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Supplementary Information

Supplementary Note 1: Crystal structure refinement

The synthesis of KCusAlIBiO4(SO4)sCl was motivated by the identification of the naturally occurring mineral
atlasovite, KCusFeBiO4(S04)sCl [Supplementary Reference 1]. The crystal structure of the obtained
polycrystalline KCusAlBiO4(SO4)sCl is investigated by synchrotron X-ray powder diffraction with
wavelength of 0.68892 A at BL-8B, Photon Factory and the crystal parameters were refined by the computer
program RIETAN-FP [Supplementary Reference 2]. The space group for KCusAlBiO4(SO4)sCl is P4/ncc
which is same as that of atlasovite (Fe-site is replaced by Al3* ions). The lattice parameters are determined to
be a = 9.8248(9) A and ¢ = 20.5715(24) A, respectively. The positions of the individual atoms are also
determined as presented in TABLE I (the occupancies of atom were fixed to 1.0, isotropic atomic
displacement parameters B was fixed to 0.5 or 1.0.). The low R factors and goodness-fit-indicator S indicate
the satisfactory refinement for this compound.

In order to check the Cu site cleanliness, we attempted to refine the Cu defect model (the occupancies of
atoms were fixed to 1.0 , excluding that of Cu). If the Cu is replaced by Al, Bi, K, the occupancy of Cu
should be deviated from 1.0. The occupancies of Cul and Cu2 sites are refined to 1.004(8) and 0.965(12),
indicating the Cu sites have no defects in KCusAlBiO4(SO4)sCl.
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Supplementary Figure 1: Synchrotron XRD intensity pattern (red crosses) observed for KCugAIBiO4(SO4)sCl at

room temperature, the result of Rietveld refinement using the computer program RIETAN-FP (black solid line), and
difference between the calculated and observed intensities (blue solid line). The green vertical bars indicate the
position of Bragg reflection peaks.

Supplementary Table 1: Structure information of KCusAIBiO4(S04)sCl

No site mixing. Isotropic atomic displacement parameter B was fixed.

Space group P4/ncc (No.130), a = 9.8248(9) Aandc= 20.5715(24) A

Atom X y z B site
Cul 0.4799(6) 0.2676(9) 0.8970(3) 0.5 lé6g
Cu2 0 0 0 0.5 8d

Al 0.25 0.25 0.7003(16) 1.0 4c
Bi 0.25 0.25 0.5126(2) 0.5 4c
K 0.75 0.25 0.75 1.0 4a
Cl 0.25 0.25 0.8195(12) 1.0 4c
S1 0.5690(17) 0.9838(17) 0.8505(8) 1.0 lé6g
S2 0.75 0.25 0 1.0 4b
Ol 0.4398(47) 0.9613(34) 0.8313(20) 1.0 l6g
02 0.6921(37) 0.8618(31) 0.8051(18) 1.0 lo6g
03 0.6049(43) 0.1189(44) 0.8386(22) 1.0 16g
04 0.5820(49) 0.9579(45) 0.9165(17) 1.0 l6g
05 0.6595(33) 0.3297(38) 0.9584(19) 1.0 16g
06 0.3431(50) 0.3796(49) 0.9561(16) 1.0 l6g

3/7



Supplementary Note 2: Magnetic susceptibility and Magnetization
As shown in Supplementary Fig. 2, a zero-field-cooled/field-cooled ZFC/FC divergence is not observed. In
addition, the M-H curves show no hysteresis at 1.8 K and 20 K. These results indicate the absence of spin

glass behavior, thus suggesting that this compound with an ideal 2D Ji-/>-J3 SKL has no site-mixing
magnetic defects.
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Supplementary Figure 2: Magnetic susceptibilities measured under zero-field-cooled (ZFC) and field-cooled (FC)
conditions at 100 Oe. The inset plot shows magnetisation measured at 1.8 and 20 K.

Supplementary Note 3: uSR EXPERIMENT
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Supplementary Figure 3: (a) ZF-uSR spectra measured at 5 K using a dilution refrigerator (DR) and 4He cryostat.
The thick lines behind the data are fitted curves described by Supplementary Eq. 1 and 2. (b) ZF-uSR spectrum
measured at 5 K using a DR. The fitted curve can be decomposed into an intrinsic and extrinsic component. (c) ZF-
USR spectra measured at 5 K and 58 mK using a DR. The 58mK data is also fitted by Supplementary Eq. 2.
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The spectra were collected in the temperature range from 58 mK to 300 K using a dilution refrigerator (DR)
and 4He cryostat. We have carried out both uSR measurements using powder sample of same synthesis
batch. The difference of the initial asymmetries (0.18 for DR and 0.23 for 4He cryostat) in Supplementary
Fig. 3 may be attributed to the different sample weights. The completely different environments in a dilution
refrigerator and “He cryostat, the wall of the vacuum vessel, number of windows, thickness of the sample
holder, etc., may be one of the causes of this difference.

Supplementary Fig. 3 shows the ZF-uSR spectra which are measured at 5 K. The ZF-spectrum measured
using the 4He cryostat is well fitted by
a(t) = ao Gx1(Ainrinsic, t) € + asc ~ (Supplementary Eq. 1)

where ao is an intrinsic asymmetry and agg is a constant background that represents muons that missed the
sample; therefore, the initial asymmetry is the sum of ao and asc. asc is determined by the size, shape and
density of the sample and the sample environment, and thus there is a discrepancy in the value of asg
between measurements using a 4He cryostat and dilution refrigerator. Gx1(A, ¢) is the static Gaussian Kubo-
Toyabe function [Supplementary Reference 3], Aininsic ( = 0.056) is the distribution width of the internal
field, and A (= 0.049) is the muon spin relaxation rate. However, Supplementary Eq. (1) cannot be used in
case of the ZF-spectra measured using the DR. These data are well-described by the following function:

a(t) = intrinsic GRT(Aintrinsic, t) € + Qextrinsic GKT(Aextrinsic, t) + a’B  (Supplementary Eq. 2)
where Gx1(Aexirinsic, ) 18 the relaxation function for the second component. We fitted the 5 K DR data using
Supplementary Eq. (2), and obtain @insinsic = 0.133, @extrinsic = 0.013, a’Bg = 0.034, Acxwrinsic = 0.28, however,
the intrinsic distribution width of the internal field and muon spin relaxation rate are fixed as Ainsrinsic = 0.056
and 4 = 0.049 (see Supplementary Fig. 3(b)). We could not trace the origin of the second component,
however, we are convinced that this component is extrinsic component because the 4He cryostat is simpler in
structure than the DR. As shown in Supplementary Fig. 3(c), the component seems to show no temperature
dependence, indicating this is static component. The local static field is estimated to be Bioc = 5.8 G (=
Aexirinsic/yn). Thus, the static local field can fully be decoupled even at the fields of 50 G. Therefore, the
extrinsic component can be regarded as background for the weak LF (50 G) uSR spectra, and the total
background agc is defined as dexwinsic + @ 'Bc = 0.047. In fact, as shown in Fig. 3(b), the background increases
at 50 G.

The 58mK data is also fitted by Eq. (S2). The 0.80F TTTTT T
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Supplementary Note 4: INS MEASUREMENT 0.10 be o0
As shown in Supplementary Fig. 4, the E-dependence 0.00 k 1 . 1 L
of the INS intensity observed using HRC which is 4 6 8 10 12 14
subtracted linear baseline from each data can be fitted E (meV)

well by a multi-Gaussian fitting. Energy dependence of
Supplementary Figure 4: Energy dependence of
the scattering integrated over several ranges in Q

0<3.1 A1, 34 A1 < 0<36 A1, and 3.9 A-1 < O < measured at 5 K (HRC). The linear baseline is
subtracted from each data.

the scattering integrated over Q in the range 2.9 A-l <
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4.1 A-1 can be decomposed into three Gaussian components. The other cuts can be fitted two Gaussian
functions.

The spectra were observed at 0.3 K and 30 K using AMATERAS. The streak-like signals are observed at
least down to 0.2 meV, and the intensity of that increase with continuously without the energy gap. The

signal is developed at low temperatures.
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Supplementary Figure 5: INS spectra at 0.3 K (left) and 30 K (right) observed using AMATERAS with incident
neutron energy of 1.69 meV.

Supplementary Note 5: Theoretical study

14107 . . . . .
We verify the validity for our determined J:dd
exchange interactions of KCusAlBiO4(SO4)sCl, 12107 b — 1:1 :21 _0;
that is, J1= 135K, >,=162 K and J3= 115 K. We Lo 102 Lo —1:09:1.15 |
calculated the magnetic susceptibility using the ' (?“) ~
orthogonalized FTL method [Supplementary g 8.0 107
Reference 4] for a 24-site cluster of the Ji-J-J3 \g _3
SKL. Supplementary Fig. 5 shows the calculated i 6.0 10
results at five different ratios with respect to Ji, J2 40 10°
and J; and the experimental result, where, Jav
defined as (J1+ J>+ J3) / 3 is kept constant at 137 201073
K in order to keep the Weiss temperature /' ©  Exp. (emu/mol)
constant. We can see that the result at J; : J2: 3= 0.0 0 5'0 1(')0 | 5'0 2(')0 2;0 300

1 : 0.85 : 1.20 corresponding to our determined
. . T (K)
parameters is the best match for the experimental

one. Moreover, we also succeeded in reproducing Supplementary Figure 6: Results of the magnetic

the magnetisation curve of KCusAIBiO4(SO4)sCl  gysceptibility for the 24-site cluster of the Ji-J>-Js SKL of
with the Ji-/2-J3 SKL with these parameters (see  using the orthogonalized FTL method and the
Fig.5(b) in the main text). Therefore, we experimental result. Here, Ju is defined as (J1+ J2+ J3) / 3.
determined that the exchange interactions of

KCusAlBi04(SO4)sCl are J1 = 135 K, 2= 162 K

and J3= 115 K.
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