnetism. It is clear that
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FIG. 2. Left panel: At representative temperatures, true ZF-
uSRtime spectra measured at PSI. Right panel: Fourier trans-
form pSRtime spectra at zero fields at a selected temperature.
Fourier-transformed spectra are vertically displaced for clear demon-
strations. Lines indicate the theoretical description as detailed in
the text.
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FIG. 3. Temperature dependence of the internal fields by fitting
the ZF spectra. Dotted lines are ordered parameter fit as detailed
in the main text. Inset shows the amplitude ratios of the ordering
fractions estimated from the fitting of the time spectra.

the present ZF-uSR spectra display the characteristic signals
originating from static magnetism: (i) Spontaneous coherent
oscillations in the studied temperature range down to 1.5 K;
(ii) Strong damping of the muon depolarization due to the
random distribution of the static field. These points demon-
strate the presence of a well-defined static magnetic field at
the muon stopping site originating due to the possible long-
range magnetic ordered state of Ru** moments. However, the
strong damping of the muon polarization may also relate to
disordered magnetism. The very clean SR time spectra do
not support this picture entirely.

The ZF-time spectra can be best physically described by
two magnetic and one nonmagnetic component:

A(t) = Ay (5 cos(@mt + @)e™ " + ge)
+A2(% cos(wyat + (p)e*’\m + %e*)»uf)
+ A3€7)”L2t, )

where A; (i=1, 2, 3) represent the initial asymmetry. A7; (i =
1,2), A i(i = 1,2) are the width of the static field distribu-
tion and muon relaxation rate, respectively. wy, can be well
described by the following equation: wpy,(T) = awy(T),
where a is a temperature independent factor. Thus, both muon
sites observe the same physical behavior, unlike the observa-
tions in «-RuCls [21].

The right panel of Fig. 2 shows the temperature depen-
dence of Fourier-transformed ©SR time spectra in zero fields.
In the ordered state field, spectra just below ~34 K shows
a single broad line. With lowering the temperature, lines are
shifted toward the high field side and clearly show the split
field spectra suggesting two well-defined internal fields at the
muon sites indicated by the dashed lines.

The estimated internal fields from the fit of the time spectra
as a function of temperature are plotted in Fig. 3. This order
parameter plot for site 1 and site 2 shows that at ~34 K both
fields merge, indicating one magnetic ordering temperature of
the system. However, lowering the temperature they split, and
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further lowering the temperature they are saturated to different
fixed values. The overall behavior of the order parameter de-
velopment appears to be similar suggesting similar magnetism
of the two sites. The obtained parameters can be described by
the following phenomenological equation:

7\°7%
B(T):Bo[l _ (E) } . P

Let’s briefly discuss the meaning of all the parameters
used in the phenomenological order parameter equation. By
is a constant that determines the saturated magnetic field. 8
is called the critical exponent and gives information about
the type of magnetic ordering and « is used to fit the whole
temperature range. Ty is the ordering temperature. The fits
give the following parameter values of By(uoHy)=28.99(2)
mT, o =2.81(4), B =0.35(2), and Ty = 34.19(7) K. For
three-dimensional Heisenberg ordering, the expected value of
B is 0.367, whereas for three-dimensional Ising magnets the
expected B is 0.326 [22,23]. However, in the case of two-
dimensional Ising magnets, § is expected to be 0.125. Thus,
the current experimental finding, in particular g, indicates that
the magnetic ordering in RuBr3 is more like a quasi-three-
dimensional type. These fits identified the magnetic ordering
temperature to be Ty = 34.19(7) K which is consistent with
the bulk characterization, neutron scattering, and NMR exper-
iments.

For analog material «-RuCl3, the four potential muon stop-
ping sites have been estimated [21]. Given that RuBr; has
a similar structure to «-RuCls, it is likely the similar muon-
stopping sites for RuBr;. Both in ¢-RuCl; and RuBr; two
distinct well-resolved peaks are observed in the field spectrum
in the ordered state. While deep in the ordered state, the
development of the ordered parameter qualitatively behaves
similarly for both compounds, the significant differences are
noticeable at the onset of the ordering temperature. Further
1SR studies on a-RuClj single crystals show multiple mag-
netic phases due to the presence of stacking faults [24]. In
the case of RuBr3, magnetic ordering sets in at the same
temperature, whereas in «-RuCl; the ordering sets in at two
different temperature points. One likely scenario is that in the
former case, the presence of less amount of stacking faults
makes a unique ordering temperature for the potential muon-
stopping sites. The anisotropy in the interaction may play a
significant role there. However, to what extent this is related
to the anisotropy of the material is not clear so far. This would
be clarified by investigating single crystals.

In the inset of Fig. 3, the amplitude ratios of the ordering
fractions are displayed as estimated from the fitting of the
time spectra. The two signal fractions are not equal, but rather
significantly different. In the solid-state nuclear magnetic res-
onance (NMR) technique to evaluate field/frequency sweep
spectra, the area under the curve is taken as the measure of
the number of nuclei effectively contributed to the signal.
Thus, the signal intensity and/or area under the curve is
proportional to the number of nuclei. This helps to quantify
the relevant signal fraction from different surroundings of the
nuclei. Conceptually, the muon field spectra are not that differ-
ent. Significantly, intensity differences suggest among the four
potential muon-stopping sites one-third of the muons (site 2)
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FIG. 4. Top panel shows the representative LF-tSRtime spectra
collected at 40 K. The lower panel shows the LF spectra at the
selected field at 1.55 K. Lines indicate the theoretical descriptions
as detailed in [25].

has its different environments than the rest (site 1). Although
most of the muons encounter qualitatively similar magnetic
field distribution because of the more three-dimensional mag-
netic ordering of the Ru** spins, their different locations in
the lattice with respect to the Ru** spins simply encounter
different magnetic field values.

Note that the low-temperature SR data of RuBr; cannot
be adequately described by using a model with only two muon
sites that both sense magnetic fields. It requires additional
nonmagnetic contribution; no oscillations with a low damping
of less than 0.1 us~! indicates that these muons do not see any
magnetic field. However, at zero fields, a significant fraction
of the total muon signal does belong to that site. So far, it is
not clear which site contributes to this signal.

Having established that the system has the three-
dimensional magnetic ordering of the Ru** spins, we now
want to understand the character of the fluctuations of the
Ru*" spins, namely whether the fluctuations of the spins are
static or dynamic in nature. In general, for a QSL ground
state system, the spins are fluctuating, even if there is static
ordering, and this is reflected in the uSRrelaxation processes
by means of persistent spin dynamics or constant values of
relaxation in low temperature. LF-uSRexperiments are an
excellent test case to prove or disprove the character of the
spin fluctuation (static/dynamic). Figure 4 shows the LF-uSR
time spectra at two different temperatures, namely 40 K and
1.55 K representing the normal state and magnetically ordered
state, respectively. In the normal state at 40 K, by applying
a small field of only 5.0 mT, it is possible to completely
decouple the time spectra. The relaxation process at zero field
appears to be the effect of static nuclear relaxation which is
easy to suppress/decouple by a small amount of longitudinal
field. So no electronic contribution, either static or dynamic,
has been encountered by the muons. However, deep in the
ordered state (lower panel), time spectra can be decoupled by
the application of the longitudinal fields reflecting the absence
of dynamics.
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FIG. 5. Temperature dependence of the ZF transverse relaxation
rates in the ordered state. The inset shows the ZF longitudinal relax-
ation rates.

Figure 5 shows the ZF transverse (A7) and longitudinal
relaxation (A, ) (inset) rates in the magnetically ordered state.
Both relaxation processes clearly represent a static ground
state. In the ordered state for the magnetic component, Ay
shows the nominal temperature dependency with values close
to zero. Both relaxation processes clearly represent a static
ground state [26].

IV. CONCLUSIONS

In conclusion, detailed pSRstudies on the powder of
RuBrj are carried out. There is clear evidence of long-range
magnetic ordering below ~34 K. uSRrelaxation rate A val-
ues below the similar temperature range are typical for a
static magnetically ordered system. This is in line with the
decoupling experiments. Taken all together, RuBr; shows
three-dimensional long-range magnetic ordering at least in
zero fields in uSRtime window. However, unlike the case of
a-RuClj in the wSRexperimental window, where full three-
dimensional order sets in below a certain temperature after the
first ordering takes place, in RuBrj three-dimensional order
sets in just at ~34 K. The problem remains open to what
would be the anisotropic magnetic properties in this system in
external magnetic fields, for which one needs single crystals.
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