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EuBg, a magnetic topological semimetal, has attracted considerable attention in recent years due to its rich intriguing
physical properties, including a colossal negative magnetoresistance (CNMR) ratio exceeding —80%, a topological phase
transition and a predicted quantum anomalous Hall effect (QAHE) approaching the two-dimensional (2D) limit. Yet, studies
of the influence of the dimensionality approaching 2D on the electronic transport properties of EuBg are still scarce. In
this work, EuBg thin sheets with thicknesses ranging from 35 um to 180 um were successfully fabricated through careful
mechanical polishing of high-quality EuBg single crystals. The reduced thickness, temperature and magnetic field have a
strong influence on the electronic transport properties, including the CNMR and carrier concentration of EuBg thin sheets.
As the thickness of EuBg thin sheets decreases from 180 pum to 35 pum, the magnetization transition temperature and
the corresponding suppressing temperature of the Kondo effect decrease from 15.2 K to 10.9 K, while the CNMR ratio
increases from —87.2% to —90.8%. Furthermore, the weak antilocalization effect transits to a weak localization effect and
the carrier concentration increases by 9.4% at 30 K in a 35 pm EuBg thin sheet compared to the value reported for a 180 pm
thin sheet. Our findings demonstrate an obvious tunable effect of the reduced dimensionality on the transport properties of
EuBg along with the temperature and magnetic field, which could provide a route to exploring the QAHE near the 2D limit
in EuBg and other topological semimetals.

Keywords: EuBg thin sheets, magnetic topological semimetal, negative magnetoresistance, Kondo effect,

weak localization
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1. Introduction

Magnetic topological materials are of particular interest
due to the interaction between intrinsic magnetism and topol-
ogy, and they hold great potential for the development of chiral
Majorana edge modes, resistance standards and dissipationless
electronic devices.!'* Based on topological insulators (TIs)
with a magnetic dopant and intrinsic magnetism, the quan-
tum anomalous Hall effect (QAHE) has been realized in Cr-
or V-doped (Bi,Sb),Te; filmsl>~!51 and exfoliated MnBi; Tey
flakes.!'®] Besides TIs, topological semimetals emerged as
novel states of matter where the valence and conduction bands
touch at either discrete points or extended lines, forming

17.18] Many

Dirac/Weyl semimetals and nodal line semimetals. |
materials have been predicted and demonstrated to be topo-
logical semimetals, most of which are time-reversal invari-
ant. Only a few materials have been studied as magnetic
topological semimetals, such as Co3Sn,S,, 1 Fe3Sn; ?°! and
GdAg,.?!1 In the two-dimensional (2D) limit, these systems

with gapped Dirac cones can be viewed as Chern insula-
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tors with quantized anomalous Hall conductance.[>>?31 In this
sense, these materials share the same topological characters
(the Chern number) as intrinsic magnetic TIs.

EuBg possesses a simple cubic crystal structure and is
a magnetic topological nodal-line semimetal at low temper-
atures. It is a soft ferromagnetic semimetal with very low
magnetic anisotropy energy, so its magnetization can be eas-
ily modulated by a magnetic field. By breaking certain crys-
talline symmetry, EuB¢ can be driven into Weyl semimetals %]
or a composite phase with coexisting nodal line and Weyl

(251 Magnetic Weyl semimetals can be viewed as a stack

points.
of two-dimensional Chern insulators with strong coupling in
the stacking direction. Moreover, according to theoretical cal-
culations, EuBg is predicted to realize a large-Chern-number
QAHE in its [111]-oriented quantum-well structures. [25] Thus,
EuBg is an ideal platform upon which to reveal exotic trans-
port properties and the correlation between magnetism and
topology. In experimental studies of EuBg, colossal negative

magnetoresistance (CNMR),[>627] as well as topological tran-
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sitions induced by the spontaneous ferromagnetism and mag-
netic field, have been reported.?8! Nonetheless, reports of the
electronic transport properties of EuBg thin sheets toward the
2D limit are still scarce.

In this paper, a high-quality EuBg single crystal is pre-
pared by an Al-flux method.””! EuBg thin sheets, with thick-
nesses ranging from 35 wm to 180 wm, are carefully then fabri-
cated by mechanical polishing of the EuBg single crystal. The
resistivity (pxr), magnetoresistance (MR) and Hall resistivity
(Pxy) of the EuBg thin sheets with different thicknesses are
measured, revealing the strong influence of the reduced dimen-
sion, temperature and magnetic field on the transport prop-
erties. As the thickness of EuBg thin sheets decreases from
180 um to 35 wm, the magnetization transition temperature
and the corresponding suppressing temperature of the Kondo
effect decrease from 15.2 K to 10.9 K, while the CNMR ratio
increases from —87.2% to —90.8%. Furthermore, the weak
antilocalization (WAL) effect transits to a weak localization
(WL) effect and the carrier concentration shows an increase
of 9.4% at 30 K in the 35 um EuBg thin sheet compared to
the value of the 180 wm thin sheet. Our findings demonstrate
an obvious modulation effect of the reduced dimensionality
on the transport properties of EuBg along with its temperature
and magnetic field. The results are applicable to other topo-
logical systems with strong correlations between conducting
electrons and local magnetic moments, and furthermore pro-
vides a route to manipulating the topology-related transport
properties in magnetic topological materials through the re-
duced dimension.

2. Experiment

Single crystals of EuBg were grown by an Al-flux
method.?°! The Eu (99.99%) pieces and B (99%) powder mix-
ture were placed in an alumina crucible and heated in a hor-
izontal tube furnace with an argon flow of 100 SCCM main-
tained throughout the whole growth process. The mixture was
heated to 1500 °C and held at that temperature for 72 h, sub-
sequently cooled to 1200 °C at 2 °C/ h and then to 900 °C
at 2.5 °C/ h. The furnace was shut down and then cooled to
room temperature naturally. The crystals were finally sepa-
rated by dissolving the excess Al-flux in hydrochloric acid so-
lution. The obtained crystals had a typical quadrate morphol-
ogy, were millimeter-sized and stable in air.

The EuBg thin sheets with thicknesses ranging from
35 pm to 180 um were fabricated by using a careful mechan-
ical polishing technique. Firstly, a rectangular EuBg single
crystal with ~ mm thickness was stuck onto a glass slide and
fixed onto the sample holder, then it was reduced to the de-
sired thickness by slow polishing on the waterproof abrasive
papers in an Allied Multiprep-10-1110 polishing machine. Fi-
nally, the electrodes were fabricated on EuBg thin sheets using
wire-bonding equipment.

3. Results and discussion

EuBg has a simple cubic crystal structure, with Eu atoms
constituting a simple cubic lattice and a regular boron octa-
hedron positioned at the body center. Figure 1(a) shows the
three-dimensional diagram and the front view (observed along
a axis) of the EuBg crystal lattice with the Pm-3m(221) space
group and the lattice constant a = b = ¢ = 4.185 A. The as-
grown EuBg single crystal has a perfect rectangle shape with
sharply natural edges (Fig. 1(b)), corresponding to the cubic
crystal symmetry of EuBg. The length of a single crystal is
about 1-3 mm. The XRD pattern (as shown in Fig. S1(a)),
measured with the natural surface of the crystal stacking to the
sample holder plane, shows only the {001} crystal plane fam-
ily of EuBg. The corresponding XRD pattern of EuBg pow-
ders, obtained by grinding the as-grown EuBg single crystal, is
shown in Fig. S1(b), where both the peak positions and intensi-
ties perfectly match the standard pattern (PDF-#65-5933). The
high-resolution transmission electron microscopy (HRTEM)
image measured along the [001] direction shows a lattice con-
stant of 4.19 A along the a or b axis (Fig. 1(c)), which is con-
sistent with that acquired from the XRD measurement. The
selected area electron diffraction (SAED) image (Fig. S1(c))
clearly shows the cubic crystal symmetry of the EuBg single
crystal. The diffraction spots of the (010) and (110) crystal
planes are marked by yellow circles in the image. By fitting
the energy dispersive x-ray (EDX) spectrum (Fig. S1(d)), the
atomic ratio of Eu and B is demonstrated to be Eu:B = 1:6.06,
close to the stoichiometric ratio of EuBg.

To explore the influence of the reduced dimension on the
transport properties of EuBg, EuBg thin sheets with different
thicknesses of 180 um, 90 um, 62 um and 35 pwm are investi-
gated in this work. The SEM image of the cross-section shows
that the thin sheet fabricated by fine polishing possesses a flat
surface and uniform thickness of 35 um (Fig. 1(e)). Figure 1(f)
is the Raman spectra of different EuBg thin sheets. The spec-
tra of the 180 um and 35 pum thin sheets are almost coinci-
dent, showing typical Tag, Eg, and Ay, peaks of EuB6[30] at
768 cm~1, 1098 cm™!, and 1239 cm~!. The narrow Raman
peaks indicate the high quality and good homogeneity of the
EuBg¢ thin sheets.

The magnetic properties of EuBg thin sheets with dif-
ferent thicknesses were first measured to determine the
ferromagnetic—paramagnetic (FM-PM) transition tempera-
ture and magnetization strength. The temperature-dependent
magnetization (M-T') measurements in the zero-field-cooling
(ZFC) and field-cooling (FC) procedures show different FM—
PM transition temperatures for 180 um and 35 pm EuBg thin
sheets. For the 180 wm thin sheet, the magnetization mea-
sured under 0.005 T remains approximately constant from
2 K to 8 K (Fig. 2(a)), indicating a fully FM state along the
[111] direction. 3!l Between 8 K and 20 K, the corresponding
dM/dT-T curve shows two downward peaks (shown in the
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inset of Fig. 2(a)), which indicates that the EuBg thin sheet un-
dergoes two magnetic phase transitions at 11.4 K and 14.8 K.
This result reveals that the spin orientation along the [111] di-
rection and along the [100] direction remain in the 180 pm
EuBg thin sheet, which is consistent with the reported results
for EuBg single crystals.l*!l Then a gentle continuous decre-
ment from 20 K to 50 K indicates the transition to a PM
state (Figs. 2(a) and 2(b)). While, for the 35 um thin sheet,
the FM—PM phase transition still exists, but only one obvious
downward peak at 10.7 K can be observed in the dM/dT-T
curve (shown in the inset of Fig. 2(b)), which indicates that
the spin orientation along the [100] transition near 14.8 K is

(a) a=b=c 4.185 A (b) =

%

35 prl‘nr

200 ym
'

strongly suppressed by the decreased thickness. Meanwhile,
the magnetic field-dependent magnetization (M-B) curves of
EuBg thin sheets with thicknesses of 180 pm and 35 pum were
measured at different temperatures (shown in Figs. S2(a) and
S2(b)). The M—B curves show no hysteresis even under a field
of 7 T at 2 K. The saturation magnetization (M;) values of the
180 um and 35 wm thin sheets are about 1.21 T and 1.24 T
at 2 K, corresponding to about 7.61 g and 7.8 up per unit
cell, which indicates a slight increment of M. M, gradually
decreases with an increase of temperature from 20 K to 30 K

until an obvious PM behavior appears above 30 K.
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Fig. 1. (a) The diagram of the EuBg lattice structure. Eu atoms constitute a simple cubic lattice with a regular octahedron located at the body
center. (b) The optical photograph of typical as-grown EuBg single crystals with a square shape. (c) HRTEM image measured along the [001]
direction of the EuBg single crystal, showing a high-quality crystalline lattice. (d) The optical macroscope image of the EuBg thin sheets device
fabricated by mechanical polishing. (e) The SEM image of the corresponding cross-section of the thin sheet, which shows the thickness to be
about 35 pm. (f) Raman spectra of EuBg single crystals with different thicknesses.
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Fig. 2. (a) and (b) The M-T curves of EuBg thin sheets with thicknesses of 180 pm and 35 pm. The inset is the temperature-dependent dM/dT-T
curve derived from the M-T curve measured under 0.005 T. (c) and (d) py,—T curves of EuBg thin sheets with thicknesses of 180 um and 35 um.
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The py—T curves of different EuBg thin sheets were mea-
sured based on the electrode configuration shown in Fig. 1(d).
For the 180 um EuBg thin sheet, in the absence of the external
magnetic field, py, first decreases as the temperature decreases
from 300 K to 50 K due to the weakening of the scattering ef-
fect between electrons and phonons (shown in Fig. 2(c)). Then
Pxx increases from a minimum value of 363.9 uQ.-cm to a local
maximum value of 379.6 pQ-cm as the temperature decreases
from 50 K to 15.2 K due to the Kondo effect arising from the
generation of ferromagnetic clusters. Subsequently, the Py
dramatically decreases below 15 K owing to the spontaneous
ferromagnetism-induced topological transition in EuBg./?*3?]
While, under applied magnetic fields, the Kondo-like upwarp
of pyr is suppressed and py, decreases monotonically from
300 K to 1.9 K. The decrease of p,, is mainly from the in-
herent spontaneous ferromagnetism induced topological tran-
sition in EuBg, which can reduce electron scattering. Below
8 K, p.. tends to be a constant because the spontaneous mag-
netization reaches saturation. For the 35 um EuBg thin sheets,
the py—T curves show a similar behavior except for a local
maximum value at ~ 10.9 K corresponding to the FM—PM
transition temperature, which indicates that the Kondo effect
in EuBg thin sheets is mainly determined by local moments.

The MR curves of EuBg thin sheets were measured at dif-
ferent temperatures, as shown in Fig. 3. The MR ratio is de-
fined as [Pyx(B) — Pxx(0)1/pxx(0), where p.(0) and py,(B) are
the longitudinal resistivities under the zero and finite external
magnetic fields, respectively (the original measurement data
in Fig. S3). Overall, the MR curves decrease firstly and then

180 pm

T=19K —62 um
40 L . . . L. 3%wm
—15 —-10 -5 0 5 10 15

B (T)

increase with the external magnetic field increasing. The ex-
ternal magnetic field corresponding to the maximum negative
MR ratio is defined as the critical magnetic field (B.@MR,
where the 8MR = 0). To reveal the influence of thickness on
MR, the thickness-dependent MR curves at 1.9 K and B, @MR
at different temperatures are depicted in Figs. 3(c) and 3(d).
For the 180 pm EuBg thin sheet, the MR curves ranging from
—1.5 T to +1.5 T do not show the distinctive sharp cusps cor-
responding to the WL effect, 33 but rather a slight increment
near the zero field that might have arisen from the WAL ef-
fect. From 10 K to 35 K, it can be found that the temper-
ature and external critical magnetic field both have an influ-
ence on the maximum negative MR ratio and a CNMR ra-
tio exceeding —87.2% is achieved around 12 K. According
to our previous research results,?”] the WL effect cannot be
the dominated mechanism for CNMR. In addition, the nega-
tive MR ratio contributed by the Kondo upwarp is only about
(363.9 — 379.6)/379.6 =~ —4.1% in the 180 pum EuBg thin
sheet, which is much less than the CNMR ratio ~ —87.2%.
When the thickness decreases below 90 um, a WL effect can
be observed between —1 T to 1 T. Meanwhile, below 20 K,
B.@MR shows an obvious increase when the thickness de-
It should be noted that though the
existence of WL in EuBg thin sheets with a thickness below

creases below 90 pm.

90 pm, the magnetic field-induced topological phase transi-
tion is still the main mechanism for CNMR since all CNMR
ratios for EuBg thin sheets below 90 wm are over —89.5% and,
especially, the CNMR ratio for 35 um EuBg thin sheet reaches
—90.8% (Fig. S4(d)).1*"!

(b)

—1.9K —20K
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< o
=
s
=
—50F
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—100 Il Il Il Il Il Il Il
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Fig. 3. (a) and (b) MR ratio curves of EuBg thin sheets with thicknesses of 180 pm and 35 um. (c) Corresponding MR ratio curves of EuBg thin
sheets with different thicknesses measured at 1.9 K. (d) Thickness-dependent B, @MR of different EuBg thin sheets at different temperatures.
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Fig. 4. (a) and (c) Hall resistivity of EuBg thin sheets. (b) and (d) Field-dependent effective carrier concentration (Nefr) of EuBg thin sheets
with thicknesses of 180 pm and 35 pm. (e) Effective carrier concentration dependency of the field induced magnetization ratio. (f) Thickness-
dependent maximum effective carrier concentration at different temperatures.

Such huge CNMR ratios mean an approximate eightfold
reduction of py, as the external magnetic field increases from
zero to B, which is impossible to explain only by the sup-
pression of the scattering between carriers and the magnetic
moments under the applied magnetic field.**) Fundamentally,
the carrier concentration mainly determines the electronic re-
sistivity. Hence, variations in the carrier concentration of
EuBg thin sheets are further investigated through Hall resis-
tivity measurements, which can well reflect the carrier con-
centration in EuBg thin sheets. The field-dependent p,, of
EuBg thin sheets with thicknesses of 180 pum and 35 pum is
measured at different temperatures (shown in Figs. 4(a) and
4(b)). Similar to the EuBg bulk, py, without the linear depen-
dence of the external magnetic field is observed from 1.9 K to
35 K in EuBg thin sheets. The nonlinear dependence behav-
ior becomes more distinct as the temperature increases. For
further clarification, the N curves of EuBg thin sheets with
thicknesses of 180 wm and 35 pum have been derived from

Pxy (shown in Figs. 4(c) and 4(d)). Negr initially increases
and then slightly decreases with the external magnetic field
increasing. In contrast, Ng always increases with a decrease
in temperature. Moreover, the field-induced magnetization ra-
tio (M /M) dependence of Ny (Fig. 4(e)) indicates that the
carrier pocket as well as the electron band structures near the
Fermi level can be effectively changed by the magnetic field-
induced magnetization. This phenomenon is analogous to the
reported temperature-induced variation of the band structures
in EuBg bulk.2*32] In addition, we find that N.g reaches its
maximum value under the critical magnetic field (B, @ Ne¢)
where 8N = 0 at different temperatures from 1.9 K to 35 K.
Interestingly, the maximum N, corresponds to the maximum
CNMR ratio, which indicates the field-induced variation of
Negr should be responsible for CNMR in EuBg thin sheets.
The maximum N, for EuBg thin sheets with different thick-
nesses at various temperatures is depicted in Fig. 4(f). Over-
all, the maximum N,¢ increases as the thickness decreases. To
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be more specific, the maximum N,g decreases with the thick-
ness decreasing from 180 um to 90 pum, then increases from
90 um to 35 um (Figs. S5 and S6). The maximum Ngg of
the 35 um EuBg thin sheet shows a 9.4% increment compared
to that of the sample with 180 um at 30 K. The maximum
carrier mobility values of EuBg thin sheets with thicknesses
of 35 um, 62 um, 90 um and 180 um are 2943 cm?. V1.5~ 1,
2817cm? V- 1s71,3894cm? V-l.s !l and 3192 cm? V157!
at 1.9 K (Fig. S7), respectively. A comparison of the perfor-
mance parameters between the bulk and thin-sheet forms of
EuBg is presented in Fig. S8. Thus, the thickness-dependent
maximum Neg, modulated by the magnetization states, begins
to exhibit a noticeable variation around 90 pm, likely due to
changes in the demagnetizing field and magnetization dynam-
ics as the sample thickness decreases, indicating the onset of
discernible thickness-dependent behavior.

4. Conclusion

In conclusion, we have successfully fabricated EuBg thin
sheets with thicknesses ranging from 35 pum to 180 wm
through careful mechanical polishing of high-quality EuBg
single crystals. The reduced dimension, temperature and mag-
netic field have a strong influence on the electronic transport
properties, including CNMR and carrier concentration, of the
EuBg thin sheets. The FM—PM phase transition temperature
and the corresponding suppressing temperature of Kondo ef-
fect decrease from 15.2 K to 10.9 K as the thickness of EuBg
thin sheets decreases from 180 um to 35 um. Below 90 pum,
the WALD>301 effect transits to the WL effect and the max-
imum carrier concentration increases by 9.4% compared to
the value of the 180 um thin sheet. Based on the MR and
Hall resistivity results, we found a significant modulation of
the transport properties upon reducing the material thickness
below 90 um. Our findings demonstrate an obvious modu-
lation effect of the reduced thickness on the transport prop-
erties of EuBg as well as temperatures and magnetic fields,
which could provide a route to explore QAHESs in the two-
dimensional limit in EuBg and other topological semimetals.
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