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Kagome magnets were predicted to be a good platform to investigate correlated topology band structure, Chern
quantum phase, and geometrical frustration due to their unique lattice geometry. Here we reported single crystal growth
of 166-type kagome magnetic materials, including HfMn6Sn6, ZrMn6Sn6, GdMn6Sn6 and GdV6Sn6, by using the flux
method with Sn as the flux. Among them, HfMn6Sn6 and ZrMn6Sn6 single crystals were grown for the first time. X-ray
diffraction measurements reveal that all four samples crystallize in HfFe6Ge6-type hexagonal structure with space group
P6/mmm. All samples show metallic behavior from temperature dependence of resistivity measurements, and the dom-
inant carrier is hole, except for GdV6Sn6 which is electron dominated. All samples have magnetic order with different
transition temperatures, HfMn6Sn6, ZrMn6Sn6 and GdV6Sn6 are antiferromagnetic with TN of 541 K, 466 K and 4 K
respectively, while GdMn6Sn6 is ferrimagnetic with the critical temperature of about 470 K. This study will enrich the
research platform of magnetic kagome materials and help explore the novel quantum phenomena in these interesting mate-
rials. The dataset of specific crystal structure parameters for HfMn6Sn6 are available in Science Data Bank, with the link
https://doi.org/10.57760/sciencedb.j00113.00120.

Keywords: kagome metal, single crystal growth, crystal structure, physical property

PACS: 81.10.–h, 71.55.Ak, 75.47.–m DOI: 10.1088/1674-1056/ad553b

1. Introduction
The kagome lattice[1] consists of triangles with shared

angles, and has a special honeycomb structure, which al-
lows kagome structured materials to have both linearly dis-
persive Dirac bands and non-dispersive flat bands. In re-
cent decades, variety of novel quantum effects have been
discovered in kagome lattice systems, such as giant anoma-
lous Hall effect, long-range ferromagnetic ordering, super-
conductivity and quantum spin liquids.[2,3] For example, the
quasi-two-dimensional kagome materials AV3Sb5 (A=K, Rb,
Cs) have received much attention due to their outstanding
properties, including superconductivity, charge density wave
(CDW), time-reversal symmetry breaking, anomalous Hall or
anomalous Nernst effects.[4,5] The magnetic kagome materials
Fe3Sn2, Mn3Sn, Co3Sn2S2 with a giant anomalous Hall ef-
fect have been reported and extensively studied. The presence
of flat bands in Fe3Sn2 induces local spin polarization, long-
range ferromagnetic sequence, anisotropic magnetic tunabil-
ity, and orbital magneto-nonlinear anomalous Hall effect.[6–9]

Mn3Sn is reported to be the first antiferromagnet with zero
field anomalous Hall effect, the small magnetization is con-
sidered to be conducive for the generation of spin Hall ef-

fect. It provides a good platform to elucidate the role of
magnetism on spin Hall effect, and promotes the develop-
ment of antiferromagnetic spintronics.[10,11] Additionally, the
magnetic Weyl semimetal Co3Sn2S2 is the first material in
which large anomalous Hall angles coexist with anomalous
Hall effects.[12–14] Therefore, magnetic kagome lattice mate-
rials provide an ideal platform for studying the interplay be-
tween Dirac band, flat band and magnetism.

In addition to the magnetic kagome materials mentioned
above, TbMn6Sn6, a new 166-type material with an indepen-
dent defect-free kagome lattice was reported to be conducive
to the generation of Chern gap Dirac fermions, anomalous
Hall effect, etc. In 2021, a series of topological kagome mag-
nets RMn6Sn6 (R = Gd–Tm, Lu) were found to have quantum
transport properties similar to the quantum limit Chern magnet
TbMn6Sn6.[15–18] Actually, there are various series of kagome
systems that are known as the 166-type compounds, with the
general formula RT6X6 (R = rare earth elements; T = Mn,
V, Fe; X = Sn, Ge). Due to the different sizes of the atoms,
some compounds crystallize to a fully ordered HfFe6Ge6-
type structure, and others form a disordered YCo6Ge6-type
or SmMn6Sn6-type structure.[19,20] For the former structure,
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R atoms form the hexagonal layer and the transition metal
T atoms form the kagome layer. Compounds of this struc-
ture have complex magnetic and electronic properties. For ex-
ample, there is an antiferromagnetic helical magnetic struc-
ture and competing magnetic phases in YMn6Sn6.[21] And
there exhibits large anomalous Hall effect in LiMn6Sn6

[22]

and HoMn6Sn6.[23] More recently, the pressure-tuned mag-
netic transition temperature (Tm) observed in both compounds
GdV6Sn6 and TbV6Sn6 exhibits a turning point at the critical
pressure Pc, accompanied with a sign reversal in the anoma-
lous Hall effect.[24] Due to the novel physical properties of
166-type compounds, many efforts have been put to deeply
exploring new physics and their origins.

In this paper, we report the crystal growth and physical
properties of 166-type kagome metal. By using Sn as flux, we
successfully synthesize HfMn6Sn6, ZrMn6Sn6, GdMn6Sn6,
GdV6Sn6 single crystals. Their structures are confirmed as
HfFe6Ge6-type. Electrical transport and magnetic properties
measurements reveal that HfMn6Sn6 and ZrMn6Sn6 are high-
temperature antiferromagnetic metals, and GdV6Sn6 is also an
antiferromagnetic metal but with a quite lower critical temper-
ature. On the contrary, GdMn6Sn6 is a ferrimagnetic metal
with the critical temperature as high as 470 K. We believe
these high-quality crystals will provide a foundation for spin
storage and sensor applications in the future.[25–28]

2. Methods
2.1. Crystal growth

High quality single crystals of HfMn6Sn6, ZrMn6Sn6,
GdMn6Sn6, GdV6Sn6 were prepared by using the flux method
with Sn as the flux. The starting elements of Hf (pow-
der, 99%)/Zr (powder, 99.9%)/Gd (block, 99.9%), Mn (block,
99.8%)/V (block, 99.5%), and Sn (grain, 99.999%) were
mixed with the molar ratio of 1:6:10–30. The mixtures were
placed into an aluminum crucible covered with quartz cotton,
then sealed in an evacuated quartz tube (inner diameter 11 mm,
base pressure lower than 2×10−4 Pa). The tubes were heated
to 1273 K–1373 K and hold for 24 h, followed by cooling
down to 873 K slowly, at which the quartz tubes were put into
a centrifuge to remove the flux. We would like to point out that
the cooling procedure of growth for ZrMn6Sn6 is a bit different
from others, we should cool fast in the early stage of cooling
and then slowly in order to get larger crystals. It is worth not-
ing that the flux can be scraped off with a scalpel and polished
with abrasive paper if there was still some flux remaining on
the surface of the sample after centrifugation, and the typical
size is about 2 mm×2 mm, as shown in the insets of Fig. 2.

2.2. Characterizations and measurements

The crystal structure was characterized by x-ray diffrac-
tion which was performed on the D8 Advance X (Bruker, Ger-

many) x-ray diffractometer equipped with Cu-Kα radiation.
Single crystal x-ray for crystallographic analysis was taken
from a Bruker D8 QUEST diffractometer equipped with the
APEX III software, and the structure was solved and refined
by using the SHELXTL software package to get the detailed
structure information. The chemical composition of the sin-
gle crystals was analyzed by energy-dispersive spectroscopy
(EDS) equipped on a scanning electron microscope (SEM,
JEOL SM-7500F, Japan). Electrical transport measurements
were carried out on a physical property measurement system
(PPMS, Quantum Design, USA) with the temperature from
300 K to 1.8 K and the external magnetic fields from −11 T
to 11 T. The longitudinal resistivity (ρxx) and Hall resistiv-
ity (ρyx) were measured by using the six-terminal configura-
tion, so that the signals of ρxx and ρyx can be taken simul-
taneously. Before transport measurement, the single crystal
was cut into rectangular strips. The contacts were prepared by
using gold wires attached with silver glue that was cured at
room temperature. Magnetization measurements with temper-
ature below room temperature were carried out using a Quan-
tum Design magnetic property measurement system (MPMS-
III), and magnetization measurements with temperature above
room temperature were carried out using a vibrating sample
magnetometer (VSM Lake shore 7404 series).

3. Results and discussion
3.1. Crystal structure and chemical composition

XRD measurements were performed to check the crystal
structures of the as-grown single crystal samples, the results
are shown in Fig. 1(b). Only (00l) peaks were observed, which
can easily be indexed by the space group P6/mmm based on
the hexagonal HfFe6Ge6-type structure. The lattice parame-
ter of c was calculated and listed in Table 3. The full width
at half maximum (FWHM) of (004) peak for all samples is
less than 0.07◦, the sharp diffraction peak indicates that the
good crystallinity of all single crystals. In order to get detailed
structure information, we performed single crystal x-ray mea-
surement on HfMn6Sn6 single crystal and resolved the struc-
ture by using the SHELXTL software package, as illustrated
in Fig. 1(a). It is found that the kagome layer formed from Mn
atom is sandwiched by two layers of Hf and Sn atoms along
c-axis direction. More detailed crystallographic information is
shown in Tables 1 and 2 (see more details in the supplemen-
tary material (SM) in HTML format). In order to check the
chemical composition and element distribution of the single
crystals, EDS was performed on the above four single crys-
tals, as shown in Fig. 2. It is obvious that the corresponding
three elements are detected in each sample and no other addi-
tional peaks show up. The composition of R:T :Sn is almost
close to 1:6:6. Actually, we checked different positions on
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each sample during measurement and found that the composi-
tion is basically the same within the instrument error, indicat-
ing uniformity of sample composition.

c

10 20 30 40 50 60 70 80
(0

0
6
)(0
0
4
)

(0
0
3
)

(0
0
2
)

2θ (Ο)

(a)
(b)

a

b

c RTX6

In
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

HfMn6Sn6

ZrMn6Sn6

GdMn6Sn6

GdV6Sn6

Fig. 1. (a) Schematic crystal structure of RT6X6 (R=Hf, Zr, Gd, T =Mn,
V, X = Sn) with T atoms shown in pink, R atoms in yellow and X atoms
in gray. (b) XRD patterns of single crystal samples with only (00l) peaks.
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Fig. 2. EDS spectra results of single crystal samples. The inset of each
panel shows a photograph of the crystal and composition.

Table 1. Crystallographic data of HfMn6Sn6.

Empirical formula HfMn6Sn6

Formula weight (g/mol) 1220.26
Temperature (K) 273
Crystal system hexagonal
Space group P6/mmm

Unit cell dimensions
a (Å) 5.4321(9)
b (Å) 5.4321(9)
c (Å) 8.949(2)
α (◦) 90
β (◦) 90
γ (◦) 120

Volume (Å3) 228.69(9)
ρcalc (g/cm3) 8.861

Z 1
µMo Kα (mm−1) 35.237

R1; ωR2 (I > 2δ (I)) 0.0365; 0.0869

Table 2. Atomic coordinates and equivalent isotropic displacement pa-
rameters for HfMn6Sn6.

Atom Wyck. Site sys. Occ. x/a y/b z/c Ueq (Å2)

Hf 1b 6/mmm 1 0 0 0.5 0.0213(7)
Sn1 2e 6mm 1 0.0 0.0 0.1703(2) 0.124(6)
Sn2 2c −6m2 1 1/3 2/3 0 0.0113(6)
Sn3 2d −6m2 1 2/3 1/3 0.5 0.0130(6)
Mn 6i 2mm 1 0.5 0 0.2536(2) 0.0102(7)

3.2. Transport properties

The temperature dependence of longitudinal resistivity
for HfMn6Sn6, ZrMn6Sn6, GdMn6Sn6 and GdV6Sn6 crystals
is presented in Fig. 3. We can clearly see that the resistivity de-
creases as the temperature is cooled from 300 K down to 2 K,
indicating metallic behaviors for all samples. No obvious tran-
sition was observed. The low temperature resistivity data were
fit to the formula ρxx(T ) = ρ(0)+AT +BT 2 below 100 K, the
resulting fits are shown as red curves in each panel in Fig. 3.
We found that the resistivity of GdMn6Sn6 and GdV6Sn6 fol-
lows the conventional Fermi-liquid ρ ∝ T 2 behavior. How-
ever, ρ(T ) of ZrMn6Sn6 depends linearly on the temperature
and HfMn6Sn6 shows a sum of linear and T 2 dependence,
which are likely non-Fermi liquid behaviors. The residual re-
sistivity ρ(0) as well as the parameters of A and B for all four
samples were obtained and listed in Table 3. ZrMn6Sn6 has the
largest ρ(0) of 75.99 µΩ·cm, and GdMn6Sn6 has the smallest
one of 2.59 µΩ·cm. The residual resistivity ratio (RRR = ρxx

(300 K)/ρ(0)) was calculated to be 1.65, 3.41, 18.8 and 15.3
for HfMn6Sn6, ZrMn6Sn6, GdMn6Sn6 and GdV6Sn6, respec-
tively. The higher RRR values in GdMn6Sn6 and GdV6Sn6

suggest that the scattering effects in these two samples are
weaker than those in the other two.

0 50 100 150 200 250 300

70

80

90

100

110

120

T (K) T (K)

T (K) T (K)

0 50 100 150 200 250 300
50

100

150

200

250

300

0 50 100 150 200 250 300

0

10

20

30

40

50

0 50 100 150 200 250 300

0

10

20

30

40

50

60

70

(a) (b)

(c) (d)

ρ
x
x
 (
m
W
⋅c
m

)
ρ

x
x
 (
m
W
⋅c
m

)

ρ
x
x
 (
m
W
⋅c
m

)
ρ

x
x
 (
m
W
⋅c
m

)

HfMn6Sn6

ρ0+AT⇁BT 2

GdMn6Sn6

ρ0+BT 2

GdV6Sn6

ρ0+BT 2

ZrMn6Sn6

ρ0+AT

Fig. 3. Temperature dependence of longitudinal resistivity of the four
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The magnetic field dependence of Hall resistivity was
measured at 2 K, as presented in Fig. 4. The ρyx(B) curves
for HfMn6Sn6 and GdMn6Sn6 exhibit almost linear behav-
ior with the magnetic field varying. Meanwhile, the slopes
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of the curves are positive, indicating the existence of hole-
dominant carrier (p type). The carrier density p was calcu-
lated to be approximately 1.28× 1021 cm−3 for HfMn6Sn6

and 1.67× 1022 cm−3 for GdMn6Sn6. The ρyx(B) data of
GdV6Sn6 and ZrMn6Sn6 are not linear, which suggest the ex-
istence of two or more carrier types. GdV6Sn6 can be fitted
well with the two-band model with the equation

Rxy =
B
e
·
(
neµ2

e +nhµ2
h
)
+B2µ2

e µ2
h (ne +nh)

(|ne|µe + |nh|µh)
2 +B2µ2

e µ2
h (ne +nh)

2 , (1)

where ni and µi (i = e,h) are the carrier concentration and mo-
bility. The two-band fitting gives ne = 2.591× 1021 cm−3,
µe = 2068.3 cm2·V−1·s−1, nh = 1.095× 1020 cm−3, µh =

442.9 cm2·V−1·s−1. This nonlinear Hall resistivity was also
reported by Ishikawa et al., where they contributed this non-
linear behavior to the presence of multiple carriers from first-

principles calculation.[29] The ρyx(B) curve of ZrMn6Sn6 ex-
hibits S-shaped feature, and we tried to fit it with the two-band
model, however, the refinement did not converge. This is pos-
sibly due to the presence of multiple carriers. Therefore, here
we tentatively estimate the carrier concentration from the lin-
ear fit at low field region, the result is shown in Table 3.
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ting for the ρyx(B) of GdV6Sn6.

Table 3. Lattice parameter c, residual resistivity ρ0, A, B, RRR, and carrier concentration of samples.

Sample c (Å) ρ0 (µΩ·cm) A (µΩ·cm·K−1) B (µΩ·cm·K−2) RRR p (cm−3) n (cm−3)

HfMn6Sn6 8.949(2) 70.89 0.1038 6.49×10−4 1.65 1.28×1021 0
ZrMn6Sn6 8.973(1) 75.99 0.6720 – 3.41 ∼ 1021 0
GdMn6Sn6 9.009(5) 2.59 – 8.14×10−4 18.8 1.67×1022 0
GdV6Sn6 9.176(5) 4.92 – 1.16×10−3 15.3 1.1×1020 2.59×1021

3.3. Magnetic properties

HfMn6Sn6 and ZrMn6Sn6 polycrystals were reported to
be antiferromagnetic with the Néel temperature (TN) above
room temperature by Mazet et al.[30] For this sake, we mea-
sured the temperature dependence of the magnetization under
zero-field-cooling (ZFC) condition with magnetic field paral-
lel to the ab-plane of these two single crystals. For the ZFC
measurements, the sample was mounted in zero magnetic field
at 300 K. And then the M–T data were collected with increas-
ing temperature under an applied magnetic field of 1 T. As
presented in Fig. 5(a), we can clearly see that HfMn6Sn6 and
ZrMn6Sn6 show antiferromagnetic transition with TN ≈ 541 K
and TN ≈ 466 K, respectively, which was determined by the
peak of the derivative of magnetization dM(T )/dT . Here
the TN is lower than that in the polycrystals.[30] This may be
caused by sample differences and applied magnetic fields. In
polycrystal powders, the grain size is usually smaller than our
single crystals, also there are lots of grain boundaries in the
polycrystalline samples, which will affect the TN. Besides, the
applied magnetic field may be another reason, here we applied
a magnetic field of 1 T, whereas in the polycrystalline sam-
ple, the applied magnetic field was 0.5 T.[30] The M–T data
of ZrMn6Sn6 and HfMn6Sn6 show upturns in the low tem-
perature range, which is somewhat similar to that reported
in ErMn6Sn6.[31] It may be related to the complex magnetic
structure in this material. From Fig. 5(d), no hysteresis loop
is observed, and the magnetization does not get saturated even
at the magnetic field of 11 T. The M–H curve of ZrMn6Sn6

shows a nonlinear behavior. This nonlinear behavior appears
in some antiferromagnetic materials, such as the antiferromag-
netic material Y0.5Fe3Sn3 reported by Yang Liu et al.[32] As
the external magnetic field increases, the magnetic moment di-
rection of the sample rotates along the direction of the external
magnetic field.

The temperature dependence of magnetization for
GdMn6Sn6 was measured under ZFC conditions with a mag-
netic field applied parallel to the ab plane, as shown in
Fig. 5(b). The magnetization curve begins to rise suddenly
at about 470 K, indicating a magnetic transition. Figure 5(e)
depicts the isothermal magnetization curve of GdMn6Sn6 at
300 K. The compound is magnetized spontaneously under an
external magnetic field parallel to the ab plane, and quickly
reaches saturation at a very low field, consistent with that re-
ported by Kimura et al.,[33] where they claimed a ferrimag-
netic transition, and the magnetic moments of Gd-sublattice
and Mn-sublattice were antiparallel. A clear hysteresis was
observed, suggesting a ferrimagnetic state, as seen in the inset
of Fig. 5(e), and the coercive filed Hc is about 15 Oe.

Figure 5(c) presents the temperature dependence of mag-
netic susceptibility for GdV6Sn6 with a magnetic field of
1 kOe applied parallel to the ab plane. It is obvious that there is
an antiferromagnetic transition at TN = 4 K. The Curie–Weiss
fit

M
H

=
C

T +θ
(2)

yields C = 8.33 emu·mol−1·Oe−1·K−1 and θ = 9.98 K, where
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C and θ are the Curie constant and Curie–Weiss temperature,
respectively. The effective magnetic moment µeff can be cal-
culated to be 8.17µB by using µeff =

√
8C/nµB, which is very

close to 8.1µB calculated for Gd3+(4f7) ions when S= 7/2.[34]

There is no hysteresis in M–H curve, as shown in Fig. 5(f).
However, the M–H curve at 2 K shows a saturation behavior,
this saturation behavior is similar to that reported by Lee et
al.[34]
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Fig. 5. (a)–(c) The temperature dependence of ZFC magnetization with the applied field paralleling to ab plane. The inset of panel (c) shows the
magnetization at lower temperature. (d)–(f) Field dependence of magnetization. The inset of panel (e) shows the M–H curve at lower field and a
loop can be clearly observed.

4. Conclusion

In summary, we have successfully synthesized
HfMn6Sn6, ZrMn6Sn6, GdMn6Sn6 and GdV6Sn6 single crys-
tals by using the flux method with Sn as the flux. XRD anal-
ysis confirmed that the single crystal crystallized in P6/mmm
hexagonal structure. All samples exhibited metallic behavior
from the temperature dependence of resistivity measurements.
GdMn6Sn6 and GdV6Sn6 showed conventional Fermi-liquid
behavior while the other two likely showed a non-fermi liquid
behavior. From the magnetic field dependent and temperature-
dependent magnetization, we found that HfMn6Sn6 and
ZrMn6Sn6 were antiferromagnetic with TN above 541 K and
466 K, respectively; GdMn6Sn6 was ferrimagnetic with the
critical temperature of about 470 K, and GdV6Sn6 was low-
temperature antiferromagnetic with TN about 4 K. Moreover,
HfMn6Sn6 and ZrMn6Sn6 were very stable in air, and we ex-
pect they could have potential application in excellent memory
components and future spintronics.
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