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Kagome quantum spin systems in the atacamite family
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We present the hydrothermal synthesis, as well as structural and chemical analysis, of single crystals of
EuCu3(OH)6Cls, Zn,Cuy—_,(OH)s(NOs3), and haydeeite, and MgCu;(OH)sCl, compounds, all arising from the
atacamite family. Magnetic and specific-heat measurements down to 1.8 K are carried out for these systems.
EuCus(OH)sCl; has a frustrated antiferromagnetic Cu®** ground state with order at 15 K, and a strong anisotropy
and increased magnetization from Van Vleck paramagnetic Eu*" contributions. ZnCu3(OH)s(NO;3), reveals
antiferromagnetic order at 9 K and measurements on haydeeite single crystals confirm the ferromagnetic order at
4.2 K with the easy axis within the kagome plane. These results prove that the atacamite family presents a broad

class of materials with interesting magnetic ground states.
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I. INTRODUCTION

The discovery of the first reported prototype with magnetic
Cu>* ions arranged on a kagome layer presenting a quantum
spin liquid (QSL [1]) in herbertsmithite [ZnCus;(OH)¢Cl,]
[2] triggered enormous interest for this novel ground state.
The dominant Cu-O-Cu antiferromagnetic superexchange of
J = —197 K [3] in the kagome plane is strongly frustrated
due to the geometrical arrangement of the ions. Consid-
ering the possibility of variable Zn for Cu substitution in
Zn,Cuy_,(OH)Cl,, one can influence the magnetic properties
of the compounds: increasing the Zn concentration in between
these kagome layers leads to their magnetic decoupling and
thus to a suppression of the magnetic order [4]. For the
composition ZnCu3(OH)¢Cl, (x = 1), no magnetic long-range
order is registered down to 7 = 50 mK [3]. Later on, it
has been realized that some Zn-Cu antisite disorder (up to
15% in terms of occupation parameters) is always present in
herbertsmithite [5,6], which has led to the search for further
kagome materials, with less amount of structural disorder.
The atacamite family of compounds presents a rich field of
different substitution possibilities [7] based on the three basic
polymorphs of Cu,(OH);Cl: atacamite, clinoatacamite and
botallackite, allowing substitutions both on the Cu and Cl
place. Cationic substitutions would dilute the concentration
of Cu®*" ions between and in the kagome planes, while
those on the anionic sites would have a direct impact on the
spatial separation of these active planes. Furthermore, it was
proposed that substituting trivalent ions on the divalent Zn/Cu
ions will lead to a correlated Dirac-kagome metal combining
Dirac electrons, strong interactions, and frustrated magnetism
[8]. However, experimentally, it was found that the structure
presents charge balancing with additional Cl~ rather than
electron doping, as seen for the nonmagnetic ¥ [9,10] and
the magnetic Nd, Gd, and Sm [11] ions.

In Table I, we present the whole class of M, Cuy_,(OH)e X>,
where M represents a divalent ion and X a halide, nitrate or
sulfate, with detailed information on the structure type and
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magnetism. The atom type of substitution is highlighted by a
color and its crystal ionic radius is given in the fourth column.
The given space group in the fifth column enables a division
into two main structural variants: the herbertsmithite R3m
type structure containing ABC stacked kagome layers with
intermediate layers of the substituent and the kapellasite type
with AA stacked layers, where the substituent is in the kagome
layer in the center of the star (see Fig. 2). Other groups are
the basic structures with possible substitutions on the halide
site, then the crossover paratacamite over herbertsmithite to
the substitutions of x = 2 leading with nonmagnetic ions to
one-dimensional chain systems, and finally the x = 4 entirely
substituted variants. The last type shows the structural variance
of this family and the possibility of undescribed intermediate
candidates. We want to highlight the work of Ref. [12],
which already shows a rich amount of variants only for the
M>(OH);(C1,Br,I) candidates. Besides the shown atacamite
type, a “kapellasite-type” structure called o variant was found
by Oswald and Feitknecht [12] for Co, Ni, Mg, Fe, Mn withx =
4 substitution. As well as paratacamite variants of Co/ Fe and
botallackite types for Br/I both for Cu, Co, Ni, Fe as well as Mn.

The columns (6-9) give details about the magnetic prop-
erties and are followed by some structural details of the
Cu ions (10-12), where Cug stands for the shortest copper
distances in the kagome plane and Cujy,, for the distances
between these layers ignoring Cu atoms in between. The
column number 12 contains the bonding angle of Cu-O-Cu
where the largest and thus dominating J is chosen. In the last
two columns, references are given. So far, the only kagome
systems of this family presenting no magnetic order down
to mK temperatures are both ZnCu3(OH)sCl, herbertsmithite
and kapellasite, ZnCu3(OH)¢FBr, called Zn-barlowite, and
MgCu;(OH)6Cl, tondiite, which all have a strong Zn-Cu
or Mg-Cu exchange. Other quantum spin liquid candidates
of the family are ones presenting isolated trimers found in
SrCu(OH);Cl1 [13] and ZnCu3(OH)SO4 [14], which so far
only exist as polycrystals.

©2018 American Physical Society
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In addition to these compounds, we present another example
of the P3m1 structure with a trivalent Eu>* ion realized in
EuCu3(OH)sCl;. As well as an example of an antiferromag-
netic system with no strong frustration effects, observed in
ZnCu3(OH)s(NO3), and the successful single-crystal growth
of the ferromagnetic haydeeite MgCu;(OH)sCl,.

II. EXPERIMENTAL DETAIL

For the single-crystal growth, a hydrothermal Parr 4625
autoclave with a 575 ml filling capacity operated by a Parr
4842 power supply including a 982 Watlow controller was
used.

The energy dispersive x-ray spectra (EDS) were recorded
with an AMETEK EDAX Quanta 400 detector in a Zeiss DSM
940A scanning electron microscope (SEM). A layer of carbon
was sputtered on the isolating single crystals using a Balzers
Union FL-9496.

X-ray powder diffraction data were collected on a Bruker
D8 Focus using a Cu x-ray generator and the Rietveld refine-
ment of the x-ray data was done using the fullprof suite [47].
For the single-crystal structure determination, the data were
collected at 173 K on a STOE IPDS II two-circle diffractometer
with a Genix Microfocus tube with mirror optics using Mo
K, radiation (A = 0.71073 10\). The data were scaled using
the frame scaling procedure in the X-AREA program system
[48]. The structure was solved by direct methods using the
program SHELXS [49] and refined against F? with full-matrix
least-squares techniques using the program SHELXL-97 [49].
The H atoms bonded to O were found in a difference map and
was isotropically refined with the O-H distances restrained to
0.84(1) A.

The specific-heat and magnetic measurements were col-
lected with the standard options of a Physical Property Mea-
surement System from Quantum Design in a temperature range
of 1.8 to 350 K.

II1. EHCU3(OH)6C12
A. Synthesis

Single crystals of EuCu3(OH)¢Cl; were prepared in the
Parr autoclave with a temperature profile adapted from the
optimized one for Y3Cug(OH),9Clg [9]. For the crystallization,
we prepared duran glass ampoules as follows: the ampoules
were loaded with 0.6513 g CuO and 2 g EuCl; - 6H,0, solved
in 5 ml distilled water and then sealed at air. They were placed
in the autoclave, which was filled with distilled water to ensure
the same pressure as in the ampoules. The autoclave was
heated up to 270 °C in four hours and subsequently cooled
down to 170 °C with 1 K/h, followed by a fast cooling to
room temperature. Afterwards, the ampoules were opened and
the content was filtered with distilled water. The ampoules
contained a few larger single crystals, some smaller ones, and
a pellet. The crystals have blue color and a hexagonal shape
with typical sizes up to 1 x 1 x 0.25 mm?> [see Fig. 2(c)].
Similar to Y3Cug(OH)9Clg [9] and haydeeite, the crystal
habitus gives information about all crystallographic axis, with
the a and b axes being the corners of the hexagon and the ¢
axis perpendicular to the surface of the platelets. Attempts with
lower and higher EuCl; - 6H,O content in the solutions were

3000
Cl Element| At% | EuCus(OH)Cl,
0 472 | 6/13=461
2500+ cl 231 | 3/13=231
Cu 219 | 3/13=231
20004 Eu 78 13=77
) Cu
5
31500 -
o
1000 4
(0]
5001
)
O T T T T
0 2 8 10

4 6
E (keV)

FIG. 1. EDS analysis on a polished single crystal of
EuCu3(OH)¢Cl;. In a table, the measured at% are given compared
to the stoichiometric values, not including the H atoms. The inset
shows a SEM image, which would have shown impurity phases as
grey-scaled contrast, proving the homogeneity of the crystal.

also successful but led to smaller single crystals. However, the
Eu content does not change with varying salt amount, which
was deduced from EDS.

Furthermore, a growth in an external temperature gradient
similar to [50] led to large single crystals of up to 2 x 2 x
0.75 mm? [shown in Fig. 2(b)]. We used 2 g pre-reacted
EuCu3(OH)4Cl3 in a solution of 1 g EuCl; - 6H,O with 5 ml
H,O sealed in a thick walled quartz ampoule of 15 cm length.
Then we placed this ampoule into an external gradient of
2 °C/cm, with 250 °C at the hot end and 220 °C at the cold
end. After several weeks the whole powder was recrystallized.

B. EDS Analysis

We measured EDS in the SEM on several crystals of
different batches both of polished and untreated single crystals.
In Fig. 1, an EDS spectrum is shown with the SEM image on
the inset showing a clean surface with no impurity phases.
The resulting at% are given in the figure and are in overall
agreement with stoichiometric values of EuCu3(OH)eCl;. We
measured several points on many crystals of different batches
and did not observe any variance regarding the Eu-Cu ratio.
This is typical for the P —3ml structure, which has no
intermediate substitutions and no paratacamitelike crossover
structure. For example, kapellasite and haydeeite [39,51]
stabilizes a certain substitution amount above one. By directly
comparing only the Cu/Eu ratio, we found the Eu amount,
assuming Eu,Cuy_,(OH)eCl3, to be not increased with an
average of xg, = 1.01 £ 0.01.

C. Structure

EuCu;(OH)sCl; crystallizes in the kapellasite type structure
P — 3m1 with an additional Cl position just like Y, Nd, Sm,
and Gd [9-11]. The structure was obtained by single-crystal
diffraction and confirmed with powder diffraction [52]. It
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0.5 mm

FIG. 2. (a) Image of the P — 3m1 structure viewed onto the ab
plane. There, the orange starlike kagome arrangement of the Cu atoms
is apparent. The pink europium atoms are positioned in the center of
the star in the kagome plane typical for the kapellasite P — 3m 1 struc-
ture. (b) Laue-image and a picture of a large EuCu3;(OH)¢Cl; crystal
with a coaligned twin obtained from an external gradient growth. (c)
Image of two representative untreated blue EuCus;(OH)sCl; single
crystals from a growth in the autoclave showing nice hexagonal shape.

is shown in Fig. 2(a) viewed along the c¢ axis revealing
the kagome star of the orange Cu atoms. The distances are
dcul-cul = 3.4181(4)A of the Cu atoms in the kagome plane
and dcyr.co2 = 5.6301(13) A between the AA stacked planes.
The angle for the dominant superexchange is Z(Cul-O1-Cul)
= 119.34(16)°. The resulting blue crystals shown in Figs. 2(b)
and 2(c) have a hexagonal shape directly revealing the structure
enabling an easy orientation. The atomic positions are given
in Table II.

D. Magnetic susceptibility

In this section, we present a thorough magnetic analysis
on EuCu3(OH)sCl; single crystals. To obtain larger masses
for a reduced noise ratio, four single crystals were aligned
with either the magnetic field parallel (||) or perpendicular
(L) to the kagome plane. We start with the analysis of the
susceptibility at 9 T for temperatures between 2 and 350 K,
shown in Fig. 3. In this temperature regime, Eu®" ions cause
pronounced Van Vleck paramagnetism, which gives a separate
magnetic contribution in addition to the magnetism from the
Cu’*. The susceptibility in this temperature range reveals a
pronounced anisotropy, x;/x. from 1.7 at 350 K to 2.5 at

TABLE II. Structural table obtained by refining single-crystal
diffraction data on a EuCu3(OH)4Cl; single crystal measured at 173 K.
A trigonal P — 3m1 (No. 164) structure with a unit cell of a = b =
6.8363(14) A, ¢ = 5.6301(13)A, @ = B =90°, and y = 120° was
found, where the occupation was fixed to 1.

position  x/a y/b z/c  Occ. Uy  Site Sym.
Eul 0 0 0.5 1 0.0131(3) 1b —3m.
Cul 0.5 0 0.5 1 0.0123(4) 3f .2/m.
Cl1 0.666667 0.333333 0.1359(4) 1 0.0190(6) 2d 3m.
CI2 0 0 0 1 0.0176(7) la —3m.
(0] 0.8066(4) 0.1934(4) 0.6318(7) 1 0.0122(8) 6i .m.
H1 0.790(8) 0.210(8) 0.776(4) 1 - 61 .m.

EuCu,4(OH)4Cl,4 _ 28]

~

0 50 100 150 200 250 300
~N
S T(K

0.1 — —— —— A
9 T|| kagome
0.0 9T 1 kagome
0 50 100 150 200 250 300 350
T (K)

FIG. 3. The image shows the magnetic data on a stack of four
single crystals with a mass of 2 mg of the temperature-dependent
susceptibility data at 9 T with the field aligned (black dots) and
perpendicular to the kagome plane (red dots). The line is obtained
by a fit using both Van Vleck and Curie-Weiss contribution. On the
inset, the temperature-dependent anisotropy of perpendicular/parallel
susceptibility is shown.

50 K plotted in the inset of Fig. 3. This anisotropy is most
likely attributed to the Van Vleck contribution, similar as it
was observed in Ref. [53,54]. There, the anisotropy arises
from a splitting of the 'F; level due to a crystal electric field.
In literature, this anisotropy was analyzed for a tetragonal
symmetry of the Eu**, while in EuCu3(OH)sCl; the europium
atoms are located on a site with hexagonal symmetry. We fitted
the experimental data in the full range from 1.8 K to 350 K at
a high field of 9 T in Fig. 3 with the sum of a general Van
Vleck part (see Ref. [55]) and the Curie-Weiss contribution
from three Cu®" ions following the formula

Xmol = T T ®W
A _
N Napop {24+ (1352 — 1.5)e MDD
3A 1 + 3e—*ksT)

to account for the different magnetic contributions. We note,
however, that the two contributions are hard to separate and
the obtained values are only an estimate, since a nonmagnetic
reference, e.g., EuZn3(OH)eCl; would be necessary to accu-
rately define the Eu®* Van Vleck contributions. Assuming a
generally similar behavior as for the tetragonal symmetry, we
get a spin-orbit value of roughly A = 2A; +4,)/3 =2 x
210 4 586)/3 K = 335 K comparable to Eu,CuO4 with A =
315 cm~! ~ 300 K [53]. The Curie-Weiss temperature was
calculated in this global fit yielding roughly ®y =~ —400 K.
From a /xT plot (not shown), the whole material reveals
increased effective moment values of MH =3.25up and
uef£ =2.5up at 350 K compared to the theoretical one for
* of 1.73 g as aresult of the mixture with the Van Vleck
contribution of Eu®*
In Fig. 4, we present the low-temperature behavior of
the susceptibility of EuCu3;(OH)gCls, which is dominated by
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FIG. 4. The main figure shows the low-temperatue part of the
susceptibility data of EuCu;(OH)¢Cl; field cooled at 0.1 T both
measured with the field aligned (red) and perpendicular to the kagome
plane (black). (Inset) Derivative of x T at a tiny field of 50 Oe.

the Cu magnetism. Two magnetic transitions are apparent at
Ty, =14.7 K and Ty, = 8.7 K for both field directions. The
transition temperatures can best be determined by the deriva-
tived(xT)/dT at very small field, shown in the inset of Fig. 4.
We observed a small sample-dependent shift of these magnetic
transition of AT = =£1 K for the high and AT = £2 K for the
low transition, when comparing measurements on different
single crystals. The Weiss temperatures hint to a dominant
antiferromagnetic exchange between the Cu ions of 400 K, but
the order appears only below 15 K. Therefore EuCu3;(OH)Cl3
is a strongly frustrated system with a frustration coefficient
f=19wl/Tc =~ 30.

Insight into the nature of the magnetic transition can be
obtained from the magnetization curves between 2 and 20 K
shown in Fig. 5. A small but well defined hysteresis can be
seen for a magnetic field within the kagome plane. However,
the spontaneous moment below Ty, is only 0.5 x 1073 5 per
Cuand 1 x 1073 5 below Ty, . This shows that the magnetic
order has a tiny in-plane ferromagnetic component. For fields
perpendicular to the kagome layers nearly no hysteresis was
observed. At higher magnetic fields, both directions present a
linear M (H) dependence, with a higher slope for the direction
perpendicular to the kagome plane. At 9 T, M reaches only
about 0.05 and 0.14 uB/Cu for the two field directions, which
is well below the saturation magnetization of 1 pg per Cu>*
ion. Furthermore, also the Van Vleck contribution from Eu
might contribute to the magnetization at higher fields, but is
difficult to entangle from the Cu magnetism. For that purpose, a
reference compound with Zn instead of Cu would be necessary,
which, however, is not known to exist so far.

E. Specific heat

The observed magnetic transitions in the magnetic mea-
surements were also analyzed on several crystals by specific
heat. This is essential to exclude contributions from small
foreign phases to be the origin of the observed magnetic

27 EuCu,(OH)Cl,
2K
—— 12K
11 20K
=3
(@]
%
o 0 Ho H(T)
o 8-6-4-202 46 8
e
> 010] 2K
14 g 0.05
& 0.00
=2
2-0.05
-0.10
-2 7 T T T T T
-0.04 -0.02 0.00 0.02 0.04
Mo H (T)

FIG. 5. Excerpt of the M(H) curves measured at 2 (black), 12
(dark grey), and 20 K (light grey) with a field applied parallel to the
kagome plane. The inset shows the full range for a measurement at
2 K for both parallel (black) and perpendicular fields (red).

signals. We show a measurement between 1.8 and 39 K on
a single crystal of 8.61 mg. The general specific heat curve
divided by temperature is shown in Fig. 6 for a field of 0 and
9 T. We roughly estimated this phonon part in a temperature
range 20-32 K from a linear fit of C/T versus T? plot. With
B = 0.625(6) mJ/mol, we get an estimated Debye temperature
of ®p &~ 390 K slightly above the one of Y3Cug(OH)9Clg
[9]. We notice that this estimate is very rough and only used
to show an order of magnitude for the phonon contribution.
The reason is apparent from Fig. 6, because also at 30 K
a clear T3 dependance of the specific heat is not obtained,
due to magnetic contributions from the fluctuating moments,
hindering a more accurate fit of the phonon contribution. At
15 K, we observe a broad peak in the specific heat data, proving

14
EuCu,(OH):Cl
1.2 1 o 0T
o oT g

_ 1.0 o
! g
S 1
e} 0.8 1
£
20.6-
=
© 0.4

024 @ gF

0.0 T T T T T T

0 5 10 15 20 25 30 35

FIG. 6. Specific heat measurements of EuCu3(OH)¢Cl; in 0 and
9 T perpendicular to the kagome plane measured from 1.8 to 39 K on
asingle crystal of 8.61 mg. A broad anomaly is visible at the magnetic
ordering temperature.

063402-5



PUPHAL, ZOCH, DESOR, BOLTE, AND KRELLNER

PHYSICAL REVIEW MATERIALS 2, 063402 (2018)

TABLE III. Results of substitution amounts obtained by EDS
analysis on single crystals of different batches prepared with different
molar amounts of Zn(NQOj3),. The error for xz, is a statistical one,
obtained by measuring several spots on several crystals from the same
batch.

Zn(NO;), - 6 H,O (g) 2 25 3 4

(Xzn) 0.32(9) 0.50(12) 0.61(9) 0.86(4)

that the transition observed in the magnetic measurements is
an intrinsic property of EuCu3(OH)¢Cl;. This transition shows
no field dependance for fields up to 9 T. This is in line with
the M(H) curve up to 9 T, where no saturation was reached,
showing that the field scale of 9 T is far below the energy scale
of the dominant magnetic coupling. The entropy connected
with the small peak is well below the full ordered moment of
Cu, in agreement with the large frustration coefficient found
in the magnetic measurements.

IV. anCU4_x(OH)6(NO3)2
A. Synthesis

Powder samples of ZnCu(OH)s(NO3), were prepared by a
solid state reaction of 0.337 g ZnO with 1g Cu(NO3), — 6 H,O
and 0.6585 g CuO sealed in a Parr 4749 acid digestion vessel
heated to 220 °C for two days then rapidly cooled to room
temperature.

Single crystals of Zn,Cus_,(OH)s(NO3), were prepared
in the Parr autoclave with a temperature profile adapted
from the optimized one from Y3;Cuyg(OH);9Clg [9]. For the
crystallization, we placed duran glass ampoules filled with the
solution in the autoclave and filled it with distilled water to
ensure the same pressure as in the ampoules. The ampoules
were loaded with 0.4 g CuO and 2-4 g Zn(NOs3), - 6H,O (see
Table III) solved in 3 ml distilled water and then sealed at
air. The autoclave was heated up to 270 °C in four hours and
subsequently cooled down to 140 °C with 1.4 K/h, followed by
a fast cooling to room temperature. Afterwards, the ampoules
were opened and the content was filtered with distilled water.
The ampoules contained a few larger single crystals, some
smaller ones and a pellet. The crystals have blue color and a
square shape with typical sizesupto 1 x 1 x 0.25 mm?, where
some are depicted in Fig. 7.

FIG. 7. [(a) and (b)] Picture of ZnCu3(OH)c(NO;), crystals from
a hydrothermal growth by slow cooling. (c) Laue image of the crystal
depicted in (b).

FIG. 8. (a) Picture of the Zn,Cuy_,(OH)s(NO;3), structure
viewed along the b axis. (b) Picture of the haydeeite structure viewed
along the a axis. The color code is A = Zn, Cu, Mg (orange), O
(red), Cl (green), N (grey), and H (white). (c) Picture of the haydeeite
structure viewed along the ¢ axis now with Mg in pink.

B. EDS analysis

We measured EDS spectra on several crystals of different
batches with different molar amounts of Zn(NOs3),. For this
compound, a considerable intensity is only caused by Zn, Cu,
and O and we found a stoichiometry Zn, Cuy_,(OH)s(NO3),
with a variation of the Zn to Cu ratio, depending on the initial
content of Zn(NOs3), in the solution. Some examples of the
substitution amount versus Zn(NOj3), amount are given in
Table III, which show a nearly linear increase controlled by the
molar ratio, similar to herbertsmithite, where a strong excess
of Zn>* ions is necessary to reach substitutions of x = 1.

C. Structure

From Table I it can be seen that presently two variants
in that family with the NO; anion were reported in lit-
erature. Rouaite, Cus(OH)s(NO3),, with space group P2;
and CdCu3(OH)s(NO3), with space group P3m1 similar to
haydeeite. It is difficult to differentiate Zn and Cu from x
rays, thus we found the structure of rouaite as the supergroup
P2, (No. 4) to be the correct cell by taking only Cu atoms on
the Zn-Cu positions, A4(OH)¢(NOs3), with A = Zn, Cu [52].
The structure generally describes the matrix and was obtained
by single-crystal diffraction. To envision the similarities in
Fig. 8, the structure is shown along the b axis compared
to the a axis of haydeiite with Mg changed to Cu as it
is chosen for the P2; structure. From the image, one can
easily see the similar arrangement of the A ions and the
comparable positions of Cl and NO3. Thus a similar structure is
expected for Zn, Cuy_,(OH)s(NO3),, as depicted in Fig. 8(c).
To differentiate between Zn and Cu, resonant x rays are
necessary to find the correct subgroup.

The distances are da., = 3.0648(4) A of the Cu atoms in
the kagome plane and dy_4 = 6.9271(9) A between the AA
stacked planes. The angle for the dominant superexchange
is Z(Cul-O1-Cul) = 104.07(12)°. The atomic positions are
given in Table IV.

D. Magnetic susceptibility

We performed magnetic measurements on various
Zn, Cuy_,(OH)(NO3), single crystals. We found that for
concentrations 0.3 < x < 0.9, the magnetic behavior and the
ordering temperature are only slightly changed with varying
x. In Fig. 9, we show a representative measurement on a
single crystal with x = 0.6. The overall anisotropy is very
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TABLEIV. Structural table obtained by refining (occupation fixed
to 1) the single-crystal diffraction data on a Zng7Cu;z3(OH)¢(NO3),
single crystal measured at 173 K. Using the monoclinic P2; (No. 4)
structure with a unit cell of a = 5.5704(6) A, b = 6.1274(7) A, and
c=6.92718) A, a = y = 90°, B = 93.782(9)°.

x/a v/b z/c Occ. U, Site Sym.
Al 0.49908 0.50073  0.49403 1 0.007 2a 1
A2 —0.01041 0.25265 0.50224 1 0.007 2a 1
o1 0.3664  0.7556  0.3577 1 0.009 2a 1
H1 0.384 0.773 0.240 1 0.014 2a 1
02 0.8141  0.5099  0.3755 1 0.008 2a 1
H2 0.819 0.513 0.255 1 0.012 2a 1
03 0.1877  0.4984  0.6212 1 0.009 2a 1
H3 0.194 0.483 0.743 1 0.013 2a 1
04 0.2937  0.2596  0.2789 1 0.013 2a 1
05 0.1092  0.1561  0.0086 1 0.031 2a 1
06 0.4036  0.3871  0.0063 1 0.026 2a 1
N1 0.2680  0.2675  0.0942 1 0.015 2a 1

small, as can be seen from the magnetization at 2 K up to
9T, where both curves for field parallel and perpendicular to
the kagome completely overlap. The susceptibility at 0.1 T
shows a well-defined anomaly at Ty ~ 7.5 K indicating the
onset of antiferromagnetic order. The field dependence of the
susceptibility below Ty shows a small anisotropy for magnetic
fields below 3 T, this is also reflected in small metamagetic
transitions in M (H) in this field range.

From a /% T plot (not shown), the effective moment values
of ,u!ff = 1.62 up and uky = 1.65 pup at 350 K can be derived.
A Curie-Weiss fit of the x = 1 powder sample is shown in
Fig. 9(b) and a Curie-Weiss temperature of ®y ~ 5 K is ob-
tained, which indicates contributions both from ferromagnetic
and antiferromagnetic exchange couplings.

0,30/ ZNCU3(OH)5(NOy), o (b)
9-3T EBasnegy .
0254 2T
©
mg 0201 01T
e 864202468
© Ho H [T]
© 0154 50 100 150 200 250 300
= @ 60 3 || kagome
I 50 E
= 0.10- i - 1 kagome
= 40 E ~
30 9 AN
0.05+ -
20 s
10 T
0.00 T T
1 10 100
T(K)
FIG.9. The image shows the magnetic data on a

ZnycCu; 4(OH)¢(NO3), single crystal with a mass of 2.23 mg
of the susceptibility in the range of 1.8-350 K field cooled at 0.1-9 T
with the field aligned (black dots) and perpendicular to the kagome
plane (red dots). (a) Inverse susceptibility (M/H)~' measured on
a powder sample of 49.1 mg. (b) M(H) curve at 2 K for both field
directions, which lay nearly perfectly on each other.

1.5
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FIG. 10. Specific heat measurements in an external field perpen-
dicular to the plane of 0, 1, 3, 6, and 9 T from 1.8 to 25 K on a single
crystal of 5.1 mg. A clear anomaly is visible at the magnetic ordering
temperature.

The M(H) curve above 3 T reveals nearly perfect linear
behavior with a polarized moment of about 0.3 g at 9 T, still
well below the saturated moment of 1 115 per Cu>*. The overall
shape of the M (H) curve confirms the antiferromagnetic nature
of the ordered state.

E. Specific heat

We measured the magnetic transition on a single crystal by
specific heat. Shown is a measurement within 1.8 and 15 Kon a
single crystal with x = 0.6 and a mass of 8.61 mg. The specific
heat curve divided by temperature is shown in Fig. 10 for fields
from O up to 9 T. We roughly estimated the phonon part in a
temperature range of 15-25 K from a linear fit of a C/T versus
T? plot. With 8 = 0.800(6) mJ/mol, we get an estimated
Debye temperature of ® , ~ 387 K. We observe a pronounced
peak at Ty, which is slowly shifted to lower temperatures with
increasing fields and reaches 5 K at 9 T. The ordered fraction
connected to the anomaly is much higher, compared to the
EuCu3(OH)sCl; system and proves that ZnCu(OH)g(NO3), is
only slightly geometrically frustrated, which is in agreement
with the small frustration coefficient from the magnetic data.

V. MgCu3(OH):Cl,
A. Synthesis

So far, reports on the synthesis of haydeeite powder samples
were only on a reflux setup with oxygen flushing [37]. Here,
we present a simple way to produce polycrystalline haydeeite
MgCu;(OH)6Cl, samples using a reaction of 1 g MgCl, -
4 H,0 and 1.16 g CuO heated to 220 °C for three days in
a Parr 4749 acid digestion vessel. The synthesis is enabled
due to the low dissociation temperature of MgCl, - 4 H,O at
110 °C. Single crystals could then be prepared by the external
gradient method using the prereacted powder as a starting
material being dissolved in a solution of 6 g MgCl, - 4 H,O
and 5 ml distilled water. The solution was optimized by another
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FIG. 11. [(a) and (b)] Picture of haydeeite crystals grown in an
external gradient. (c) Images of the parasitic tondiite crystals which
dominantly grow below 180 °C.

prereaction method of 6 g MgCl, - 4H,0O dissolving 0.48 g
CuO in 5 ml water at 220 °C for three days leading up to
100-um haydeeite crystals. It turned out that the temperature
window for the crystallization of haydeeite is narrow. We found
180 °C to be the optimal temperature at the cold end, since the
polymorphic tondiite Mg, Cus_,(OH)¢Cl, crystals are formed
during the synthesis below 180 °C. These tondiite crystals
grow even up to 100 mg with 4 x 4 x 3 mm? [see Fig. 11(c)].
However, they have an extremely low substitution amount of
Mg (0.05 < x < 0.4) due to the high MgCl, concentration
being optimized for haydeeite. Similar to herbertsmithite,
higher MgCl, concentrations lead to a decreased Mg content in
the formed tondiite crystals. With a gradient of 200 °C—-180 °C
in a 15-cm ampoule we succeeded to grow hexagonal blue
single crystals of up to 0.5 x 0.5 x 0.25 mm? and 1.6 mg
depicted in Figs. 11(a) and 11(b).

B. EDS analysis

We measured EDS in the SEM on several crystals of
different batches and found a rather high uncertainty for Mg-Cu
with this method. To get a grasp of the Mg content, we
performed electron probe microanalysis (EPMA) on up to
four crystals of two different batches. We found an enhanced
average substitution content of xyy = 1.2 £0.2, compared
to even stronger enhanced values with xy, = 1.49 +0.16
reported in Ref. [37].

C. Magnetic susceptibility

Magnetic and neutron scattering experiments on poly-
crystalline haydeeite revealed a ferromagnetic ground state
below T¢ = 4.2 K [37,56]. Here, we present the magnetic
measurements on a single crystal with a mass of 0.3 mg.
The susceptibility shown in Fig. 12 was measured both along
and perpendicular to the kagome plane and reveals a small
anisotropy below T¢. The sample shows a ferromagnetic order
around 4.31 K with a sizable field dependence stabilizing
the magnetic order as expected for a ferromagnet. From a
' XT ~ g plot shown in the inset of Fig. 12 the effective
moment value of uerr = 1.9 up at 290 K can be derived.

The magnetization curve in the ordered phase at 1.9 K
shown in Fig. 13 confirms the ferromagnetic nature of the
transition. We observe an ordered moment of M; = 1 uB for
both field directions, with the easy axis within the kagome
plane, where the saturation is reached around 0.1 T. For
field perpendicular to the kagome plane, the critical field is
around 2 T. We were not able to resolve a finite hysteresis
curve properly. We note that the ordered moment is larger
than reported in Refs. [51,56], there an ordered moment of

1000
MgCu,(OH)4Cl,
100+
©
£
mE 10_ S e e
© 100
e T(K)
T
= ~
> || kagome ~
015 . 1 kagome
1 10T(K) 100
FIG. 12. The image shows the magnetic data on a

MgCu;(OH)sCl, single crystals with a mass of 1.6 mg of the
susceptibility in the range of 1.8-300 K field cooled at 0.1-1 T with
the field aligned parallel (red dots) and perpendicular to the kagome
plane (black dots). The main figure shows a log-log plot of the
temperature-dependent susceptibility at various fields. The inset is a
rescaling on the effective moment by a /x T plot of the 50 Oe curve.

0.28 mB (at 500 Oe) and M; = 0.83 mB per mole of Cu, was
reported. The reason might be the slightly different x values. A
Curie-Weiss fit of a stack of single crystals for a field applied
parallel to the kagome plane is shown in the inset of Fig. 13(c)
and yields Curie-Weiss temperatures of @UV = 26 K compared
to ®y = 28 = 3 K for powder data [56].

D. Specific heat

The observed magnetic transition was also analyzed on
several crystals by specific heat. In Fig. 14, we show a
measurement between 1.8 and 20 K on a single crystal of
0.3 mg. The specific heat curve divided by temperature is
shown in Fig. 14 for fields of 0, 0.1, 0.5, 1, 2, 3, and 4 T along

1.0

MgCu,(OH)Cl,
° || kagome
0541 ° 1 kagome

T(K)
0 50 100 150 200 250
20p e T

Vg

T3 2 1 0
Ho H (T)

FIG. 13. Field-dependent magnetization measured at 1.9 K for
both field directions parallel (black) and perpendicular (red) to the
kagome plane. The inset shows the inverse susceptibility H/M of a
stack of single crystals of 1.6 mg plotted vs temperature at a field of
0.1 T applied parallel to the kagome plane.
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FIG. 14. Specific heat measurements in an external field of 0,
0.1,0.5, 1, 2, 3, and 4 T applied perpendicular to the kagome plane,
measured from 1.8 to 20 K on a single crystal of 0.3 mg.

the kagome plane. We roughly estimated the contributions in a
temperature range of 15-32 K from a linear fitof a C/ T versus
T2 plot. With 8 ~ 0.402(7) mJ mol~' K> we get an estimated
Debye temperature of ®p ~ 443 K. We observe a sharp peak
at the magnetic transition, which can best be seen in the C/T
plot in Fig. 14, which shows a strong field dependence shifting
itupto 10 K at4 T. The increased area under the peak compared
to the two previously shown compounds is in agreement with
the full captured moment in the M (H) curve.

VI. CONCLUSION

In conclusion, we have presented results on three members
of two-dimensional kagome quantum spin systems in the
atacamite family. The successful hydrothermal synthesis of

single crystals for these three candidates has been shown. They
reveal very different magnetic ground states. EuCus;(OH)gCl3
is a kapellasite-like kagome material with the highest reported
Curie-Weiss temperature for the atacamite family of —400 K
and presents the strongest anisotropy in this family of up to
2.7 due to Van Vleck paramagnetic Eu** contributions. The
system is strongly frustrated with partial order at 14.7 K and a
spin reorientation at 8.7 K. The frustration coefficient is around
30. ZnCu3(OH)(NO3), turned out to be an antiferromagnetic
system without strong frustration effects. Magnetic measure-
ments on single crystals revealed only tiny anisotropy in this
compound. Furthermore, we present measurements on single
crystals of haydeeite and confirmed the ferromagnetic order at
4.3 K measured previously on polycrystals. We detect a small
but well-defined anisotropy in the ordered phase with the easy
axis within the kagome plane. In addition, the specific-heat
measurements reveal a clear anomaly, confirming the absence
of sizable frustration effects.

These results together with a compilation of the physical and
structural properties of kagome materials around the atacamite
family shows us arich playground where the perfect spin liquid
candidate is in close reach. The clue to the latter might be in
a more in-depth study of the delicate interplay of the different
magnetic exchange couplings. The materials presented in this
study give a firm basis to study this influence on the overall
degree of frustration in kagome quantum spin systems. Finally,
from the presented kagome systems and the listed ones, one
can assume that an increasing separation of the kagome plane
does not stabilize the spin liquid properties.
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