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ABSTRACT

Kagome lattices have garnered substantial interest because their band structure consists of topological flat bands and Dirac cones. The
RMneSng (R = rare earth) compounds are particularly interesting because of the existence of the large intrinsic anomalous Hall effect
(AHE), which originates from the gapped Dirac cones near the Fermi level. This makes RMnsSne an outstanding candidate for realizing
the high-temperature quantum AHE. The growth of RMngSne thin films is beneficial for both fundamental research and potential applica-
tions. However, most of the studies on RMngSne have focused on bulk crystals, and the synthesis of RMngSns thin films has not been reported
so far. Here, we report the atomic layer molecular beam epitaxy growth, structural and magnetic characterizations, and transport properties
of ErMngSne and TbMneSne thin films. It is especially noteworthy that TbMneSne thin films have out-of-plane magnetic anisotropy, which is
important for realizing the quantum AHE. Our work paves the avenue toward the control of the AHE using devices patterned from RMnsSng
thin films.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0182595

Materials with layered kagome structures provide an ideal plat-
form for studying the interplay between the band structure and
magnetism. In momentum space, a two-dimensional kagome lat-
tice manifests Dirac cones at the K points,"” saddle points at the
M points,M and a flat band across the Brillouin zone.”® The intro-
duction of magnetism and spin-orbital coupling further opens a
gap at the band touching points, leading to topologically non-trivial
electronic states.”” In the real space, non-trivial spin textures (e.g.,
magnetic skyrmions) have been observed in kagome magnets.'""’

Recently, RMnsSng (R = rare earth) compounds have emerged

the gap opening of the Dirac cones.”” The large Berry-curvature-
induced intrinsic anomalous Hall effect (AHE) may originate from
the gapped Dirac cones close to the Fermi level because the intrinsic
anomalous Hall conductivity (AHC) is connected to the Dirac gap
opening A and the Dirac cone position Ep through'”

2
int e” A
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Notably, TbMneSne bulk crystals exhibit out-of-plane (OOP) mag-
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as a new family of topological kagome magnets.'”'” The Mn atoms
in RMngSng form the Mns kagome layers and the spin ordering of
the Mnjs layers is largely affected by the R atoms. Previous studies
on bulk crystals report that R = Gd, Tb, Dy, and Ho give rise to fer-
romagnetic coupling of Mn spins, while R = Er, Tm, and Lu lead
to antiferromagnetic coupling of Mn spins at zero field."*'® Rare
earth elements in RMnsSng compounds also provide one additional
knob for simultaneously tuning the magnetocrystalline anisotropy
(MCA) and the band structure, more specifically, the position and

netic anisotropy, which leads to a 34 meV Dirac gap opening at
130 meV above the Fermi level,'* and band structure calculations
predict the quantum anomalous Hall effect (QAHE) if the Fermi
level could be tuned into the gap. Experimentally, the observation
of a giant intrinsic AHC of 0™ = 0.14 ¢*/h per kagome layer in
TbMneSne bulk crystals'? makes the RMngSng family of materials
attractive for QAHE. To this end, the growth of RMngSns thin films
provides opportunities for tuning the band structure and the Fermi
level through epitaxial strain, chemical doping, or voltage gating.
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However, all the reported studies have focused on bulk crystals of
RMneSng, while studies on their thin film counterparts have been
missing. Therefore, the development of epitaxial RMngSne thin films
is highly desired.

In this paper, we report the growth of (0001)-oriented thin
films of ErMneSns and TbMnsSns using atomic layer molecular
beam epitaxy (AL-MBE) and characterize their magnetic and trans-
port properties. The films are grown on Pt(111) buffer layers on
Al,03(0001) substrates. Various methods are employed to char-
acterize the structure of our samples, including in situ reflection
high energy electron diffraction (RHEED), x-ray diffraction (XRD),
atomic force microscopy (AFM), and scanning transmission elec-
tron microscopy (STEM). We demonstrate that the magnetic prop-
erties of RMneSne thin films can be tuned through the selection of
the rare earth element R. ErMneSne thin films favor in-plane (IP)
magnetization, while TbMneSne thin films undergo an out-of-plane
(OOP) magnetization to IP spin-reorientation transition (SRT) as
the temperature increases above 300 K. Finally, we find that the lon-
gitudinal resistance of RMnsSns/Pt bilayers does not follow a simple
parallel resistor model but instead depends on the electron mean free
path and can be explained qualitatively by the Fuchs-Sondheimer
model.

The crystal structure of RMneSne is shown in Fig. 1, featur-
ing a hexagonal lattice (space group P6/mmm, lattice constants
a=5.5A4,and c=9.0 A) with atomic layers stacked along the ¢ axis.'®
In each unit cell, there are two kagome Mnj3 layers closely neigh-
bored by two Sn; layers, with one honeycomb Sn, layer inserted
between two Sn; layers and one RSn, layer inserted between Mn3
kagome layers. Inspired by this stacking sequence, we develop an
AL-MBE recipe to grow ErMngSne and TbMnsSne thin films on
epitaxial Pt(111) buffer layers on Al,03(0001) substrates. In AL-
MBE, atomic layers are grown sequentially by opening and closing
the appropriate MBE source shutters with precise timing. A simi-
lar growth strategy allowed us to synthesize thin films of another
kagome magnet, Fe3Sn,, which also has a hexagonal layered lattice
structure.'’

The base pressure of the growth chamber is 1x 107° Torr.
The Al,03(0001) substrates (MTI corporation) are annealed in
air at 1000°C for 3 h and then degassed in situ at 500 °C for
30 min to prepare a flat and clean surface. A 5 nm epitaxial Pt(111)
buffer layer is subsequently grown on Al,03(0001) following the
recipe described in our previous work."” The ErMnSng(0001) and
TbMneSne(0001) thin films are grown on Pt(111) buffer layers at
100 and 80 °C, respectively, using the AL-MBE recipe described
below. We note that the same heater power (9 W) was used for
both the samples, and we attribute the different thermocouple tem-
peratures to a drift in the temperature calibration between the
ErMneSng and TbMneSne samples grown several months apart.
For AL-MBE, the kagome Mn;s layer and hexagonal Sn; layer
are co-deposited with the flux ratio Mn:Sn = 3:1; the honey-
comb RSn, is deposited with the flux ratio Er:Sn (or Tb:Sn) =
2:1; another hexagonal Sn; layer and kagome Mns layer are co-
deposited; and then, one Sn; layer is deposited. The aforementioned
shutter growth sequence is repeated until the desired thickness (typ-
ically 20 nm) of RMneSng is achieved. Typical deposition rates are
1.6, 1.6, 3.9, and 2.8 A/min for Er, Tb, Mn, and Sn, respectively.
After growth, a 5 nm CaF, layer is deposited to prevent sample
oxidation.

pubs.aip.org/aip/apm
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FIG. 1. AL-MBE growth of RMngSns thin films. (a) Lattice structure of RMngSng
viewed from the side. In each unit cell, RMngSns consists of alternating stacking
of RSny, Mn3, Sny, Sny, Sny, Mnj layers (from bottom to top) along the ¢ axis. (b)
In-plane lattice structure of kagome Mn; (top left), triangular Sny (top right), honey-
comb Sny (bottom left), and RSn; (bottom right) layers. (c) In situ RHEED pattern
of 20 nm ErMngSng sample grown on the Pt(111) buffer layer on the Al,03(0001)
substrate. (d) /n situ RHEED pattern of 20 nm TbMngSng sample grown on the
Pt(111) buffer layer on the Al;03(0001) substrate.

The in situ RHEED patterns of ErMneSns and TbMneSng
are monitored during the growth. The RHEED patterns of a
20 nm ErMngSng thin film and a 20 nm TbMngSng thin film
along Al,03[1120] direction are shown in Figs. 1(c) and 1(d),
respectively. The RHEED patterns are generally streaky, suggest-
ing that the morphology of our RMngSne thin films is dominated
by two-dimensional terraces with finite sizes, although some three-
dimensional features also exist as spots. The RHEED pattern sug-
gests that the in-plane lattice constants for our samples are g sng
= 547 A, and ATbMngSng = 5-56 A, respectively, and the in-plane
epitaxial relationship is RMnsSns[1100] | Pt[112]] Al,O5[1120].

We perform XRD measurements to confirm the crystallo-
graphic structures of the ErMngSns and TbMneSne thin films.
The x ray is from the Cu-Ka radiation, with a wavelength of
1.5406 A. Figure 2(a) shows the XRD data of a 20 nm ErMneSng thin
film. Next to the substrate peaks at 41.57° and 90.60°, two major
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FIG. 2. Structural characterizations of the RMngSng thin films. (a) XRD data of an ErMngSng(20 nm)/Pt(5 nm) sample. (b) XRD data of a ToMngSng(25 nm)/Pt(5 nm) sample.
(c) STEM-HAADF image of TbMngSng(0001)/Pt(111) taken near the interface, showcasing the cross section of a TbMngSng film with crystal orientation along the [1010]
direction. (d) A zoomed-in STEM-HAADF image with the model of the TbMngSng lattice overlaid on top.

peaks are found at 39.78° and 85.46°, respectively. These peaks
are attributed to the Pt(111) and Pt(222) peaks because their 20
angles convert to out-of-plane lattice constants of 2.275 and 2.270 A,
respectively. These values are close to the out-of-plane lattice con-
stant of Pt along the (111) direction (v/3/3x3.923 A = 2.265 A).%
The ErMnsSns(0004) and ErMneSne(0008) peaks appear as nearby
shoulder peaks at 40.36° and 87.63°, respectively. The out-of-plane
lattice constant of ErMneSne extracted from the (0004) peak is
8.93 A, which is close to, but slightly smaller than, the reported bulk
value of 9.0006 A.”!

For TbMneSne thin film, the general characteristics of the
XRD data are similar to ErMnsSns. To the right of the Pt(111)
peak, which is at 39.66°, the TbMngSne(0004) peak is found as a
shoulder peak [see Fig. 2(b)]. A double Gaussian peak fitting (see
the supplementary material, S1) yields the TbMnesSns(0004) peak
position of 40.25°, which corresponds to an out-of-plane lattice of
c = 8.96 A. This is also smaller than the reported bulk value of
9.0208 A.*!

We characterize the surface morphology of ErMnsSne and
TbMngSng thin films using AFM. The AFM images are displayed in
the supplementary material S2. Both ErMngSne and TbMneSng thin
films have continuous and flat surfaces with sub-micrometer grain

sizes. The root-mean-square (rms) roughness is 1.02 nm for a 20 nm
ErMneSne thin film and 1.45 nm for a 20 nm TbMneSne sample,
respectively.

We perform cross-sectional STEM measurements on a
TbMneSns thin film along the Al,O3[1120] direction (see the
supplementary material, S3 for details). Figure 2(c) shows the
STEM high-angle annular dark-field (HAADF) image taken near the
TbMngSne/Pt interface. The spacing between the two Pt(111) atomic
layers is determined to be ~0.226 nm, consistent with the previ-
ously reported value on bulk crystals.”” It can be concluded from the
STEM image that the TbMneSns is epitaxially grown on the Pt(111)
buffer layer along the c axis, with the in-plane epitaxial relation-
ship of TbMneSne[1100]|Pt[112]| Al,O5[1120]. A sharp interface
between TbMngSne and Pt is observed, with very limited interdiffu-
sion. A zoomed-in STEM-HAADF image is shown in Fig. 2(d), with
the model of the TbMneSng lattice overlaid on top. The brighter dots
are identified as Tb and Sn atoms due to their larger atomic numbers.
The TbSn; layers and Sn, layers appear to be nearly identical in the
STEM image, and we attribute this to the stacking fault or a lattice
offset inherited from the atomic steps of the Pt(111) buffer layer.

To investigate the magnetic properties of the RMnsSns thin
films, we obtain superconducting quantum interference device
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(SQUID) magnetometer measurements. Figure 3(a) shows the IP
(blue) and OOP (red) hysteresis loops of a 20 nm ErMnsSne thin
film. The IP hysteresis loop has a smaller saturation field of 0.2 T,
while the OOP hysteresis loop has a larger saturation field of 1.7 T,
indicating that ErMneSne has easy-plane anisotropy at room tem-
perature. The saturation magnetization of ErMneSne thin film is
5.4 pg/fu. (212 kA/m) at room temperature. The IP and OOP
hysteresis loops of ErMneSng at T = 5 K are shown in Fig. 3(b). At
T = 5 K, both IP and OOP hysteresis loops show much larger coer-
cive fields and larger saturation fields, while the saturation field of
the OOP hysteresis loop is still larger than the IP hysteresis loop.
The IP loop exhibits a sharper switching behavior, with the coercive
field of 0.47 T. Meanwhile, the OOP hysteresis loop becomes nar-
rower near zero fields and wider at higher fields. The coercive field
of the OOP hysteresis loop is 0.30 T.

We also measure the temperature-dependence of remanent
magnetization of the ErMnsSns thin film, as shown in Fig. 3(c). For
both OOP (the red curve) and IP (the blue curve) measurements,
the sample is cooled down in a 7 T applied field, and measured at
low field while heating up. A 30 mT field is applied to maintain
the polarity of the magnetization. From the temperature-dependent
magnetization curve, the Curie temperature of the 20 nm ErMnsSng
thin film is determined to be 353 K, signified by a drop of magnetiza-
tion to zero. This Curie temperature is consistent with the reported
value of 350 K on ErMneSng bulk crystals.'®

Compared to ErMneSng thin films, TbMneSne thin films show
different magnetic properties. Figures 3(d) and 3(e) show the hys-
teresis loops of a 25 nm TbMneSne thin film at 300 and 5 K,
respectively. At T = 300 K, the OOP (red) and IP (blue) hysteresis

APL Materials ARTICLE
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loops of TbMngSne are almost identical, with a saturation field of
0.6 T [see Fig. 3(d)]. The saturation magnetization of TbMnsSns is
3.9 ug/fu. (154 kA/m) at room temperature. While cooling down
to T = 5 K, the OOP hysteresis loop of TbMneSns exhibits a square
shape, with tails extended to 5 T, as shown in Fig. 3(e) Meanwhile,
the IP hysteresis loop shows a gradual switching behavior. At zero
field, the OOP remanent magnetization is much larger than the IP
remanent magnetization, suggesting that TbMneSne favors OOP at
T=5K.

The perpendicular magnetic anisotropy is highly unusual
for epitaxial kagome magnet thin films, as most of the previ-
ously reported kagome magnet thin films have had easy-plane
anisotropy.””** Even for epitaxial Fe;Sn, whose bulk form has
MCA along the c axis, the MCA is overcome by the magnetic shape
anisotropy (MSA), which favors easy-plane anisotropy. As a result,
both MBE-grown and sputtered Fe3Sn, thin films manifest easy-
plane anisotropy.'”*” However, in TbMngSne thin films, the MCA
is strong enough to overcome the MSA and leads to an easy-axis
anisotropy at low temperatures. It is noteworthy that such large mag-
netocrystalline anisotropy along the ¢ axis opens a gap at the Dirac
cone, leading to a large intrinsic AHE.'”"’

The perpendicular magnetic anisotropy of the TbMngSng
thin film sample at low temperatures is further confirmed by
the temperature-dependent SQUID measurements, as shown in
Fig. 3(f). After field cooling, a 20 mT field is applied to maintain the
polarity of the magnetization. Below 300 K, the OOP magnetization
(red curve) is always larger than the IP magnetization (blue curve). A
crossover between IP and OOP magnetization happens at T = 300 K,
above which the IP magnetization becomes larger than the OOP
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FIG. 3. Magnetic properties of ErMngSng and TbMngSng thin films. (a)—(c) Magnetic properties of 20 nm ErMngSng thin film measured with out-of-plane (OOP, red) and
in-plane (IP, blue) geometries. (a) M vs H hysteresis loops measured at T = 300 K. (b) M vs H hysteresis loop measured at T = 5 K. (c) M vs T curve. (d)-(f) Magnetic
properties of 20 nm TbMngSns thin film measured with out-of-plane (OOP, red) and in-plane (P, blue) geometries. (d) M vs H hysteresis loops measured at T = 300 K. (e) M
vs H hysteresis loop measured at T = 5 K. (f) M vs T curve, showing uniaxial anisotropy for T <300 and an OOP-to-IP spin reorientation at T = 300 K.
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magnetization. This crossover suggests an OOP-to-IP SRT as the
temperature increases above 300 K. A similar temperature-induced
SRT has been observed at 310 K in TbMneSne bulk crystals'® and
is reported to be related to the formation of magnetic skyrmions.'’
Both IP and OOP magnetization eventually disappears above the
Curie temperature, which is determined to be 380 K. This Curie tem-
perature is lower than the reported value of 423 K on TbMneSne bulk
crystals.'

Next, we discuss the transport properties of ErMngSne/Pt and
TbMngSne/Pt thin films. The transport measurements are per-
formed using the Quantum Design Physical Property Measurement
System (PPMS) on 300 x100 gm? Hall bar devices patterned from
ErMngSne/Pt and TbMngSne/Pt thin films. The longitudinal resis-
tance of the Hall bar devices at zero field is shown in Fig. 4(a).
Comparing between the TbMnsSne(25 nm)/Pt(5 nm) bilayer (the
red curve) and Pt(5 nm) single layer (the black dashed curve), the
bilayer resistance is lower than the Pt single layer resistance for
higher temperatures (T>200 K). This is consistent with the parallel
resistor model in which the TbMngSne and Pt layers are modeled as
two resistors connected in parallel and, therefore, have smaller resis-
tance than the Pt layer alone. The parallel resistor model has been
widely used to extract the resistivity of kagome material thin films
grown on metallic buffer layers.”* **** However, at low tempera-
tures (T<150 K), the resistance of the TbMngSng(25 nm)/Pt(5 nm)
bilayer is larger than that of the Pt(5 nm) single layer. This is the
opposite of what one would expect from the parallel resistor model.
The comparison between the ErMnsSne(20 nm)/Pt(5 nm) bilayer
(the green curve) and Pt(5 nm) single layer shows a similar trend
that the bilayer resistance is smaller than the Pt single layer resis-
tance for T>200 K and is larger than the Pt single layer resistance for
T<100 K. The deviation from the parallel resistor model is more pro-
nounced for the bilayers with smaller kagome layer thicknesses. For
example, for the TbMnsSne (5 nm)/Pt(5 nm) bilayer (the blue curve),
the resistance is larger than that of the Pt(5 nm) single layer from
T=5KuptoT=300K.

The deviation from the parallel resistor model can be explained
by the Fuchs-Sondheimer theory, in which the resistance of bilay-
ers depends not only on the bulk resistance of two materials
but also on the mean free path of electrons in them.””” In the
Fuchs-Sondheimer model, when the electron mean free path is
much smaller than the thickness of each layer, the bilayer resis-
tance is smaller than the resistance of individual layers. In this
case, the Fuchs-Sondheimer model converges to the parallel resis-
tor model. However, when the electron mean free path is much
larger than the thickness of each layer, the bilayer resistance is
larger than the resistance of individual layers, which is more sim-
ilar to the series resistor model. Especially in an infinite super-
lattice consisting of alternating stacking of two materials with the
same thickness, in the thin layer limit and under the assump-
tion that the electron densities in two materials are identical, the
averaged resistivity of the superlattice is exactly equal to the aver-
age value of the bulk resistivity of the two materials.”’ In our
RMneSne/Pt bilayer samples, the scattering length is shorter than
the individual layer thickness at high temperatures; therefore, the
bilayer resistance is smaller than the resistance of Pt layer, simi-
lar to the parallel resistor model. Meanwhile, at low temperatures
or with smaller thicknesses, the mean free path becomes longer
than the individual layer thickness, and the bilayer resistance is
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FIG. 4. Transport measurements of ErMngSng/Pt and TbMngSng/Pt
bilayers. (a) Resistance of 300 x 100 um? devices patterned from the
TbMngSng(25 nm)/Pt(5 nm) bilayer (red), ToMngSng(5 nm)/Pt(5 nm) bilayer
(blue), ErMngSng (20 nm)/Pt(5 nm) bilayer, and 5 nm Pt single layer (black dashed),
respectively. (b) Anomalous Hall resistivity of the ErMngSng(20 nm)/Pt(5 nm)
bilayer measured at different temperatures ranging from 2 to 300 K. (c) Anomalous
Hall resistivity of the TbMngSng(25 nm)/Pt(5 nm) bilayer measured at different
temperatures ranging from 2 to 300 K.

larger than the resistance of Pt layer, similar to the series resistor
model.

We also measured the anomalous Hall effect (AHE) of the
ErMneSne(20 nm)/Pt(5 nm) and TbMneSne(25 nm)/Pt(5 nm) bilay-
ers, as shown in Figs. 4(b) and 4(c), respectively. Here, the anoma-
lous Hall resistivity is calculated by multiplying the anomalous Hall
resistance by the thickness of the RMngSne layer. The native AHE
resistivity of the RMnsSns layer is expected to be larger at higher
temperatures due to the parallel conductance from the Pt buffer
layer. However, due to the complexity of data analysis, extracting the
intrinsic transport coefficients of ErMnsSng and TbMneSng is out-
side the scope of this paper. For ErMneSns, the AHE hysteresis loop
at T = 2 K has a large remanence, a low-field opening (with the coer-
cive field of ~1 T), and a large saturation field (~6 T). The opening
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of the hysteresis loop decreases quickly as the temperature increases
and almost disappears before the temperature reaches 100 K. For
TbMneSne, the AHE hysteresis loops are relatively square, with
the coercive field decreasing as the temperature increases. For both
materials, as the temperature increases from 2 to 300 K, the ampli-
tude of AHE first increases, reaches the maximum value between
200 and 250 K, and then decreases. This behavior is understood as
follows: the anomalous Hall resistivity p* scales with p%, where «
is between 1 and 2. The intrinsic and side-jump contributions yield
a = 2 and skew-scattering yields & = 1.°” Since p__ increases with the
temperature [Fig. 4(a)], this scaling explains the enhancement of p**!
with temperature as observed below 200 K. On the other hand, the
reduction in AHE resistivity at higher temperatures can be attributed
to the decrease in magnetization as the temperature approaches the
Curie temperature.

In conclusion, this study demonstrates the synthesis of ¢c-plane
ErMneSng and TbMneSne thin films using atomic layer molecular
beam epitaxy. A combination of RHEED, XRD, AFM, and STEM
confirms the structure of the samples. The magnetization measure-
ments show that ErMneSne¢ has easy-plane anisotropy from 5 K
to room temperature, while TbMneSne has perpendicular magnetic
anisotropy at low temperature and an OOP-to-IP spin reorientation
as the temperature increases above 300 K. The transport measure-
ments at low temperatures show that the longitudinal resistance of
the RMnsSne/Pt bilayer is larger than that of the Pt layer alone,
which is inconsistent with the parallel resistance model. On the
other hand, such behavior is qualitatively explained by the Fuchs-
Sondheimer model. Finally, since both ErMngSns and TbMneSne
are synthesized under similar conditions, other members of the
RMneSng family could likely be grown using similar AL-MBE
recipes. These results create a solid foundation for future research
and applications based on RMngSne thin films.

See the supplementary material for additional XRD data of
TbMneSne thin films, AFM images of ErMnsSne and TbMnsSng
thin films, and technical details of STEM measurements.
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