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Abstract
Metallic Kagome magnets have received a great deal of research attention in recent years for their
intriguing magnetic properties. Recently, YMn6Sn6 (Y166), which belongs to this family of com-
pounds, has been studied to show different magnetic phases including the distorted spiral (DS),
transverse conical spiral (TCS), fan-like (FL) and the forced-ferromagnetic (FF) phases respect-
ively. In this work, we employed very high-frequency electron spin resonance (VHF-ESR) spectro-
scopy to investigate the local microscopic magnetic interactions of Mn ions in Y166. Particularly,
the temperature-dependent ESR behavior at variable very-high microwave frequency (ν = 120,
240, and 300 GHz) was studied. The ESR spectral behavior above room temperature (up to 350 K)
on Y166 single crystals, where the magnetic field was applied in-plane and out-of-plane orient-
ations of the sample layers was also investigated. A couple of non-trivial magnetic phases at dif-
ferent temperatures and frequencies, including the TCS, FL and FF phases were identified. The
DS phase was not identified because our measurements were taken at fields higher than the fields
(0-2 T) at which this phase occurs. In addition, angular dependence of the resonance field at room
temperature (290 K) for v = 240 GHz follows a (3cos2θ − 1)- like angular dependence which
reveals the ‘U-shape’ (from 0˚ to 180˚) of the resonance field. This behavior indicates the presence
of 2D spin correlations in Y166. This work has implications in emerging applications such as high-
frequency microwave and terahertz communications and spintronics.

1. Introduction andmotivation

Recent research has focused on Kagome lattice magnets, particularly RT6Sn6 compounds, where R is a
rare-earth element and T is a 3d transition metal element, due to their unique magnetic and electrical
characteristics. Y166 is among these compounds, characterized by competing magnetic phases, topolo-
gical Hall effect, Dirac bands, emergent electromagnetic induction, and anomalous transverse thermo-
electric effect [1, 2]. This has led to increased interest in these materials. Y166 undergoes a transition
to a commensurate antiferromagnetic state below 345 K, and subsequently orders into an incommen-
surate spiral state below 333 K [1, 3]. Y166 is an excellent metal and has a hexagonal structure made
up of Kagome planes divided by Sn3 and YSn2 layers, belonging to a class of materials that can sup-
port a wide range of topological states and phenomena. In the crystal structure, the Mn atoms form a
Kagome net in the basal plane of the hexagonal space group P6/mmm (191) [1]. Ghimire et al reported
the emergence of non-trivial magnetic phases in Y166 that were obtained from susceptibility measure-
ments at different temperatures. They denoted the distorted spiral (DS), transverse conical spiral (TCS),
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fan-like (FL), and forced FM (FF), respectively, based on the magnetic structures observed [1]. Y166
exhibits a large anomalous transverse thermoelectric effect that is higher than that of other antiferromag-
netic systems that are comparable to ferromagnetic systems [4]. High-frequency electron spin resonance
(HF-ESR) has been reported on several different compounds to investigate their electronic and mag-
netic properties. This spectroscopic technique is a useful tool for investigating the rich magnetic behavior
of van der Waals compounds because of its exceptional energy resolution and high sensitivity to mag-
netic anisotropies, which together allow for in-depth understanding of the low energy spin dynamics in
the ordered and paramagnetic phases as well as the specifics of the spin structure in the magnetically
ordered state [5]. Mehlawat et al reports the use of high-frequency/high-magnetic field ESR experiments
on single crystals of the quasi-two-dimensional antiferromagnet Ni2P2S6 to reveal anisotropic spin fluc-
tuations and a low-energy magnon excitation [6]. Another study used HF-ESR spectroscopy analyzed
magnetic interactions in a plate-like CrX3 system (X = Cl, Br, I). They found that the Ginzburg–Landau
critical model adequately describes the temperature dependence of the ESR linewidth, which indicates
the presence of 2D spin correlations [7]. A recent work has been reported in which the authors employ
the use ferromagnetic resonance spectroscopy applied to Kagome magnet MgMn6Sn6 [8] to study and
quantify the intrinsic magneto crystalline anisotropy that is responsible for the alignment of the Mn
magnetic moments in the Kagome plane. Their findings show that the external shape anisotropy, due to
the plate-like structure of the crystal, has a small effect. In contrast, the intrinsic uniaxial magneto crys-
talline anisotropy, which arises from spin–orbit coupling and is of the easy-plane kind, is much more
significant [8].

While results of high frequency ESR have been reported for these similar materials, no HF-ESR study
has been reported on the Kagome magnet Y166. In this work, we make use of HF-ESR to investigate the
local microscopic magnetic properties of Mn ions in Y166 to better understand new observed magnetic
phases or textures. While it is challenging to measure ESR in these metallic systems, the high frequen-
cies and fields allow to probe different parts of the magnetic phase diagram. Particularly we studied ESR
properties at a few microwave frequencies, ν = 120, 240 and 300 GHz, respectively. We also have invest-
igated the ESR spectral behavior above room temperature on Y166 single crystals, where the magnetic
field was applied within both the in-plane (IP) and out-of-plane orientations (OOP) of the sample layers
[9]. In addition, we have performed ESR at v = 240 GHz to study the angular dependence of the reson-
ance field and linewidth. The temperature dependencies of signal behavior, signal breadth, and g-values
were tracked to study the magnetic phase transition in the Y166 compound as a function of temperat-
ure from 5 to 350 K at v = 120, 240 and 300 GHz. Our findings may indicate the presence of 2D spin
fluctuations in Y166 [1, 7].

2. Experimental details

Y166 single crystals were grown using the self-flux technique [1]. HF-ESR measurements were con-
ducted at the National High Magnetic Field Laboratory (NHFML) to sufficiently capture the full ESR
spectrum as the magnetic anisotropy of this compound is higher than the typical X-band frequency
(9.84 GHz). The HF-ESR spectrometer at the NHFML allows for comprehensive analysis, providing
deeper insights into the magnetic characteristics of the sample, as HF-ESR can capture the full ESR spec-
tra of this compound. This system utilizes a superheterodyne spectrometer with a multi-frequency qua-
sioptical submillimeter bridge and a sweepable 12.5 T superconducting magnet [7]. The spectrometer
operates in reflection mode, and no resonator was used, which is essential for this metallic sample. HF-
ESR measurements were conducted on a Y166 single crystal of approximate dimension 4 × 4 × 0.5 mm
as a function of temperature at υ = 120, 240 and 300 GHz from T = 5 K to 350 K where the sample
was placed both in the IP and OOP orientation with respect to the magnetic field. For these meas-
urements, the sample was placed in a rexolite sample holder with vertical and horizontal slots for the
sample respectively. Measurements as a function of angle θ (degrees) were also conducted at T = 290 K
for υ = 240 GHz. The sample was placed inside the instrument attached to a PEEK sample rotator and
rotated along the axis perpendicular to the sample (c-axis) for the measurements. Figure 1(a) shows the
Y166 crystal structure. Figure 1(b) shows an overhead view of the structure depicted in figure 1(a) show-
ing the Kagome net of Mn atoms. Two Kagome planes with the formula Mn3Sn, divided by Sn3 and
YSn2 layers, are present within a unit cell represented by the gray solid lines [1]. Y166 crystal placed on
a sample holder is shown in figure 1(c) with the rotation angle along the length of the holder [9].
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Figure 1. Hexagonal crystal structure (a) and top view (b) of Y166 showing the Kagome net of Mn atoms. The crystal structure
data were obtained from [1]. (c) Y166 placed on a sample holder. Reproduced with permission from [9].

3. Results and discussion

3.1 Temperature dependent ESR study of Y166 at different frequencies (ν = 120, 240 and 300 GHz)
The recent magnetization study reported by Ghimire et al [1] reveals different magnetic phases in Y166
at varying temperatures and magnetic fields, with metamagnetic transition fields shifting to lower fields
as a function of temperature [1]. We notice this same behavior in our HF-ESR studies as shown in
figure 2. By investigating the ESR at different microwave frequencies we study different field ranges
in the phase diagram, 3.5–5.5 T at 120 GHz, 6.5–10.5 T at 240 GHz, and 9.5–12.5 T at 300 GHz.
Figure 2(a) shows the temperature dependent ESR spectra of Y166 at 120 GHz, for the IP orientation
of the magnetic field. At low temperatures, the resonance is close to g≈ 2 and shifts towards lower
resonance fields with increasing temperature up to ∼275 K. Above this temperature, the shift reverses
and moves to higher field, signaling the transition from the TCS phase into the FF phase. The reson-
ance field in the OOP orientation is centered at a higher field of ∼5.4 T, with a significant shift towards
higher fields as temperature increases as shown in figure 2(b) [9]. At low temperatures, below ∼180 K,
no resonance from Y166 is observed, except for a small signal due to paramagnetic impurity at g= ge,
which appears to come from the background of the sample holder, which is not discussed further. Above
180 K, there is a strong temperature dependence of the resonance field with a shift towards higher fields
as temperature increases up to ∼260 K.

The OOP ESR spectra are broader than that of IP spectra, which is consistent with nonuniform
demagnetization in our non-ideal, finite-thickness sample. Below ∼180 K, the OOP signal disappears
due to reduced transverse susceptibility in the TCS phase. The TCS phase [1, 9] occurs below 250 K and
3.6 T with a reduction in the net magnetization due to the cycloidal arrangement of spins, where the
spins are tilted along the direction of the applied external magnetic field, forming a transverse conical
structure [1, 9]. The FF [1] phase occurs above 250 K, causing a shift in resonance field in both orient-
ations. Above the transition temperature, the transition shifts to lower fields, indicating a decrease in
magnetization and the magnetization in the FF phase is not fully saturated at higher temperatures [9].
Around 240–260 K; two distinct peaks are discernable in the spectra corresponding to the TCS and the
FF phases in the OOP orientation. The phase II as reported in [1] appears to be a region where these
two magnetic phases coexist. It should be noted that for the reported resistivity values, [1] the skin
depth of the milli waves range from about 2 µm at high temperatures to a few hundred nanometers at
low temperatures, this skin depth will decrease further at higher frequencies with the square root of the
wavelength [1].

Figures 2(c) and (d) show the temperature dependent ESR spectra of Y166 at 240 GHz for IP and
OOP orientations. At 240 GHz, the resonances occur at higher fields, and for both orientations the devi-
ations from g ∼ 2 gradually increase upon lowering the temperature down to around 125 K (at ∼7.5 T)
for IP direction and to ∼100 K (at ∼10.5 T) for the OOP direction. The FF phase exists down to lower
temperatures (in both orientations) and starts approaching the ferromagnetic saturation field. For the
IP orientation (as shown in figure 2(c)), the transition from the FF to the FL phase is observed around
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Figure 2. Temperature-dependent ESR spectra of Y166 measured at three microwave frequencies: (a), (b) 120 GHz for in-plane
and out-of-plane orientations; (c), (d) 240 GHz for in-plane and out-of-plane orientations; (e), (f) 300 GHz for in-plane and
out-of-plane orientations. The phases shown (in magenta) suggest the presence of phase transitions in Y166, whose positions
vary with frequency, sample orientation and temperature.

125 K. With decreasing temperature below 125 K, the resonance field slightly shifts to higher fields to
7.5 T. This slight shift indicates that in the FL phase the magnetization in the field direction is relatively
stable as a function of temperature, while the linewidth slightly narrows at lower temperatures. The sig-
nal at 8.56 T is paramagnetic background signal from the sample holder. For the OOP direction shown
in figure 2(d), the transition from the FF phase to the FL occurs at a slightly lower temperature than
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for the IP direction as we are at higher magnetic field. Again, a transition region seems to be present
between 100 and 60 K where signals from both FL and FF phases are observed, possibly corresponding
to the intermediate phase I [1]. The signal in the FL phase shifts to slightly lower field values below 80 K
and is relatively stable at 9.9 T below 40 K.

Figures 2(e) and (f) show the temperature dependent ESR spectra at 300 GHz for IP and OOP. At
300 GHz, Y166 approaches saturation of the local magnetization at the Mn sites because of the higher
applied magnetic fields, causing it to remain in the FF phase at lower temperatures. Figure 2(e) (IP ori-
entation) shows a gradual shift towards lower resonance fields, approaching ∼9.35 T as the temperature
decreases, with no observation of a phase transition.

For the OOP orientation measured at 300 GHz shown in figure 2(f), no signal could be observed
below ∼125 K, as the resonance field shifts outside the available field range of 12.5 T. Y166 exhibits fer-
romagnetic behavior at higher resonance fields throughout the temperature range, as seen in figure 2(f).
The large difference between the IP and OOP resonances (∆B ≈ 1.8 T) shows the local demagnetiza-
tion field at the Mn sites. The dipolar field experienced by a Mn spin is highly anisotropic because the
Mn ions lie in layers on the Kagome plane, which resulted in two distinct observations. Firstly, for OOP
orientation, all Mn neighbors produce a negative dipolar field, shifting the resonance to higher external
field which corresponds to an effective demagnetization factor of +1. Secondly, for IP orientation, some
neighbors contribute positively and others negatively, giving a net positive internal field that shifts the
resonance to lower external field, corresponding to an effective demagnetization factor of −0.5 [10].
Using the thin-crystal relation ∆B = N∆ Mloc with N∆ = (1—(–0.5)) = 1.5, the local magnetization
at ∼275 K is:

Mloc =
∆B

N∆
=

1.8

1.5
≈ 1.2 T. (1)

The average resonance field is:

Bavg =
2BIP +BOOP

3
= 4.2 T. (2)

This gives a corresponding g-value:

g=
hν

µBBavg
≈ 2.04. (3)

At 125 K, the IP and OOP resonances occur at approximately 7.45 T and 10.35 T, giving:

∆B= 2.90 T, Mloc =
2.90

1.5
≈ 1.93 T.

The average resonance field is, yielding:
g≈ 2.04. Thus, the same g-value describes all FF-phases across frequencies. The larger shifts at

240 GHz compared to 120 GHz reflect a larger local magnetization in the FL and FF phases at higher
fields. As the temperature rises from 125 K to 290 K, the signal broadens [9]. This broadening is more
pronounced around 200 K, which might indicate an increase in spin fluctuations at higher temperatures.

In the FF phase, we can treat the resonance positions as a ferromagnetic resonance with the shifts
of the resonance fields from the expected single ion field position (B0 = hν/gµB) determined by the
magnetization and the sample shape. For Y166, we could not measure the g-value in the paramagnetic
phase (above 345–350 K) as the spectra was measured within our available temperature range (5–350 K),
and therefore the g-value was estimated from the ferromagnetic signals. We approximate our thin single
crystal as a thin film with demagnetization factors of 1 for the OOP direction and 0 for the IP direc-
tions. We assumed that the g-value is isotropic and estimated it from the average resonance fields in the
FF phase, B0 = (2∗BIP + BOOP)/3, giving an average g-value of 2.04, which is within the typical range
for 3d transition metal ions. The deviation from the free electron value is due to single ion spin–orbit
coupling in the local crystal field environment and can be expected to be largely field and temperature
independent. In the limit of B ≫ µ0M, the ferromagnetic resonance for an isotropic thin plate is shifted
to higher magnetic field by µ0M for the OOP direction and shifted to lower magnetic field by 0.5 µ0M
[10].

Using the same intrinsic g= 2.04 (for which the average resonance field is Bavg = 10.5 T), the local
magnetization at the Mn positions can be estimated from the low temperature signal in the IP direction
at 300 GHz: µ0Mloc is 2.3 T. This corresponds roughly to the value of the extrapolated resonance field
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Figure 3. Temperature dependence of the resonance field deviation Bres—B0[T] for Y166. (a) In-plane (IP) orientation at
microwave frequencies of 120 GHz (red), 240 GHz (black), and 300 GHz (blue). (b) Out-of-plane (OOP) orientation at
microwave frequencies of 120 GHz (dark yellow), 240 GHz (purple), and 300 GHz (navy). The quantity B0 corresponds to the
average field (Bavg) at which g = 2.04.

for the OOP directions for both 240 GHz and 300 GHz, which is about 2.3 T times higher than the res-
onance field for a g-value of 2.04

Mloc =
B0 −BIP

| NIP |
=

10.5− 9.35

0.5
≈ 2.3 T,

which is the largest local magnetization observed, consistent with the fact that at higher applied fields,
there is full alignment of the Mn moments in the FF phase.

Figures 3(a) and (b) show the deviations of Bres (the measured resonance field) from B0 (the reson-
ance field for g = 2.04) for the IP and OOP orientations of Y166 crystal as a function of temperature
for all three frequencies (120, 240, 300 GHz). At all frequencies and temperatures, the resonance for the
IP orientation is shifted to lower fields with respect to the expected single ion resonance, while for the
OOP direction the resonances occur at higher fields. This is typical for a ferromagnetic resonance of a
thin sample and can be understood as the contribution of the dipolar field of the surroundings of the
spins. The negative deviation in the IP orientation suggests that internal dipolar fields are assisting the
external field, so resonance is reached at lower fields. This means that to achieve resonance, a greater
external field is required. Our sample is not an ideal infinitely thin sample which might contribute to
the linewidth of the resonances. Also, resonances are not ideal Lorentzian or Dysonian but have a more
complex line shape and weak additional features can be due to the finite thickness and features from the
edge of the sample as shown in figure 2. Also, the limited penetration depth (skin depth) of the milli-
meter waves can play a role. At 120 GHz in the 240–260 K temperature range and at 240 GHz around
40–80 K temperature range, two resonance modes appear to coexist. These regions correspond to the
transitions between the FF and TCS phases and the FF and FL phases, respectively, and might corres-
pond to the intermediate phases II and I that were identified by Ghimire et al [1]

3.2 Angular dependent ESR study of Y166 at 240 GHz and 290 K
We now show the angular dependence of Y166 at a frequency of 240 GHz and a fixed temperature of
290 K. Here, we observe the variations in the ESR signals and the resonance field as function of angle.
In figures 4(a) and (b) presented below, the resonance field shifts significantly as the angle varies, ran-
ging from approximately 7.7 T to 9.7 T. The signals vary significantly as a function of angle of rota-
tion, becoming broader at certain angles. The sharp signals that arise at 162˚, 171˚ and 180˚ at 8.4 T
(where g = 2) are likely due to impurities arising from sample holder and will not be discussed further.
The intensity at angles away from zero degrees (OOP) drops significantly due to instrumental effects.
As the measurement is performed in reflection mode and the sample is reflective and larger than the
wavelength, much less of the reflected signal will be traveling back in the waveguide at angles deviat-
ing significantly from the OOP direction. The g = ge background signal is more pronounced at 180◦,
as the microwaves go through the sample holder before being reflected from the sample, while at 0◦,
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Figure 4. Angular dependence of ESR spectra of Y166 measured at T = 290 K and ν = 240 GHz in the OOP orientation. (a)
Spectra for rotation angles from 0˚ to 90˚; (b) Spectra for rotation angles from 99˚ to 180˚. Each spectrum corresponds to a differ-
ent sample orientation relative to the external magnetic field. The systematic evolution of the resonance position and line shape
with respect to angle reflects the anisotropic magnetic environment of Y166.

Figure 5. Angular dependence of the resonance field of Y166 measured at T = 290 K and ν = 240 GHz. The red dots represent
the experimentally obtained resonance fields as a function of rotation angle. The black curve shows a fit to the modified form of
equation (1), Hres (θ) = [F(3cos2θ− 1)+G], which accounts for a phase shift ϕ. The blue opened circles represent the back-
ground or weak signals that were obtained from fitting the multiple peaks shown in figure 4, using multiple Lorentzian fits.

the microwaves are reflected from the front surface of the sample, and the microwaves ‘see’ less of the
sample holder that it is mounted on as shown in figure 1(c). At some orientations around 90◦, the sig-
nal is less well defined, and some additional features appear. At these angles irregularities on the thin
side surface of the sample might give enhanced contributions.

The resonance field (red circles, left y-axis) as a function of angle measured at a fixed temperature
of 290 K is shown in figure 5. The angular dependence of the resonance field is fitted with the simple
model [7],

Hres (θ) = F
(
3cos2θ− 1

)
+G. (4)
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The (3cos2θ − 1)-like behavior is characteristic of 2D systems [11, 12]. This ‘U-shape’ behavior (from 0˚
to 180˚) of the resonance field has also been previously observed in materials such as CrSBr, K2MnF4,
CrCl3 and CrI3 which exhibit 2D Heisenberg behavior and correlations suggesting a weak XY model
[7, 11–13]. The curve that joins the values of the resonance fields is obtained from the fit using (4).
The resonance field varies significantly as a function of the angle of rotation, indicating strong angular
dependence. This resonance field shape suggests anisotropic magnetic behavior, likely due to the crystal
field or spin–orbit coupling effects. The angular dependency of the resonance field at this temperature
can be attributed to the sample shape in combination with the non-cubic distribution of dipoles in the
2D lattice. The net dipolar field shifts the resonance field according to (equation (4) [12]. The scattered
points in the resonance field (indicated with open blue circles) were obtained from fitting the multiple
peaks shown in figure 4, using multiple Lorentzian fits.

A straight comparison of our HF-ESR results with the neutron diffraction and magneto transport
study by Ghimire et al [1] provides a consistent picture of the magnetic phases in the Kagome metal
Y166. While Ghimire et al constructed the magnetic phase diagram using bulk magnetization, Hall res-
istivity, and neutron scattering, our HF-ESR measurements probe the local magnetic environment and
dynamic response of Mn spins at different microwave frequencies and orientations. Ghimire et al iden-
tified four principal field-induced phases, thus the DS, TCS, FL and forced-ferromagnetic (FF) phases,
where the fields were applied in the ab plane with metamagnetic transition fields H1 ≈ 2 T, H2 ≈ 6–7 T,
and H3 ≈ 9–10 T [1]. Our HF-ESR measurements, taken at fixed frequencies corresponding to reson-
ance fields of 3.5–6.5 T (120 GHz), 6.5–10.5 T (240 GHz), and 9.5–12.5 T (300 GHz), naturally observe
the TCS, FL, and FF regions which lie above the DS phase, explaining its absence in our spectra. The
observed resonance shifts, linewidth changes, and intensity variations correlate well with the trans-
ition fields reported in their study. Moreover, for H ∥ c, our OOP ESR spectra display smoother shifts
and broader lines, aligning with their observation of a continuous evolution from a helical to longit-
udinal conical spiral state without abrupt metamagnetic steps [1]. Overall, the local dynamic inform-
ation obtained from our HF-ESR complements the static spin-structure mapping from their neutron
diffraction measurements. Both approaches consistently identify the TCS, FL, and FF phases and con-
firm that thermal spin fluctuations within the quasi-two-dimensional Mn layers play a key role in the
field-induced magnetic behavior of Y166. The large local magnetization in the FF phase that we obtain
from our data would correspond to µB/Mn, which is substantially larger than what is obtained from
the magnetization and susceptibility measurements. That is due to the layered structure with the Mn–
Mn distances in the layers substantially shorter than those in the c-direction. This enhances the local
dipolar fields. In the FF and TCS phases, the simple ferromagnetic approach cannot be applied, but
our data indicates that in the FL phase, the spin has a significant component in the field direction, of
which the local dipolar fields at the Mn sites is about 60%–75% of the saturation field. On the con-
trary, in the TCS phase (below 230K at 120 GHz), the local dipolar fields seem to converge to zero at
low temperature.

4. Conclusion

HF-ESR spectroscopy was conducted on the Kagome magnet Y166 to study local magnetic interactions
of Mn ions and new observed magnetic phases at different microwave frequencies. We observed that
Mn ions are responsible for ESR signal and magnetic properties in Y166, with different phase transitions
occurring at different temperatures for each microwave frequency and magnetic field range aligning with
Ghimire et al work [1]. The TCS phase is observed at lower temperatures below 250 K and 3.6 T field,
while the FL phase is observed at 80 K and higher field of 10.35 T. The Forced Ferromagnetic phase is
observed at higher temperatures of 250 K and above, and at a higher field of 12.5 T. Our ESR results
indicate that the transition phases I and II in [1] could be due to a coexistence zone of the phases FF
and FL; and FF and TCS phases respectively, with a gradual transition of the fractions of these phases.
Our angular dependence results reveal that the resonance field follows a (3cos2θ − 1)-like dependence at
room temperature. Our results have highlighted the importance of using HF-ESR to expand our under-
standing of magnetic correlations and anisotropies in Kagome systems. To the best of our knowledge,
ESR has never been used to investigate the local microscopic magnetic interactions of Mn ions in Y166,
and we hope our results will pave way for the combination of ESR and other microscopy or magnetiza-
tion techniques to further investigate the magnetic properties and domains in these Kagome systems.
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