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Significant efforts have focused on the magnetic excitations of relativistic Mott insulators, predicted to realize the Kitaev quantum
spin liquid (QSL). This exactly solvable model involves a highly entangled state resulting from bond-dependent Ising interactions
that produce excitations which are non-local in terms of spin flips. A key challenge in real materials is identifying the relative size of
the non-Kitaev terms and their role in the emergence or suppression of fractional excitations. Here, we identify the energy and
temperature boundaries of non-Kitaev interactions by direct comparison of the Raman susceptibility of a-RuCl; with quantum
Monte Carlo (QMC) results for the Kitaev QSL. Moreover, we further confirm the fractional nature of the magnetic excitations, which
is given by creating a pair of fermionic quasiparticles. Interestingly, this fermionic response remains valid in the non-Kitaev range.
Our results and focus on the use of the Raman susceptibility provide a stringent new test for future theoretical and experimental

studies of QSLs.
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INTRODUCTION

Exotic excitations with fractional quantum numbers are a key
characteristic of QSLs,"™ which result from the long range
entanglement of these non-trivial topological phases.>” Originat-
ing from frustrated magnetic interactions, the fractional nature
inspires an overarching goal of studying QSLs, realizing topolo-
gical quantum computing immune to decoherence, with high
operating temperatures from large exchange interactions.®® The
last decade has seen great progress towards identifying the
fractional excitations of QSLs.'®'® Attention has focused on
relativistic Mott insulators that are close to the exactly solvable
Kitaev model with a QSL ground state. In materials such as A,IrOs
(A=Cu, Li, or Na)*®#'"23 and a-RuCl5,***” the large spin-orbit
coupling and Coulomb repulsion result in jogr = 1/2 moments on a
honeycomb lattice.>??®73> According to the pure Kitaev model, in
these materials spin flips could produce Z, gauge fluxes and
dispersive Majorana fermions.'**°

In these materials, as with other QSL candidates, the presence
of additional symmetry allowed terms (Heisenberg and bond-
dependent off-diagonal interactions in this case), produces long-
range magnetic order.'®'%?*37 Despite extensive studies and
evidence for fractional par'(icles,”'34'38'39 the relative size of the
non-Kitaev terms and the range over which they are relevant
remains controversial.”*° In a-RuCls, these non-Kitaev terms lead
to a magnetically ordered phase below 7K, which could be
destroyed by an in-plane magnetic field.*'™* The exact nature of
the field induced QSL state remains unclear®’*34? as the zero field
Hamiltonian is still unresolved. In particular, non-Kitaev interac-
tions dominant energy and temperature ranges, have not yet
been experimentally established. Additionally, there is a need to

determine if excitations in these ranges maintain their fractional
nature.

Raman scattering is a powerful probe of magnetic materials,
revealing the presence of long-range order, symmetry and
statistics of the excitations, as well as the strength and nature of
the exchange, even in single 2D atomic layers3*°™3 Indeed,
Raman scattering was the first to reveal the continuum from
magnetic excitations in a-RuCls."" However, a careful study of the
Kitaev term’s temperature and energy dependence is still a
challenge, as one requires a very high temperature and energy
resolution to show the spectral change and directly compare the
spectra with theoretical calculations.>* Previously, Raman efforts
relied on spectral integration over a certain energy range which
averaged out the energy dependence of the excitations, and the
low scattering intensity made it difficult to directly compare the
spectra with theoretical calculations from the exact Kitaev model.
As such, the role of the non-Kitaev terms, and their size, could not
be identified in previous efforts. Furthermore, demonstration of
the fractional nature relied on the integrated Raman intensity and
thus required subtraction of a bosonic background, without
justification. This approach also meant fitting the data with an
average energy in the Fermi function, further limiting the ability to
uncover if the non-Kitaev terms affected the statistical response of
the excitations.?®**

Here, we overcome all these previous limitations with new
Raman spectra with dramatically improved signal levels, high
temperature, and energy resolution. Firstly, having improved the
optics, our Raman measurements now obtain a signal level 18
times larger than before'' (see supplemental). This high signal
level provides enough anti-Stokes response to ensure the
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temperature is correct and allows us to directly extract the Raman
susceptibility by taking the difference between Stokes and anti-
Stokes intensities, after the dark counts have already been
removed. In this way, the role of the non-Kitaev terms is revealed
via a direct comparison of the full temperature and energy
dependence of the a-RuCl; Raman susceptibility with a QMC
calculation for the pure Kitaev model. Furthermore, we provide
compelling evidence for the fermionic nature of the excitations
without the need to subtract a bosonic background. Our results
show that the Raman susceptibility of a-RuCls is consistent with
QMC calculations at higher temperatures and energies (>40 K and
>6 meV). The deviation between them in the low temperature and
energy range (<40K and <6 meV) results from the non-Kitaev
terms. Via these temperature and energy boundaries, we directly
measure the ratio of Jx and T interactions in the Hamiltonian.
Moreover, the high temperature (>150K) difference between the
Raman susceptibility and the QMC indicates the presence of quasi-
elastic scattering (QES) induced by thermal fluctuations in the
system, commonly observed in frustrated systems.””'"?® With our
enhanced signal the anti-Stokes spectra for all temperatures can
be compared with the Stokes response to prove the sample is in
detailed balance without laser heating (Fig. 2d). To further explore
the effect of non-Kitaev interactions, we fit the Raman suscept-
ibility with a Fermi function containing half the measured energy.
The very good overlap shows the excitations are governed by
Fermi statistics even beyond the Kitaev dominant range.>® We also
checked that the susceptibility integration is governed by a Fermi
function with half energy, which further confirms each fractional
particle holds one half of the scattering energy in both Kitaev and
non-Kitaev dominant regimes. Interestingly this is revealed
without the need to subtract the bosonic background.
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RESULTS AND DISCUSSION

In inelastic light scattering, the measured intensity is determined
by symmetry, Fermi's golden rule, and from the fluctuation-
dissipation theorem, is proportional to the Raman susceptibility
(Im(x[w, T])) times a Bose function.’®*” In magnets this can
produce peaks from single magnons, broad features reflecting the
two-magnon joint density of states (JDos), or QES from thermal
fluctuations.'""'® For the Kitaev QSL, Raman predominantly excites
pairs of fractional particles in the energy range considered here
(=0.5Jk < hw < =2J)), leading to the energy loss (Is[w, T]) and gain

(Lslw, T]) intensities:>*>®

Is[w, T] = Im(x[w, T])(ng[w, T] + 1) = JDos[w, T|(1 — ne[w/2, T])2 (1

las|w, T] = Im(x[w, T])(ng[w, T]) = JDos[w, T|(new/2, T])? )

where ng,fw, T] are the Bose/Fermi distributions and JDos[w, T] is
approximately given by the JDos from the fractional particles. For
responses from non-fractional excitations, for example phonons,
we expect an additional term to be added to the susceptibility,
without contributions from the Fermi function.

As shown in Fig. 1a, we collected both the Stokes and anti-
Stokes spectra of bulk a-RuCl; from 10K to 300 K. Our Rayleigh
scattering half width is 2.3 meV, enabling measurement down into
the low energy regime. The temperature dependent spectra show
a clear magnetic excitation continuum (2.3 meV ~ 10 meV) below
the first phonon, which mostly results from the Kitaev interaction
and is consistent with previous predictions and measure-
ments.'"?%**39 Since the measured Raman intensity contains a
Bose factor, it is best to investigate the Raman susceptibility
Im[x[w, T]]."**%*?°% Using our new anti-Stokes spectra, we directly
determine the susceptibility from the difference between the
Stokes and anti-Stokes intensities (Is|w, T] — lqs[w, T] = Imx[w, T])).
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Fig. 1 Effects of non-Kitaev Terms. a Temperature dependent Raman intensity of a-RuCls in XY polarization. Both Stokes and anti-Stokes data
are collected from 10K to 300K with 5K steps below 120K and 10K steps above. the gray shade is indicates the magnetic continuum
excitation. b The measured Raman susceptibility in XY polarization of a-RuCls at 10K (blue line) compared with the calculated result of the
pure Kitaev limit (purple line) at the same temperature. The enhanced signal at low energies results from the non-Kitaev interactions in the
system. By 40 K there is nearly perfect agreement between the Raman data (yellow line) and the QMC calculation (red line), indicating the
non-Kitaev terms are not relevant in this energy and temperature range. ¢ The temperature and energy dependent map of Xs (Xs = Xmeasured —
Xamo)- Xs at low temperature and low energy range shows the temperature and energy boundary of non-Kitaev (NK) interactions in the system.
Xs at the high temperature and low energy range indicates the quasi-elastic scattering (QES) in the system.

npj Quantum Materials (2020) 14 Published in partnership with Nanjing University



This new data set, combined with minimizing the rise in
temperature due to the laser, reveals the regimes in which non-
Kitaev terms are relevant. Specifically, Fig. 1b shows the
comparison of the QMC results for the pure Kitaev limit and the
Raman susceptibility at 10 and 40 K. While excellent agreement is
seen at 40K, the data at 10K only matches the model between 6
and 10meV. Noting that this temperature is still above the
magnetic ordering temperature of 7 K, this additional susceptibility
results from non-Kitaev terms, as recently suggested by exact
diagonalization (ED) calculations.*

To further investigate the temperature and energy dependence
of the non-Kitaev interactions, we consider the energy and
temperature dependent colormap in Fig. 1c. Here Xs = Xmeasured —
Xawmc is the difference between the measured Raman susceptibility
and that of the pure Kitaev model (determined by the QMC
calculation). The green color indicates the measured susceptibility
is higher than the QMC results and the blue color indicates regions
of very good overlap between the measurement and the
calculation. The black dots suggest the temperature and energy
boundaries where the system perfectly resembles the pure Kitaev
QSL. Specifically, there is a large x5 in the quarter circle area below
6 meV and 40 K, which can be explained as the region where non-
Kitaev interactions become dominant in the response. The
deviation above 150K and below 8 meV results from the QES
induced by thermal fluctuations in the system, which is well
known in frustrated magnets.”'?5839 The high energy deviation
(>12 meV) is from the low energy tail of the phonon. Nonetheless,
the low energy and temperature deviation from the pure Kitaev
model is consistent with the calculated intensities of recent ED
results for a model with only I and Kitaev terms in the system (K-I'
model)*® with —J/I =5. Furthermore, the ED results suggest
enhanced response over that expected for the pure Kitaev limit for
wr ~ 2.5T. As shown in our colormap, when the temperature is low,
the disagreement occurs for wr <6 meV. based on the K-I model,
this suggests I'= 2.4 meV, where the Heisenberg interaction and
terms beyond nearest neighbors are neglected. We note that
regardless of the specific non-Kitaev terms, this can be interpreted
as an upper bound on the ratio of Kitaev to non-Kitaev terms in
this system. Furthermore, we find the best agreement for the pure
Kitaev limit with Jx= 10 meV (Supplementary Fig. 4), consistent
with our observed bandwidth of the continuum (Fig. 1a) of
30meV.""”® The = 2.4 meV we obtained here is also consistent
with the results obtained from neutron scattering (2.5 meV),?
from thermal Hall measurements (2.5meV)® and from THz
measurements (2.4 meV).®’

Having established the size and extent of the non-Kitaev terms,
we examine the statistics of the excitations in a-RuCl; to see if
they are truly fractional. As the statistics depends on both
temperature and energy, one should make sure the system is in
detailed balance®® and that laser heating is negligible, which was
not quantitatively shown before. As discussed in the supple-
mental, the fermionic response written above is consistent with
the fluctuation-dissipation theorem with the presence of time-

reversal symmetry, requiring Is[w, T]/lus[w, T] = €579 Pre-
viously, the discrepancy between the prediction of the Bose
factor and the measured intensity at low temperatures was
attributed to fractional statistics.?®** However, these works did not
exclude the possibility that laser induced heating kept the
measured area at a fixed temperature, while the bulk was cooled.
This is not unlikely, given the small specific heat and thermal
conductivity of RuCl; at low temperatures.®>®>~> Furthermore, as
described in the supplemental, previous uses of the anti-Stokes
responses were unreliable due to the low signal levels."" Most
importantly, unless the temperature is well known, it is difficult to
directly compare with the theoretical prediction for fractional
statistics. In our current work we have made substantial
improvements to the thermal anchoring and collection efficiency
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to allow for much higher temperature resolution and lower Raman
frequency. In this way, we can observe the spectra change
between different temperatures and directly compare it with the
QMC results. Most importantly, due to enhanced signals and lower
probing frequencies, we have been able to collect anti-Stokes
response at lower temperatures to ensure that laser induced
heating is not an issue. Returning to the actual sample
temperature, in Fig. 2d, we compare the anti-Stokes intensity
and Stokes intensity times a Boltzmann factor with the measured
temperature. The excellent agreement between them reveals that
there is nearly no heating in the laser spot and thus we can use
the measured crystal temperature. Unlike previous studies,'° our
new quantitative comparison between Stokes and anti-Stokes
limits the possibility of laser heating to explain the low
temperature upturn and confirms the sample is in detailed
balance.

We explore the possibility that the Raman susceptibility results
from purely fermionic excitions in Fig. 2a. If the excitation is fractional,
one expects Imx(w,T)] o< JDos(w, T)* (1 —2ng(w/2,T)). This
results from the particle-hole symmetry of these excitations, and
that we are probing creation/annihilation processes. To cancel the
constant term and focus only on the fermionic part, we show the
difference of susceptibility: Alm(x[w, T < 150K]) = Im(x[w, T])—
Im(x|w, 150K]). The utility of such an analysis is quite clear: the
energy and temperature extent of the continuum can be directly
observed - without contributions from high temperature QES
fluctuations or phonons. To test the predicted fermionic response
from fractional particles, we plot Andw/2, Tl = ndw/2, T1 — ndw/2,
150K], as contour lines on top of the data. The agreement is quite
good and is further confirmed in Fig. 2c via constant temperature
cuts of the data shown in Fig. 2a, along with the calculated
Andw/2, T]. The good agreement between the data and Fermi
functions with half of the scattering energy provides strong
evidence for the presence of pairs of fractional particles. We note
this is done without any artificial subtraction of a bosonic
background.

The approach described above, relies on a nearly temperature
and energy independent JDos[w, T], which is expected from the
numerical calculations for the Kitaev system at temperatures
above the flux gap.>® This assumption appears to generally hold in
our data, whose temperature and energy evolution are generally
described by a Fermi function. Nonetheless, at the lowest
temperatures, there is some deviation of the data for energies
above 6 meV. The origin of this discrepancy is not clear, but likely
results from the temperature and energy dependence of the JDos
[w, T]. Additionally, we find poor agreement if the full scattering
energy (nfw, T]) is used (not shown). We additionally performed
the same analysis on another honeycomb system Cr,Ge,Teg (Fig.
2b), which was grown by established methods and which is
ferromagnetic below 60 K with a similar Curie-Weiss temperature
as a-RuCl5.>?%® The behavior of Cr,Ge,Teg is the exact opposite of
a-RuCls, namely, Alm(x[w, T]) is negative throughout the whole
measured range and decreases upon cooling.

Returning to Fig. 2a, we have also drawn the boundary of the
non-Kitaev contributions determined from the analysis in Fig. 1c.
We find the Fermi function matches the susceptibility very well,
suggesting the Fermi statistics hold even when the agreement
with the pure Kitaev model (Fig. 1b) does not. However, given the
relatively large size of the Kitaev term relative to the non-Kitaev
contributions, this may not be surprising and suggests the
excitations in a-RuCl; are primarily fractionalized. Our analysis
presented in Fig. 1c and Fig. 2a also reveals the crossover from
spin liquid-like behavior (i.e. fractional continuum) to a standard
paramagnet. Indeed, Alm(x[w, 150K < T < 200K]) is nearly con-
stant, as expected for a paramagnet in this range. As discussed
later, the response at higher temperatures is consistent with quasi-
elastic scattering. We note that the exact temperature at which
the response will set in, depends on the energy scale at which it is
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Figg 2 The normalized Raman susceptibility and detailed balance. a Raman susceptibility of RuCls, Alm[y(w,T)] =
Im[x(w, T)] — Im[x(w, 150K)]). The curves with black outlines are the contour plots of the Fermi function (Angw/2, T) = n{w/2, 150) —
ne(w/2, T)). Both data and the prediction are normalized to their maximum values. The agreement between the two confirms that Raman
creates magnetic excitations that are made of pairs of fermions. The upturn of the Raman intensity in the high temperature and low energy
range results from thermal fluctuations of the magnetism (quasi-elastic scattering). b Raman susceptibility of a similar magnet, Cr,Ge,Teg,
where, opposite to a-RuClz, AIm[x(w, T)] is negative and does not match ng(w/2, T). c Comparison of n(w/2, T) and Alm|x(w, T)] of RuCls at fixed
temperatures. The agreement further confirms the excitations are fermionic. d The excellent agreement between Stokes and anti-Stokes
spectra of a-RuCl; when normalized by the Boltzmann factor demonstrates the absence of laser heating.
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Fig.3 Limit of Fermi statistics. a The continuum in a-RuCls due to fractional particles is removed by taking the difference between XY and XX
intensities. This confirms the continuum is consistent with predictions of the Kitaev model, and the high temperature response is from quasi-
elastic scattering (i.e. Lorentzian times a Bose factor). b The integration of the Raman susceptibility (3 meV-8 meV) with only the quasi-elastic
scattering response, reveals a linear T behavior above 150K and temperature independent behavior below. ¢, d Integrated spectral weight
(3 meV-8meV) of Im[x(w, T)], reveals Fermi statistics in a-RuCl; below ~100K (solid red line) in XX and XY polarizations. Above 150K the
response is linear in temperature due to the quasi-elastic scattering (yellow lines). The spectral weight (3 meV-8 meV) from Cr,Ge,Tes (e, f) is
enhanced up to T¢ (blue dashed line) but the temperature dependence above does not fit that expected for fermions (solid red line).

measured. As such the integrated response investigated in Fig. 3C, that confirm the magnetic specific heat is consistent with a
appears to have a higher onset temperature for the QES due to standard paramagnet at high temperatures. Lastly, this analysis
the inclusion of higher energy scales. Specifically, a Lorentzian at also provides new insights into the phonons overlapping the
zero energy results from thermal fluctuations of the magnetism continuum. Specifically, consistent with previous works we also
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find the phonons have a low energy tail due to their coupling with
the continuum (Fig. 1c and Supplementary Fig. 4b). However, via
our new comparison with the pure Kitaev limit, it is clear the
influence of the two lowest energy phonons on the continuum is
limited to =12 —» 14meV, and =15 — 19 meV, respectively. Inter-
estingly, the response in these regions still follows the prediction
of the Fermi function (2a), showing the mixing of the phonons
with the fractional excitations does not significantly influence
them.

To ensure our approach is self-consistent, it is worthwhile to also
analyze the integrated Raman response, as done previously in a-
RuCls and Li,IrOs.""2%** Likewise, it is also crucial to find a reliable
method to separate the QES response from the continuum such that
it can be independently studied for further confirmation of the
presence of Fermi statistics. This is now possible using both the
polarization and Stokes minus anti-Stokes spectra (Im[y[w, T]]). Since
the continuum has equal weight in both polarizations'"® it can be
removed via their difference: Als/qslw, T] = )y, T] =I5 45[w, T).
We also note the isotropic response of the continuum implies an
isotropic Kitaev interaction>**® As seen in Fig. 3a, Als/slw, T is
consistent with thermal fluctuations (ie. QES),'**®*2 namely a
Lorentzian whose amplitude is given by the magnetic specific heat
(CnlT]) times the temperature and appropriately weighted Bose
factors (i.e. greater Stokes than anti-Stokes intensity). We now
calculate the QES amplitude via the spectral weight (SW) of the
Raman susceptibility: SWqes[T] = [x% (@, T] — & [w, T]dw =
deA)(. Here, the integration energy range is 3-8 meV. Consistent
with direct fits of the Als.s[lw, T] (see supplemental) and robust to
the limits of integration (as long as phonons are not included), we
find SWoes[Tl < T (see Fig. 3b). This suggests the magnetic specific
heat is nearly temperature independent, as expected for a classical
paramagnet at high temperatures. Since the QES signal is nearly
zero in xlw, T< 150K], this confirms the Raman susceptibility (and
not the intensity) naturally separates the QES from the continuum.
Thus our new measurements reveal the energy and temperature
range over which the excitations are fractional without contamina-
tion from other contributions.

Having isolated the QES and identified its temperature
dependence, we can independently check the temperature
bounds of the Fermi statistics. Specifically, we investigate the
difference between the Stokes and anti-Stokes SW in a given
polarization (ASWIT] = [(Islw, T] — luslw, TI)dw), which includes the
integrated Fermi function from the fractional excitations and the
QES contribution (see supplemental). As shown in Fig. 3¢, d for
two different polarizations, the integrated weight follows the
expected response for pairs of fermionic excitations (/(1 — 2ndw/2,
T))dw) until T= 150 K where it crosses over to a linear temperature
dependence from the QES. The fermionic response is equal in
both polarization configurations and covers the Kitaev ranges.
Thus with just three parameters, one fixed by the lowest
temperature, we fully explain the SW for all energy ranges,
temperatures, and polarizations. To further confirm this, we tried
the same analysis on our new Cr,Ge,Teg data. As shown in Fig. 3e,
f, the difference between the Stokes and anti-Stokes of Cr,Ge,Teq
cannot be fit with a Fermi function at all. Thus the results
presented in Fig. 3¢, d provide a quantitative confirmation of the
presence of fractional excitations up to high temperatures.

To conclude, our higher quality data and anti-Stokes spectra
provide direct comparison of the Raman susceptibility energy and
temperature dependence with QMC calculations. At higher tem-
peratures and energies, these results are consistent with QMC
calculations for the pure Kitaev limit. Consistent with ED calculations,
the Raman susceptibility is enhanced over the Kitaev QSL only at
low energies and temperatures due to additional non-Kitaev terms.
Thus our results reveal the temperature and energy boundary of
non-Kitaev interactions becoming dominant. Furthermore, via
comparison of the measured Raman susceptibility and the Fermi
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function, the data provide concrete evidence that the magnetic
excitations in a-RuCl; are fractional and follow Fermi statistics.
Interestingly, these fractional excitations follow Fermi statistics even
in the ranges where non-Kitaev terms become dominant. It remains
to be answered whether, and how, different non-Kitaev terms
compete with each other in the low temperature and energy range.
Nonetheless, our approach enables a new means to extract the size
and influence of non-frustrating terms in QSLs, and could be applied
at finite magnetic field to confirm the fractional nature of excitations
in the field induced QSL state of a-RuCls.

METHODS
RuCls crystal growth, handling, and characterization

Single crystals of a-RuCl; were prepared using high-temperature vapor-
transport techniques from pure a-RuCl; powder with no additional
transport agent. Crystals grown by an identical method have been
extensively characterized via neutron scattering techniques®>**®* reveal-
ing behavior consistent with what is expected for a relativistic Mott
insulator with a large Kitaev interaction,'62%2>293032334143456567.68 The
crystals have been shown to consistently exhibit a single dominant
magnetic phase at low temperature with a transition temperature Ty= 7K,
indicating high crystal quality with minimal stacking faults.®* Care was
taken in mounting the crystals to minimize the introduction of additional
stacking faults, as evidenced by the high reproducibility of the spectra
across different crystals and experimental setups. Characterization was
consistent with previous studies 227446971

Raman spectroscopy experiments

Since Raman scattering involves a photon in and photon out, it allows one
to measure both the symmetry and energy change of an excitation.
Furthermore, one can choose an energy and/or symmetry channel to
separate the magnetic, electronic, and lattice responses,'’'32634523659
The majority of the Raman experiments were performed with a custom
built, low temperature microscopy setup.”?> A 532-nm excitation laser,
whose spot has a diameter of 2 um, was used with the power limited to
30 uW to minimize sample heating while allowing for a strong enough
signal. The sample was mounted by thermal epoxy onto a copper xyz
stage. At both room and base temperature the reported spectra were
averaged from three spectra in the same environment to ensure
reproducibility. The spectrometer had a 2400-g/mm grating, with an
Andor CCD, providing a resolution of =1 cm™'. Dark counts are removed
by subtracting data collected with the same integration time, but with the
laser off. To minimize the effects of hysteresis from the crystal structural
transition, data was taken by first cooling the crystal to base temperature,
and once cooled to base temperature, spectra were acquired either every 5
or 10K by directly heating to that temperature. The absence of hysteresis
effects was confirmed by taking numerous spectra at the same
temperature after different thermal cycles (100K in the middle of the
hysteresis region). In addition, recent studies of the Raman spectra of RuClz
suggest an effect of the surface structure upon exposure to air.*%° To
minimize this, crystals were freshly cleaved and immediately placed in
vacuum within 3 min. Lastly, a recently developed wavelet based approach
was employed to remove cosmic rays.”>”>

Quantum Monte Carlo calculations

The Hamiltonian of the Kitaev model on the honeycomb lattice is given
bym

Ho= s Y S D S5~ % 35S ®
I (jk), (k)

where §; represents an S = 1/2 spin on site j, and <JK>V stands for a nearest-
neighbor (NN) y(=x, y, 2z) bond. In the calculation for the spectrum of the
Raman scattering we adopt the Loudon-Fleury (LF) approach. The LF
operator for the Kitaev model is given by

R= %(cm -d) (€out - d)JaS7S, @

where ¢;, and ¢, are the polarization vectors of the incoming and
outgoing photons and d® is the vector connecting a NN a bond.*”*® Using
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this LF operator, the Raman spectrum is calculated as

:% / T dte (R(R), 5)

where R(t) = e Re ™! is the Heisenberg representation. The tempera-
ture dependence of l(w) is numerically evaluated using the Monte Carlo
simulation in the Majorana fermion representation without any approxima-
tion.'® In the following we show the details of the calculation procedure.>*

Using the Jordan-Wigner transformation, the Hamiltonian is mapped
onto the Majorana fermion model as

(J'J")I

(//)
where (jj'), is the NN pair satisfying j < j/ on the y bond, and n, is a Z,
conserved quantlty defined on the z bond (r is the label for the bond),
which takes £1. This Hamiltonian is simply written as

1
H= EZAfk({nr})chk) (7)
I

using the Hermitian matrix A;({n,}) depending on the configuration of {n}.
The LF operator shown in Eq. (4) is also given by the bilinear form of the
Majorana fermion:

{nr ZZB/k {nr CjCks (8)

where B({n,}) is a Hermitian matrix. To evaluate Eq. (5), we separate the sum
over the states into {c} and {n,} parts:

/(w):% > Iw;{n,}e Frtind ©)

{n=x1}
with

0 0) = 5oy T [ AR (1) R((n e P

({n )

(10)
where Z = Z{’Fi” e P and Z¢({n,}) = e FFrlind) = Tr{q}e—ﬁmm,}),
By applying Wick's theorem to Eq. (10), we calculate the Raman spectrum
at w(=0) for a given configuration {n,} as

Hwi{n}) = 4w [2mlCu Prel - flen)é + & - &)

LDy P — F(e)][T — F(e0)I6(w — & — &) (11
+ 7Dy P (&)f (g1 )8(w + &1 + &)

where fle) =1/(1 + €*) is the Fermi distribution function with zero
chemical potential, {g)} is the set of the positive eigenvalues of A with the
eigenvectors {uy}, and the matrices C and D are given by C)y = 2u§BuN and
Dy = 2uABuA, In the Monte Carlo simulations, we generate a sequence of
configurations of {n,} to reproduce the distribution of e #/({"}), and hence
the finite-temperature spectrum is simply computed as [(w)=
(I(w; {n,}))pmc with (- Ymc being the Monte Carlo average.

Correction for optical constants

According to the Beer-Lambert Law, the intensity of the laser decreases
exponentially with the depth: I[z] = lhe~ %, where d is the depth and a is the
attenuation constant, which is a function of laser frequency and dielectric
constant of the material (a = 2Im[n(w)] = 4"E ‘“° k[wo)). Alternatively one
can express this in terms of a penetration depth |nd|cat|ng the length scale
relevant to absorption: 6 = % Applying this to our experiment, for a certain
depth d, we find the incident laser intensity as a function of distance from the

surface, /jp[wo, 2] = Joe—rMklwolz Here, wy is the frequency of the excitation
laser, Iy is the initial incoming laser power in front of the sample,and &
(=140 nm) is much shorter than the thickness of a-RuCl; bulk crystal. To
properly account for the temperature dependence of the optical constants
on the measured Raman signal, it is crucial to account for these absorption
losses. Specifically, the measured intensity is reduced by the absorption of
the outgoing Raman photons, (i.e. loy[w, o, 2] = Iin [wo,z]e*%[m]kl“’lz) where
w is the frequency of the scattered light. Furthermore, one should also
consider the probability of transmission at the surface of a-RuCls (T[w]), which
also depends on the Raman light frequency. Applying the transmission rate

npj Quantum Materials (2020) 14

to the Raman signal, we obtain the Raman intensity coming out of the
sample at each point kaman [W, Wo, Z1 = loylw, wo, Z] X Tlw]. Finally, one
obtains the signal intensity by integrating the attenuated intensity of
scattering point at each depth via lcomected [Wo, W] = I['g“‘lgaman [w, wo, z]dz.”?
All presented Raman data in this paper are corrected by this method using
the previously published optical constants.?®
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