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With intricate lattice structures, kagome materials are an excellent platform to study various
fascinating topological quantum states. In particular, kagome materials, revealing large responses
to external stimuli such as pressure or magnetic field, are subject to special investigation. Here,
we study the kagome-net HoMn6Sn6 magnet that undergoes paramagnetic to ferrimagnetic tran-
sition (below 376 K) and reveals spin-reorientation transition below 200 K. In this compound,
we observe the topological Hall effect and substantial contribution of anomalous Hall effect above
100 K. We unveil the pressure effects on magnetic ordering at a low magnetic field from the pres-
sure tunable magnetization measurement. By utilizing high-resolution angle-resolved photoemission
spectroscopy, Dirac-like dispersion at the high-symmetry point K is revealed in the vicinity of the
Fermi level, which is well supported by the first-principles calculations. Our investigation will pave
the way to understand the magneto-transport and electronic properties of various rare-earth-based
kagome magnets.

I. INTRODUCTION

Topological nontrivial magnetic materials have at-
tracted tremendous attention, and kagome magnets are
one of them, which reveal various interesting electronic
states such as Dirac fermions [1, 2], intrinsic Chern quan-
tum phases and spin-liquid phases [3–8]. Among these
kagome materials, transition-metal-based kagome mag-
nets [1, 2, 9–16] have already appeared to be the distin-
guished candidates for correlated topological states, as
they possess both unusual magnetic tunability and large
Berry curvature fields. These materials are also predicted
to support intrinsic Chern quantum phases [17, 18] due
to their extraordinary lattice geometry and broken time-
reversal symmetry. In addition, a number of nontrivial
magnetic phases have been observed in the rare-earth-
and-transition-metal-based RMn6Sn6 family (R = rare
earth) [19–25]. Recently, TbMn6Sn6, one of the members
of this 166 family, has been identified as a Chern magnet
where large anomalous Hall effect (AHE) and the quan-
tized Landau fan diagram featuring spin-polarized Dirac
dispersion with a large Chern gap have been observed [7].
In another member of this family, YMn6Sn6, a topolog-
ical Hall effect has been revealed [26–28] and explained
by a new chirality mechanism originated from frustrated
interplanar exchange interactions and the induced strong
magnetic fluctuations. Lately, Gao et al. have reported
anomalous Hall effect in RMn6Sn6 (R = Tb, Dy, Ho)
with clean Mn kagome lattice [29]. Dhakal et al. have
recently studied magnetic, magneto-transport, and angle
resolved spectroscopic measurement of ErMn6Sn6 [30].
Thus, each member of the RMn6Sn6 family is catching
extensive attention for experimental exploration.

In this article, we explore another member of the
RMn6Sn6 family, HoMn6Sn6, which consists of two mag-

netic sublattices: Ho and Mn. Neutron diffraction stud-
ies and magnetic measurements [31–34] suggested that
Mn and Ho sublattices simultaneously transfer from
paramagnetic state to ordered states below a critical tem-
perature of TC= 376 K. With further lowering of tem-
perature, the easy direction of the ordered state starts
to reorient from the basal plane toward the c axis be-
low 200 K [32]. The canting angle with respect to
[001] is∼49◦ at 100 K and remains constant down to 2
K [32]. The mechanism of the spin-reorientation (SR)
transition of HoMn6Sn6 has been quantitatively inves-
tigated in a molecular field theory [31]. However, de-
tailed magnetic, transport, and angle-resolved spectro-
scopic measurements along with theoretical investigation
of HoMn6Sn6 have not been reported yet.

Hence, we have performed systematic studies of trans-
port and magnetic behaviors (at ambient and applied
pressure) of HoMn6Sn6 kagome magnet. By utilizing
angle-resolved photoemission spectroscopy (ARPES), we
have measured the electronic structure of this compound,
which has been supported by first-principles calcula-
tions. The electrical transport measurement indicates
that the compound is metallic and shows a large anoma-
lous Hall effect and topological Hall effect contribution
in HoMn6Sn6 at temperatures close to the SR transition
temperature, TSR. Furthermore, we measure the magne-
tizations with external fields applied along the in- and
out-of-plane directions when the temperature decreases
from 400 K to 2 K. At T = 2 K, a well-defined magneti-
zation loop for the field applied along the c-axis suggests
a strong out-of-plane magnetization component. Thus,
this compound could be a potential candidate for Chern-
gapped topological material, according to the Haldane
model [17, 18, 35–37]. Moreover, magnetization mea-
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FIG. 1. Crystal structure and sample characterization of HoMn6Sn6: (a) Crystal structure of HoMn6Sn6. (b) Top view
of crystal structure of HoMn6Sn6 forming the kagome lattice. (c) Three dimensional (3D) bulk Brillouin zone (BZ) of the
crystal with its projection on the [001] surface. High symmetry points are marked on the plot. (d) Temperature variation
of the electrical resistivity of HoMn6Sn6 in zero external magnetic field. The upper inset to the left shows the resistivity at
low temperature and magnetic field, while the lower inset to the right indicates the ferrimagnetic transition at TC=373 K.
(e) Magnetoresistance versus magnetic field measured at T =1.8 K. (f) Hall resistivity of HoMn6Sn6 measured at different
temperatures along H ‖ c. (g) Magnetic field dependence of total Hall resistivity together with the three different components,
ρA , ρN , and ρT (see text for more details), measured with H ‖ c, and at T = 200 K. (h) Magnetic field dependence of
topological Hall resistivity along H ‖ c (magnified view).

surements under pressure reveal the pressure effects on
magnetic ordering at low magnetic fields and below TSR
(200 K). ARPES measurements demonstrate the pres-
ence of Dirac-like states at the high symmetry point K,
close to the Fermi level EF. Our exploration of electronic
and magnetic properties of HoMn6Sn6 will provide an ef-
fective way to reveal the magneto-transport behaviors of
various rare-earth kagome magnets.

II. METHODS

Single crystals of HoMn6Sn6 were grown by the Sn flux
technique as described in the supplementary materials
(SF.1) [38]. DC magnetization and transport measure-
ments were carried out using the physical property mea-
surement system (PPMS). Resistivity and Hall resistivity
measurements were performed using the conventional 4-
probe method. The resistivity was measured by applying
the current (I) along the ab-plane and the field was ap-
plied along the c-axis. A large residual resistivity ratio,
RRR = 68, indicates a high quality of the single crystals
used in this study.

DFT calculations are performed using a full-potential

linear augmented plane wave (FP-LAPW) method, as
implemented in WIEN2k [39]. The generalized gradi-
ent approximation of Perdew, Burke, and Ernzerhof [40]
is used for the correlation and exchange potentials. To
generate the self-consistent potential and charge, we em-
ployed RMTKmax = 8.0 with muffin-tin (MT) radii RMT

= 2.7, 2.4 and 2.5 a.u., for Ho, Mn, and Sn, respec-
tively. The calculations are performed with 264 k-points
in the irreducible Brillouin zone (IBZ) and iterated un-
til the total energy difference is lower than 0.01 mRy.
Spin-orbit coupling (SOC) is included with the second-
variational method. Besides using the DFT+U method,
we also treated the 4f states in an open-core approach
to keep the band structures near Fermi level from the
influence of the 4f states. The primitive cell contains
one formula unit (f.u.). We adopt experimental lattice
parameters [33] in calculations.

We construct the TB Hamiltonian by using 118
maximally-localized Wannier functions (MLWFs) [41], 59
for each spin channel, corresponding to d-type orbitals
for Ho and Mn atoms, and s- and p-type orbitals for
Sn atoms in the unit cell. SOC mixes the spin-up and



3

FIG. 2. Magnetic properties of HoMn6Sn6 single crystals
measured along H ‖ ab and H ‖ c (in and out of plane,
respectively): Magnetization as a function of temperature,
M(T ), measured along (a) H ‖ ab and (b) H ‖ c, respectively,
at various magnetic fields. Magnetization as a function of
magnetic field, M(H), measured along H ‖ ab and H ‖ c at
(c) T = 2 K and (d) 220 K, respectively. Magnetization at
low magnetic field of M(H) for both directions are also shown
in the right sides of figures (c) and (d), respectively, for the
clarity.

spin-down states. The resulting real-space Hamiltonians
H(R) with a dimension of 118×118 accurately represent
the band structures within the energy window of interest
around EF.

The electronic structure of HoMn6Sn6 was measured
by ARPES at the SLS SIS-X09LA BL at 20 K with a
photon energy of 100 eV and under ultra-high vacuum
conditions (5 × 10−11 Torr). High quality samples were
used for the measurements. The crystals were cut into
small pieces and mounted on the sample plate with cop-
per posts on top of them. After that the samples were
loaded into the chamber, the chamber was cooled and
pumped down for few hours. The samples were cleaved
in situ. For the synchrotron measurements, the energy
resolution was better than 20 meV and the angular res-
olution was set to be finer than 0.2◦. The measurements
were carried out for more than 15 hrs without noticeable
decay or damage of the samples.

III. RESULTS

A. Crystal structure and electrical transport
measurement

HoMn6Sn6 crystallizes into a HfFe6Ge6-type structure
(space group is P6/mmm, (No. 191) ), as shown in
Fig. 1(a) with Ho at 1(a) (0, 0, 0), Mn at 6(i) (1/2,
0, z∼0.249), Sn at 2(c) (1/3, 2/3, 0), 2(d) (1/3, 2/3, 1/2)
and 2(e) (0, 0, z∼0.34) [42], which is composed of Ho

layer consisting of Sn atoms and Mn kagome nets, stacked
in the sequence -Mn-Ho-Mn-Mn-Ho-Mn- along the c-axis
[31]. The Ho and Sn2 atoms lie in the same plane and
Mn-Sn1-Sn3-Sn1-Mn atoms are stacked along the c-axis
alternatively. The Mn atoms form two kagome layers and
the Sn2 and Sn3 atoms form a hexagonal structure. The
hexagonal structure formed by Sn2 atoms can be clearly
observed from Fig. 1(b), while viewing along the c-axis.
The Ho atoms lie at the centre of the hexagons formed by
the Sn2 atoms, clearly visible from Fig. 1(b). Since Sn3 is
below the Sn2 layers, hence Sn3 layer is invisible from this
top view in Fig, 1(b). The Ho atom lies at the centre of
the hexagons surrounded by the Sn2 atoms. On the other
hand, being positioned below or above the Ho atoms, Sn1

atoms could not be detected from this top view of Fig.
1(b). Figure 1(c) shows the three-dimensional (3D) BZ
and its hexagonal shaped projection onto the (001) plane.

The temperature-dependent resistivity measured along
H ‖ c, as plotted in Fig. 1(d), shows the metallic behav-
ior of the sample over the measured temperature range
of 1.8 K to 400 K. The spin reorientation transition at
∼ 200 K is not visible in ρ(T ) in Fig. 1(d). However,
the ferromagnetic transition of Mn sublattice at TC=373
K has been observed, clearly seen in dR/dT (T ) (see the
inset at the right corner of the Fig . 1(d)). The inset at
upper left corner shows an anomaly at low temperature
(T = 3 K) resistivity at zero magnetic field. The origin
of the anomaly is unclear, but it can be suppressed by
the application of a magnetic field as weak as 0.05 T.
Figure 1(e) presents the magnetoresistance (MR(H)) of
HoMn6Sn6, showing a relatively large value of MR=70%
at ∆H= 9 T. Interestingly, the MR at 2K shows a lin-
ear behavior as a function of the magnetic field, suggest-
ing the materials hosting Dirac-like states. Figure 1(f)
presents the magnetic-field dependence of the Hall resis-
tivity in HoMn6Sn6. As can be seen from the figure, there
is a strong contribution of anomalous Hall effect for tem-
peratures above 100 K, and the overall behavior of Hall
resistivity resembles the M(H) data shown in Fig. 2(d).

In topological magnetic materials, the total Hall resis-
tivity (ρH) can be expressed as:

ρH = ρA + ρN + ρT (1)

where, ρA = RS4πM is the anomalous Hall resistiv-
ity, ρN (H) = R0H is the normal Hall resistivity, and
ρT refers to the topological Hall resistivity. Eq. (1) can
be rewritten as ρH = R0H + RS4πM , in the high field
saturation region. We calculate the slope R0 and inter-
cept 4πRS from the linear plot of ρH/M versus H/M in
the high-magnetic field region. At that region, the ideal
linear behavior of the ρH/M versus H/M indicates the
anomalous Hall resistivity to be the main component of
the total Hall resistance. The R0 derived for H ‖ c and
at T = 200 K gives positive ρN (see figure 1(g)). We
derive the topological Hall resistivity by subtracting the
normal and anomalous component of the Hall resistivity
from the total Hall resistivity.

As can be clearly seen from the magnified view of the
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FIG. 3. Pressure-induced magnetization measurements of HoMn6Sn6 single crystal measured along theH ‖ c. (a) Magnetization
as a function of temperature, M(T ), measured at various hydrostatic pressure at H = 0.1 T. The inset indicates the magnified
view of M(T ) near TC= 376 K. (b) Magnetization as a function of magnetic field at various hydrostatic pressure at T = 2K.

topological Hall resistivity (figure 1(h)), the contribution
of the topological Hall effect is small compared to
anomalous Hall resistivity, but its value is comparable to
other topological materials [28, 43]. The magnitude of
topological Hall resistivity is maximum (∼ 0.2 µΩ-cm)
at a relatively low magnetic field of ∼ 1 T, temperature
T = 200 K and decreases with further increase in the
field and has negligible effect for H ≥ 2.2T. Similar
behavior has been reported in the YMn6Sn6 kagome
magnet in which the topological Hall effect ρTxy reaches
-∼ 0.28 µΩ-cm at H = 4 T and T = 220K and decreases
with further increase in a magnetic field. The change of
the topological Hall effect in YMn6Sn6 is ascribed to the
magnetic structure at the higher magnetic field [43].

B. Magnetic properties and pressure induced
magnetization

Figures 2(a) and 2(b) show the iso-field magnetiza-
tion M(T ) measured with different in- and out-of-plane
magnetic fields, exhibiting two distinct transitions for
both directions. Figure 2(a) presents the M(T ) mea-
sured at three representative in-plane magnetic fields:
H = 0.01, 0.1, and 1 T. At H = 0.01 T, the magne-
tization increases smoothly with temperature until T ≤
190 K, becomes plateaued between 200 K to 360 K, fi-
nally undergoes phase transition at 374 K (obtained from
minima of dM/dT ). The high-temperature phase tran-
sition at H=0.01 T is close to the previously reported
ferrimagnetic-to-paramagnetic-transition temperature of
TC = 376 K for a polycrystalline sample by Venturini
et al. [31].

The obtained transition temperature at T=190 K cor-
responds to the spin-reorientation temperature, TSR,
which compares well with the previously reported value
of TSR= 200 K, obtained from neutron diffraction. In-
terestingly, applying external magnetic fields slightly
decreases TSR but significantly increases TC. The
ferrimagnetic-to-paramagnetic transition does not com-
plete until 400 K at H ≥ 1 T, which is also shown in the
non-linear M(H) measured at T = 390 K (supplemen-
tary figure, SF. 2) [38]. It is also noticeable that, along
H ‖ ab, at H = 1 T, the low-temperature (T ≤ TSR)
magnetization is larger compared to the measurement
along H ‖ c, and the magnetization difference decreases
at T ≥ TSR. The typical isothermal magnetization for
both H ‖ ab and H ‖ c at T = 2 K and 220 K (below
and above the TSR) are shown in Figs. 2(c) and 2(d),
respectively. At T = 20 K and H = 9 T, the magnetic
moments are 3.14 µB/f.u. and 2.8 µB/f.u. for H ‖ ab and
H ‖ c, respectively (see SF. 2). At T = 2 K, the satura-
tion magnetic moments are MS = 3.8 and 3.2 µB/f.u. for
H ‖ ab and H ‖ c, respectively, obtained from the ex-
trapolation of M vs. H−1 curves. The value of MS is
3.2 µB/f.u., along H ‖ c, which is close to 3.26 µB/f.u.,
found by Clatterbuck et al. [44]. The observed saturation
magnetic moment values are significantly lower than the
saturation moment of Ho3+ ion, which is expected for the
ferrimagnetic arrangement of Mn and Ho atoms. The cal-
culated magnetization of the ferrimagnetic configuration
is 3.07µB/f.u. in DFT+U , agreeing reasonably well with
experiments. The M(H) measured along H ‖ c at T =
2 K, shows a square shaped hysteresis loop with a coer-
civity of 0.18 T, while the M(H) measured with in-plane
fields is non-hysteretic. The hysteretic behaviors for two
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FIG. 4. Fermi surface and dispersion maps of HoMn6Sn6.
(a) Experimentally measured Fermi surface map. (b) Corre-
sponding calculated Fermi surface map. ARPES measured
dispersion maps along the (c) K-Γ-K and (d) the K-M-K di-
rections. Second derivative plots along (e) the K-Γ-K and (f)
the K-M-K directions.

field directions reverse above TSR, suggesting the change
of the easy-cone anisotropy at T < TSR to the easy-plane
anisotropy at T > TSR.

The magnetic properties of HoMn6Sn6 were further
studied under applied pressure using a Cu-Be mechanical
cell with an inner diameter of 2.6 mm, and the lead was
used as an internal manometer. The measurements were
carried out on the same piece of the sample that has been
used for magnetization measurement at ambient pressure
(Fig. 2). The pressure calibration from the manometer
is presented in SF. 3 [38]. Figure 3 shows magnetiza-
tion as a function of temperature and magnetic field at
pressure up to 0.66 GPa. The spin-reorientation transi-
tion is more pronounced with a peak around 190 K, and
the ferrimagnetic-to-paramagnetic transition of Mn sub-
lattice is much more sensitive with pressure. The tran-
sition temperature shift from 373 K at ambient pressure
(Fig. 2(b)) to 394 K at P = 0.34 GPa, with H = 0.1 T
(Fig. 3(a)) and the transition is not complete until 395 K

for P > 0.34 GPa. The inset of Fig. 3(a) indicates the
magnified view of M(T ) near TC= 376 K, which clearly
shows the shift of TC for various applied pressure. As
shown in the figure, it seems that the critical transition
temperature is much higher than 400 K at P > 0.34 GPa,
however, we do not observe that within our measurement
range of 400 K. Considering the value of shift of TC at
P = 0.34 GPa, the TC shifts to a higher temperature at
53 K/GPa, however, TC does not necessarily increase lin-
early with the pressure, therefore, a detailed M(T ) study
at pressure and T > 400 K is required.

Fig. 3(b) presents the isothermal magnetization at var-
ious hydrostatic pressure at T = 2 K and the inset of Fig.
3(b) shows the pressure dependence of magnetization at
low magnetic fields. The magnetic moment at H = 5
T for both above and below the TSR remains relatively
same with P ≥ 0.34 GPa (Fig. 3(b), and SF. 3(d)). In
addition, the saturation moment with pressure is slightly
higher compared with the moment at ambient pressure
(Fig. 2). For example, the moment at T = 220 K, and
H=8 T increases from 5.85 µB/f.u. at ambient pressure
to 6.6 µB/f.u. at P = 0.66 GPa. The TC also increases
with pressure, which suggests that interaction between
Ho and Mn atoms is enhanced with pressure.

Even if we could not check to get direct experimental
evidence, the hydrostatic pressure can likely compress
the lattice anisotropically and result in a lowering of the
interlayer and interatomic distances between Ho atoms
on the 001 plane [Wyckoff site 1a, in (0, 0, 0)] and Mn
atoms on planes 004 [in site 6i (1/2, 0, ∼ 1/4)], which
may help to enhance the saturation moment. One may
also argue that the pressure introduces anisotropic lat-
tice change, which changes the crystal field and the easy
direction of Ho. A decrease of easy-direction angle from
49◦ could give a larger z-component magnetization and,
therefore, an enhancement of moment.

C. Electronic structure of HoMn6Sn6

Figure 4 presents the electronic structure of HoMn6Sn6

measured by ARPES and first-principles calculations.
We show the Fermi surface (FS) map measured at a
temperature of 20 K. The FS map shows the hexagonal
symmetry as suggested by the crystal structure. Further-
more, the FS map exhibits the metallic nature, which is
accordant with the transport measurements. Six small
circles are observed at the BZ corners K, which display
a good hexagonal shape (white dotted hexagon). These
intense circles at the high symmetry points K possibly de-
note multiple bulk bands and the complex band structure
of this material. However, all features are not visible in
the photoemission intensity plots presented in Fig. 4(a).
Figure 4(b) shows the calculated FS, which is in very
good match with Fig. 4(a) and reveals the hexagonal
shape of the FS map as well.

Next, we discuss the dispersion maps along the high
symmetry directions. Figure 4(c) presents the disper-
sion map, in which linear Dirac-like dispersive bands
exist along the K-Γ-K path. The 2nd derivative plot
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FIG. 5. Band structures of HoMn6Sn6 along the Γ-K-M path near EF calculated without and with SOC. The bands are
calculated at kz = 0.25 r.l.u. (a) Scalar relativistic bands calculated without SOC. Blue and red lines denote two spin channels.
(b, c) SOC bands calculated with the spin-quantization direction along the (b) [001] and (c) [100] directions, respectively.

of Fig. 4(c) shows the clean Dirac-like dispersion map
crossing the Fermi level (Fig. 4(e)). Figure 4(d) presents
the dispersion map along the K-M-K direction, where
electron-like bands exist close to the Fermi level. Corre-
sponding 2nd derivative plot of Fig 4(d) along the K-M-K
direction shows some additional bands at M high sym-
metry point (Fig. 4(f)), where the saddle point of the
kagome magnet might exist. Dispersion maps along the
K-Γ-K direction at various photon energies are presented
in supplementary section 4 (SF. 4). Besides, the dis-
persion map and corresponding momentum distribution
curve (MDC) and energy distribution curve (EDC) along
the K-Γ-K path are shown in supplementary section 5
(SF. 5) [38]. Although HoMn6Sn6 has been suggested to
be a Chern magnet [15], the possible Chern gap above the
Fermi level could not be accessed via our ARPES mea-
surement, therefore, further study is required to support
this claim.

Finally, we discuss the Dirac crossings and SOC-
induced gaps and their dependence on the spin orienta-
tions. Figure 5 shows the band structures along the Γ-K-
M path at kz = 0.25 r.l.u., calculated with and without
SOC. This particular kz value is chosen, according to the
photon energy used in ARPES, to better compare with
experiments. As shown in Fig. 5(a), multiple Dirac-like
crossings occur near EF at the BZ corners K. Depending
on their band characters, different crossings have differ-
ent kz dependence. For example, the crossing at ∼0.12
eV below EF is much less kz-dependent than the one
right above EF, showing a more 2D-like band character.

Figure 5(b) shows the SOC band structures calculated
with the spin-quantization direction along the out-of-
plane direction. As expected, SOC lifts the orbital
degeneracy and splits all crossings at K with various gap
sizes. The gaps’ sizes depend on the orbital characters

of corresponding bands and the SOC Hamiltonian
HSO; the latter depends on the spin direction. Figure
5(c) shows the SOC band structures calculated with
the spin-quantization axis lying in the basal plane.
The SOC-induced gaps become negligibly small or
eliminated, in comparison to Fig. 5(b), showing the
possibility to control the SOC gap size by changing the
spin direction. Here, we have shown two extreme cases
to illustrate the gap evolution with angle change. Note
that, in low temperature, the experimental magnetic
ordering direction of HoMn6Sn6 is tilted to 49◦ with
respect to [001], resulting in SOC-induced gaps’ sizes
in between the two cases shown in Figs. 5(b) and 5(c)
[45]. Since HoMn6Sn6 undergoes an SR transition with
increasing temperature, the SOC-induced gap should
also evolve with temperature.

IV. CONCLUSIONS

In summary, we have performed systematic transport,
magnetic, and spectroscopic measurements in wide
temperature, magnetic field, and pressure ranges of
HoMn6Sn6 single crystals. The experimental studies
have been supported by first-principles theoretical
calculations. Our transport measurement confirms the
metallic nature of this compound and shows the signa-
ture of a large anomalous Hall effect and contribution
of topological Hall effect in this system. From magnetic
measurements, we observe a large hysteresis loop and
spin reorientation transition below 200 K. We unveil
the impact of pressure on magnetic ordering and spin
reorientation temperature. Our ARPES measurements
reveal the presence of Dirac-like states enclosing the high
symmetry point K, supported by the DFT calculations,
and suggest the possible existence of a Chern gapped
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Dirac-like state in this kagome magnet. Altogether, our
detailed studies of the kagome magnet, HoMn6Sn6, will
provide an ideal platform to understand the magneto-
transport properties and the electronic structure of
various kagome magnets.
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