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ABSTRACT: Studies are presented of the synthesis, crystal structure, and magnetic properties of the
new quantum kagome magnet Mg-herbertsmithite, y-CuzMg(OH)4sCL,. The material features strong
antiferromagnetic exchange characterized by a Weiss temperature of 6y =~ —284 K and a gradual
buildup of short-ranged antiferromagnetic correlations upon cooling. No magnetic transition is
observed until Tc = 4—5 K when a small ferromagnetic component orders; susceptibility
measurements indicate that this transition is due to an impurity and that there is no evidence of a
magnetic transition in the herbertsmithite phase whose spins appear to remain dynamic down to the

lowest temperatures studied.
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B INTRODUCTION

Quantum spin liquids (QSLs) represent one of the great
challenges in condensed matter research. Originally inspired by
Anderson’s proposal of the resonating valence bond (RVB) ground
state," a key reference for high temperature superconductivity,
the search for QSLs has attracted many experimentalists and
theorists. While the RVB state itself remains elusive, with only
signatures being found,” the search has led to the discovery of
several model magnets that fail to order into conventional
ground states but instead display unconventional liquid-like
behavior driven by exotic quantum effects. Much research into
QSLs has focused on S = 1/2 magnets with the “highly frustrated”
kagome and pyrochlore geometries, as these possess macrosco-
pically degenerate §round states, capable of supporting unusual
quantum behavior. 73 Excitement, and a resurgence of the field,
was generated by the apparent lack of magnetic ordering in the
mineral herbertsmithite, y-Cu3Zn(OH)sCl,, 2 model kagome
magnet.’”’

In herbertsmithite, the magnetic kagome system is formed by
the segregation of Jahn—Teller active moment-bearing Cu*"
(S = 1/2) and diamagnetic Zn**.'® The latter ions constitute
triangular arrays that act as spacers between the kagome layers of its
three-dimensional structure. Despite initial suggestions that her-
bertsmithite is a “perfect” model S = 1/2 kagome magnet,” further
investigations have noted both extrinsic and intrinsic short-
comings of the samples. The proposed synthetic route has been
shown by 7O NMR,"" powder neutron diffraction,'* and heat
capacity measurements'? to introduce disorder between the Cu®"
and Zn>" sites. As well as these defects, high-field EPR revealed
herbertsmithite to possess significant antisymmetric exchange—the
Dzyaloshinskii—Moriya interaction (DMI)'*~'°—an interaction
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that breaks the degeneracy of the ground state manifold and
favors conventional magnetic order over a QSL>' These devia-
tions from ideality make the lack of an ordered moment in
herbertsmithite all the more remarkable. Subsequent theoretical
work has gone on to show that the QSL states of kagome magnets
can be surprisingly robust to deviations from the simple nearest-
neighbor model."*

Since the discovery of herbertsmithite, a number of closely
related transition metal hydroxy-chloride mineral phases have
been identified. These new structures are inspiring new chem-
istry and opening the possibility of new model § = 1/2 kagome
magnets, such as the recently discovered mineral kapellasite, -
Cu3Zn(OH)4Cl,, and its isostructural and isomagnetic analogue,
haydeeite 0-CuzMg(OH)4CL."*>* With an expanding number
of model systems to study, it will become possible not only to
separate the extrinsic properties of the individual systems from
the intrinsic properties of their spin-fluid ground states but to
understand how the QSLs respond to the different perturbations.
One of the key references for understanding the properties of the
QSL in herbertsmithite is the isomagnetic, Mg-exchanged ana-
logue y-CuzMg(OH)Cl,, hereafter referred to as Mg-herberts-
mithite. For clarity of comparison, herbertsmithite itself, y-
Cu3Zn(OH)4Cl,, will be referred to as Zn-herbertsmithite in
the following discussion.

Zn-herbertsmithite is a member of the parent paratacamite
family of minerals which has the general formula Zn,[Cuy—,-
(OH)4]Cl,, where 0 < x < 1."° This series has been well studied
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Table 1. Crystallographic Parameters for Mg-Herbertsmithite, y-Cu,—,Mg,(OH)4Cl,, Sample 2 at T = 295 K, Using X-Rays of A =

0.412260 A*
Wryckoft site atom name b
9d Cu, Mg 1/3
3a Mg, Cu 0
6¢ Cl 0
18h 0 0.12778(6)
18h H 0.2021(11)

y z occupation
1/6 1/6 0.955(3), 0.045(3)
0 0 0.827(9), 0.173(9)
0 0.30483(4) 1
0.25557(12) 0.10396(6) 1
0.4043(21) 0.0870(10) 1

“The refined lattice parameters are a = b = 6.838861(11) A and ¢ = 14.021250(27) A in the hexagonal setting of the space group R3m. The final

goodness-of-fit merit factor, %>, was 2.228.

with regard to quantum magnetism and features many properties
that are still not fully understood, such as the nature of the phase
transitions in the pzfrochlore-like x = 0 end member, the mineral
clinoatacamite.”®”** Within the physics community “perfect”
Zn-herbertsmithite has proved to be captivating. This is defined
as having x = 1, which corresgonds to 100% occupation of the
kagome site by the § = 1/2 Cu”".” The similarity of the ionic radii
of Mg®" and Zn>**” suggests that the flexibility of the flexibility
of the paratacamite structure to a wide range of Zn/Cu ratios can
also be expected to be true for the Mg analogues. This possibility
has been supported by the recent report of members ranging
from 0.33 < x < 0.75.%” Here, we present a study of the synthesis,
crystal structures, and magnetic properties of Mg-herberts-
mithite samples that are close to the idealized kagome structure,
with compositions that lie in the range 0.93 < x < 0.98.

B SYNTHESIS

Mg-herbertsmithite can be synthesized following the reaction
employed for the series of Zn-paratacamite, Zn, [ Cuy—,(OH)]CL,
where 0.33 < x < 1.

3Cu, (OH),CO; + 2MgCl, + 3H,0 — 2CusMg(OH),Cl, + 3CO,

(1)

The reactions were carried out in 20 mL PTFE-lined steel
hydrothermal bombs charged with 600 mg of finely ground basic
copper carbonate (2.7 mmol), a ~2.667 mL aliquot of a 3 M
magnesium chloride stock solution, and sufficient distilled water
to make the solution up to 10 mL. The bomb was heated to
190 °C at arate of 0.1 °C/min under autogenous pressure, left for
24 h, and cooled back to room temperature at 0.1 °C/min.
Filtration of the resultant solution afforded green polycrystalline
samples of Mg-herbertsmithite, characterized by laboratory
powder X-ray diffraction. These were then washed with distilled
water (3 X 20 mL) and acetone (3 X 20 mL) before drying
(yield: 689 mg, 98.4%). This synthesis was repeated with a range
of [MgCl,] values between 0.5 and 4 M.

The use of solutions with concentrations below 0.7 M and
above 3 M was found to give rise to CuO and haydeeite phase
impurities, respectively. Studies using laboratory powder X-ray
diffraction showed that MgCl, concentrations in the range 0.8—
1.8 M yielded values of x closest to 1 and, so, to the most idealized
structure. Samples 1—6 refer to preparations with 0.8, 1.0, 1.2,
1.4, 1.6, and 1.8 M MgCl, solutions, respectively.

Elemental analysis was performed on samples of ~10 mg
dissolved in 10 mL of HNOj3 and made up to 100 mL with
ultrapure water, using a Varian Vista Axial ICP-AES
spectrometer.

Table 2. Comparison of Selected Refined Bond Lengths for
Mg-Herbertsmithite, y-Cu,—,Mg,(OH)sCl,, with Those of
Deuterated Zn-Herbertsmithite, y-Cu3Zn(OD)Cl,"

length (A)
bond Mg-herbertsmithite Zn-herbertsmithite'?
Cu—Clingraplane 3.41943(5) 3.419
Cu—Cuineerplane 5.07360(8) 5.084
Cu—O(H/D) 1.9933(4) 1.985
Mg(Zn)—O(H/D) 2.1014(8) 2.109
O—H/D 0.954(13) 0.975
Cu—Cl 2.7659(4) 2.763

Table 3. A Comparison of Selected Refined Bond Angles of
Mg-Herbertsmithite, y-Cu;Mg(OH)4Cl,, with Those of
Deuterated Zn-Herbertsmithite'>

Angle (deg)
bond Mg-herbertsmithite Zn-herbertsmithite'?
Cu—O(H/D)—Cu 118.122(42) 118.89
Cu—O(H/D)—Mg(Zn) 96.644(24) 96.82
Cu—O—H/D 111.70(36) 114.88

B ANALYSIS OF THE CRYSTAL STRUCTURES

High resolution synchrotron X-ray diffractograms were col-
lected, using beamline 11-BM of the Advanced Photon Source,>!
from samples 1—6. Structural details, obtained using the Rietveld
refinement program TOPAS,>* showed only minor varia-
tions in the structure across the series (see Figure 1; complete
refined structures and comparisons given in the Supporting
Information). Selected structural information for one of the
samples (2) is presented in Tables 1, 2, and 3. For comparison,
Tables 2 and 3 also contain structural information for deuterated
Zn-herbertsmithite, refined using high-resolution powder neu-
tron diffraction data.'?

Just as in Zn-herbertsmithite, the structure is composed of a
pyrochlore-like lattice of metal ions where Cu®" preferentially
resides on the Jahn—Teller distorted kagome (94d) sites, leaving
occupation of the interplanar triangular (3a) sites by Mg>*. The
kagome lattice, of nominally Cu®", is held together on one face
by three bridging (3-hydroxy groups that are further bound to
the triangular Mg sites. The other face of each kagome triangle
is capped by a u3-chloride ion, hydrogen bonded to the hydroxy
groups of the neighboring plane. Any exchanged Cu®" ions
present on the triangular (3a) site allow for the possibility of
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Figure 1. Rietveld refinement using TOPAS of synchrotron powder X-ray diffraction data of Mg- herbertsmlthlte, y-Cuy—, Mg, (OH)4Cl, sample 2,at T
=295 K and using X-rays of wavelength A = 0.412260 A. The final goodness-of-fit merit factor, ), was 2.228.
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Figure 2. The refined crystal structure of Mg-herbertsmithite, -
Cu3Zn(OH)4Cl,, showing the pyrochlore -like lattice of metal sites,
with preferentlal occupation of Mg at the triangular-antiprism (3a)
sites and Cu®" at the kagome (9d) sites.

interplane coupling in the herbertsmithite structure. This three-
dimensionality is notably different from the respective Zn and
Mg polymorphs kapellasite and haydeeite, where the kagome
planes are only weakly bound to neighboring planes through O—
H- - - Cl hydrogen bonding.'"*°

As can be seen in Tables 2 and 3 and Figure 2, the structure of
Mg- herbertsmlthlte varies very little from that of Zn-
herbertsmithite.'* This is unsurprisin 25 the differences between
the ionic radii of Zn*", Cu®", and Mg are small (0.74,0.73, and
0.72 A, respectively’), and both Zn>* and Mg*" ions favor
similar isotro 2plc coordination environments. The substitution of
Mg for Zn>" is seen to have only a small effect on the intraplane
Cu—Cu distances; the geometries of the underlying kagome
lattices of these herbertsmithites are very similar. There is, however,
a small contraction of the interplane Cu—Cu distance (~O. 2%)
and the c axis, as would be expected upon substitution of the Zn*"
with smaller Mg on the interplanar triangular (3a) site.

Of particular importance for the magnetism is the Cu—O—Cu
superexchange, characterized by the Cu—O bond length and
Cu—O—Cubond angle. The Cu—O bond lengths are nearly the
same in the Zn- and Mg-herbertsmithites, but a slightly smaller

Cu—0O—Cubond angle is seen in the Mg analogue. As this value
decreases toward 90°, the sign of the superexchange is expected
to crossover from antiferromagnetic to ferromagnetic, but the
difference between the angles for these two materials is so small
(0.77°) that such a crossover is unlikely. Another important
structural comparison is the O—H bond length, as this has been
shown by DFT calculations to give an indication of the hybridi-
zation of the uz-hydroxy groups that mediates the superex-
change, in related materials.>*** Again, the difference in this
bond length between the two materials is so small, ~0.021 A, that
the oxygen hybridization and their associated exchange are
expected to be the same.

The sizable differences in the atomic scattering factors of Cu®*
and Mg*" allow the metal site occupancies to be reliably refined
using X-ray diffraction. With only the assumption that the total
site occupation was unity, the refinements were found to be
stable but not to give unique solutions. Additional constraints
were therefore applied to fix the total Mg—Cu ratios to be the
same as those determined by ICP-AES elemental analysis
(Figure 3a). Refined occupancies of the kagome (9d) and
intralayer triangular (3a) sites are shown in (Figure 3b) Just as
in Zn-herbertsmithite,'> the Jahn—Teller active Cu>" ions dis-
play a preference for the distorted octahedron of the kagome
(9d) sites over the symmetric coordination of the triangular
antiprism sites (3a) that separate the kagome planes.

The crystallographic refinements indicate that the kagome
sites (9d) are occupied by ~95% Cu*", wuh a small increase in
the dilution of the kagome sites by Mg*" across samples 1—6,
from 4.39(4)% to 5.45(4)%. Quite different behavior is seen for
the refined occupancy of the triangular (3a) site: this shows little
variation across the series; the occupation by Cu" has an average
value of 18.3(8)%. This occupation value of the triangular (3a)
site by the magnetic ions is important when considering the
dimensionality of the magnetism in the herbertsmithites, as it is
the presence of Cu”" on this site that leads to coupling between
the kagome planes and destroys the local two-dimensionality. We
note that our refined diamagnetic occupation of the triangular
(3a) site in Mg-herbertsmithite is within the range reported for
the isomagnetic Zn-herbertsmithite.">
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Figure 3. (a) Total refined Mg occupation, x, in the formula y-Cu,— Mg, (OH)4Cl,, showing a slightly lower than idealized x = 1 occupation of
diamagnetic Mg”" onto the S = 1/2 Cu®" pyrochlore-like lattice, with a trend of increasing x as the [MgCl, ] concentration is increased toward the x = 1
idealized stoichiometry. (b) Refined MgZJr occupation on the kagome (9d) site (left) and Cu”" occupation of the triangular (3a) site (right). A positive
trend can be seen in diamagnetic dilution of the ka§ome lattice upon increasing the solution concentration. Conversely, there is no systematic change,
upon increasing solution concentration, in the Cu”" occupation of the triangular (3a) site.
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Figure 4. (a) Zero-field-cooled magnetic susceptibility of samples 1—6 measured in a 100 Oe field. A rapid increase is seen below Tc = 4—5 K,
suggestive of a ferromagnetic transition. Inset: a blow-up of the low T region, where the saturation value does not appear to follow a trend across the
series of samples. (b) Inverse susceptibility, showing a large-negative intercept of Curie—Weiss fits to the high temperature region (100 > T > 300 K),
with all samples giving similar values of 6y = —284(23) K. (c) Zero-field-cooled (@) and field-cooled (O) susceptibility for sample 3 showing
bifurcation during the transition at T = 4—5 K. (d) A plot of T against the temperature for sample 3 shows a downturn below the ferromagnetic
transition that is indicative of competing antiferromagnetic and ferromagnetic contributions to the averaged response.

These results contrast with those recently reported from
laboratory X-ray refinements of small single crystals of Mg-
paratacamites, y-Cuy—, Mg, (OH)4sCL, with total Mg occupan-
cies that range from x = 0.33 to 0.75.% For the three samples of
this series, only variation in the Mg*" occupation of the
triangular (3a) site was seen; the kagome (9d) site remained
completely occupied by S = 1/2 Cu®" ions for all values of
[MgCL,]. The difference in the occupations of our powder
samples of Mg-herbertsmithite and the single crystals of the

1814

Mg-paratacamites is likely to be a consequence of the dissimilar
reaction conditions: our powder samples were prepared over a 48
h period, while the single crystals were grown over 45 weeks.*
The latter would therefore be expected to display occupancies
that are closer to the thermodynamic limit.

B MAGNETIC SUSCEPTIBILITY

Zero-field-cooled (ZFC) and field-cooled (FC) magnetic
susceptibility (y) measurements were taken in a field of 100 Oe

dx.doi.org/10.1021/cm103160q |Chem. Mater. 2011, 23, 1811-1817
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Figure 5. (a) Magnetization against field over temperature sweep at 2.0 K showing paramagnetic-like behavior (O) for sample 1. (I) Fit to the S=1/2
Brillouin function, (II) the extracted ferromagnetic component, (III) paramagnetic + ferromagnetic components showing excellent fit to the data. (b)
The saturation magnetization of the paramagnetic component, M,,, as a function of [MgCl,] for samples 1—6 at T = 2 K with a guide to the eye in blue,
showing little composition dependence. (c) The fitted Landé g-factor as a function of temperature, for sample 1, showing the buildup of correlations
below T = 6 K, with a guide for the eye in blue indicating a high temperature limit of g; ~ 2.1. (d) The extracted ferromagnetic hysteresis for sample 1, at

T =2 K, believed to be caused by an impurity phase.

with a Quantum Design MPMS-7 SQUID magnetometer
(Figure 4). Fits of the linear region of the inverse susceptibility,
over the temperature range 100 < T < 300 K, yielded large negative
Weiss temperatures of Oy, = —284(23) K, a value that is close to
those that have been found in Zn-herbertsmithite, 6y = —301 K
(Curie—Weiss fits for the entire series are given in the Supporting
Information).” On cooling below T ~ 100 K, curvature develops
in the y'(T), indicating the formation of spin—spin correlations;
such behavior is a familiar characteristic of both classical and
quantum kagome systems.”'****>">* It is only upon cooling to far
lower temperatures that a transition is observed as a rapid increase
in y below Tc = 4—5 K that is accompanied by bifurcation of ZEC
and FC data. If this transition was from the herbertsmithite phase,
its strong suppression, |~6y]|/T¢c ~ 66, would indicate that Mg-
herbertsmithite is indeed a highly frustrated magnet. However, the
decrease in YT vs T below 4 K indicates that the ferromagnetic
transition involves a significant antiferromagnetic component, a
juxtaposition that raises the question of whether the two responses
are from the same phase.

In an effort to determine the nature of the ferromagnetic
component, measurements of the magnetization, M, were re-
corded for each of the samples in fields, H, between —7 and 7 T at
several temperatures above and below the T ~ 4—35 K transi-
tion. All data exhibit a typical paramagnetic-like response, with the
development of a ferromagnetic response below Tc ~
4—5 K. The paramagnetic response was fitted with an § = 1/2
Brillouin function®® and allowed extraction of a distinctly separate,

181

saturating, ferromagnetic hysteresis loop (Figure Sa). (Full details
of the fitting procedure and the resultant fits for all samples can be
found in the Supporting Information.) The fit yielded a saturation
magnetization of the paramagnetic component, M, at 2 K of
~0.45 pu mol " (Figure 5b), well below the 3 g mol ' expected
for the formula unit CusMg(OH)sCl, if all cu*t spins were
contributing. At high temperatures (T = 15 K), the fitted g-factor
tends toward g;~2.1, a value similar to those seen in Zn-
herbertsmithite,">'® but upon cooling below 6 K, the form of
the Brillouin function changes and the fitted values of g, reduce
rapidly (Figure Sc), indicating that below this transition the
paramagnetic-like spins couple more strongly to the neighboring
spins. Subtraction of the Brillouin function from the field-depen-
dence of the magnetization reveals a weak hysteresis that has a
saturation value of ~2.5 x 10> uz mol ' and a coercive field of
~100 G at T =2 K (Figure 5d). This saturation value indicates that
the ferromagnetic component represents only ~1—29% of all Cu®"
in the sample. The apparently random variation in the size of the
saturated ferromagnetic moment (see Supporting Information)
supports the hypothesis that it is from varying amounts of an
impurity rather than changes in the crystal structure, as the
crystallographic refinements indicate that the latter correlate well
with the synthesis conditions. The continued presence of the
Brillouin function characteristic of paramagnetic-like spins below
the ferromagnetic transition requires that the two responses have
different origins and is also compatible with the presence of a small
amount of a ferromagnetic impurity. The constancy of the

5 dx.doi.org/10.1021/cm103160q |Chem. Mater. 2011, 23, 1811-1817



Chemistry of Materials

ferromagnetic ordering temperature across the Mg-herberts-
mithite (and paratacamite30) series suggests that the same im-
purity is involved in all these systems and explains why the samples
of the Mg-paratacamite phases with x = 0.33—0.75, which feature
far greater occupation of the triangular Mg*" site by Cu®", also
have transitions close to those found in Mg-herbertsmithite, T'c ~
4—S5 K despite featuring a large variation in Weiss temperatures.30

Looking now at the fits to the Brillouin function, a comparison
with Zn-herbertsmithite'* suggests that spins on the interplane
triangular layer will only weakly couple with the spins of the
kagome layer to create a paramagnetic-like component, M,,. This
appears not to be the case as the observed size of M, is close to 2.5
times that which would be expected if the spins involved were
solely due to free Cu*" on the triangular sites. It follows that if the
Cu®" ions on the triangular site are responsible, then they are
ferromagnetically coupled to some of the spins in the neighbor-
ing kagome layers to create superparamagnetic clusters of spins.
In the Mg-herbertsmithites presented in this study, there are few
such clusters, but larger quantities of Cu®" on the triangular site
will correspondingly lead to a lessening of the antiferromagnetic
mean field and a reduction in the magnitude of the Weiss
temperature, a behavior that has been seen in the Mg-
paratacamites.’® The reduction in g at low temperatures in-
dicates that these clusters cannot be considered as free. Attempts
were made to fit the paramagnetic-like curvature with an alter-
native modified Brillouin function,*® holding the Landé g-factor
at that of a free electron while replacing the temperature with an
effective temperature, Tog= T — Ty In all cases, the variable Tyy
(comparable to a Weiss temperature 6yy) refined to ~—1.5 K,
suggesting that interactions between these superparamagnetic clus-
ters are weak and antiferromagnetic, in agreement with the reduc-
tion in g when the normal Brillouin function is used. Extension of
the clusters beyond the spins of the triangular site requires that they
are coupled to the spins of the kagome lattice. The coupling between
spins on the triangular sites is far weaker than the value of Oy, = —
284(23) K, observed from the high-temperature bulk susceptibility
that involves all of the spins within the structure. The retention of
Brillouin-like behavior at all temperatures indicates that this cou-
pling stiffens the fluctuations of the superparamagnetic clusters but
does not freeze them—a behavior that requires the kagome spins to
remain dynamic at low temperatures and for these to be in a
quantum spin liquid state.

In conclusion, we present crystallographic and magnetic
studies of the new model kagome magnet Mg-herbertsmithite,
y-Cuy— Mg, (OH)sCl,, in the range 0.93 < x < 0.98. A small
ferromagnetic ordering is observed at Tc ~ 4—35 Kin all samples
that is assigned to an impurity phase. The Mg-herbertsmithite
phases show no evidence of magnetic transitions down to 1.8 K,
and low-temperature magnetometry measurements suggest the
formation of a quantum spin liquid (QSL).

B ASSOCIATED CONTENT

© Ssupporting Information. An analysis of the crystal struc-
tures and additional information regarding magnetometry are
provided. This material is available free of charge via the Internet
at http://pubs.acs.org.
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