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To study the effects of lanthanide ions on the geometrically frustrated antiferromagnets and their magnetic properties,
we grew high-quality single crystals of LnCu3(OH)gBr3 (Ln = Nd, Sm, and Eu) by hydrothermal method and studied their
crystal structures and magnetic properties. The refinements of the crystal structure referred to the powder x-ray diffraction
data show that LnCu3(OH)¢Br3 adopt a Kapellasite-type layer structure, which is isostructural to their chlorine analogue.
Magnetic susceptibilities demonstrate that LnCuz(OH)gBr3 have strong antiferromagnetic coupling and a pronounced mag-
netic frustration effect. Magnetization measurements indicate canted antiferromagnetic ordering of Cu®* ions around 16 K
within the kagomé plane and weak ferromagnetic coupling. Moreover, shoulder-like anomalies in specific heat around 16 K
could be a signature of emergent of magnetic ordering. The low-temperature negative magnetization and specific heat of
LnCu3(OH)gBr3 (Ln = Nd, Sm, and Eu) indicate that Ln3* ions induce more exotic magnetic ground state properties.

Keywords: kagomé lattice, antiferromagnet, single crystal, spin frustration

PACS: 75.10.Jm, 75.40.Cx, 06.60.Ei, 61.05.cp

1. Introduction

Geometrically frustrated antiferromagnetic systems
with kagomé lattice have been the central topics for
their exotic quantum spin liquid (QSL) state.!'8] Many
prominent § = 1/2 kagomé Heisenberg antiferromag-
nets, including ZnCu3(OH)sCl,, YCu3(OH)¢Cls and
YCu3(OH)gBr,[Br,(OH);_,], have been proposed as the most
promising candidates with the QSL ground state, which show
no conventional magnetic phase transitions with tempera-
ture close to absolute zero despite of the strong exchange
couplings.[g‘m Herbertsmithite ZnCuz(OH)¢Cl; is the best
candidate for a kagomé QSL in experimental investigations,
although it still remains controversial on the ground state prop-
erties so far.”'?l For Kapellasite structure YCu3(OH)sCls
with a perfect kagomé lattice of Cu>* (S = 1/2) ions, the co-
existence of magnetic ordering and persistent spin dynamics

14-16] Magnetic and muon

at low temperatures is of particular.!
spin relaxation measurements revealed that the magnetic or-
dering at low temperatures is unusual and its mechanism is a
challenge for future theoretical and experimental studies.!!>!6]
Later, YCu3(OH)¢Br,[Br(OH);_,], with (OH)™ group par-

tially substituting the Br™ ions, has been successfully synthe-
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sized and reported as a kagomé QSL candidate, which exhib-
ited no magnetic transition at low temperatures down to 50 mK
despite of the strong antiferromagnetic coupling.!'”-201 How-
ever, another study of YCuz(OH)gBr,[Br(OH);_,] by theo-
retical and experimental investigations suggested that the bond
randomness between (OH)™ and Br™ ions is signiﬁcant.[19J

In order to investigate the bulk magnetic properties
of LnCuz(OH)¢Br;, we introduced trivalent Ln’t (Ln =
Nd, Sm, and Eu) ions to replace nomagnetic Y3t ions
of YCu3(OH)gBr; and grew high-quality single crystals of
LnCu3(OH)gBr; using the hydrothermal method. The x-ray
diffraction data of LnCu3(OH)¢Br3 were well refined by the cif
file of its chloride analogues, indicating that the structure is the
same as their chloride analogues LnCuz(OH)sCls. The mag-
netic susceptibilities of LnCuz(OH)¢Br3 show a rapid increase
around 16 K, where the specific heat displays a shoulder-like
anomaly, which is attributed to the canted antiferromagnetic
ordering of kagomé-Cu?* spins. The low-T specific heat
of NdCu3(OH)¢Brs and SmCu3(OH)gBr3 shows the typical
Schottky anomaly. Moreover, the low-T magnetic suscepti-
bilities of LnCu3(OH)sBr; show negative magnetization be-
haviors originating from the competition between Cu’* and
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Ln3* moments. Thus, the ground state of LnCuz(OH)¢Br3 dis-
plays a coexistence of magnetic ordering and exotic magnetic
ground states due to the different Ln>* ions.

2. Experiments

LnCu3(OH)¢Br3 (Ln = Nd, Sm, and Eu) single crys-
tals were grown using the hydrothermal method. 5 mmol
Cu(NO3)2-3H,0  (99.99%), 10.0 mmol Ln(NO3)3-6H,O
(Ln =Nd, Sm, and Eu) (99.99%) and 27.5 mmol KBr (99.0%),
with the molar ratio Cu:Ln:Br=1:2:5.5, were mixed together
with 2 mL deionized water. The mixtures were transferred
to a stainless steel autoclave lined with teflon and heated to
230 °C for 3 days and then slowly cooled down to room tem-
perature at a rate of 2 °C/h. The synthetic product was ul-
trasonically washed in water to remove impurities attached on
the crystal surface. A large number of trial synthesis experi-
ments showed that the best single crystals can be synthesized
with the ratio of Cu:Ln:Br=1:2:5.5. In addition, KBr (99.0%)
and Cu(NO3),-3H,0 (99.99%) are the best bromine and cop-
per sources for the crystal growth of LnCu3(OH)gBrs. Other
chemical reagents such as NaBr and CuC,04 can lead to the
formation of Cuy(OH)3;Br single crystals and blue needle-like
impurities. The crystal structures of LnCusz(OH)sBrs were
checked by powder XRD at room temperature, with ground-
ing some pieces of crystals into powder. The refinements
of the crystal structure were performed by using the relative
Rietveld powder diffraction profile fitting software FullProf.
Magnetic susceptibility and magnetization were measured us-
ing a SQUID-VSM (Quantum Design). The specific heat was
measured from 50 K to 2 K with a physical property measure-
ment system (PPMS, Quantum Design).

3. Results and discussion
3.1. Crystal structure

Figure 1 shows the powder XRD patterns of
LnCu3(OH)eBr3 (Ln = Nd, Sm, and Eu) at room temperature.
The refinements of the crystal structure of LnCu3(OH)¢Br3
are respectively compared to the cif files of its chloride ana-
logues LnCu3(OH)¢Cls (Ln = Nd, Sm, and Eu). As shown in
Fig. 1, the diffraction data could be well fitted to a Kapellasite
type structure with space group P3m1 (No. 164), and the well-
refined results suggest that our crystals are of single phase.
The unit cell parameters are a = b = 6.8823(1) A and ¢ =
5.8760(1) A for NdCu3(OH)gBr3, a = b = 6.8522(1) A and
c=5.8717(1) A for SmCu3(OH)¢Br3, a = b = 6.8318(2) A
and ¢ = 5.8673(1) A for EuCu3(OH)gBrs. As shown in Ta-
ble 1, the lattice parameters obtained by the Rietveld refine-
ments decrease gradually with the decrease of the rare-earth
ionic radius. The transparent and dark green LnCuz(OH)gBr3
single crystals with hexagonal flake morphology (with size of

~ 1 mm and thickness of ~ 1 mm) are shown in the insets of
Fig. 1.
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Fig. 1. Rietveld refinements of powder XRD data for LnCu3(OH)gBr3
(Ln = Nd, Sm, and Eu). Experimental and calculated XRD patterns are
all displayed. The vertical bars represent the expected Bragg reflection
positions. The insets show photos of single crystals.

Table 1. The lattice parameters and magnetic parameters fitted by Curie—
Weiss formula of LnCu3(OH)gBr3 (Ln = Nd, Sm, and Eu).

NdCu3(OH)¢Br; SmCu3(OH)¢Br;  EuCus(OH)¢Brs
a=b(A) 6.8823(1) 6.8522(1) 6.8318(2)
c(A) 5.8760(1) 5.8717(1) 5.8673(1)
Ocw (K) -52.7 -257.5 -469.6
Uest (UB) 5.49 4.27 10.73

3.2. Magnetic properties

Figure 2 shows the zero-field-cooling magnetic suscep-
tibility of LnCu3(OH)¢Brz (Ln = Nd, Sm, and Eu) single
crystals measured under 0.1 T with magnetic field along the
kagomé plane and in the temperature range from 2 K to
300 K. All the magnetic susceptibilities present paramag-
netic behavior at high temperatures, accompanied with a sharp
increase with lowering temperature down to 16 K. As re-
ported in LnCu3z(OH)¢Cls (Ln = Nd, Sm, Eu, Gd, Tb, and

Dy) previously, ?>23]

such a rapid rise of magnetic suscepti-
bilities is likely associated with the canted antiferromagnetic
ordering of Cu®" in the kagomé plane. Moreover, a sim-
ilar transition in magnetic susceptibility of YCu3(OH)eCls
was also observed and was attributed to the negative-vector-
chirality 120° magnetic structure verified from the neutron
scattering.!'*] However, the sharp upturn behavior of magnetic
susceptibility is not completely consistent with previous re-

ports in YCu3(OH)gBr;[Br,(OH);_,] with different x, which
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might be related to the content of bromine ions.'7-11 It is no-
table that for different Ln3* (Ln = Nd, Sm, and Eu) ions, the
magnetic susceptibilities behave differently at lower temper-
atures. The magnetic susceptibility of NdCus(OH)gBr3 in-
creases rapidly and shows a shoulder-like feature around 10 K,
which is likely another magnetic transition. The magnetic sus-
ceptibility of SmCu3(OH)¢Brs shows a broad peak at 8 K,
suggesting that a short-range antiferromagnetic ordering might
be formed.?!! The magnetic susceptibility of EuCu3(OH)gBr3
displays a platform around 8 K.[%?!
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Fig. 2. (a) Magnetic susceptibility x of LnCuz(OH)¢Br3 (Ln = Nd, Sm,
and Eu) single crystals under 0.1 T magnetic field parallel to the kagomé
plane. (b) Temperature dependencies of the inverse magnetic susceptibil-
ities 1/x. The green lines are the fitting of the high-T data by using the
Curie—Weiss formula.

As shown in Fig. 2(b), the high-temperature (above
150 K) magnetic susceptibilities are well fitted by using
the Curie-Weiss formula xy = C/(T — 6cw), where C is
the Curie constant and Ocw is the Curie-Weiss tempera-
ture, with Ocw = —52.7 K, —257.5 K and —469.6 K for
NdCuj3(OH)gBrsz, SmCuz(OH)gBrs and EuCuz(OH)gBr3, re-
spectively. The large negative Ocw values imply strong an-
tiferromagnetic coupling in the Kapellasite LnCu3(OH)gBr3.
Using the formula f = |0 /Tn]| and Ty ~ 16 K, the frustration
parameters f are 3.51, 17.17 and 32.39 for NdCu3(OH)¢Br3,
SmCu3z(OH)¢Br; and EuCuz(OH)gBr3, respectively. These
demonstrate that LnCuz(OH)¢Brs have strong spin frustra-
tion effect. It is worth noting that the magnetic properties
of LnCu3(OH)¢Br3 below Ty = 16 K are complex due to
the introduce of Ln>" ions, compared to YCu3(OH)sClz and
YCu3(OH)sBrs[Bry(OH); _].1>17]
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Fig. 3. Magnetic susceptibilities of LnCuz(OH)¢Br3 (Ln = Nd, Sm, and
Eu) single crystals under different magnetic fields along the kagomé
plane and the c axis. Insets are the zoom-in data at low temperatures.

Figure 3 shows more magnetic susceptibility data under
different magnetic fields applied along the kagomé plane and
the ¢ axis. All the data were measured after zero-field cool-
ing. First of all, the magnetic susceptibility is suppressed
significantly with increasing magnetic field, while the canted
antiferromagnetic ordering of Cu®> ions still exists. Al-
though the magnetic susceptibility is suppressed, the low-T
behaviors, such as the shoulder-like feature around 10 K of
NdCu3(OH)gBr3, the broad peak at 8 K of SmCuz(OH)¢Br3
and the magnetic platform at 8 K of EuCu3(OH)gBr3, still ex-
ist in magnetic fields up to 3 T. In addition, there is strong
magnetic anisotropy for LnCu3(OH)sBr3s (Ln = Nd and Eu)
compounds at low magnetic fields, while there is weak mag-
netic anisotropy for SmCu3(OH)gBr3.
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To further characterize the magnetic properties, the mag-
netization of LnCu3z(OH)¢Brs (Ln = Nd, Sm, and Eu) single
crystals was measured by applying the magnetic field along
the kagmoé plane and the ¢ axis, as shown in Fig. 4. At
2 K, the magnetization saturation of NdCu3(OH)gBr3 is not
achieved at 7 T with magnetic field along the kagomé plane,
which is different from the c-axis results. In addition, under
high magnetic fields, LnCu3(OH)¢Br3 (Ln = Sm and Eu) ex-
hibit a linear field-dependence up to 7 T in both field direc-
tions. Using the above obtained parameters C and the for-
mula legr = \/m (kg is the Boltzmann constant, Na
is the Avogadro number), we estimated the effective mag-
netic moments of LnCu3(OH)eBr3, which are 5.49ug, 4.27ug
and 10.74upg for Ln = Nd, Sm, and Eu, respectively. For
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LnCu3(OH)gBr3, the theoretical effective magnetic moments
are 4.70ug, 3.11up and 3.00up, which were calculated by for-
mula st = | /(32 2 + 12 5. ), where u&h = 173, pdf =
3.62p, U3 = 0.84up, 5 =
ical effective magnetic moments have significant differences,

0. Experimental and theoret-

suggesting that not all Ln>" ions are at the ground state.[?*
For NdCu3(OH)gBr3, it is found that the effective magnetic
moments of the experimental and theoretical results have little
difference, while the discrepancy for LnCusz(OH)¢Brs (Ln =
Sm and Eu) means that not all Sm>* and Eu®* are at ground
state due to spin—orbit coupling interactions. This is the main
reason why we just observe the linear magnetization behav-

iors with magnetic fields up to 7 T in the case of Ln = Sm and
Eu.[21,22.24]
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Fig. 4. Low-temperature magnetization of LnCu3(OH)gBr3 (Ln = Nd, Sm, and Eu) for magnetic fields along the kagomé plane and the ¢ axis.

Insets are the low-field data at 2 K.
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Fig. 5. Zero field-cooling (ZFC) and field-cooling (FC) magnetic susceptibilities of LnCuz(OH)¢Br; (Ln = Nd, Sm, and Eu) single crystals

under the c-axis magnetic field of 50 Oe, 5 Oe, and 50 Oe, respectively.

Moreover, the magnetization curves of LnCu3(OH)gBr3
at 2 K display remarkable upturn at low filed, especially for
the magnetic field along the kagmoé plane. Also, at 2 K the
magnetization curves have a small but well defined hysteresis
with magnetic field parallel to both directions, as shown in the
insets of Fig. 4. It is further verified that LnCuz(OH)Br3; has
weak ferromagnetic contribution arising from spin canting of
Cu?" ions because of the Dzyaloshinskii—-Moriya (DM) inter-
action at low temperatures. [21:22:25.26]

In order to comprehensively investigate the ground
state magnetic properties, we measured the zero-field-cooling
(ZFC) and field-cooling (FC) magnetic susceptibilities of
LnCu3(OH)eBr3 at low temperatures. As shown in Fig. 5, with
decreasing temperature, the ZFC and FC magnetic susceptibil-
ities of LnCu3(OH)gBr;3 diverge near 16 K, which indicates the
ferromagnetic contributions due to the canted antiferromag-
netic coupling of Cu?* in the kagomé plane. It is worth not-
ing that the ZFC curves of LnCuz(OH)gBr3 all show the neg-
ative magnetization at lower temperatures for weak magnetic
fields. The negative magnetization behavior was also reported
in LnCu3(OH)sCl3 (Ln = Nd, Sm, and Eu) previously./?1-??]
Undoubtedly, it is attributed to the competing of the magnetic
interactions between Ln>*" and Cu?t magnetic sublattices. It
is known that the magnetic sublattices of Cu?* and Ln*" in
LnCu3(OH)gCl3 can couple antiferromagnetically due to the

internal field of Cu?* ions, that is, the Ln>+ paramagnetic mo-
ments are polarized antiparallel to the ferromagnetic moments
of canted Cu’*t spins. Once the moments of the Ln>" sub-
lattice overcomes the Cu?t moments, the total magnetization
becomes negative.>’3% As can be seen in Fig. 3, low-T mag-
netic properties are greatly affected by the magnetism of Ln3*
ions, compared to its chloride analogues YCu3(OH)eCl; and
YCu3(OH)gBra[Bry(OH); —].13171

3.3. Specific heat

Figure 6 shows the specific heat of LnCuz(OH)gBr3 sin-
gle crystals at 2 K to 50 K with magnetic fields perpendicular
to the kagomé plane. The zero-field specific heat displays a
shoulder-like anomaly near 7y = 16 K, which is not affected
by the applied magnetic fields up to 10 T. This is in consis-
tent with the unchanged upturn of the magnetic susceptibility
at ~ 16 K under different magnetic fields, as shown in Fig. 3.
As mentioned in previous report,>! although this signature
is different from the typical A-type anomaly of specific heat
at the Néel transition, our results support that the magnetic
transition observed in magnetic susceptibility and specific heat
is intrinsic. It is strongly suggested that the magnetic order-
ing could be attributed to the coupled Cu®* spins within the

kagomé plane.

100F 100 F T 100 F
(a) NdCuz(OH)sBrs ) (b) SmCuz(OH)eBrs3 (¢) EuCu3(OH)eBr;
ol 10 <0 < 0% -
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O 1 ——7T QO 1F O 7T
LS 10T
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L Con ) ph
1 10 1 1 10
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Fig. 6. Temperature dependencies of the specific heat of LnCuz(OH)¢Br3 (Ln = Nd, Sm, and Eu) single crystals under different magnetic fields
perpendicular to the kagomé plane. The red lines represent the phonon contribution.

Meanwhile, the low-T specific heat shows more fea-
tures. In order to obtain the magnetic contribution to the
specific heat, the phononic specific heat is estimated by fit-

ting the high-T data in zero field using the Debye formula

Con = aT3+ BT3 +yT7, as shown by the solid lines in Fig. 6.
For NdCu3(OH)¢Br3, the zero-field specific heat develops an
upturn at temperatures below 3.5 K and a broad peak appears
near 2.5 K at 4 T. The position of this peak gradually moves
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to higher temperatures with further increasing field, which can
be interpreted as a characteristic Schottky anomaly related to
the magnetic moment of the Nd** ion with the crystal elec-
tric field effect.?*3!] The specific heat of SmCu3(OH)gBr3
also shows a low-7" upturn that is more significant with in-
creasing field. It might also be the Schottky anomaly caused
by the crystal field levels of the Sm** ions.[**! In contrast,
there is no low-T upturn in EuCuz(OH)gBr; with the mag-
netic fields up to 10 T, which is similar to its chloride ana-
logues EuCu3(OH)4Cl3.1?2! Combined with the linear M (H)
of EuCuz(OH)eCl3 under high magnetic field, it is suggested
that the magnetic field of 10 T is not sufficient to dominate the
magnetic coupling of Eu’t ions, where the energy splitting
between the ground state and excited state is nearly 300 K due
to the strong spin—orbit coupling of magnetic moment Eu’*
ions.

4. Discussion and conclusion

In summary, we have synthesized a series of
LnCu3(OH)gBr3 (Ln = Nd, Sm, and Eu) single crystals by
the hydrothermal method. The Curie—Weiss fitting of mag-
netic susceptibilities reveals the existence of strong antifer-
romagnetic coupling in these systems. Magnetic measure-
ments show that LnCu3(OH)¢Br3 have antiferromagnetic or-
dering transition near 16 K with strong spin frustration. The
hysteresis in M(H) curve at low temperatures indicates that
LnCu3(OH)eBr3 have weak ferromagnetism from canted anti-
ferromagnetic couplings of kagomé Cu”*. In the specific heat
data, the shoulder-like anomalies of LnCuz(OH)sBr3; are con-
sistent with the rapid increase of the magnetic susceptibility.
The typical Schottky phenomenon and negative magnetization
behavior are attributed to the effect of Ln>* ions on the low-T
Therefore, the LnCu3(OH)gBr; com-
pounds feature strong magnetic frustration as well as canted

magnetic properties.

antiferromagnetic ordering, and the magnetic contribution of
Ln3* ions on magnetic ground state cannot be neglected at
low temperatures.
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