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I. COMPOSITION AND STRUCTURAL OVERVIEW

Barlowite and Zn-substituted barlowite (Cu;Zn,Cu;_,(OH)sFBr) were synthesized as pre-
viously described.[33] Samples synthesized using Cu,(OH),COj; are referred to as 1 and Zn g5
(powder and small crystals) for barlowite and Zn-substituted barlowite, respectively. Crys-
tals grown using CuF, are referred to as 2 for barlowite and Zng 56 for Zn-substituted bar-
lowite. The subscript reflects the amount of Zn substitution as measured by inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES). The deuterated powder sample (denoted
Zng 95, © = 0.95) has nearly a full equivalent of Zn, which is comparable to (but higher than)
that reported in herbertsmithite.[27] Our current synthesis of large single crystals yields lower
Zn substitution levels: x = 0.56, denoted Zmng 55 (Cus 44Zng 56(OH)¢FBr). A summary of all
samples studied in this work as well as herbertsmithite and its all-Cu parent, clinoatacamite, is
presented in Table 1.

A. Barlowite 1

To resolve open questions in the literature regarding the low-temperature structure of bar-
lowite, we have undertaken a comprehensive investigation of barlowite 1. Previous neutron
powder diffraction (NPD) reports assign it to orthorhombic space group Pnma (No. 62)[34, 35,
41], but others conclude that space group Cmcm (No. 63) is plausible.[40] We employ a com-
bination of high resolution synchrotron powder and single crystal X-ray diffraction (PXRD and
SCXRD) as well as neutron powder diffraction (NPD) to definitively determine that our sample
of barlowite 1 has a reversible phase transition at 7' ~ 265 K to Pnma. Figure 1b in the main
text shows the emergence in synchrotron PXRD of superlattice peaks and orthorhombic peak
splitting related to this transition, which is confirmed by low-temperature synchrotron SCXRD
and Rietveld co-refinements of PXRD and NPD data (see Figures 2—4; Tables 2-3, 8).

For several samples similar to barlowite 1 but synthesized using different reagents and tem-
perature profile—which can affect the magnetic properties[33]—the recently proposed low-
temperature Pnma orthorhombic structures based on NPD contain only one (off center) in-
terlayer Cu®" site, which is fully occupied.[34, 35] However, by combining high-resolution
synchrotron SCXRD data with co-refined PXRD and NPD data, we find a different model of
the interlayer Cu®>". We determine that in barlowite 1 the interlayer Cu®**s become disordered
over three symmetry inequivalent sites with unequal occupancies (Figure 1a in the main text).
The much higher resolution of synchrotron SCXRD and PXRD compared to NPD lends cre-
dence to the accuracy of this model; using a model with only one interlayer site worsens the
Ry of our SCXRD model from 2.23% to 14.64%. The occupancies of these three disordered
interlayer sites vary slightly in different measurements: they are (52%, 33%, 15%) from the
T = 15 K SCXRD refinement and (83%, 11%, 5%) from the low-temperature (Txpp = 2 K and
Texrp = 13 K) co-refinement (Tables 3, 8). This difference can be ascribed to small variance in
the crystals. The overarching trend, however, is that one site dominates the occupancy—Ilikely
why the previous NPD models only identify one interlayer site.

While we are in broad agreement with the literature as to the Pnma symmetry of orthorhom-
bic barlowite,[34, 35, 41] it is unsurprising that there may be inconsistencies between structural
models measured for different samples given the observed dependence of barlowite’s physical
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properties upon factors such as reactant stoichiometry and synthetic conditions.[33] The pro-
posed Cmcm symmetry of a sample similar to barlowite 1 was determined using several local
probe measurements at room temperature.[40] Our room temperature P6s/mmc model is consis-
tent with the '°F magic angle spinning (MAS) NMR data, and our previously published FTIR
spectroscopy data is also consistent with the reported IR data.[33, 40] However, the 'H MAS
NMR and electron diffraction data are incompatible with P6;/mmc.[40] Attempting to consoli-
date structural models for samples synthesized in distinct ways may not be valid. Local probe
measurements such as solid-state 'H MAS NMR would be required to ensure that each sample
has true P6;/mmc symmetry.

B. Barlowite 2

All structural measurements support the lack of an orthorhombic transition in barlowite 2;
superlattice peaks related to hexagonal space group P6;/m are observed in SCXRD (Figure 1)
and in neutron scattering (Figure 1d in the main text and Figure 20). No evidence of orthorhom-
bic splitting is observed in the PXRD data, implying hexagonal symmetry is preserved (Section
III). SCXRD and PXRD refinements on the same sample at different temperatures (Tables 3,
9) show slight variation in the relative occupancies of the interlayer sites, ranging from (43%,
33%, 24%) from SCXRD at 7' = 15 K to (42%, 31%, 27%) and (44%, 30%, and 27%) from
PXRD at 7" = 15 and 99 K, respectively. These deviations are much smaller than those ob-
served in barlowite 1 and further support the lower degree of symmetry lowering observed in
this subtle hexagonal phase transition compared to barlowite 1’s orthorhombic transition.

C. Zn-substituted barlowite

Both compositions of Zn-substituted barlowite (Zng 95 and Zng 56) crystallize in space group
P65/mmc at all temperatures measured. Slight variations in the site occupancies of the two inter-
layer sites (centered D3; and the set of three off-center (s, sites observed in all-Cu barlowite)
occur in both samples. The following discussion assumes that the centered site is occupied by
Zn?* and the off-center sites are occupied by Cu?*, consistent with their different Jahn-Teller
activities.

SCXRD refinements on the same crystal of Zng 5 at different temperatures show slight
variation in the relative occupancies of the interlayer sites, ranging from (59% Zn, 41% Cu) at
T = 300 K to (50% Zn, 50% Cu) at T' = 100 K (Tables 2, 4). Rietveld refinements of PXRD
data on the sample show similar deviations, ranging from (62% Zn, 38% Cu) at T' = 90 K to
(58% Zn, 42% Cu) at T' = 295 K (Table 12). The average formula for Zn, 55 from all diffraction
measurements is Cus 437Zng 57(OH)cFBr, consistent with the ICP-AES results.

Rietveld co-refinements of NPD and synchrotron PXRD data of Zn, g5 were performed as-
suming full occupancy of Zn on the interlayer site. The single crystal measured in SCXRD has
(85% Zn, 15% Cu) on the interlayer. Although this is reasonably close to the bulk ICP-AES
results (Cus g5Zng 95(OH)FBr), this crystal may not be an accurate representation of the bulk
(see Section 11 B).
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II. SYNCHROTRON SINGLE CRYSTAL X-RAY DIFFRACTION

Low-temperature synchrotron X-ray diffraction measurements were performed on single
crystals of barlowite 1, barlowite 2, and Zn-substituted barlowite Zng 5 and Zng g; at 7' = 14
Kor T = 100 K; Zng 55 was also measured at 7" = 300 K (Table 2). Barlowite 1 and 2 were
previously measured at 7' = 300 K; the details of these measurements and crystallographic
information files (CIFs) can be found in Ref. [33]. Crystallographic information is tabulated in
Table 3 for barlowite 1 and 2 and in Table 4 for Zn-substituted barlowite. Selected bond angles
and distances are found in Tables 6-7.

A. Barlowite 2

Precession images for barlowite 2 at 7' = 300 K and 7" = 15 K are displayed in Figure
1. All expected superlattice peak positions arising from space group P63/m are circled in red;
the presence of peaks at these positions indicates the presence of this low-temperature phase
transition. We do observe a very weak [0 0 [] (I # 2n peak in barlowite 2 at low temperature,
although the reflection conditions for both P63;/m and P6s/mmc are 00l,] = 2n. Their presence
suggests that the stacking has subtle imperfections or that there may be very weak doubling of
the c-axis: on average, the [0 O -1] peak is 5500 times weaker than the allowed [0 0 £2] peaks
and 8000 times weaker than the [+1 0 0] peaks. Of the two equivalent reflections, one has an
intensity within error of 0 (0.01(1)) and the other’s is very close (0.04(2)).

B. Zn-substituted barlowite

We report here the first crystal structure of single crystalline Zn-substituted barlowite with
no magnetic order down to 7" = 0.1 K. Precession images for Zng 5 at 7' = 300 K and 7" = 100
K are shown in Figure 1, demonstrating the absence of a low-temperature phase transition. In
Zn o5, an off-center Cy, interlayer site (labeled Cu2) was observed with very low occupancy.
The empirical formula for this crystal (Cus 15Zng g5(OD)sFBr assuming Cu®" on the off-center
interlayer site) is slightly different than the formula found via ICP-AES; we believe this 50 pum
crystal may not be representative of the bulk sample. It was taken from the only batch (out of
approximately 60 grown for NPD) to grow crystals in addition to powder.
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FIG. 1: SCXRD precession images of barlowite 2 in the #k0 zone at a 7" = 300 K and b
T = 15 K. The superlattice peak positions expected for space group P6s/m (No. 176) are
circled in red. Precession images of Zng 55 at ¢ 7' = 300 K and d 7" = 100 K show no
superlattice peaks.
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TABLE 3: Crystallographic data for barlowite from synchrotron SCXRD. Uy, is defined as 1/3
of the trace of the orthogonalized Uy ; tensor

Atom | Wyckoff X y z U, (A% Occ.
Position
Barlowite| Cul da 0.5 0.5 0.5 0.00652(13) 1
1 Cu2 8d 0.25048(3) | 0.50445(4) | 0.75155(5) [0.00584(11) 1
T =17K| Cu3 4c 0.3137(4) 0.75 0.5550(10) | 0.0058(16) | 0.147(5)
Pnma | Cud 4c 0.3711(2) 0.75 0.4998(3) | 0.0029(7) | 0.327(5)
Cu5 4c  10.31474(11) 0.75 0.4432(3) | 0.0033(4) | 0.515(5)
Brl 4c 0.16663(4) 0.75 0.99838(6) [0.00522(11) 1
F1 4c -0.0001(2) 0.75 0.4974(4) | 0.0077(5) 1
01 8d 10.20196(18)| 0.5918(2) | 0.4995(3) | 0.0051(4) 1
02 8d 10.10193(18)| 0.4073(2) | 0.8025(3) | 0.0049(4) 1
03 8d 10.40024(18)| 0.5909(2) | 0.6971(3) | 0.0055(4) 1
D1 8d 0.1400(30) | 0.6430(50) | 0.5020(60) 0.008 1
D2 8d 0.0690(30) | 0.3610(40) | 0.7060(50) 0.007 1
D3 8d 0.4310(40) | 0.6410(40) | 0.7930(50) 0.008 1
Barlowite| Cul 12i | 0.50001(2) | 0.25046(2) | 0.50000(2) [0.00590(11) 1
2 Cu2 121 | 0.24982(2) | 0.25019(2) | 0.49711(2) [0.00562(11) 1
T =15K]| Cu3 6h 0.62861(7) | 0.31428(7) 0.75 0.00303(14) 1/3
P63;/m | Cud 6h 10.31422(10)]0.18552(10) 0.25 0.0058(3) [0.2396(19)
Cu5 6h 0.31438(5) | 0.12857(6) 0.25 0.00167(18)|0.4274(18)
Cub 6h 0.37143(8) | 0.18552(7) 0.25 0.0031(2) |0.3340(18)
Brl 6h 0.33332(2) | 0.16618(2) 0.75 0.00386(11) 1
Br2 2d 0.66667 0.33333 0.25 0.00388(11) 1
F1 6h 0.50082(9) | 0.50085(9) 0.25 0.0101(3) 1
F2 2a 0 0 0.25 0.0100(4) 1
o1 12i | 0.60111(9) | 0.39932(9) [0.59179(11)|0.00494(19) 1
02 12i | 0.39890(9) | 0.10113(9) [0.40759(10)|0.00473(18) 1
03 12i | 0.39919(9) | 0.29845(9) [0.40882(11)[0.00491(18) 1
04 12i | 0.20187(9) | 0.10024(9) [0.40823(11)[0.00471(19) 1
H1 12 | 0.5527(18) | 0.4272(19) | 0.6280(30) 0.007 1
H2 12 | 0.4502(18) | 0.0720(20) | 0.3770(30) 0.007 1
H3 121 | 0.4280(20) | 0.3754(14) | 0.3750(30) 0.007 1
H4 12i | 0.1243(15) | 0.0516(18) | 0.3700(30) 0.007 1




TABLE 4: Crystallographic data for Zn-substituted barlowite from synchrotron SCXRD. U,
is defined as 1/3 of the trace of the orthogonalized U;; tensor

Atom | Wyckoff X y z U, (A% | Occ.
Position
Zng 5 Cul 6g 05 0.5 0.5 0.00996(12) 1
T =300 K Cu2 | 12j (0.3718(12)| 0.7440(20) 0.25 0.0067(12) [0.127(10)
P63/mmc Znl 2c 0.33333 0.66667 0.25 0.0096(7) | 0.62(3)
APS Brl 2d 0.33333 0.66667 0.75 0.01500(13) 1
Cus 417Zng 50(OH)¢FBr| F1 2b 0 1 0.25 0.0187(6) 1
01 12k 0.20203(9)| 0.79797(9) |0.40785(12)| 0.0095(2) 1
H1 12k 10.1357(16)| 0.8643(16) | 0.3720(20) 0.010 1
Zng 5 Cul 6g 0.5 0 0.5 0.00480(9) 1
T =100 K Cu2 | 12/ |0.633(10) | 0.3687(10) 0.25 0.0046(8) [0.162(10)
P63/mmc Znl 2¢ 0.66667 0.33333 0.25 0.0023(7) | 0.52(3)
APS Brl 2d 0.66667 0.33333 0.75 0.005747(9) 1
Cus 50Zng.50(OH)sFBr| F1 2b 1 0 0.25 0.0085(3) 1
01 12k 10.79823(6)| 0.20177(6) | 0.40761(8) |0.00441(15) 1
H1 12k 0.8630(20)| 0.1370(20) | 0.3726(19) 0.007 1
Zng o5 Cul 6g 0.5 0.5 0.5 0.00525(9) 1
T =100 K Cu2 | 12j ]0.6340(60)]0.2690(120) 0.75 0.009(5) [0.049(14)
P63/mmc Znl 2c 0.66667 0.33333 0.75 0.0043(5) | 0.85(4)
ALS Brl 2d 0.33333 0.66667 0.75 0.00787(10) 1
Cus.15Zng.g5(0D)sFBr| Fl1 2b 1 1 0.75 0.0091(4) 1
O1 12k 10.79792(9)|0.59584(18)|0.59261(11)|0.00555(17) 1
D1 241 10.8619(16)| 0.7240(30) | 0.6320(20) 0.008 1
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TABLE 5: Anisotropic displacement parameters from synchrotron SCXRD. The anisotropic
displacement factor exponent takes the form: —272[h?a*2Uy; + 2hka*b* Uy + ...]

|

[Atom| Uj; (A% | UpAY) [ Uy AY) | Uy A [ U AY) [ Up(AY) |

Barlowite | Cul | 0.0037(2) | 0.012(1) | 0.0037(2) | 0.00040(17) | 0.00012(15) | 0.00252(17)
1 Cu2 [0.00385(17)|0.01022(19)]0.00346(17)| 0.00163(12) | 0.00005(11) |-0.00144(11)
T=17K | Cu3 | 0.006(2) |0.0033(17) | 0.008(3) 0 0.0002(16) 0
Pnma | Cu4 | 0.0042(14) | 0.0012(7) | 0.0034(8) 0 0.0000(7) 0
Cu5 | 0.0042(7) | 0.0016(4) | 0.0043(9) 0 0.0009(4) 0
Brl |0.00611(17)]0.00373(18)]0.00583(18) 0 -0.00032(11) 0
F1 |0.0070(11) | 0.0095(12) | 0.0066(11) 0 -0.0004(8) 0
O1 | 0.0051(8) | 0.0052(9) | 0.0050(8) | 0.0000(6) | 0.0002(6) | 0.0015(7)
02 | 0.0053(8) | 0.0047(9) | 0.0049(8) | -0.0012(7) | -0.0005(7) | -0.0005(6)
O3 | 0.0050(8) | 0.0061(9) | 0.0054(8) | -0.0015(7) | 0.0002(7) | -0.0011(7)
Barlowite | Cul [0.00267(13)|0.00294(13)]0.01208(16)| -0.00143(6) | -0.00238(6) | 0.00140(8)
2 Cu2 {0.00289(13)|0.00297(13)|0.01116(16)| -0.00136(6) | 0.00089(6) | 0.00158(8)
T'=15K | Cu3 | 0.0049(3) | 0.0025(4) | 0.0022(3) 0 0 0.0023(3)
P63/m | Cu4 | 0.0042(6) | 0.0050(6) | 0.0063(5) 0 0 0.0008(4)
Cu5 | 0.0021(3) | 0.0034(3) | 0.0003(2) 0 0 0.0020(3)
Cu6 | 0.0047(4) | 0.0032(4) | 0.0024(3) 0 0 0.0027(3)
Brl |0.00431(13)]0.00439(13)]0.00299(14) 0 0 0.00226(7)
Br2 [0.00428(13)|0.00428(13)|0.00309(16) 0 0 0.00214(7)
F1 | 0.0081(5) | 0.0092(5) | 0.0130(8) 0 0 0.0044(4)
F2 | 0.0082(6) | 0.0082(6) | 0.0135(11) 0 0 0.0041(3)
O1 | 0.0036(4) | 0.0042(4) | 0.0067(4) | -0.0013(3) | 0.0001(3) | 0.0017(3)
02 | 0.0034(4) | 0.0043(4) | 0.0065(4) | -0.0010(3) | 0.0001(3) | 0.0019(3)
O3 | 0.0043(4) | 0.0043(4) | 0.0067(4) | 0.0014(3) | 0.0011(3) | 0.0026(3)
04 | 0.0039(4) | 0.0033(4) | 0.0065(4) | -0.0002(3) | -0.0014(3) | 0.0015(3)
Zn,s; | Cul [0.00789(16)|0.00827(14)(0.01360(19)| 0.00173(4) | 0.00347(7) | 0.00395(8)
T = 300 K| Cu2 | 0.0060(14) | 0.008(3) | 0.0072(9) 0 0 0.0038(15)
P63/mmc | Znl | 0.0116(11) | 0.0116(11) | 0.0055(4) 0 0 0.0058(5)
Brl |0.01678(15)|0.01678(15)|0.01144(19) 0 0 0.00839(8)
F1 | 0.0139(7) | 0.0139(7) | 0.0283(18) 0 0 0.0070(4)
Ol | 0.0084(3) | 0.0084(5) | 0.0116(4) |0.00059(16) |-0.00059(16)| 0.0042(3)
Zn;s; | Cul [0.00340(10)|0.00329(11)(0.00769(14)| 0.00183(4) | 0.00091(2) | 0.00164(6)
T =100 K| Cu2 | 0.0045(8) | 0.0045(8) | 0.0030(5) 0 0 0.0010(6)
P6s/mmc | Znl | 0.0022(10) | 0.0022(10) | 0.0025(3) 0 0 0.0011(5)
Brl [0.00642(10)|0.00642(10)|0.00440(13) 0 0 0.00321(5)
F1 | 0.0072(5) | 0.0072(5) [0.001120(9) 0 0 0.0036(2)
O1 | 0.0045(2) | 0.0045(2) | 0.0060(3) [-0.00042(10)|0.00042(10) | 0.0025(2)
Zn)g; | Cul [0.00426(11)[0.00426(11)|0.00698(14)| 0.00105(3) | -0.00105(3) | 0.00195(9)
T'=100K]| Cu2 | 0.007(4) | 0.021(14) | 0.004(3) 0 0 0.011(7)
P63/mmc | Znl | 0.0047(6) | 0.0047(6) | 0.0036(4) 0 0 0.0023(3)
Brl |0.00830(12)(0.00830(12)|0.00702(16) 0 0 0.00415(6)
F1 | 0.0069(6) | 0.0069(6) | 0.0136(12) 0 0 0.0034(3)
O1 | 0.0051(3) | 0.0049(4) | 0.0065(3) | -0.0005(3) [-0.00023(16)| 0.0025(2)
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TABLE 6: Selected bond angles relating to the kagome Cu’s extracted from single crystal
refinements of barlowite and Zn-substituted barlowite

Barlowite 1 Barlowite 2
Temperature 17K I5K
Space Group| Pnma P6s/m
Cul-02-Cu2|115.97(10)°|| Cul-O1-Cul |117.20(5)°
Cul-03—Cu2|118.45(11)°|| Cul-02-Cu2 |116.44(5)°
Cu2-01-Cu2|117.30(11)°|| Cul-0O3-Cu2 |118.04(5)°
Cul-02—Cu5|107.18(11)°|| Cu2-04-Cu2 |117.24(5)°
Cul-02—Cu3| 92.19(15)° ||Cul-O1-Cu3 (1)| 107.27(5)°
Cul-02—Cu4| 88.35(10)° [|[Cul-O1-Cu3 (2)| 91.83(6)°
Cu2-01-Cu3| 108.1(2)° [|[Cul-O1-Cu3 (3)| 88.43(5)°
Cu2-01-Cu4| 92.87(10)° || Cu2-02-Cub6 | 108.04(5)°
Cu2-01-Cu5| 89.60(10)° || Cu2-02—Cu4 | 92.49(5)°
Cu2-02-Cu5 | 89.17(4)°
Zn 56 Zn 56 Zn o5
Temperature 300 K 100 K 100 K
Space Group | P6s;/mmc | P6s/mmc | P63/mmc
Cul-O1-Cul |[117.01(5)°[116.85(4)°|116.92(5)°
Cul-0O1-Znl | 95.85(4)° | 95.76(2)° | 95.85(3)°
Cul-0O1-Cu2 (1)| 107.7(4)° | 106.6(3)° [105.7(19)°
Cul-0O1-Cu2 (2)| 92.1(2)° | 92.27(9)° | 92.6(5)°
Cul-0O1-Cu2 (3)| 88.6(2)° | 89.1(2)° | 89.8(12)°
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III. POWDER X-RAY AND NEUTRON DIFFRACTION OF BARLOWITE

Synchrotron powder X-ray diffraction (PXRD) was measured on barlowite 1 and 2, and
neutron powder diffraction (NPD) was measured on barlowite 1 at a variety of temperatures.
Rietveld co-refinements of the PXRD and NPD data were performed on barlowite 1 (Figures
2—-4; Table 8). For barlowite 1 below the phase transition, a mixture of two phases was found
in the synchrotron PXRD data—both the low-temperature orthorhombic phase (Pnma) and the
high-temperature hexagonal phase (P6s;/mmc). The hexagonal phase fraction refined to approx-
imately 30%. This was not observed in the NPD data, so only the orthorhombic phase was
refined.

Rietveld refinements of the PXRD data of barlowite 2 were performed (Figures 5—-6; Ta-
ble 9). Superlattice peaks due to space group P6s;/m are not visible (Figure 1c in the main
text and Figures 5-6), suggesting that they are too weak to detect when crystals are ground
into a powder.[68] This supports the claim that barlowite 2 is not orthorhombic. In addition,
an analysis of orthorhombic distortion was performed on the PXRD data of barlowite 1 and 2
(protonated and deuterated of each) at the lowest temperature measured, 7' = 13 K. The or-
thorhombic splitting (b — a)/(b + a) was calculated for three in-plane peaks ([1 1 0], [2 1 0],
and [2 2 0], using the notation of the high-temperature space group), where a and b are the posi-
tions in ¢ (A=) of the left- and right-hand peaks, respectively. For barlowite 2, these positions
were picked within the peak (which does not split and exhibits very little to no broadening in
FWHM from 7" = 300 K to 7" = 13 K) and represent an upper limit of possible splitting. The
average distortion for barlowite 1 is 0.00137, while the upper limit for the average distortion in
barlowite 2 is 20 times smaller (0.000072), demonstrating that barlowite 2 remains hexagonal.

Selected bond distances and angles for both are tabulated in Tables 10-11.
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TABLE 8: Crystallographic data for barlowite 1 elucidated through Rietveld co-refinements of
synchrotron PXRD (A = 0.412728 A) and NPD (A = 2.0775 A) data

Atom | Wyckoff X y z Uiso Ocec.
Position
Barlowite 1¢ Cul da 0.5 0.5 0.5 0.00376(8) 1
Pnma Cu2 8d 0.25116(7) | 0.50928(6) | 0.75278(10) | 0.00376(8) 1
PXRD: T =13K | Cu3 4c 0.31562(97) 0.75 0.56826(167) | 0.00376(8) |0.112(2)
NPD: T'=2K Cu4 4c  10.37373(184) 0.75 0.48554(332) | 0.00376(8) |0.054(2)
a=11.525898(17) A| Cu5 4c 0.31614(14) 0.75 0.44473(22) | 0.00376(8) |0.833(3)
b =9.269405(14) A | Brl 4c 0.16841(6) 0.75 0.99687(11) [0.00387(11) 1
c=6.678477(10) A | Fl1 4c 0.00142(31) 0.75 0.49593(55) [0.00534(38) 1
V=713.517(3) A3 | 01 8d | 0.20281(21) |0.59230(30)| 0.49829(43) [0.00466(21) 1
02 8d | 0.10324(26) |0.40642(29)| 0.80231(40) [0.00466(21) 1
03 8d ]0.40043(26) [0.58930(28)| 0.69559(39) |0.00466(21) 1
D1 8d ]0.12245(30) [0.63656(47)| 0.49703(80) |0.01826(23) 1
D2 8d ]0.06269(44) [0.36961(42)| 0.68540(65) |0.01826(23) 1
D3 8d ]0.43942(43) [0.63465(44)| 0.80613(60) |0.01826(23) 1
Barlowite 1° Cul da 0.5 0.5 0.5 0.00308(10) 1
Pmna Cu2 8d 0.25131(7) | 0.50952(6) | 0.75283(10) |0.00308(10) 1
T =100K Cu3 4c  10.31331(100) 0.75 0.56832(188) [0.00308(10)[0.108(2)
a=11.530342(17) A| Cu4 4c  10.38856(988) 0.75 0.48223(1744)|0.00308(10)|0.009(2)
b =9.279475(14) A | Cu5 4c 0.31635(13) 0.75 0.44392(58) [0.00308(10)|0.883(3)
¢ =6.684333(10) A | Brl 4c 0.16879(7) 0.75 0.99687(11) [0.00465(15) 1
V =715.194(2) A® | F1 4c 0.00365(34) 0.75 0.49435(58) [0.00582(51) 1
0Ol 8d ]0.20247(23) [0.59238(33)| 0.49839(45) |0.00371(28) 1
02 8d ]0.10317(28) [0.40659(31)| 0.80227(42) |0.00371(28) 1
03 8d | 0.40069(28) [0.58856(30)| 0.69433(42) |0.00371(28) 1
D1 8d ]0.12289(45) [0.63665(69)| 0.49411(106) |0.01790(34) 1
D2 8d | 0.06416(60) |0.36949(60)| 0.68422(90) [0.01790(34) 1
D3 8d | 0.43887(60) |0.63494(62)| 0.80491(81) [0.01790(34) 1
Barlowite 1¢ Cul 6g 0.5 0 0.5 0.00938(8) 1
P63/mmc Cu2 6h 0.62880(24) {0.25760(48) 0.25 0.00938(8) 1/3
T =300K Brl 2c 0.66667 0.33333 0.75 0.01369(12) 1
a=6.679488(26) A | Fl 2b 1 0 0.75 0.01578(42) 1
c=9.295559(11) A | Ol 12k 0.79733(6) | 0.20267(6) | 0.40831(8) |0.00875(21) 1
V =359.164(2) A3 | DI 12k 0.87465(9) | 0.12535(9) | 0.36658(10) |0.02434(26) 1

2Qverall GOF = 2.14, Overall wR = 8.55%.

PXRD: wR = 11.28%; P63/mmc phase 0.26366(167) wt.%.

bOverall GOF = 2.48, Overall wR = 9.73%.

PXRD: wR = 11.21%; P63/mmc phase 0.31738(140) wt.%.

¢QOverall GOF = 2.09, Overall wR = 9.29%.
PXRD: wR =11.39%. NPD: wR =4.41%.

NPD: wR =3.35%.

NPD: wR = 4.68%.
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FIG. 2: Rietveld co-refinement of synchrotron PXRD (top) and NPD (bottom) data of
barlowite 1 at 7' = 13 K and 2 K, respectively. Observed (black), calculated (red), and
difference (blue) plots are shown, and Bragg reflections are indicated by green tick marks.
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FIG. 3: Rietveld co-refinement of synchrotron PXRD (top) and NPD (bottom) data of
barlowite 1 at 7" = 100 K. Observed (black), calculated (red), and difference (blue) plots are
shown, and Bragg reflections are indicated by green tick marks.
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FIG. 4: Rietveld co-refinement of synchrotron PXRD (top) and NPD (bottom) data of
barlowite 1 at 7" = 300 K. Observed (black), calculated (red), and difference (blue) plots are
shown, and Bragg reflections are indicated by green tick marks.
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TABLE 9: Crystallographic data for barlowite 2 elucidated through Rietveld refinements of
synchrotron PXRD data (A = 0.412728 A) in P65/m

Atom | Wyckoff |x y zZ Uiso Occ.
Position
Barlowite 2¢ Cul | 12i 0.49935(40) [0.24984(31) [0.50333(13) |0.00777(7) |1
T=14K Cu2 | 12i |0.24957(37) |0.25014(42) |0.49603(11) [0.00777(7) |1
a=13.332954(89) A| Cu3 | 61 |0.62989(96) |0.31106(177)|0.75 0.00777(7) |1/3
c=9.270885(9) A | Cu4 | 6h |0.31220(249)|0.18711(262)(0.25 0.00777(7) 10.267(14)
V =1427.265(11) A| Cu5 | 6k |0.31576(192)|0.13144(81) |0.25 0.00777(7) 10.419(11)
Cub6 | 6h 0.37486(186)(0.18446(231)|0.25 0.00777(7) |0.314(17)
Brl 6h |0.33259(43) [0.16575(24) |0.75 0.00592(9) |1
Br2 2d  |0.66667 0.33333 0.25 0.00592(9) |1
F1 6h |0.50038(118)|0.50112(121)(0.25 0.01015(51) |1
F2 2a |0 0 0.25 0.01015(51)|1
01 12i 10.59890(108)[0.39839(99) |0.59287(75) |0.00354(32)|1
02 12 10.40124(107)[0.10421(102)|0.40377(80) |0.00354(32)|1
03 12i 10.39914(117)|0.29885(92) |0.40558(80) |0.00354(32) |1
04 12i ]0.19650(102)|0.09408(95) [0.40491(115)|0.00354(32) |1
Barlowite 2° Cul | 12i |0.49977(35) [0.25030(32) [0.50191(22) |0.00750(8) |1
T=9K Cu2 | 12i |0.24966(30) |0.24971(33) |0.49685(14) [0.00750(8) |1
a=13.333720(78) A| Cu3 | 61 |0.63068(105)|0.30975(92) |0.75 0.00750(8) |1/3
c=9.275651(8) A | Cu4 | 6h |0.31108(190)|0.18579(176)(0.25 0.00750(8) [0.266(12)
V =1428.163(10) A%| Cu5 | 6k |0.31742(124)|0.13032(88) |0.25 0.00750(8) [0.437(11)
Cu6 | 6h 0.37487(175)(0.18709(172)|0.25 0.00750(8) [0.297(15)
Brl 6h |0.33195(34) [0.16547(21) |0.75 0.00710(10) |1
Br2 2d |0.66667 0.33333 0.25 0.00710(10) | 1
F1 6h 0.50082(127)|0.50249(131)(0.25 0.01180(57) |1
F2 2a |0 0 0.25 0.01180(57) |1
Ol 12i ]0.60065(204)|0.40163(201)[0.59064(108)|0.00343(32) |1
02 12 10.39759(202)[0.10126(200) |0.40647(92) |0.00343(32)|1
o3 12i  10.39976(200)|0.29853(93) |0.40726(89) |0.00343(32) |1
04 12i ]0.19328(82) |0.09480(192)]0.40430(114)|0.00343(32) |1

*GOF = 2.64, wR = 12.36%. CuOHF impurity: 0.01908(24) wt.%.
®GOF = 1.68, wR = 11.41%. CuOHF impurity: 0.01620(17) wt.%.
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FIG. 5: Rietveld refinement of synchrotron PXRD data of barlowite 2 at 7' = 14 K. Observed
(black), calculated (red), and difference (blue) plots are shown, and Bragg reflections are
indicated by green tick marks. The Bragg reflections of a CuOHF impurity phase are marked
with orange tick marks.
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FIG. 6: Rietveld refinement of synchrotron PXRD data of barlowite 2 at 7' = 99 K. Observed
(black), calculated (red), and difference (blue) plots are shown, and Bragg reflections are
indicated by green tick marks. The Bragg reflections of a CuOHF impurity phase are marked
with orange tick marks.
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TABLE 10: Selected bond angles relating to the kagome Cu’s extracted from Rietveld
refinements of barlowite 1 and 2

Barlowite 1 | Barlowite 1 Barlowite 1
Radiation |PXRD /NPD|PXRD /NPD PXRD / NPD
Temperature| 13/2K 100 K 300 K
Space Group Pnma Pnma P65/mmc

Cul-02-Cu2| 114.72(14)° | 114.71(15)° || Cul-O1-Cul 117.51(4)°
Cul-03-Cu2| 120.33(14)° | 120.81(15)° ||[Cul-O1-Cu2 (1)| 107.63(3)°
Cu2-0O1-Cu2| 117.51(14)° | 117.37(14)° ||Cul-O1-Cu2 (2)| 92.24(4)°
Cul-02-Cu5| 106.54(14)° | 106.61(14)° ||Cul-O1-Cu2 (3)| 88.72(4)°
Cul-02-Cu3| 90.3(3)° 90.6(3)°

Cul-02-Cud| 89.3(6)° 87(4)°
Cu2-01-Cu3| 111.6(4)° | 111.9(4)
Cu2-01-Cud| 92.3(5)° 91(3)°

Cu2-O1-Cu5| 91.42(12)° | 91.25(14)°

Barlowite 2|Barlowite 2
Radiation PXRD PXRD
Temperature 14 K 9 K
Space Group P63/m P63/m
Cul-O1-Cul | 118.0(6)° |[117.6(11)°
Cul-02-Cu2 | 114.1(6)° |116.0(10)°
Cul-0O3-Cu2 | 116.1(5)° | 117.0(5)°
Cu2-04-Cu2 | 114.2(6)° | 113.0(5)°
Cul-O1-Cu3 (1)| 105.5(8)° |105.3(14)°
Cul-O1-Cu3 (2)| 89.7(8)° | 89.4(11)°
Cul-O1-Cu3 (3)| 88.1(9)° | 89.3(12)°
Cu2-02-Cu6 | 109.1(10)° [ 110.1(15)°
Cu2-02-Cu4 92.0(9)° | 92.6(12)°
Cu2-02-Cu5 89.3(8)° | 90.8(12)°

21



(€Dg1Te | (LDIOTE | 9nD—CnD
(L68Lc | (L86L'T | snD—gnD
(LDgoze | (9Te ¥ D—gnD
(TDovL T | (TDESLT | 9nD—InD (Tovicre | (€DI9ZI'e | SnD—gnd
(6)691°¢ | FE]T'E | SnD-InD (6)8T°¢ (ST)981°¢ ynD—gnd
(8Docze | (9TTe ynD—1n) (L89°C (L)SS9°T €nD—gnd
(TD611°¢ | ODOET € |(£) €nD-IND (IDeeor'e | IDYI9T'E | SnD—InD
(8)00T°¢ | F1)S8T € |(T) €nD—1ND (9)59°C (TDYEL'T | ¥nD-IND
®)¥sLc | (®ovLT |(1)€nD—1nD (8)861°¢ (8)LLT'E ¢np-1n)
(09L0 (©)SL°0 | 9nd—gn) (T1)88°0 (©)2L0 SgnD—n)
#)¥80 (9680 | 9nd—nD (€Dzeg0 | (T1)ST80 gnp—¢nd
(6L (9LLO | snD—ND (TDSO'T (€)L80 ynD—gnd
(LDozoc | (DT0'T yO—¥nD (P)87¥'C (©ery'T €0—SnD
9Dz00T | (2086'1 €O—¥ND (#)L96'T (€)L96°1 70—SnD
(P)st'T (2l e T0—1D (£)666'1 (£)€66'1 10—-SnD
(©9r'c | (LDTrrT | (€) TO—€nD (8)L0°T (ST)L90°T Somate]
(©)86°1 (©L6'T | (D) 10-€nD (8)68°1 (FD8I6'T T0—1D
(£)80°C (©¢oc | (1) 10-€¢nD (01)09°C (LD¥SY'T 10—¥1D
(©)66'T | (SDOS6'T | ¥O—TnD (6)266'1 (®)¥L6'T €0—¢n)
(©)s6'T | (SDOS6'T | €0—TnD (IDoetr'c | (ODLLY'T z0—¢nD
(@961 | (TDTI0OT | CTO—ChD (6)866°'1 (6)110°C 10—¢nD
(©)s6'1 | (LDIL6'T | €O-InD (6)L981°¢ [(©) TnD—-InD|| (EI6'] (P16l €0—CnD
(61)oL6’T | (ID8Y6'T | TO—IND (6)L981°¢ |(0) TnD-IND|| (#)$86'1 (1)186'1 T0—TnD
(@961 | (IDSE6'T | TO-1ND (0)0909LC (1) TnD-1nD||  ($)0S6'T (©LY6'T 10—¢nD
(©)scoe | (OrLeT | 13d—7TnD || (0)6L8SL'0 | ThD—TnD (©L16'T (€)926'1 €O—1nD
(P6zo'c | WIvO'e | TIg-1nD 98Trr'T | (©) 10T || (£)8L6'T (£)8L6'1 z0-1nD
(9800°¢ | (9686C | 13-1nD || (€DIS66'T | (D) 10-TnD || (rr60€ | (8)€€T6C [1g-gnd
(©ocee | (Brege | nd—cnD || (€DIS66'T | (1) 10D || (9)7820°¢ | (90€T0°E [1g-1nd
9)9¢ce | (eeee (@ Tnd-1nD| (0)L9610°EC | TIG-1nD || (LIL69YEE | (QLLEYPE S | TD—TND
(®)zeee | (Wreee [(1DnD-1nD|| (9I1€S6'T [10-1nD (8)967¢°€ (8)z6Te e | () TnD-INnD
(e)Lee'e | (OLyee | 1mD-InD || (0)yL6EE'E | 1nD-IND (8)89¢c’c | (®Lgeg'e [ (1) TnD—1nD
w/€9qd w/€9q ounu 9 DU puug dnoux) ddedg
M 66 M Pl M 00€ M 001 Mz/€1r  |damperdduay,
aaxd adaxd AdN / @IXd AdN / QIXd|ddN / QdXd| uonerpey
¢ Amolled | amorreg 1 2amolregq I 2uamolregq 1 2umofregq

SIIMOLIEQ JO SJUIWSUYDI P[DAIITY WOLJ PAJOBIXD Y UI SIOUBISIP Puoq pjod[as [ A IGV.L

22



IV. POWDER X-RAY AND NEUTRON DIFFRACTION OF ZN-SUBSTITUTED BARLOWITE

Rietveld co-refinements of PXRD and NPD data collected at low temperature (Ixpp = 3
K and Tpxrp = 12 K) and 7' = 300 K were performed on Zng o5 (Figures 7-8; Table 12).
Rietveld refinements of PXRD data collected at 7' = 90 K and 7" = 295 K were performed on
Zn 56 (Figures 9-10; Table 12). Selected bond angles and distances are in Tables 13-14.

T T 1 T T T T
) Zn o5
c i
a PXRD x10 x60
Gl T=12K i
2>
£ L
c
2 Ko |
B t 4 1 ol "vjl:“ et
- I I 1 L 1 )
5 10 15 20 25 30 35 40
20 (°, . =0.412728 A)
T T T T T T T
@
c L 4
; NPD
E,, T=3K
> I -
2
[0}
N . k . A AA A - “ o -
1 1 - N o I ) I
20 40 60 80 100 120 140 160

20 (°, % = 2.0775 A)

FIG. 7: Rietveld co-refinement of synchrotron PXRD (top) and NPD (bottom) data of
deuterated Zng g5 at 7' = 12 K and 2 K, respectively. Observed (black), calculated (red), and
difference (blue) plots are shown, and Bragg reflections are indicated by green tick marks. The
Bragg reflections of a ZnOHF impurity phase are marked with orange tick marks.
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TABLE 12: Crystallographic data for Zn-substituted barlowite. Zn g5 is elucidated through

Rietveld co-refinements of synchrotron PXRD (A = 0.412728 A) and NPD (\ =2.0775 A)
data. Zny 54 is elucidated through Rietveld refinements of synchrotron PXRD data (A =
0.412702 A), and the refined formula, not including H, is shown. Both are refined in P63/mmc

Atom | Wyckoff X y z Uiso Ocec.
Position
Zn o5° Cul | 6g 0.5 0 0.5 0.00209(7) 1
PXRD: T =13K | Znl | 2d 0.66667 0.33333 0.25  |0.00869(19)| 1
NPD: T =3K | Brl | 2¢ 0.66667 0.33333 0.75  ]0.00268(13)| 1
a=6.665674(33) A| FI1 2b 1 0 0.75  |0.0041437)| 1
c=9.295618(14) A| O1 | 12k | 0.79790(7) | 0.20210(7) | 0.40747(7) |0.00233(22)| 1
V =357.682(2) A®| D1 | 12k | 0.87553(9) | 0.12447(9) |0.36587(10)|0.01381(26)| 1
Zng o5" Cul | 6g 0.5 0 0.5 0.00853(7) 1
T =300 K Znl | 2d 0.66667 0.33333 0.25  ]0.01360(23)| 1
a=6.67820331) A| Brl | 2c 0.66667 0.33333 0.75  |0.01621(19)| 1
c=9.317876(14) A| Fl1 2b 1 0 0.75 ]0.01589(39)| 1
V =359.887(2) A3 | O1 | 12k | 0.79761(6) | 0.20239(6) | 0.40778(7) |0.00899(21)| 1
D1 | 12k | 0.87521(8) | 0.12479(8) | 0.36664(9) (0.02108(24)| 1
Zng 56¢ Cul | 6g 0.5 0 0.5 0.00162(4) 1
T=9K Znl | 2d 0.66667 0.33333 0.25  |0.00575(28)|0.615(6)
a=6.6606419)A | Cu2 | 6k [0.63010(119)/0.26014(237)|  0.25 0.00162(4) |0.128(2)
c=9.2922708) A | Brl | 2c 0.66667 0.33333 0.75 0.00193(6) 1
V =357.013(1) A% | FI1 2b 1 0 0.75  ]0.00646(32)| 1
Cus 35Zn0.620¢FBr | O1 | 12k | 0.79853(7) | 0.20147(7) | 0.40625(9) |0.00084(16)| 1
Zn 5 Cul | 6g 0.5 0 0.5 0.00635(5) 1
T =295 K Znl | 2d 0.66667 0.33333 0.25  |0.00911(36)|0.581(7)
a=6.672118(14) A| Cu2 | 6h [0.63010(119){0.26014(237)|  0.25 0.00635(5) |0.140(2)
c=9314972(4) A | Brl | 2c 0.66667 0.33333 0.75 0.01079(9) 1
V =359.120(1) A% | FI1 2b 1 0 0.75 ]0.01735(43)| 1
Cus 49Zn05506¢FBr | O1 | 12k | 0.79808(8) | 0.20192(8) |0.40627(10)|0.00388(19)| 1

¢Qverall GOF = 2.82, Overall wR = 10.91%.
PXRD: wR = 12.99%. ZnOHF impurity: 0.01378(27) wt.%. NPD: wR =4.71%.
®Overall GOF = 2.22, Overall wR = 8.94%.
PXRD: wR =10.71%. ZnOHF impurity: 0.01460(26) wt.%. NPD: wR = 4.57%.
°GOF =2.60, wR = 10.42%. LiF impurity: 0.01101(32 wt.%.
IGOF =2.53, WR = 9.88%. LiF impurity: 0.00772(37) wt.%.
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FIG. 8: Rietveld co-refinement of synchrotron PXRD (top) and NPD (bottom) data of

deuterated Zn g5 at 7' = 300 K. Observed (black), calculated (red), and difference (blue) plots
are shown, and Bragg reflections are indicated by green tick marks. The Bragg reflections of a
ZnOHF impurity phase are marked with orange tick marks.

TABLE 13: Selected bond angles relating to the kagome Cu’s extracted from Rietveld
refinements of Zn-substituted barlowite

Zn g5 Zn g5 ZIn 56 Zng 56

Radiation PXRD /NPD|PXRD /NPD| PXRD PXRD

Temperature 13/2K 300 K 90 K 295 K
Cul-O1-Cul 116.93(3)° | 117.12(3)° | 116.25(4)° |116.37(5)°
Cul-O1-Znl1 95.868(9)° | 95.965(9)° [95.750(10)°| 95.94(3)°
Cul-0O1-Cu2 (1) 107.00(3)° |107.73(3)°
Cul-01-Cu2 (2) 92.12(17)° [92.17(18)°
Cul-0O1-Cu2 (3) 88.86(16)° |88.71(17)°
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FIG. 9: Rietveld refinement of synchrotron PXRD data of protonated Zng 56 at 7' = 90 K.
Observed (black), calculated (red), and difference (blue) plots are shown, and Bragg
reflections are indicated by green tick marks. The Bragg reflections of a LiF impurity phase

are marked with orange tick marks.
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FIG. 10: Rietveld refinement of synchrotron PXRD data of protonated Zng 55 at 7' = 295 K.
Observed (black), calculated (red), and difference (blue) plots are shown, and Bragg
reflections are indicated by green tick marks. The Bragg reflections of a LiF impurity phase

are marked with orange tick marks.
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TABLE 14: Selected bond distances in A extracted from Rietveld refinements of Zng o5 and

Zn 56

Zn o5 Zn o5 Zn 56 Zn 56
Radiation |PXRD/NPD|PXRD/NPD| PXRD PXRD
Temperature| 13/2K 300 K 90 K 295 K
Cul-Cul 3.33284(0) | 3.33910(0) |3.33032(0)|3.33606(0)
Cul-0O1 1.9551(5) 1.9568(3) | 1.9609(5) | 1.9630(6)
Cul-Brl 3.01714(0) | 3.02373(0) |3.01557(0)|3.02205(0)
Zn1-01 2.1067(6) 2.1108(6) | 2.1029(7) | 2.1036(8)
Cul-Znl 3.01714(0) | 3.02373(0) |3.01557(0)|3.02205(0)
Cu2-01 (1) 1.989(6) | 1.988(6)
Cu2-01 (2) 1.990(6) | 1.987(6)
Cu2-01 (3) 2.4261(6) | 2.4417(7)
Cu2-Cu2 0.73167(3)|0.76496(3)
Cul—-Cu2 (1) 2.76544(0)(2.76162(0)
Cul-Cu2 (2) 3.176(5) | 3.191(5)
Cul-Cu2 (3) 3.175(5) | 3.190(5)
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V. PHYSICAL PROPERTIES OF BARLOWITE AND ZN-SUBSTITUTED BARLOWITE

Curie-Weiss parameters are tabulated in Table 15 for bulk samples and Table 16 for aligned
single crystalline 2 and Zng 5. Aligned magnetization on a single crystal of barlowite 2 at
T =2Kand T = 20 K is shown in Figure 12. Figure 11 shows the aligned magnetization in
the ab plane at T' = 2-12 K; the curves below 7' = 6 K display a different slope than the curves
where 7" > 6 K with a crossover at approximately o/ = 0.75-1 T. This change in slope co-
incides with the lower-temperature transition (72) observed in AC susceptibility (Figure 4a in
the main text) and supports the hypothesis that different spins are primarily responsible for each
magnetic transition. DC susceptibility and inverse susceptibility measurements on bulk samples
of barlowite 1, barlowite 2, Zn-substituted barlowite Zng 95 and Zng 56, and herbertsmithite at
several applied magnetic fields are shown in Figures 13—14 An estimate of the susceptibility of
the intrinsic barlowite kagome lattice is also plotted. Aligned single crystalline susceptibility
and inverse susceptibility data of barlowite 2 and Zny 55 are shown in Figure 15. Molar and
magnetic heat capacity (C' and C\,,e, respectively) measurements on barlowite 2 are shown
in Figure 16. Dilution refrigerator heat capacity measurements on bulk Zng 95 and single crys-
talline Zn 56 are shown in Figure 17. A comparison of the heat capacity of all samples is shown
in Figure 18.

TABLE 15: Curie-Weiss parameters fit from 7' = 150-300 K for bulk samples (polycrystalline
1 and Zn, 95 and collections of single crystals of 2 and Zn 56). All samples were measured in

an applied field of ;1o = 7 T, and no diamagnetic correction y, was used. Note: 1 emu (mol
Oe)™! = 47107% m> mol~!

1 2 Zn);; |Zngg; |Impurity-Subtracted Zn 54
C (K emu (mol Cu)~1)|[0.384(2) |0.459(1) |0.443(2) |0.3951(3)[0.3914(3)
© (K) -114(2) |-114(1) |-169(1) |-236(1) [-253(0)
Lot (UB) 1.752(4) [1.911(3) |1.877(3) |1.778(1) |1.7695(7)
g-factor 2.023(5) [2.206(3) |2.167(4) |2.053(1) |2.0432(8)

TABLE 16: Curie-Weiss parameters fit from 7' = 150-300 K for single crystalline 2 and
Zn 56. All samples were measured in an applied field of o = 7 T, and no diamagnetic
Note: 1 emu (mol Oe)™' = 47107% m?® mol~!

correction y, was used.

Barlowite 2 [Barlowite 2 [Barlowite 2 || Zng 56 ng 56 7ng 56

ab plane  |c-axis Average ab plane |c-axis Average
C (K emu (mol Cu)™)|/0.453(2)  0.510(3) |0.471(2) 0.474(2) 10.547(2) |0.497(2)
O (K) -110(1) -145(2) -121(1) -160(1) |-195(1) |-171(1)
fefs (UB) 1.904(3) |2.019(6) |1.941(4) 1.946(3) |2.091(4) [1.994(3)
g-factor 2.199(3) |2.331(7) |2.241(4) 2.248(3) |2.415(4) |2.303(3)
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FIG. 11: Aligned magnetization as a function of applied field parallel to the ab plane from
T =2KtoT = 12 K for a single crystal of barlowite 2. The inset shows the full range from
poH = —9-9 T. Note: 1 emu (mol Oe)~! = 4710~¢ m3 mol 1.
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FIG. 12: Aligned magnetization as a function of applied field at 7' = 2 K and 7' = 20 K for a
single crystal of barlowite 2. Note: 1 emu (mol Oe) ™! = 47107% m® mol 1.
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impurity-subtracted Zng 5 measured at a o = 7T and b o4 = 1 T. The lines shown in a
are Curie-Weiss fits from 7' = 150-300 K. Note: 1 emu (mol Oe)~! = 47107% m* mol!.
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FIG. 15: Aligned susceptibility data of single crystalline a barlowite 2 and b Zn, 55 with the
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A. Magnetic measurements of deuterated barlowite 2

Deuterated crystals of barlowite 2 were synthesized for elastic neutron scattering measure-
ments. Figure 19 shows the real part of the AC susceptibility (x’) and DC magnetization (M)
as a function of temperature for one representative batch of crystals. The magnetic behav-
ior is slightly different from that of protonated barlowite 2 (Figure 4a in the main text): the
higher-temperature transition (7n; = 10 K) is more a shoulder instead of a distinct peak. The
lower-temperature transition (72 = 6 K) does not change significantly.

| | | 1 | | | | | |
12f-2 - b
» 0.06f— -
Deuterated Barlowite 2
3 Polycrystalline 1 ook _
3 .
E 0.8
v <. 0.04} -
@ 3
= " —a— Zero field cooled
'8 0.6 -1 = o003k —e— Field cooled -
S =
;g, 0.4~ 0.02}- -
=
ook 0.01L H#oH=0.005T
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0 5 10 15 20 25 30 0 5 10 15 20 25 30
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FIG. 19: Representative magnetic properties of bulk, polycrystalline deuterated barlowite 2. a
The real part of the AC susceptibility (y’) as a function of temperature measured at poH = 0
T. b DC magnetization (M) as a function of temperature measured at ;1o = 0.005 T. Note: 1
emu (mol Oe)™! = 47107% m> mol .

36



VI. ELASTIC NEUTRON SCATTERING OF BARLOWITE 2
A. Background subtraction and fitting methods for the superlattice peak

The notation of the high-temperature space group P6s;/mmec is used to index peaks. In re-
ciprocal space, 6-26 scans and ¢ scans are along the longitudinal and transverse directions,

respectively, of the wavevector Cj in the scattering plane. Figure 1d in the main text shows the
temperature dependence of longitudinal (6-26) scans of the [0.5 1.5 0] superlattice peak, which
are fit well by a Gaussian peak with a sloping background. The background, peak center and
peak width are fixed to the best overall value based on all temperatures. Figure 20a shows the
temperature dependence of transverse (#) scans of the [1.5 0.5 0] peak, which is an equivalent
position of [0.5 1.5 0]. They are superlattice peaks that are allowed in P6;/m but forbidden in
P63/mmc. Transverse () scans at base temperature (1.6 K) and the highest temperature mea-
sured (283 K) are shown in Figure 20b. Although there is still a bump in the 7" = 283 K data,
its center position deviates significantly from the peak position expected from the lattice param-
eters, which is denoted by the vertical dashed line. Thus, the 7' = 283 K data is treated as a
temperature independent background and is subtracted from the lower temperature scans. The
T = 1.6 K scan has the best statistics and is fit well by a Gaussian peak. The peak center is
fixed to the expected peak position, and the peak width is fixed to the best overall value based
on all temperatures. The fitted integrated intensities from both data sets are shown in the inset
of Figure 1d in the main text after scaling to match each other. The structural phase transition
temperature derived from linear fits of both data sets is 7' = 262(8) K.

B. Peak broadening of superlattice nuclear Bragg peaks and magnetic Bragg peaks

Neither the superlattice peaks nor the magnetic Bragg peaks at half-integer positions are
resolution limited; however, the integer magnetic Bragg peaks are limited by the experimental
resolution. Figure 21 shows representative scans of different types of magnetic Bragg peaks.
Within a finite-size domain model,[42] the peak intensity is given by:

sin? Q - Nqpdy sm2A - Ny sin? - N3ds
x = - —
A 2AG - A -
sm27Q cd; sin?29 .G,  sin?89 . g,

2 2

These peaks are well-described by a Gaussian line shape, so we can make a Gaussian approx-
imation of the above equation to match the peak maxima and integrated intensities. Assuming
a cubic crystal (a; = as = ag) and isotropic crystallite (N; = N, = N3), the domain size is
related to the FWHM of the peak by:

4v/wln?2
FWHM

Therefore, we can extract the domain size from the fitted peak width. It is noted that the ex-
perimental resolution should be subtracted quadratically. The calculated domain sizes from

L=
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FIG. 20: a Elastic neutron scattering on single crystalline barlowite 2 showing the temperature
dependence of the P63;/m superlattice peak [1.5 0.5 0] measured along the transverse direction
of the wavevector Cj The highest temperature data (7' = 283 K) is subtracted as a background.
b Transverse (f) scans at base temperature (7" = 1.6 K) and the highest temperature for the
[1.5 0.5 0] superlattice peak. The vertical dashed lines represent the peak position expected
from the lattice parameters. Scans were measured with F; = 14.656 meV at HB-1A.
Uncertainties are statistical in origin and represent one standard deviation.

different scans at various peaks are listed in Table 17. For magnetic Bragg peaks, there are two
coexisting distinct domain sizes: the half-integer peaks have a short domain size of ~118 A on
average, while the integer peaks have a much larger domain size of at least ~360 A, which is
limited by the experimental resolution.

C. Resolution function calculation and magnetic structure refinement method

For both nuclear and magnetic Bragg scattering, the neutron differential cross section can be

written as:[69]
do F?

(d_Q)Bragg = AF (D)

where F’ is the static structure factor, v is the unit cell volume and A is a constant that depends
on the sample geometry, incident flux, sample volume, and counting time. If these factors
are all held fixed in a series of measurements, then A is simply an overall scale factor. For
a material with a known crystal structure, one can determine the overall scale factor A by
measuring nuclear Bragg peaks. Then a magnetic structure model can be fit to the measured
magnetic Bragg peaks. However, the measured intensity is not simply the differential scattering
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FIG. 21: a Transverse () scans at the [0.5 0.5 0] and [1 0 0] magnetic Bragg peaks measured
at 7' = 4 K. b Longitudinal (£-20) scans at the [0.5 0.5 0] and [1 1 0] magnetic Bragg peak
measured at 7' = 2.7 K. All measurements were taken with £; = 5 meV at SPINS with the
highest temperature (7' = 20 K) scan subtracted as a background.The solid lines are Gaussian
fits, and the horizontal bars indicate the experimental resolution. Uncertainties are statistical in
origin and represent one standard deviation.

cross section but rather a convolution of the differential cross section with the instrumental
resolution:[69]

—

1(Gy) = / AGR(G - G0)S(G) @)
do

where S(Q) = (53) Bragg i the differential cross section, and R(Q — @) is the resolution func-
tion. The resolution function depends on the specific spectrometer configuration, the sample

mosaic spreads, the sample shape, and the wavevector Cj In the Gaussian approximation, the
resolution function can be expressed as a 3-dimensional (3D) Gaussian distribution:

R(G — Qo) = ROGXP(—%A@MA@) 3)

where M = is a 3 x 3 matrix and A@ = @ — @0 = (s, Gy, ¢-)- The conventional coordinate

system is the ()-system, in which x is along @0, z 1s vertical, and y completes the orthogonal
right-handed basis set. The resolution function can be visualized as a 3D ellipsoid centered at

—

(Qo- In the paraxial approximation, the resolution in the vertical direction is uncoupled from
the other two in-plane coordinates. Hence the matrix elements M,, = M,, = 0 in M. For a
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TABLE 17: Calculated domain sizes of barlowite 2 from various peaks for various scan types.
For the superlattice peaks and the half-integer magnetic peaks, the mean domain size is
calculated as a weighted mean. The mean domain size for the integer peaks is selected as the
maximum value

Scattering

Domain size

Mean domain

plane Instrument Q Scan type &) size (&)
(HKO0) HB-1A |[1.50.50]| Transverse 77(20)
Superlattice| (HKO0) HB-1A |[1.5 0.5 0]|Longitudinal| 97(22) 61(4)
peak (HKO0) SPINS  [[0.5 1.5 0] |Longitudinal 36(5)
(HKO0) SPINS |[0.5 1.5 0] |Longitudinal 94(6)
(HKO0) HB-1A |[0.50.50]| Transverse 90(25)
(HKO0) SPINS |[0.5 0.5 0]| Transverse 105(17) 118(9)
(HKO0) SPINS  [[0.5 0.5 0] |Longitudinal| 127(13)
(HHL) BT-7 [0.5 0.5 0]| Transverse 149(30)
) (HKO0) SPINS [100] | Transverse 158(37)
M:i:ﬁtlc (HKO0) | SPINS | [110] |Longitudinal| 360(107)
(HKO0) BT-7 [100] | Transverse | 231(106)
(HOL) BT-7 [100] | Transverse | 300(182) 360(107)
(HHL) BT-7 [110] | Transverse 202(76)
(HHL) BT-7 [1 10] |Longitudinal| 220(35)
(HHL) BT-7 [111] | Transverse | 267(145)

nuclear Bragg peak, assuming a perfect crystal, we can write:

S(@) = 505(@ - éb)

(4)

where Sy is the amplitude of the scattering cross section at the Bragg peak Qb. Then the mea-
sured intensity is just the product of .Sy and the resolution function R(Q), — Qy). For a scan
through a Bragg peak @), the integrated intensity is given by:

Int.](@b) =Sy / R(@b — @o)déo
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Thus, the integrated intensity not only depends on the differential cross section at the Bragg
condition but also on the integral of the resolution function along the path of the scan in the
reciprocal space.

Note that Eqn. 5 can only apply to a perfect crystal. For short-range ordered structures
such as the magnetic order in barlowite 2, the delta function approximation (Eqn. 4) no longer
holds. However, we can still use Eqn. 5 with a correction factor that is based on three simple

—

assumptions. First, the cross section S(() can be modeled by a 3D Gaussian function centered
at the Bragg peak Q):

1 5 1 q 1 ¢
S _ 1z _ 1y _ 1z 6
0 2102 exp( 202 2%05 exp( 205 ) exp! ) ©)

\/2mo? p

Second, the resolution function R(Q — @) can be approximated by R(Q — Cjb), which—similar

to S (@)—is peaked at Qb. We assume that the resolution function varies slowly in the small
region of a scan. Third, the off-diagonal elements M,, = M,, = 0 in the matrix M because
the major axis of the resolution ellipsoid is approximately aligned with the y-axis due to the
large sample mosaic. Since the convolution of two Gaussian functions is also a Gaussian, we
can obtain a formula for integrated intensity similar to Eqn. 5 but with a correction factor that
depends on the scan direction. For example, the correction factor for # scan in the (H K 0)
scattering plane is 1/v/(M,,02 + 1)(M,,02 + 1).

The resolution function calculation in this work was performed using the Python module
NeutronPy. The nuclear structure factor calculation was performed using VESTA[74] with in-
put crystal structure data from the SCXRD refinement results (Table 3). Since the SCXRD
cannot unambiguously determine the positions of H (or D) atoms due to their negligible X-ray
scattering lengths, the overall scale factor A was calculated by measuring the nuclear Bragg
peak [0 O 2], whose intensity is negligibly affected by these atoms. The magnetic structure
refinement was accomplished through a least squares minimization routine written in Python
to fit the calculated magnetic Bragg peak intensities to the measured integrated intensities. For
simplicity, the Debye-Waller factor was neglected; the Landé splitting factor was fixed to 2;
and an isotropic Cu** magnetic form factor was used. The measured intensities at equivalent
positions were averaged to increase statistics. The small differences in base temperatures be-
tween different measurements was neglected based on the fact that the intensities saturate at
T ~ 3 K (see Figure 5b in the main text). The two magnetic peaks at integer positions ([1 0
0] and [1 1 0]) measured at SPINS were excluded from the refinement since these two peaks
were measured at 7' = 4 K, a temperature at which the intensities are not saturated. The peak
broadening correction factors for all half-integer peaks used the same mean domain size of 118
A, while the integer peaks used the same domain size of 360 A, obtained from Table 17.

D. Detailed refinement results of the magnetic models
Possible magnetic space groups were generated using the k-Subgroupsmag application on

the Bilbao Crystallographic Server.[70-73] As shown in Table 18, the highest-symmetry mag-
netic space group allowing a net in-plane moment (necessitated by the measured bulk magneti-
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TABLE 18: Possible magnetic space groups and their allowed net magnetic moment direction
for the k£ =(0,0,0) propagation vector in structural space group P63/m

Magnetic space group |Net magnetic moment direction
P6 Along the c-direction
P6 No net moment
P63 Along the c-direction
PG, No net moment
P3 Along the c-direction
P3 No net moment

P2,/m Along the c-direction
P2,/m’ No net moment
P2\/m No net moment
P2 /m’ Within the ab-plane

zation in Figure 4c in the main text as well as Figures 11-12) is P2|/m’ with lattice parameters
2a X 2b x ¢, which is the same as the low-temperature nuclear unit cell. Its symmetry operations
reduce the number of independent Cu®* sites in a unit cell to 10 (six kagome and four interlayer
sites) and constrain the interlayer Cu?** moments to be within the ab plane. Since we measured
a limited number of magnetic peaks (17 distinct peaks in total and 12 peaks after taking equiv-
alent positions into account), we further reduce the number of fitted sites to six (four interlayer
and two kagome).

Table 19 shows the refinement results for the pinwheel g=0 kagome model and the or-
thorhombic model, which is based upon previous models for polycrystalline, orthorhombic sam-
ples similar to barlowite 1[34, 35] and is tested for completeness. Table 21 gives the measured
and calculated intensities for each model. Both models give equally good fits, and we cannot
unambiguously determine which is the best model from our data. However, the orthorhom-
bic structure is less likely to exist in barlowite 2, which has less distorted kagome planes and
should therefore prefer a g=0 type spin structure. Additionally, the orthorhombic model is not
compatible with the underlying crystal structure, since the two types of kagome spins do not
correspond to the two crystallographically distinct sites.

In the pinwheel g=0 kagome model discussed in the main text, we used 10 fitting parame-
ters. There are two types of kagome spins where each has a distinct moment size and in-plane
rotation angle, but they share an out-of-plane rotation angle. There is one interlayer spin mo-
ment size and four different in-plane rotation angles of the interlayer spins. Figure 22a shows
the moment directions when the rotation angles are at zero. Counterclockwise is the positive
direction for all in-plane rotation angles. The direction of the out-of-plane rotation for each
kagome spin is illustrated in Figure Sc in the main text and Figure 23a. Since the number of
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FIG. 22: Schematics of the spin structures of a the pinwheel g=0 kagome model and b the
orthorhombic model. All angles fit for the moment directions are fixed at zero, and the two
types of kagome moments are denoted K1 and K2. Each interlayer motif is visualized by one
spin at the weighted center of the three partially-occupied sites. The thickness of the lines
between kagome spins indicates relative bond strength extracted from the Cu—O—Cu bond
angles. The dashed lines denote the magnetic unit cell.

fitting parameters (10) is close to the number of distinct peaks (12), and the three unequal-
occupancy interlayer sites are along the [1 1 0]-type high-symmetry directions within error, we
fix those spin directions in the final fit (Table 19). This choice of spin directions for these three
interlayer sites leads to zero net moment from them, which reduces the overall net moment size.
However, we cannot exclude the possibility that these interlayer spins deviate from the specified
directions and contribute to the net magnetization.

In addition, the possibility that the kagome plane has net magnetization is also tested by
introducing an in-plane canting angle for the green kagome spins that have an out-of-plane
component. The positive direction for this canting angle is towards the direction of the green
kagome spins that lie within the kagome plane. To reduce the number of fitting parameters, the
moment sizes are fixed. The fit result (Table 20) shows a small but non-zero canting angle (—7°)
with a large error bar (20°) and a tiny change to the x2. No other rotation angles are significantly
affected. Although this canting direction is opposite to the net moment direction from the
interlayer spins, the x? only worsens a small amount (from 39.5 to 40.2) if the canting angle is
fixed to a positive value (Table 20). This positive canting of kagome moments contributes a net
moment of 0.016 pg per formula unit.

In the orthorhombic model, we used seven fitting parameters. There are two types of kagome
spins where each has a distinct moment size and in-plane rotation angle, but they share one out-
of-plane canting angle. There is one interlayer spin moment size and one in-plane canting angle
of the interlayer spins. Figure 22b shows the moment directions when the canting angles are
fixed at zero. The positive direction for all the in-plane canting angles is towards the [1 1 0]
direction. The direction of the out-of-plane canting for each kagome spin is illustrated in Figure
23b. Since our data is insensitive to the two in-plane canting angles of the kagome spins, we fix
these angles to be zero in the final fit (Table 19).
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FIG. 23: a The pinwheel g=0 kagome magnetic model and b the orthorhombic magnetic
model of barlowite 2 in the ab plane (top) and an isometric view (bottom), visualized in
VESTA.[74] The arrows indicate the sizes and directions of the moments. Dark and light blue
spins represent interlayer Cu®* ions in different layers, while red and green spins represent
kagome Cu?* ions. The three partially-occupied interlayer sites are shown with different
colors, but each interlayer motif is visualized by one spin at the weighted center of the sites.
The thickness of the lines between kagome spins indicates relative bond strength extracted
from the Cu—O—Cu bond angles. The symbols next to the kagome spins denote the directions
of the out-of-plane component in the top layer. The dashed lines denote the magnetic unit cell.

Both models have a smaller average ordered kagome moment compared to the proposed
models for orthorhombic barlowite. It is markedly reduced from 0.32 ug per Cu (Ref. [35]) to
0.19 pp per Cu in both models. This is supported by the considerably weaker magnetic peaks
of barlowite 2: the ratio between the magnetic and nuclear contributions to the [1 0 0] Bragg
peak is ~1/90, which is ~13 times smaller than for orthorhombic barlowite 1.[34]

Tables 22 and 25 compare the kagome moments’ and interlayer moments’ contributions
at various magnetic Bragg peaks for the pinwheel g=0 kagome model and the orthorhombic
model.
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TABLE 19: Refinement results of the two magnetic models. The values marked with asterisks
are fixed. For each model, the initial fit is a global refinement with all fitting parameters
refined, while some parameters to which the model is insensitive are fixed in the final fit

Pinwheel g=0 kagome model |Orthorhombic model
Initial Final Initial Final
) K1 0.15(4) 0.16(3) 0.08(2) | 0.08(1)
M"'?SE; Stze K2 0.24(4) 0.23(2) 0.24(3) | 0.24(1)
1 0.13(10) 0.13(2) 0.14(2) | 0.14(1)
K1| 9909) 100(4) 0.17(90) 0*
K2 | 127(48) 128(5) -0.04(90) 0*
in-plane I1 | 67(179) 81(176)
Rotation/C?nting 12 | -12(90) 0* 20(49) 20(7)
angle (°) 13 |294(179) 240%
14 (131(134) 120*
out-of-plane Kl 29(2) 29(2) 20(3) 20(1)
K2
x> 35.0 39.8 34.2 34.2
Net moment (g per formula unit)| 0.041 0.033 0.049 0.049
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TABLE 20: Effect of canting the K1 kagome moments upon the pinwheel g=0 kagome model.
The values marked with asterisks are fixed. If the canting direction is not constrained, it aligns

towards the negative direction. However, the fit is not significantly affected when the canting
angle is fixed to the positive direction

With canting
Without ] '_
canting | Negatlve‘ . Positive .
in-plane canting|in-plane canting
K1 0.16(3) 0.16* 0.16%*
M t si

Ongig) st K2 0232)| 023 0.23*

I 0.13(2) 0.13* 0.13*

in-plane canting |[K1| 0* -7(21) T*
K1| 100(4) 100(6) 101(2)
K2| 128(5) 129(2) 128(2)
_ ati 11 |81(176) 93(172) 59(151)

i ing | 1n-plane rotation
Rotatlon/C?ntmg P 2l o 0 o
angle (°)

I3 | 240%* 240* 240*

14| 120%* 120* 120%

-of- K1
out-of-plane 29(2) 29(1) 29(1)
rotation K2
x> 39.8 39.5 40.2
Net moment (g per formula unit) | 0.033 0.019 0.046
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TABLE 21: Measured and calculated integrated intensities of magnetic Bragg peaks from 6
scans for the two magnetic models

I .1 (cts per 5 min)
Instrument Scattering Q Pinwheel a0 | Orthorhombi Toxp
plane inwheel g= rthorhombic (cts per 5 min)
kagome model model
[0.50.50] 577 581 549(47)
(HKO0)
[1.51.50] 121 116 92(50)
[0.50 1] 189 249 274(82)
HB-1A
[1.502] 236 224 180(26)
(HOL)
[0.50 2] 37 2 238(99)
[0.50 3] 183 177 150(109)
SPINS (HKO0) [[0.50.50] 920 926 816(51)
[0.50.50] 2077 2090 2207(334)
(HKO0) [100] 24870 24812 23668(1512)
[110] 5519 5522 5859(445)
[0.50 1] 525 690 1095(209)
(HOL) | [0.503] 720 693 577(115)
BT7 [100] 33633 33555 35777(2191)
[111] 3352 3359 3345(181)
[110] 6075 6078 5892(338)
[0.50.50] 2256 2270 2716(132)
(HHL)
[0.50.5 2] 158 124 203(150)
[0.50.51] 14 27 242(417)
[0.50.5 3] 7 11 220(223)
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TABLE 22: Contributions to the calculated intensities of magnetic Bragg peaks from different
Cu?" sites in the pinwheel ¢ = 0 kagome model

Scattering Icalc (cts per 5 min)
Instrument Q
plane All |Only kagome|Only interlayer

[0.50.50]| 577 116 184

(HK 0)
[1.51.50]| 121 34 28
[0.501] | 189 4 183

HB-1A

[1.502] | 236 52 31

(HOL)
[0.50 2] 37 140 67
[0.503] | 183 4 150
SPINS (HK0) [[0.50.50]| 920 186 293
[0.50.50]| 2077 419 662
(HKO0) [100] (24870 24382 33
[110] |5519 5571 81
[0.501] | 525 11 508
(HOL) | [0503] | 720 16 587
[100] |33633 32974 44

BT-7
[111] |3352 3344 8

[110] |6075 6132 89
[0.50.50]| 2256 455 719

(HHL)
[0.50.52] 158 470 787
[0.5051] 14 14 0.2
[0.5053] 7 6 0.1

48




E. The orthorhombic model

Like in the pinwheel g=0 model, in the orthorhombic model the kagome spins (the red and
green spins in Figure 22b) have two moment sizes (0.08(1) ug and 0.24(1) ug). However,
this classification is not consistent with the two crystallographically distinct sites, which are
denoted Cul and Cu2 in the data for barlowite 2 in Tables 3 and 9. The out-of-plane canting
of the kagome moments also forms alternating stacking between layers, giving rise to the [1 1
1] magnetic peak. It is necessary to have two distinct kagome sites and cant the interlayer site:
it matches the measured peak intensity of the [0.5 O 1] and [0.5 O 3] peaks better than using
one kagome site does, and including the canting angle of interlayer Cu?* as a refined parameter
significantly improves the fit, especially for the integer peaks (Tables 23-24). The interlayer
spins have a moment size of 0.14(1) ug. The in-plane canting of the interlayer spins also results
in net FM with a net moment of 0.05 pg per formula unit. The fit becomes much worse if the

net moment size is constrained to 0.11 pug per formula unit (see Tables 23-24).

TABLE 23: Comparisons of refinement results of the orthorhombic model with different
constraints. The values marked with asterisks are fixed

No One type |No interlayer Net moment
constraints|of kagome| canting constraint
K1 0.08(1) 0.19(1) 0.08(2) 0.08(2)
M t si .
OI?SE) Sze K2 0.24(1) 0.22(1) 0.27(1)
1 0.14(1) 0.07(3) 0.13(1) 0.17(1)
K1
0* 0* 0* 0*
in-plane K2
ti 1
Can e I | 207 | 46(15) 0 40(1)
K1
out-of-plane 20(1) 26(3) 22(1) 18(1)
K2
2 34.2 175.2 52.4 63.3
Net moment (g per formula unit)| 0.049 0.048 0 0.110
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TABLE 24: Measured and calculated integrated intensities of magnetic Bragg peaks from 6
scans for the orthorhombic model with different constraints

I .1 (cts per 5 min)

Instrument Scattering Q No One No Net Texp )
plane .| type of |interlayer| moment |(cts per 5 min)
constraints . .
kagome| canting |constraint
[0.50.5 0] 581 618 581 581 549(47)
(HKO0)
[1.51.50] 116 172 117 116 92(50)
[0.501] 249 154 264 235 274(82)
HB-1A
[1.502] 224 255 224 224 180(26)
(HOL)
[0.50 2] 2 334 2 3 238(99)
[0.50 3] 177 10 174 178 150(109)
SPINS (HKO0) |[050.50]] 926 985 926 926 816(51)
[0.50.50]| 2090 2223 2090 2089 2207(334)
(HKO0) [100] 24812 | 14624 | 21078 28927 | 23668(1512)
[110] 5522 5836 6180 4532 5859(445)
[0.501] 690 428 732 651 1095(209)
(HOL) | [0.503] 693 41 682 700 S57T7(115)
BT [100] 33555 | 19777 | 28505 | 39119 | 35777(2191)
[111] 3359 3386 3358 3359 3345(181)
[110] 6078 6424 6803 4989 5892(338)
[0.50.50]| 2270 2414 2270 2269 2716(132)
(HHL)
[0.50.5 2] 124 820 139 107 203(150)
[0.50.51] 27 261 36 21 242(417)
[0.50.5 3] 11 44 9 13 220(223)
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TABLE 25: Contributions to the calculated intensities of magnetic Bragg peaks from different
Cu?* sites in the orthorhombic model

Orthorhombic model
Scatterin :
Instrument plane g Q I a1 (cts per 5 min)
All |Only kagome |Only interlayer
[0.50.50]| 581 86 220
HKO0)
[1.51.50]| 116 25 34
[0.501] | 249 5 185
HB-1A
[1.502] | 224 39 76
(HOL)
[0.502] 2 96 71
[0503] | 177 2 160
SPINS (HKO0) [[0.50.50]| 926 137 351
[0.5 0.5 0]| 2090 309 792
(HKO0) [100] (24812 25814 55
[110] |5522 7665 175
[0.501] | 690 14 514
(HOL) | [0.503] | 693 6 629
[100] |33555 34910 75
BT-7
[111] |3359 3407 6
[110] |6078 8437 193
[0.50.50]| 2270 335 860
(HHL)
[0.50.52] 124 341 877
[0.50.51] 27 30 0.6
[0.50.53] 11 8 0.6
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F. Including interlayer moments into calculations for barlowite 2

Based on the pinwheel g=0 kagome model, we can estimate the FM exchange couplings
between the kagome and interlayer Cu®*s relative to the AFM couplings in the kagome plane.
If we consider only NN couplings and assume that the coupling between the NN kagome spins
is J (J > 0), then the total FM coupling between an interlayer spin and its six NN kagome spins
is —2aJ — 43J when this interlayer site is fully occupied (Figure 24, inset). The average FM
couplings for different interlayer sites are obtained by taking the site occupancies into account
(see Tables 3 and 9).
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a

FIG. 24: Contour map showing the energy difference between the pinwheel and the perfect
g=0 kagome configurations (AE = Einwheel — Eperfect)> as described in the text. The inset
shows the exchange couplings considered in this calculation. Red and blue/white spheres
represent the kagome and interlayer Cu®" ions, respectively. The couplings between the NN
kagome spins are assumed to be the same (.J, red lines). However, since the interlayer Cu®* ion
randomly occupies one of the three possible off-center interlayer sites (blue sphere) with some
probability, there are two types of exchange paths between this site and its NN kagome spins.
These couplings are denoted by —a.J (thick blue lines) and —(.J (thin blue lines), respectively.

The classical-spin-based energy is investigated using the moment sizes from our pinwheel
q=0 kagome model (Table 19). The out-of-plane rotation angle of the kagome spins is fixed to
the value from our model, but the in-plane rotation angles of both the kagome and interlayer
spins are treated as tunable parameters. Because the energy only depends on the relative angles
between the spins, we fix the in-plane rotation angle of the kagome spin K1. Therefore, for
arbitrary « and [, the best in-plane rotation angles of the other spins can be determined by
searching for the minimum energy configuration. This minimum energy is also compared with
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the energy of the perfect g=0 spin arrangement to determine which state is more energetically
favorable. This calculation is done for a grid of o and 3 in the range of 0 to 2 with a step size
of 0.01, and the energy difference between the pinwheel and the perfect g=0 configuration is
shown as a contour map in Figure 24. The colored region is where a) the pinwheel g=0 structure
has lower energy than the perfect g=0 spin configuration, and b) the best in-plane rotation angles
are close to the values from our neutron scattering refinement results (Table 19) with deviations
no larger than 5° (approximately the error bars in the refinement). Within this colored region,
the lowest energy state is achieved at & = 1.39 and S = 0.64. Interestingly, the strong FM
interactions obtained here match quite well with a previous report based on DFT calculations
(o = 1.16 and = 0.18).[31] The average FM couplings for the three interlayer sites are
—0.96J (43% occupied), —0.89.J (33% occupied), and —0.82J (24% occupied), respectively.

The robustness of the values of o and [ against a change in moment sizes is also tested.
When the kagome moment sizes are varied from 0.16 to 0.23 pp (the values of the kagome
moments from the refinement), the best kagome in-plane rotation angle shows a deviation from
the neutron scattering refinement result (Table 19) smaller than 17°.

We can attempt to understand the phase transitions upon cooling by modeling the effect of
the interlayer spins L on the kagome spins S as an effective Zeeman field, i.e., JFME-g ~ ﬁeﬁ-g ,
where Eeﬂ‘ ~ JFM<E> From the DMRG calculations, the kagome plane forms a VBC ordered
ground state with a finite spin gap, e.g., A ~ 0.15.J for J' = 0.95.J. Our experimental values for
the interlayer moment (< 0.1 pp) in the intermediate temperature regime Tno < 7' < Ty yield
an effective Zeeman field h.g < 0.04.J, which is too small to close the VBC spin gap, consistent
with the kagome moments’ absence of order. However, the interlayer ordered moment (and,
therefore, hog) continues to increase upon cooling. As a result, it becomes strong enough to
destabilize the pinwheel VBC state and drive the system into the pinwheel g=0 state with long-
range magnetic order.
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VII. FIRST-ORDER PHASE TRANSITION BETWEEN THE PINWHEEL VBC AND QSL

We performed DMRG calculations of the ground state energy of the simplified model for
barlowite 2 using the “hysteresis plot” method introduced in Ref. [5] to determine the nature
of the phase transition. We find a first-order phase transition point between the pinwheel VBC
phase and the QSL. The ground state energy is calculated along four paths of the Hamiltonian
H(J') for a 144-site 6-leg cylinder with two numbers of kept states, m = 1600 and 2000. A
small step size 0.001.J is taken in each of four adiabatic paths shown in Figure 25. Along the
paths, the system shows a clear crossing at J, = 0.998(1). This value is close to 1, but somewhat
smaller, with a deviation larger than the resolution of our simulation.

Bl  Pinwheel

VBC

QSL

-52.15

-52.20

E-10J'

- M=1600
—— m=2000

-52.25

1 1
0.98 0.99 1
J'
FIG. 25: Plot of the ground state energy of the simplified model for barlowite 2 for a 144-site
6-leg cylinder for two values of the kept states m. For each of the four paths, the Hamiltonian

parameter J' is adiabatically tuned for every three DMRG sweeps to resemble the evolution of
the system under changing J'. A linear subtraction of the energy F with J’ has been applied.
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