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Y;Cuy(OH);9Clg realizes an original anisotropic kagome model hosting a rich magnetic phase diagram

[Hering et al., npj Comput. Mater. 8, 10 (2022)]. We present an improved synthesis of large phase-pure single
crystals via an external gradient method. These crystals were investigated in detail by susceptibility, specific heat,
thermal expansion, neutron scattering, and local ©SR and NMR techniques. At variance with polycrystalline
samples, the study of single crystals gives evidence for subtle structural instabilities at 33 and 13 K which
preserve the global symmetry of the system and thus the magnetic model. At 2.1 K the compound shows a
magnetic transition to a coplanar (1/3,1/3) long-range order as predicted theoretically. However, our analysis of
the spin-wave excitations yields magnetic interactions which locate the compound closer to the phase boundary
to a classical jammed spin-liquid phase. Enhanced quantum fluctuations at this boundary may be responsible for

the strongly reduced ordered moment of the Cu®*.

DOI: 10.1103/PhysRevB.107.125156

I. INTRODUCTION

Low-dimensional materials with strong magnetic frustra-
tion, such as compounds with decoupled antiferromagnetic
kagome layers, are prototypical systems to search for an ex-
perimental realization of the quantum spin-liquid (QSL) state
[1,2]. This long sought state features no static magnetic order,
despite sizable magnetic interactions, but rather macroscopic
entanglement and fractional excitations. Experimental signa-
tures of a QSL state in kagome materials were found first
in herbertsmithite, ZnCu3;(OH)sCl, [3,4], and in the closely
related Zn-doped barlowite [5,6]. Thus Cu-based systems with
a perfect kagome layer have been strongly investigated.

Around the A%TCu3(OH)¢Cl, family [7] a new similar
series of compounds has been found with A3TCus(OH)¢Cl3
[7-9], which realizes perfect kagome layers in a kapellasite-
type structure. However, for Y3* the compound is not
stable in water solutions, leading to a CI-OH substitu-
tion YCu3(OH)gCls_, with x = 1/3 [or Y3Cuyg(OH);9Clg]
[10,11]. This substitution induces a distortion of the mag-
netic lattice as the Y atoms are moved out of the kagome
plane [10]. The distorted kagome lattice of Cu’" ions is
scarcely studied with the exception of the family around
(Cs,Rb),Cus(Ti,Sn,Zr,Hf )F, [12-15]. However, recent struc-
tural investigations of low-temperature diffraction on various
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kagome systems show that a structural instability induces
distortions in barlowite, claringbullite [16], volborthite [17]
and vesigneite [18] making it a typical structural motif at low
temperatures.

In Y-kapellasite (x = 1/3) that we investigate in this paper,
the distortion yields two nonequivalent Cu sites and a unique
magnetic model with three different nearest-neighbor inter-
actions, while still retaining rotational symmetry around the
hexagons of the anisotropic kagome lattice (see inset Fig. 1
and Ref. [11]). The discovery of this compound has triggered a
detailed theoretical study [19] which disclosed the full classi-
cal phase diagram of the model and its richness. Interestingly,
besides two long-range ordered phases with propagation vec-
tors Q = (1/3,1/3) and Q = (0, 0), a large area in the phase
diagram, coined “classical spin-liquid” phase, which encom-
passes the isotropic kagome model, opens up. It remains
so far largely unexplored, although it could realize an un-
precedented “jammed” spin-liquid phase, characterized by a
discrete ground state degeneracy, in a disorder-free model.
In addition, first-principle calculations confirm the relevance
of this anisotropic nearest-neighbor model for Y-kapellasite
and locates it in the (1/3, 1/3) long-range ordered phase [19].
Here, we report a comprehensive study of the physical proper-
ties of large phase-pure single crystals that can be compared to
the theoretical prediction and which show marked deviations

©2023 American Physical Society
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FIG. 1. (a) Y3Cug(OH)9Clg single crystal along the ¢ axis.
(b) Image in transmission light of an as-grown single crystal. (c) Sus-
ceptibility (M/H) versus temperature with a 1 T field applied along
c. Bottom-left inset: Field cooled (FC) and zero-field cooled (ZFC)
measurements at 0.01 T. Upper-right inset: Anisotropic kagome
lattice with three different nearest-neighbor Cu-Cu bonds and the
related three different magnetic interactions.

with respect to former studies of polycrystalline samples [11]
or other synthesis routes for crystals [20].

The paper is organized as follows. In Secs. II and III the
synthesis of phase-pure large single crystals is described and
macroscopic measurements of the susceptibility, heat capac-
ity, and thermal expansion are presented, providing evidence
for a series of structural and magnetic transitions below 33 K.
In Secs. IV and V, the transitions are investigated in detail by
neutron diffraction and by C1 NMR, which show in particular
good agreement with the theoretically predicted spin order in
the ground state. In Sec. VI, muon-spin spectroscopy is used
to prove the bulk nature of the 2.1-K magnetic transition. In
Sec. VII, the spin-wave excitations are studied by inelastic
neutron scattering and give an insight into the determination
of the magnetic interactions beyond first-principle calcula-
tions. Finally in Sec. VIII, we summarize and discuss our
results in comparison with previous ones on polycrystalline
samples and in light of theoretical studies.

II. SYNTHESIS AND SUSCEPTIBILITY

The crystal growth of Y-kapellasite was originally reported
in Ref. [10], where 0.59 g Y,03, 0.82 g CuO, and 0.89 g
CuCl; - 2(H,0) in 10 ml H,O were heated up to the dissolu-
tion point of Y,03, followed by a slow cooling to crystallize.
However, these crystals of an average size of 1 x 1 x 1 mm?>
suffered small CuO inclusions since the growth takes place
on the surface of the polycrystalline CuO starting material, as
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FIG. 2. (a) Specific heat divided by temperature in the tempera-
ture range from 1.8 to 40 K for the x = 1/3 optimized large crystals,
compared to literature results for x = 1/3 and x = 0 powder samples
[11] and the reported inclusion-free x = 1/3 crystals from Ref. [20].
(b) Thermal expansion along the ¢ direction of an optimized large
Y-kapellasite single crystal. (c) and (d) Insets: Enlarged views of the
peaks detected in main panel (b). Note the different vertical scales in
the two insets.

the dissolution point of Y,0Oj3 and the crystallization point of
the compound lie above the maximum in solubility of CuO.
Reference [20] describes a synthesis of inclusion-free crystals
using LiOH, Y(NOs3);-6H,0, and CuCl, -2H, 0. However, the
reported crystals are somewhat disordered as a partial occupa-
tion of the Y site is observed, similarly to what was found in
the related compound YCu3(OH)sCl; [8]. This likely hints at
a phase mixture in both cases due to contact with water. In-
deed, a low percentage of occupation of Y for YCu3(OH)eCls
[8] lies out of the kagome plane, which represents struc-
tural parts of Y-kapellasite Y3Cug(OH)9Clg. For the reported
inclusion-free Y3Cug(OH)9Clg [20], the partial occupation
of Y can be explained similarly, since the specific heat shows
a mixture of the signal observed for x =0 and x = 1/3 as
shown in Fig. 2.

We thus improved the synthesis for inclusion-free large
bulk single crystals suitable for neutron studies via a hor-
izontal external gradient growth method in a thick-walled
quartz ampoule as described in detail for herbertsmithite in
Ref. [21]. The growth is realized by slowly dissolving CuO
in a YCl3-H,O (or YCl3-D,O for deuterated crystals) solution
and transporting it to the cold end. The growth is executed in a
three-zone furnace with a gradient of 25 °C and a temperature
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of 240°C at the hot end (note that the elevated pressure at
this temperature requires especially thick quartz ampoules).
The gradient was optimized as too low temperatures yielded
a mixture of Y-kapellasite and clinoatacamite. Afterwards,
the inclusion-free hexagonal single crystals have an average
size of 3 x 3 x 1 mm? up to 3 x 3 x 3 mm?, if grown over
several weeks. The pictures of single-crystalline Y-kapellasite
are displayed in Figs. 1(a) and 1(b), which show a transparent
specimen without any visible impurity inclusions.

The dc susceptibility of a 15.7 mg single crystal of Y-
kapellasite measured in a Quantum Design MPMS XL7
SQUID system with a 1 T field applied along the ¢
axis is shown in Fig. 1(c). It reproduces published re-
sults [10,22], with an antiferromagnetic Curie-Weiss constant
Ocw = 102(1) K and g. = 2.40(1). Measurements in a lower
0.01 T magnetic field, shown in the inset, reveal a bifurcation
of the field cooled and zero-field cooled curves below ~5 K,
and a maximum around 2.5 K. These low field measurements
point at a magnetic transition which is investigated in de-
tail with neutron scattering and resonance techniques in the
following sections. At variance with Ref. [20], we observe
no magnetic transition at 11 K (see Supplemental Material
Fig. S1 in [23]). Such a transition, reminiscent of the one
observed at 12 K in the x = 0 counterpart, supports a phase
mixture scenario for the crystal of Ref. [20].

III. SPECIFIC HEAT AND THERMAL EXPANSION

Specific heat was measured with the standard option of a
Quantum Design Physical Properties Measurement System,
using a 5.935-mg inclusion-free single crystal, formerly de-
scribed. Its temperature evolution is shown in Fig. 2(a) and
compared to the published results for x =0 and x = 1/3
polycrystalline samples [11] and the x = 1/3 single crystal re-
ported in Ref. [20]. Unexpectedly, our x = 1/3 single crystal
presents a clear double peak at 33 K, which is absent in pow-
der samples of the same compound. The underlying entropy
amounts to 0.1537 J/mol K, below 3% of R In2, calculated by
using the powder sample as a baseline. There is no associated
sharp feature in the susceptibility in this temperature range so
that the double peak is likely signaling a structural transition.
Note that this 33-K anomaly was not reported in the single
crystals of Ref. [20] and that, on the contrary, the large hump
around 15 K seen in the latter crystals and in the x = 0 powder
sample, associated to magnetic transitions, is absent from our
phase-pure x = 1/3 single crystal. Only at 2.1 K do we find
a sharp peak in specific heat, which was already reported for
this compound both in powder and crystals [10,11], and stems
from a magnetic long-range ordering transition as shown later
in this paper. For the disordered powder sample x = 1/3, the
underlying entropy of the transition is reduced and previous
muon-spin relaxation (wSR) studies had shown the absence
of long-range order [11], possibly arising from the slightly
altered structure due to the suppression of the 33-K transition.

To inspect the 33-K anomaly in more detail, we performed
thermal expansion experiments along the crystallographic ¢
axis, i.e., perpendicular to the kagome layers, using a capaci-
tive dilatometer. Figure 2(b) displays the thermal expansion
coefficient o on the same temperature scale as the specific
heat data in panel (a). We find a similar anomaly below 33 K
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FIG. 3. Temperature scan, with a 2-K step, of the neutron diffrac-
tion intensity around the nuclear Bragg peaks (a) 660 and (b) 0018.
The intensities in panel (b) have been multiplied by 4/3 to match
those of panel (a). Structure obtained from neutron single crystal
diffraction measurements at 40 K viewed along the (c) ¢ axis and
(d) a axis. Note the 1/6 partial occupancy of the six interlayer D1
positions.

as in C/T, consisting of two slightly broadened, and thus
overlapping peaks with a ratio between the sizes of the higher-
temperature and lower-temperature peaks comparable to (a).
The relative length change incorporated in these two sharp
features amounts to AL/L = 10~*. In addition, we discover
another, significantly smaller anomaly around 13 K, which
can be seen in more detail in inset (c). Below 5 K an anomaly
in o forms as approaching the transition at 2.1 K, signaling the
importance of magnetoelastic coupling as antiferromagnetism
sets in. Overall, the anomalies at 13 and 33 K reveal clear
structural effects in this compound with a distorted kagome
lattice, without noticeable changes upon applying a magnetic
field of 9 T along the c axis.

IV. DIFFRACTION

The structure of Y-kapellasite Y3Cug(OH)9Clg with R-3
was first reported in Ref. [10], where hydrogen was placed
by symmetry arguments. Here one should note the unusual
position of HI, which resides on six equivalent sites each
with a 1/6 partial occupancy [see, e.g., Figs. 3(c) and 3(d).
Later, from neutron diffraction on deuterated powder samples,
we found that the deuterium atom next to the O1 refines to
a distance above 1 A, which is so far unaccounted for an
O-H bound. Thus in Ref. [11], we dismissed the D1, leading
to the revised chemical formula of Y3;Cuy(OD);3OClg. To
further tackle this issue we then measured the stoichiometry
including the hydrogen content with a combination of in-
ductively coupled plasma mass spectroscopy (ICP-OES) and
gas extraction, the former with a SPECTRO CIROS CCD
and the latter with an Eltra ONH-2000 analyzer. For the
determination of oxygen and hydrogen content, the powder
samples were placed in a Ni crucible and clipped and heated,
where the carrier gas takes the oxygen and hydrogen out
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of the sample. The oxygen reacts with carbon, and CO; is PN ) - P
detected in an infrared cell, while hydrogen is detected by clg £ 7 * T RS RE X
a thermal conductivity cell. Each measurement was repeated MR S 2m 8YsS3EC3
. — NN AN O O N O < <
three times and compared to a standard. The quoted error bars Soodoco oosSoooo
provide the statistical error. We thus measured three pieces o< o
of a hydrated single crystal and a part of a powder sample £ SN el sl ed
N ST EC
of Ref. [11]. The results of Y3_00(3)Cu9.06(9)019'0(2)H18.7(3)C18 : § (= E o § (=] E § § § % g (a
for the crystals and Y3,003)Cu9.07(9)019.32)H1s.83)Clg for the - © 3 N %S08 R0
. Il = S S SssSIS S
powder sample show a high enough hydrogen content to as- o |lg
sume the ideal stoichiometry of Y3Cug(OH)9Clg. Notably we 'c% PN P~~~
have glso seen vibrational O-H modes that exist only for. an i Sleo s = - o STFEZEX
electrical field parallel to the kagome plane solely matching 2 = % - & g g § & ﬁ ; §
to this hydrogen/deuterium position, further confirming the \n SE=RS] ScodosSoco
presence of the D1 atom. Therefore, from now on, we use the —
ideal stoichiometry of Y3Cug(OH);oClg. 4 L
We performed neutron diffraction on the two-axis thermal [ T I gL grreeex
- i - S cld & $8oz3¥REInIR
neutron diffractometer D23 instrument at the Institut Laue- = S8 8§ FELECILSFTLLD
L : : H ; ; X = wnwunwndada~n Lwrnowve s
angevin (ILL) using an inclusion-free, deuterated single = CcecccsSs eSS s
crystal weighing 5.6 mg. Measurements have been performed S
in the temperature range of 40-0.065 K using constant inci- é a = soSx=t&
dent neutron we'weleng.th A =1.27 A. The transitiop ar.ound ~ § coRocioco % SEEREEE
33 K observed in specific heat and thermal expansion is re- s 8 8 REERE&8L IS
flected here in an increase of the Bragg peak intensity [23]. j e e ceeeeee
Such an abrupt change of the intensity at the transition by S |8 = seaese
about 30% is evident in the temperature scans of the 660 3 z 2 AT
d 0018 ks sh in Fi d 3(b i = I|locl ZocorzdJRNIZ
and 0018 Bragg peaks shown in Figs. 3(a) and 3(b). Yet, it < = .2 GoRdYCS
produces no change in the crystallographic cell, as the crys- g S sS S SceSsSssSs s
tallographic axes a, b, and ¢ remain unaltered in the error bar Nn
range in the investigated temperature range. OMO
We could reasonably refine all data with R-3 as well as S = PR
a lowered symmetry (subgroup) R3, where in both cases, = g T ZHoETTEESEE
however, we find no clear change with temperature. The most 8 Mim 8 38 TLRa8L3
. L e = —mnAnAdn Yo F
plausible scenario is that the transition is arising from the = S SSSS Sooss oSS
D1, which remains mobile at higher temperatures and finally £
freezes at low temperatures leading to an effective lowering £ - < sadnersS e
of symmetry to P1, where three different twin domains are < § coScfococFEREEITSXR
realized. This scenario would realize a splitting of the Cl po- g 8 38 BEEEE XS
sition as we observe in the following section. This symmetry & o ° ° ceeeeee
change yields 174 atom positions with twin refinement that we 9 s - P e e
could not ¢ out in the scope of this paper. We thus refined s o 2 AT TS
arry p paper. A = Slce® TcclaFanca
our data with the so far known R-3 structure where no major = = 2 AR
. . o O n O <t oSN N NN
changes in the structure are observed. The Rietveld refinement = S oo Scoccoo oo
results are summarized in Table I (see also [23]). g
S
o
= € ¥ gb Lt8cxhd
V. NUCLEAR MAGNETIC RESONANCE 2 v|l® @® wx I =S7=%
. , o g Tlm 8§ FECEILZAEES3
We further 1nv§st1g§15ted the structural distortions and mag- 2 S2229s8 gLz sT
netic transition using >Cl NMR on a ~30-mg single crystal g
of Y-kapellasite Y3Cug(OH),9Clg with an external magnetic & = 2 a8 ZDx=&
. .. . 5] Z Z =S
field By applied parallel to the ¢ axis, i.e., perpendicular to = § ~§ cfocTococFELLZTS
the large facet of the sample (see Fig. 1). The spectra are ERIR= s 3 NN
measured from room temperature down to 5 K by sweeping 3 e e ceeceeceee
the frequency in a fixed field Bey, = 7.553 T which corre- ~ ~ A~ S~
— (e ~ <t AN~ O
sponds to the reference frequency vy = 31.510 MHz. At lower m z 2 AT TS oo
. = S|locor= Doz adTa®
temperatures, the broader spectra were recorded by sweeping m = g CoeagTs
the field with a fixed irradiation frequency vo. . & S22 TxrzoLcs
The spectrum measured at 100 K, far above the magnetic
transition and the structural distortions, is shown in Fig. 4.
We observe two distinct central lines (see inset of Fig. 4) < —
. . . Lo = N 3= non <
corresponding to the two crystallographic Cl sites with inten- e ~>=0000o0AQpA0AQAO0AQAD
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FIG. 4. Full NMR spectrum of *3CI at 100 K with the configu-
ration By || ¢ which shows two central lines (C) of CI1 (triangular
site) and CI2 (hexagonal site) and the two corresponding pairs of
satellites (S and Spex). Inset: Enhanced view of the central lines
(C). The dashed vertical line indicates the reference frequency vy =
31.510 MHz.

sity ratio close to the expected 3:1. There are indeed 18 Cl1
(respectively, 6 CI2) sites per unit cell located in between the
kagome layers, close to the center of each triangle (respec-
tively, hexagon) of the kagome structure. For clarity, in this
section we denote the Cl1 and CI2 sites as the triangular (zr7)
and hexagonal (hex) sites, respectively.

Since 3CI possesses a nuclear spin I = 3/2 with a finite
quadrupolar moment, the three allowed transitions between
the Zeeman-split adjacent nuclear levels are modified by the
quadrupolar interaction with the surrounding electric charges.
We therefore observe in the full spectrum three NMR lines
per Cl site: One central line (—1/2 < 1/2 transition) and two
satellite ones (—3/2 <> —1/2 and 1/2 <> 3/2 transitions).

At first order in perturbation, the frequency difference be-
tween two satellite lines of a given o = tri or @ = hex Cl site
arising from the quadrupolar interaction is given by [24]

Av{D = v (3cos” 6, — 1 — g sin® Oy cos 2¢), (1)

where 6, and ¢, are the polar and azimuthal angles defining
Bex; in the local frame of the principal axes of the electric field
gradient (EFG) tensor, vy, is proportional to the quadrupolar
moment and the largest eigenvalue of the EFG, therefore
reflecting the strength of the quadrupolar interaction, and the
asymmetry parameter 7, reflects the departure of the EFG
from cylindrical symmetry.

Because of the high symmetry of the hexagonal ClI site,
the EFG at this site is axially symmetric (n,.x = 0) along the
¢ axis and, under the condition of the experiment By || c,
bhex = 0. For this site, the two satellites are maximally sep-
arated by 21}56" and we measure directly from Fig. 4 vg’”‘ =
3640(5) kHz. The triangular CI site is less symmetric. We
used the structure determined at 40 K in Sec. IV by neutron
diffraction to compute the EFG at this site with a point charge
approach. From the calculated parameters 6, = 8.3°, ¢y =

E 6 A
‘:E, . N\ 20K
g / \ ~ 30K
= N
> PN 40K
‘D i
N e
£ A 80K
o M A 98K
Tri Site Hex Site
31300 31400 31500 31600 31700

Frequency (kHz)

FIG. 5. Evolution of the central lines of the ¥*Cl NMR spectra
with temperature. The spectra are shifted vertically for clarity. Note
the change of the width and the splitting of the hexagonal site line
below 40 K which become prominent below 20 K. The dashed
vertical line indicates the reference frequency.

123.0°, nyi = 0.33 and the measured distance between satel-
lites, we obtain with Eq. (1) the value v’Q” = 2180(20) kHz.
Note that if By is not strictly applied along the symmetry
axis c, the triangular sites become nonequivalent because of
a different orientation of their EFG with respect to Bex. The
minute splitting of the triangular site satellite lines in Fig. 4
reflects such a small misalignment £1.2° of our crystal in the
experiment.

The quadrupolar interaction shifts the position of the cen-
tral line only at second order in perturbation [25]:

2
UO{
vy = ) g &)
21)()
where, for the simplest case of an axially symmetric EFG, f
reads

f(©,¢,0)=2(1 —cos®#)(9cos* 6 — 1). 3)

In the present case at 100 K, the second-order quadrupolar
shift is either v]%)( =0 since Opex = 0 or negligible vfj) =
—4(1) kHz. The positions of the two central lines

vg = vo(l —i—KS —i—Ké) + véz) @)

are then rather set by the first term of magnetic origin, where
K? is the temperature-independent orbital shift and K? the
spin shift arising from the polarization of the unpaired elec-
tron of the neighboring Cu®* ions and therefore proportional
to the spin susceptibility. From the plots of vS versus the
susceptibility x. measured along the ¢ direction in the range
100-300 K (not shown), we extract for the configuration
Bex || ¢ the hyperfine constants Apex = 0.245(3) T/u, and
Ay = —0.426(16) T/ug and the orbital terms K}?ex = 120(10)
ppm and K2, = 52(10) ppm.

Figure 5 shows the evolution of the central lines upon
cooling down to 5 K. Marked changes of the spectral shape
are observed below 40 K where the structural distortions
take place: The triangular site line broadens significantly and
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FIG. 6. Hexagonal satellite linewidth evolution with temperature
which indicates two structural changes (black arrows). Inset (a) de-
picts the line shape changes occurring below 33 K for the hexagonal
satellite. Inset (b) shows the hexagonal NMR central lines for e
and ¥Cl at 10 K.

the hexagonal one splits. Interestingly, although the changes
appear in the range 30—40 K, they really get prominent only
below 20 K where a second peak is observed in thermal
expansion.

From the neutron diffraction study, the structural distortion
at 33 K hardly changes the crystal structure and likely results
from the freezing of the H1 proton on one of six equivalent
positions. In the NMR spectra, the lowering of symmetry
is clearly detected through the modification of the EFG. In
particular, the splitting of the hexagonal site line implies the
occurrence of at least two locally nonequivalent crystallo-
graphic sites, at variance with the R-3 structure, and at least
one with a finite tilt fyex of its EFG so that vlﬁi does not vanish
in Eq. (4). From the measured splitting and using Eq. (4), we
estimate Gpex ~ 5° at 20 K and 6y ~ 10° at 10 K.

These changes of the local electrostatic environment of Cl
affect even more clearly, at first order, the satellite lines. As
shown in inset (a) of Fig. 6, the hexagonal satellite acquires
a complex structure below 33 K pointing at even more than
two nonequivalent sites. In order to determine the onset of
the structural transition, we have measured the width of this
satellite versus temperature as plotted in Fig. 6. Besides the
abrupt change at the 33 K structural transition evidenced in
heat capacity and neutron diffraction experiments, a marked
change of the slope is detected at 13(1) K suggesting a sec-
ondary transition as detected in thermal expansion and also
clearly in NMR relaxation measurements as discussed further
in this section.

The 13-K transition is not magnetic as demonstrated by
susceptibility measurements and muon-spin relaxation in the
next section. To confirm the structural origin of the observed
splitting at this temperature, we have compared the **Cl and
37C1 NMR spectra at 10 K at the same reference frequency of
24.000 MHz. We have fitted the split hexagonal site central
lines with Gaussian functions and compared the frequency

w

Intensity (arb. units)
N

1

H (Tesla)

FIG. 7. Central line spectra at 1.3, 2, and 3.6 K and a partial view
of the ground state spin texture proposed in Ref. [19] in the top-right
corner. The spectra are shifted vertically for clarity. The blue line
is a Gaussian fit of the hexagonal central line. This contribution is
subtracted from the experimental spectrum to expose the triangular
site one, shown as a red line. The triangle configurations a, b, and ¢
yield three different dipolar fields at the triangular CI site. Configu-
rations a and ¢ yield almost equal but opposite dipolar fields whereas
configuration b has almost zero dipolar field along the z axis, i.e., the
applied field direction.

differences AV’ between the two peak maxima for the two
isotopes i [inset (b) in Fig. 6]. The ratio Av¥/Av37 = 1.5(2)
compares well to the square of the ratio of the quadrupolar
moments of the two isotopes 1.61 as expected from Eq. (4). At
variance, in the case of a magnetic origin with static internal
fields, we would have observed a scaling with the gyromag-
netic ratios of the two isotopes, i.e., a ratio ~1.20.

At lower temperatures (7 < 4.2 K), the NMR lines
broaden significantly, likely as a result of the building up of
magnetic correlations, in line with the FC/ZFC divergence
observed in this 7" range in the susceptibility (see Fig. 1). This
magnetic broadening blurs the quadrupolar splitting and down
to 2.1 K, we observe only two broad central lines, overlap-
ping partially, for the two different, triangular and hexagonal,
chlorine sites (see Fig. 7). At lower temperatures an abrupt
broadening for the triangular site and a more moderate for
the hexagonal one occurs, which represents the spectral NMR
signature of the magnetic transition detected in the bulk, T;
or uSR measurements. Actually, two triangular site peaks
develop on both sides of the hexagonal central line and move
away from each other upon cooling down. To quantify these
evolutions, we compare in Fig. 8 the change of the linewidth
W (T) with temperature for the two sites.

In a recent theoretical study [19], a (1/3, 1/3) long-range
magnetic order has been proposed for this system with a
coplanar spin configuration reproduced partially in Fig. 7. Re-
markably, for this predicted spin configuration, the hyperfine
field at the hexagonal sites is zero (hexagons with different
colors spins) or nearly zero (hexagons with same color spins).
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FIG. 8. Evolution versus temperature of the linewidth W (T") for
the triangular (red dots) and hexagonal (blue dots) sites.

At variance, for each triangle, two spins are nearly opposite
leaving the third one uncompensated and thus able to yield a
finite field at the triangular sites. There are actually three types
of triangle configurations labeled a, b, and ¢ in Fig. 7 corre-
sponding to three different orientations of this uncompensated
spin. For an anisotropic hyperfine tensor, we thus expect three
different lines for the triangular CI in the magnetically ordered
phase. Although we could not determine experimentally all
the components of the hyperfine tensor, we note that assum-
ing a purely dipolar coupling, the shown spin configuration
yield one very small and two almost equal but opposite z
components of the transferred fields at the triangular CI site.
Thus, the low-temperature spectrum supports at least qualita-
tively the theoretically proposed order, both for the triangular
and the hexagonal CI sites.

Figure 9 shows the evolution with temperature of the spin-
lattice relaxation rate (Tl_l) measured using the saturation
recovery sequence at both Cl sites. Being quadrupolar active,
ClI nuclei probe both the magnetic and structural fluctuations.
In the temperature evolution of Tl_l the structural distortions
at ~33 and ~13 K discussed earlier are clearly observed as a
sharp and broad peak, respectively, together with the magnetic
transition around ~2.1 K.

To extract the 7; values, the recovery curves of the nuclear
magnetization M (¢) at each temperature were fitted to [26]

M(t) = My (1 — ae™ @M — pe=(@/T"), 5)

where a+b =1, a=0.1 and 0.12, respectively, for the
hexagonal and triangular sites, and 8 < 1 is a phenomeno-
logical stretching parameter used to account for a possible
distribution of 77 [27]. The evolution of B(T) for both sites
is shown as insets in Fig. 9. While a single value of T
is measured at high temperature (8 = 1), an increasingly
broader distribution (8 < 1) is needed upon cooling down
toward the structural and magnetic transitions, likely pointing
at the building up of spatial correlations. During the transition
regimes, we could fix the value of 8 with no noticeable reduc-
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FIG. 9. Plots of **Cl1 NMR relaxation rate ;"' versus tempera-
ture measured at the hexagonal (top) and triangular (bottom) central
line positions. The two structural transition regimes (2) and (3) and
the magnetic one (1) are highlighted. The 7; distribution parameter
B is plotted in the inset. Below 5 K, when the NMR lines of the
two sites overlap, 7; was also measured at the isolated hexagonal
satellite position (dark-cyan dots) and shows the same behavior as the
central line.

tion of the fit quality, to avoid artifacts in the determination of
the peaks of the correlated T1_] quantity.

VI. MUON-SPIN RELAXATION

To elucidate the nature of the ground state of Y- kapellasite,
we performed a uSR experiment on the GPS and DOLLY
instruments at the PSI muon facility from the paramagnetic
regime (>20 K) down to 0.28 K. The 100% spin-polarized
muons are implanted at time zero in the sample, where they
stop at the most electronegative positions. The muon spins
evolve in the local fields until the muons decay into positrons,
emitted preferentially in the last direction of the muon spins
after a mean lifetime of 2.2 us. By collecting the positrons
emitted forward and backward with respect to the muon beam
direction, the muon decay asymmetry, proportional to muon-
spin polarization can be recorded versus time and allows
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FIG. 10. Time evolution of the zero-field (ZF) muon decay asym-
metry at some selected temperatures in single-crystal samples. Lines
are fit to Eq. (9). Inset: Powder sample data from Ref. [11].

one to characterize the internal fields and their fluctuations
[28-30].

For this uSR experiment, we used two coaligned phase-
pure single crystals of sizes ~3 x 3 x 1 mm?® with their ¢
axis parallel to the initial muon-spin direction. The muon
decay asymmetry in zero external field (ZF) is depicted at
some selected temperatures in Fig. 10. At low temperature,
the asymmetry evidently differs from previous measurements
[11] on a powder sample shown in the inset, with a much faster
relaxation and a characteristic damped oscillation signaling
static internal fields.

Above 2.5 K, the relaxation hardly depends on temperature
[23] nor on the nature of the sample, powder or single crystal.
The electronic spins are fast fluctuating in their paramagnetic
regime, and the relaxation is dominated by the quasistatic,
weak and random, nuclear fields. Following the model used
for the powder sample [11], we fitted the muon decay asym-
metry at high temperature to

aOPpara(t) ZHO[fPOH(t)+ (1 _f)KTAc](t)], (6)

where

1 1 t
Pou(t) = o (85:212) |:E + 5 cos (w(;H >

1 3oont ), 1 t -
— COS — COS .
3 2 R i

The latter Poy(t) stands for the formation of £OH complexes

with a pulsation wog = h’fg’;}’” which depends on the u-H
distance d, the gyromagnetic ratios yy = 267.513 Mrad/s/T
and y,, = 851.616 Mrad/s/T, respectively, for protons and
muons, and a Gaussian broadening Agy due to the other
surrounding nuclear spins. The second term in Eq. (6) is a
static Kubo-Toyabe relaxation standing for the minority frac-
tion 1 — f of muon stopping sites, likely close to the CI™ ions,
where they experience a Gaussian distribution of static nuclear
fields with a width Ac;. The parameter ay = 0.255 is the

initial muon decay asymmetry in our experimental conditions.

TABLE II. Static nuclear parameters derived from high-
temperature fit of the ZF asymmetry with Eq. (6).

Static parameters Y;Cuy(OH);9Clg

f% 75.00 £ 1.00
wou (Mrad s™) 0.55 +0.02
dA) 1.63 £0.02
Aa (us™h) 0.09 + 0.02
Aoy (us™) 0.208 & 0.02

The nuclear relaxation parameters in Egs. (6) and (7) evalu-
ated by fitting the ZF muon polarization at 20 K are presented
in Table II.

Upon cooling, the relaxation from the electronic spins in-
creases progressively and below 2.1 K, at variance with the
powder sample [11], a strongly damped oscillation develops,
conclusively indicating a magnetic transition in the single-
crystal samples (Fig. 10). Below 1.5 K, the asymmetry could
be fitted accordingly to

2 —o22)2 e Mt
aoPr(t) = agp 5 cos(wst + ¢)e + 3 (8)
which accounts for a magnetically frozen single phase with
an average internal field at the muon sites By, = wy/y,. The
damping parameter o encodes the width of the distribution of
these internal fields. The last exponential term accounts for
residual fluctuations in the frozen phase. At base temperature
T = 0.28 K, we obtain Bj,; = 8.6 mT which is almost twice
lower than the lowest internal fields previously reported in the
closely related x = 0 variant of YCu3(OH)¢O,Cl5_, [11,31]
and more than ten times lower than in barlowite [5] with sim-
ilar Cu-OH bonds. In the latter, the 101(2) mT static field at
the ©OH site arises from an average 0.38 p; copper moment.
By comparison, we roughly estimate that the Cu** moment in
Y-kapellasite is strongly reduced down to about 1/30 .
In order to fit the asymmetry on the whole temperature
range, we combined both Egs. (6) and (8) in

agP(t) = ao| frPr(t) + (1 — f)Ppara(t)e " ®

with a switching parameter f; that tracks the frozen volume
fraction from fully ordered for fy = 1 to fully paramagnetic
for fy = 0. All the nuclear parameters are kept constant, so
that the only varying parameters shown in Fig. 11 are the
frozen fraction, the oscillation frequency and its damping rate,
and the relaxation rate A, or A, for the paramagnetic or the
frozen phase. The latter show a clear peak at 2.1 K as ex-
pected for the critical slowing down of the fluctuations at the
magnetic transition. Surprisingly, there is a singular point at
1.56 K in the relaxation rate plot but no significant changes in
other variable parameters at the same temperature. Although
this feature demands further confirmation, it is reminiscent
of the spin dynamics reentrance reported in clinoatacamite
[32] and echoes an anomaly reported in the low-temperature
magnetization measurements [22].

To conclude, from our SR measurements, Y-kapellasite
shows a completely frozen ground state in the case of single
crystals in contrast to the fluctuating ground state observed in
the powder sample. The relaxation rate variation with temper-
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FIG. 11. Temperature evolution of the parameters used in Eq. (9)
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ature indicates a phase transition at ~2.1 K where the internal
static fields set in. At 0.28 K, deep in the magnetic phase state,
we estimate a strongly reduced frozen moment for the Cu’*
of about 1/30 wg.

Energy (meV)

VII. TIME-OF-FLIGHT NEUTRON SCATTERING

With large deuterated single crystals of Y3Cug(OD);oClg
at hand, we also performed inelastic neutron scattering on
this anisotropic kagome antiferromagnet in order to probe
the magnetic excitations in reciprocal space and to identify
the magnetic order [33]. Inelastic neutron scattering (INS)
measurements were performed on the INS disk chopper time-
of-flight spectrometer [34] at the Institut Laue-Langevin on
a collection of single crystals with a total mass of 0.3 g.
These crystals were coaligned in the (H, H, L) horizontal
plane and glued on a thin aluminum plate with the hydrogen-
free CYTOP solution (CTL-809M). Measurement runs were
performed at a constant temperature with an incident neutron
wavelength A = 4.8 A (incident energy E; = 3.55 meV, giv-
ing a FWHM energy resolution of 0.08 meV) or A = 2.6 A
(E; = 12.1 meV), while the sample stage was rotated around
the direction perpendicular to the beam, to map out the re-
ciprocal space. The detectors efficiency was corrected by a
preliminary measurement on a vanadium can.

Magnetic scattering could be identified only below 3 meV,
an unexpected feature given the large antiferromagnetic
Curie-Weiss temperature of 6cw = —100 K [10]. We thus
focused on measurements using our low incident energy of
3.55 meV and followed the temperature evolution of the dy-
namical neutron structure factor S(g, E). Figure 12 shows the
intensity contour color plots of S(g, E) along the [H, H, 0]
direction. At 60 K there is a large phonon contribution that
substantially reduces at 20 K and below, where nearly ver-
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FIG. 12. (a)—(c) Evolution in temperature of the dynamical structure factor S(g, E') along the [H, H, 0] direction (integrated over L =
[6,6]) atT =1.55K, T =5K, and T = 60 K. (d) Brillouin zone boundaries (gray lines) with K and I points and extended Brillouin zone
(black dashed line) in the reciprocal space. The red dotted line represents the [H, H, 0] direction. (e)—(g) Evolution in energy of S(g, E) in the
(H,H, L) plane at T = 1.55 K. (h) INS measurement integrated in energy over the elastic resolution and in the range —6 < L < 6, showing a
weak increase at 1.5 K at the K| position and possibly also at K”, characteristic of the (1/3, 1/3) magnetic order. The other discernible peaks

are not of magnetic origin.
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tical columns of intensity become apparent close to K| =
(2/3,2/3,0) and K” = (4/3,4/3, 0), with a region of broad
intensity located around 2 meV and close to [1,1,0]. At
our base temperature of 1.5 K, sharp dispersive features
emerge from these two Q positions which we identify as spin-
wave excitations. They show a pronounced two-dimensional
character, as revealed by the presence of rods of scattering
intensity along the [0, 0, L] direction [Figs. 12(e)-12(g)], and
thus justify the two-dimensional Heisenberg kagome anti-
ferromagnet model applied below. From this time-of-flight
measurement, one can isolate the elastic contribution by inte-
grating over twice the energy resolution (~0.15 meV) only.
Figure 12(h) shows such contribution with the apparition
of tiny g-resolution limited magnetic Bragg peaks at 1.5 K
located at the K| position and less clearly at the K” one.
This elastic scattering points to a small ordered fraction of
the Cu?>" moment, that could be easily missed in a con-
ventional energy-integrated neutron diffraction experiment,
and strongly supports a magnetic noncollinear coplanar phase
with a Q = (1/3, 1/3) ordering wave vector.

The inelastic scattering in the (H, K, 0) plane is displayed
in Fig. 13. The energy-integrated cuts show clear intensities
located at the K positions of the Brillouin zone, mirroring the
sharp spin-wave dispersions already observed below 1 meV
in Fig. 12(a). Above 1 meV, the inelastic scattering broadens
significantly and extends toward the Brillouin zone center.
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FIG. 14. Comparison between experimental data (a), (b) and spin-wave simulations (c), (d) at 7 = 1.5 K. The INS data in (a) measured
at 1.5 K was subtracted by a 5-K dataset (see text) to highlight the magnetic contribution. (e) Energy-integrated cuts along [H, H, 0] of data
shown in (a) and (c) for different energies E with an integration range of 0.15 meV. Symbols are for data and lines for the simulation. They are
both shifted vertically for clarity. (f) Classical phase diagram reproduced from [19]. The black square denotes the position found from DFT
calculation [19] while the red star locates Y-kapellasite using the exchange couplings found in our work.
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To better isolate the inelastic magnetic contribution present
at 1.5 K, we subtracted a background constructed by the repli-
cation of the 5 K dataset, integrated in the range H = [1.6, 2],
along [H, H, 0], where the phonon and magnetic contributions
appear to be minimal. The result is shown in Fig. 14(a). The
dispersive excitations rising from K| and K" are clearly sin-
gled out, and then merge into a broad arch extending from 1 to
2.5 meV. Guided by the observation of an in-plane distortion
of the kagome lattice, and by the recent ab initio density
functional theory (DFT) results [19], we performed linear
spin-wave calculations using the SPINW package [35] of the
Heisenberg model with only nearest-neighbor interactions in
order to model the excitations on such an anisotropic kagome
lattice:

H=> JySi-S;. (10)
(i J)

where J;; can take three different values J, J, and J !
depending, respectively, on the bonds d;, d,, and d; as de-
fined in Fig. 1. From DFT calculation, Hering et al. [19]
confirmed the relevance of such spin models in the con-
text of Y-kapellasite using three antiferromagnetic couplings
J >~ Jo ~ 140 K and J' >~ 10 K. The spin-wave simulations
assumed an enlarged unit cell of nine sites, because of the
two different copper sublattices, and a coplanar order with
a QO = (1/3,1/3) propagation vector, as described in detail
in Ref. [19]. The J = J, = J’ case leads to the well-known
V3 x +/3 phase of the classical kagome antiferromagnetic
model which fails to reproduce our data when J > 15 K,
due to the maximum of the band observed around 2.5 meV.
Given that fcwy = —100 K imposes a higher exchange value,
we discard the isotropic case and instead study the excitations
for the parameters J = J and J' # J. From the evolution of
the spin-wave spectrum with J or J', we find our best model
usingJ >~ J~ = 140K and J' = 63 K. However, we also find
that a single set of interactions cannot account for the spread
of intensity observed at [1,1,0], from 1 to 2.5 meV. Instead,
we consider a ~10% distribution of J', tentatively attributed
to some local disorder, and that could indeed satisfactorily fit
our inelastic data, as shown in Figs. 14(c)-14(e), leading to
J =~ Jo = 140(10) K and J’ = [56, 70] K. Finally, we note
that the intensity observed at low Q, near Q = (1/3, 1/3, 0),
and below 0.5 meV [see Fig. 14(a)] is much broader than
predicted by the simulation, and may hint at a more complex
ground state in Y-kapellasite with the presence of short-range
order and fluctuations. We note that this broad intensity ex-
tends mostly around the zone boundaries of the first Brillouin
zone (Fig. 13) and not close to the boundaries of the extended
Brillouin zone, as predicted for the classical spin liquid [19].
In summary, INS gives evidence for elastic scattering be-
low 5 K, in agreement with the static magnetism revealed by
#SR and line broadening in NMR, consistent with a Q =
(1/3, 1/3) magnetic ground state. Furthermore, we found a
set of magnetic interactions in Y-kapellasite which is in very
good agreement with the predictions from DFT and varia-
tional Monte Carlo studies [19]. The main difference is our
experimental value of J' >~ 63(7) K as compared to the the-
oretical estimate J' = 10.3(7) K. This locates Y-kapellasite
in the Q = (1/3, 1/3) magnetic order of the phase diagram,

but very close to the classical spin-liquid phase reported in
Ref. [19].

VIII. DISCUSSION AND CONCLUSION

Our experimental investigation of Y3Cuyg(OH);9Clg re-
veals an unusual bidimensional coplanar Q = (1/3,1/3)
long-range ordered ground state, overall in very good agree-
ment with the theoretical study in Ref. [19]. In particular, the
proposed spin arrangement in the ground state is found to be
compatible with the Cl NMR line shape at low temperature.
However, at variance with first-principle calculations where
the third interaction of the model J’ was found to be negli-
gible, we determine experimentally a finite J' < J O /2. This
finding of a sizable antiferromagnetic J' seems nonetheless
consistent with the Cu-OH-Cu bond angles which vary only
by 4.6° among the three different bonds. The smallest angle
113.1° corresponding to J' remains significantly larger than
105° which is known to yield small ~— 15 K ferromagnetic
interaction in Zn-kapellasite [36].

In addition, to reproduce the broad magnetic excitations
in INS, a distribution ~10% of the J’ interaction was im-
posed. This suggests some kind of disorder. Due to the large
difference in the ionic radii of Y3+ and Cu?* we expect no
significant intersite mixing at variance with Zn-kapellasite
or other Zn- and Cu-based kagome materials and indeed
we found no evidence of such disorder in the magnetic lat-
tice above 33 K, neither in neutron diffraction nor in NMR
which on the contrary exposes well-resolved narrow lines.
Therefore, the distribution of J/ may arise only at low temper-
ature, as a result of the structural instabilities observed at 33
and 13 K. The slightly different local environment detected
below 33 K by CI NMR would then reflect in the moderate
distribution of the interaction, while preserving on average
the high-temperature magnetic model, since the lattice param-
eters and the magnetic lattice remain unchanged within our
accuracy in diffraction experiments on the whole temperature
range, down to 65 mK.

The experimentally determined interactions locate
Y-kapellasite in the classical phase diagram close to
the boundary between the (1/3,1/3) long-range ordered
and the classical spin liquid phases [see Fig. 14(f)]. Although
the effect of quantum fluctuations has not been investigated
so close to the phase boundary, we may anticipate that they
are responsible for the strongly reduced value of the Cu’*
moments <0.1 g, which could not be detected in standard
neutron diffraction but yield static internal fields detected
both in NMR and uSR. The proximity to a phase boundary
may also help in understanding the striking difference in
the ground states of the present large single-crystal samples
and formerly studied polycrystalline ones [11]. Indeed in
the latter, the moments were found to remain fluctuating
in the ground state and also no structural transition was
detected. We may assume that some additional disorder in
the polycrystalline samples or slightly different interactions,
due to the absence of structural transition, destabilize the
fragile ordered state observed in large single crystals. We
note that such a sensitivity to the sample crystallinity seems
to be a common feature of anisotropic kagome compounds
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such as volborthite [17,37] or vesigneite [18,38,39]. The
fragility of the ground state in all these compounds seems
to originate from a subtle interplay between structure and
magnetic frustration.

Beyond the proposed anisotropic nearest-neighbor model,
and despite its apparent success to reproduce the physics
in Y3Cug(OH)9Clg, one important perspective to complete
our understanding of this material is to quantify and address
the role of Dzyaloshinskii-Moriya interaction. Let us indeed
recall that this anisotropy of the interaction was pointed out
as the main ingredient driving long-range order in the sister
compound YCu3(OH)eCls [40] with a perfect kagome lattice.
Quantum fluctuations and especially their role at the phase
boundaries and how they impact the jammed classical spin-
liquid phase is another key perspective of this work. Finally
we note that a Br counterpart [41] was recently synthesized,

showing no sign of ordering, and likely allowing to span
further the phase diagram of the anisotropic kagome model.
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