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Electrical transport properties of micrometer-sized samples of the rare-earth
chiral magnet YbNi3Aly
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We investigate electrical transport properties of micrometer-sized samples of the rare-earth-based monoaxial
chiral magnetic crystal YbNi3zAlg in order to characterize chiral magnetic structures. The magnetoresistance
(MR) data exhibit discrete changes, supporting the formation of the chiral spin soliton lattice (CSL) in YbNizAly.
Reversal and lock-in behavior of the MR signal are significant features during the CSL formation, which contrast
with hysteresis behavior reported in a prototype monoaxial chiral magnetic crystal of CrNb;S¢. The magnetic
phase diagrams are provided based on the electrical transport properties in micrometer-sized YbNizAlg crystals.
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I. INTRODUCTION

Chirality, derived from the Greek word “x 10" meaning the
palm by Lord Kelvin, is one of the essential concepts of symme-
try. It describes a geometrical relationship of materials in which
the original object does not overlap its mirrored structure, as
seen in paired structures such as left and right hands. Chirality
plays an important role in determining physical properties
of materials with chiral structures. In a field of magnetism,
magnetic materials with chiral crystalline structures exhibit the
Dzyaloshinskii-Moriya (DM) antisymmetric exchange inter-
action [1,2]. The DM exchange interaction competes with the
Heisenberg symmetric exchange interaction and the Zeeman
energy induced by magnetic fields in chiral magnetic materials,
which results in the formation of nontrivial spin ordered
structures, such as a chiral spin soliton lattice (CSL) [3-5] or a
chiral magnetic skyrmion [6]. Indeed, these chiral spin ordered
structures were observed in noncentrosymmetric magnetic
crystals, as exemplified by CrNbsS¢ [7], MnSi [8], and FeGe
[9,10]. One of the most striking physical responses expected
in chiral magnetic materials is the coupling of conduction
itinerant spins with the chiral spin order of localized spins,
causing unconventional magnetotransport properties such as
discrete magnetoresistance (MR) [11] or the topological Hall
effect [12]. Therefore, chiral magnetism has attracted a strong
interest among the community of condensed matter physics
and has been actively studied for exploring novel aspects of
spin electronics utilizing advantageous properties of the chiral
spin order.

Discretized physical responses are widely found in monoax-
ial magnetic crystals of CrNb;Sg [11,13—-15] as well as in
thin films of cubic B20 compounds such as MnSi [16] and
FeGe [17]. This is due to the CSL formation in a finite-size
system. Namely, the topological nature of the chiral solitons
becomes prominent in a confinement geometry and induces
the discretization effect of physical properties during the CSL
formation. One of the effective methods of detecting the CSL
formation is MR measurements. In a prototype monoaxial
chiral magnetic crystal of metallic CrNb;Se¢, negative MR
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signals are observed with increasing magnetic field strength
since each chiral soliton works as a magnetic potential for
itinerant conduction spins and the scattering probability is well
correlated with the soliton population. As a consequence, the
behavior of MR is well fitted by the soliton density, which
corresponds to the order parameter of the CSL formation.
Moreover, when reducing the sample size along the helical
¢ axis, discretized changes of the MR signals are noticeable
with accompanying hysteresis. These features evidence the
existence of CSLs in micrometer-sized CrlNb3S¢ crystals.

In the case of rare-earth intermetallic Yb(Ni;_,Cu,)3Aly,
where Ni atoms are substituted with Cu atoms in the parent
material YbNizAlg, the CSL formation has been demonstrated
recently by resonant x-ray scattering experiments [18] and
specific heat measurements [19]. In resonant x-ray scatter-
ing experiments, it was observed that the magnitude of the
propagation vector of the helicoidal order decreases with
an increasing magnetic field applied perpendicularly to the
helical ¢ axis. This result provides a physical picture that
the helicoidal order has a longer period at larger magnetic
fields and is consistent with the behavior expected for the
CSL formation. In addition, the plateau of the CSL period
was observed in a particular range of magnetic fields while
the magnetic field was swept and the CSL transformed its
structure in Yb(Ni;_,Cu,)3;Aly crystals. This behavior was
interpreted as a lock-in behavior of the CSL phase, as the
CSL period matched the characteristic length of the crystal,
which was consistent with a scenario recently proposed by
variational calculations [20]. Specific heat measurements [19]
also presented sharp peaks associated with the CSL formation
in Yb(Ni;_,Cu,)3Alg. On the other hand, in the parent material
YbNi3Alg, neutron [21] and resonant x-ray [18] scattering
experiments clarified that the helical pitch Ly is 3.4 nm at
zero magnetic field with the propagation vector ¢y = (0,0,0.8)
along the c¢* direction. However, the CSL formation has
not been observed in experiments described above [18,19].
The existence of chiral solitons and the CSL is still under
investigation in YbNizAly.
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TABLE I. Comparison between YbNi;Aly and CrNb;S.

YbNis;Aly CrNbsSe

Space group R32 P6322
Crystal class Trigonal Hexagonal
Magnetic atom Yb Cr

T. (K) 34 127

¢ (A) 273 12.1

Ly (nm) 3.4 48
¢/Ly 0.80 0.025

Interestingly, there are many differences in physical prop-
erties between YbNizAlg and CrlNb3S¢ crystals, as described
in Table I. The former is a 4 f electron system, while the
latter is a 3d electron system. Thus, the microscopic origin
of symmetric Heisenberg and antisymmetric DM exchange
interactions should differ in each system. The helical pitch
L for YbNi3Aly is much shorter than that for CrNb;S¢. These
features may influence significantly the scattering process of
conduction electrons on chiral magnetic phases, which should
be clarified for further understanding of chiral magnetism in
the 4 f electron system.

In this paper, we investigated the electrical resistance of
micrometer-sized YbNi3Aly samples at various temperatures
and magnetic fields and clarified that the CSL formation occurs
in YbNi3Alg crystals. Section I describes details of fabricating
specimens and experimental methods. Section III shows char-
acteristics of the electrical resistance for YbNiszAlg crystals.
The MR data taken with a fine field interval present stepwise
changes and lock-in behavior, suggesting the existence of the
CSL. The magnetic phase diagram is derived from these data.
Similarities and differences between the CSL formation in
YbNi3Alg and CrNbsS¢ crystals are discussed. A summary
is given in Sec. IV.

II. EXPERIMENTAL

YbNi3Alg belongs to a family of rare-earth intermetallic
compounds RNi3Aly (R =Y, Gd, Dy, Er, and Yb). It takes
an ErNizAlg-type layer structure, namely a trigonal structure
of the space group R32 [22]. Magnetic ions of Yb form a
honeycomb array within the ab plane containing a triangular
array of Al ions as shown in Figs. 1(a) and 1(b). This Yb,Als
layer is followed by three stacking layers of a triangular lattice
composed of Al and Ni ions. The size of the unit cell is 7.3
and 27.3 A along the a and c axes, respectively. The distance
between the nearest Yb atoms is 4.2 A in the plane and 9.1
A between the planes [23]. The helical magnetic order with a
fixed direction of the spin rotation (chiral helimagnetic order)
appears with Ly = 3.4 nm below the transition temperature
T. = 3.4 K. The magnetic moments localized on Yb ions are
aligned ferromagnetically within the ab plane and rotate along
the helical ¢ axis.

YbNi3Aly bulk single crystals were grown by using an Al
self-flux method [24]. Micrometer-sized platelet samples with
a typical size of 10 um x 10 um x 0.5 um were cut from the
bulk single crystal and attached to Si substrates by Pt deposition
using a focused ion beam (FIB) system. The electrodes (Ti/Au)
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FIG. 1. (a) Overall, top, and side views of the crystal structure of
YDbNi;Aly. (b) Schematic of the Yb, Al; layers structure. (¢) Schematic
of the chiral helimagnetic order, the chiral spin soliton lattice, and
forced ferromagnetic phases.

were prepared on the edges of the platelet samples by using
electron beam lithography and lift-off techniques.

Figures 2(a)-2(c) show the configurations of three samples
examined in this study. The main difference is a geometrical re-
lationship of the magnetic field, the current flow, and crystalline
orientations. The numbers of helices at zero magnetic field are
150, 3000, and 3000 for samples 1, 2, and 3, respectively. The
current flows in the direction parallel to the in-plane, namely
CIP configuration in samples 1 and 2 as shown in Figs. 2(a)
and 2(b), while sample 3 has the configuration with the current
flowing perpendicular to the plane (CPP configuration) shown
in Fig. 2(c). In addition, sample 1 has the smallest area of the
sample plane perpendicular to the magnetic field, inducing a
small demagnetization effect as seen below.

The electrical resistance was measured by a two-terminal
method with an ac current (137 Hz) whose amplitude value
was either 0.1 or 1 mA. No significant difference was found
in the resistance taken at different values of the current,
suggesting that no Joule heating occurred in this current
regime. The temperature was varied from 1.9 to 298 K. In MR
measurements, a magnetic field was applied perpendicularly to
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FIG. 2. Schematics of the sample configurations. Based on the
sample dimensions and crystal orientation, the numbers of helices at
zero magnetic field are 150, 3000, and 3000 for the samples 1, 2,
and 3, respectively. The current mainly flows within the ab plane in
samples 1 and 2 [current in-plane (CIP) configuration], and along the
¢ axis in sample 3 [current perpendicular plane (CPP) configuration].
The demagnetization effect in sample 1 is smaller than that in samples
2 and 3.
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FIG. 3. (a)—(c) Temperature dependence of the electrical resis-
tance of samples 1 to 3, respectively, at zero magnetic field plotted on
a logarithmic scale. The insets show the electrical resistance against
T2 at low temperature. Blue arrows indicate the location of 7. (d)—(f)
The electrical resistance of samples 1 to 3 at various magnetic fields.
The curves are vertically shifted by 0.1 2. The blue arrow-down heads
indicate 7, and the green arrow-up heads indicate the onset of the kink
structure observed in the presence of the magnetic field.

the c axis of the samples and changed between zero and 0.3 T. In
the configuration of sample 1, the demagnetization effect due to
shape anisotropy is smaller than those found in other configu-
rations. Thus, the value of the critical magnetic field for sample
1 is smaller than those for samples 2 and 3, as shown below.

III. RESULTS AND DISCUSSION

A. Temperature dependence of electrical resistance

Figures 3(a)-3(c) show the temperature dependence of the
electrical resistance given in a logarithmic scale for samples 1
to 3, respectively. In samples 1 and 2, the current flows along
the ab plane, while it flows along the ¢ axis in sample 3. Since
YbNi3Alg forms a Fermi liquid, the electrical resistance is
dominantly caused by electron-electron scattering and shows
the T2 dependence, as expressed by p = py + AT>. This
behavior is indeed seen in the insets of Figs. 3(a)-3(c).
A magnetic transition temperature of 3.05 K was obtained
by extrapolating the low- and high-temperature regimes, as
indicated in the insets of Figs. 3(a)-3(c). The obtained values
are slightly smaller than 7, of the bulk crystal (3.4 K), possibly
due to small contamination at the surface while preparing the
specimen using FIB. Moreover, the reduction of the resistance
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FIG. 4. (a)-(c) Normalized MR data and their derivative with
respect to the magnetic field for the micrometer-sized YbNizAlg
samples 1-3, respectively. The MR data given in red dots were taken
at 1.9 K in the process of increasing the magnetic field, while those in
blue solid dots were taken in the process of decreasing the magnetic
field. The field increments of panels (a) and (c) are 1 mT, while that
of panel (b) is 5 mT. The inset in panel (c) corresponds to an enlarged
view of the MR data between 0.11 and 0.13 T, indicated by a magenta
frame. The critical field H, is determined by the starting point of
monotonous negative MR at large field, as indicated by the red arrows.
The onsets of a hump structure are indicated by orange arrow heads.
(d)—(f) The dependence of MR data on temperatures between 2 and
3.25 K. The curves in panels (d) and (e) are vertically shifted by 4%,
while those in panel (f) are vertically shifted by 2%.

with increasing temperature due to the Kondo effect, which was
observed at temperatures between 30 and 100 K in bulk crystals
with the current being perpendicular to the ¢ axis [23,25], was
largely suppressed in samples 1 and 2 with the corresponding
configuration of the current and the ¢ axis. However, to see
the Kondo effect, the subtraction of the reference resistance
data of a nonmagnetic material such as LuNi3Aly is required
as performed in the analysis of the bulk crystal.

The electrical resistance data as a function of temperature
taken at various magnetic fields are shown in Figs. 3(d)
to 3(f). The magnetic phase transition was observed in all
samples as seen at zero magnetic field. The value of 7. moves
toward higher temperature with an increasing magnetic field, as
indicated by blue arrow-down heads. In sample 3, an additional
feature of a kink structure appears below 7. in the presence
of the magnetic field, the origin of which is discussed in the
following paragraphs.

B. Magnetoresistance

Figure 4 shows the MR data at 1.9 K of the micrometer-sized
YbNiszAlg samples 1 to 3. At large fields, the MR signals
vary monotonically with an almost fixed slope in all samples.
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FIG. 5. MR data and their differential AR between neighboring data points in the process of increasing the magnetic field taken with a fine
field increment of 0.1 mT for sample 3. Many stepwise changes of the MR signal are clearly found as indicated by black horizontal and vertical
bars. (a) MR data in the field region before the hump structure appears. (b) MR data in the hump structure.

The critical field H, was determined as the point where such
a monotonic negative MR starts, as indicated by red arrows
in the derivatives shown in Figs. 4(a) to 4(c). The values of
H, are 112.5, 215, and 220 mT at 1.9 K for samples 1 to
3, respectively. In sample 1, the MR signal initially exhibits
a gradual increase with an increasing magnetic field from
zero, takes its maximum, and drops sharply toward H.. This
behavior is consistent with that reported in the bulk crystals
[26]. These features are also observed in samples 2 and 3, while
the MR drop toward H, becomes less abrupt possibly due to
the demagnetization effect. Indeed, H, values for samples 2
and 3 are larger than that for sample 1.

In addition, a hump structure appears during the MR drop, as
indicated by orange vertical arrows. In particular, this behavior
is quite clear in sample 3 and has not been observed in the
bulk crystals. The hysteresis of the MR signal with stepwise
MR changes appears around the peak structure in sample 3,
as shown in the inset of Fig. 4(c), and it was not observed in
samples 1 and 2.

The magnitude of the MR reduction until H. depends on
the sample configuration as shown in Fig. 4. It is about 1% in
samples 1 and 2, while it becomes 8% in sample 3, even though
the shape and dimensions of the sample are almost the same
in the three samples. The former two correspond to the CIP
configuration [Figs. 2(a) and 2(b)], while the latter has the CPP
configuration [Fig. 2(c)]. These results indicate that conduction
electrons are more efficiently scattered by the helical structure
formed in YbNi3Aly crystals in the CPP configuration and its
efficiency is changeable as a function of the strength of the
applied magnetic field. Thus, the steep reduction of the MR
toward H. indicates that the MR is well correlated with the
number of helical twists, suggesting the existence of the CSL.

A temperature dependence of the MR is shown in Figs. 4(d)
to 4(f). The MR data exhibit behavior below T, in all samples
similar to that observed at 1.9 K. The value of H, decreases with
increasing temperature, as indicated by red arrow heads. The
hump structure appears below 7. in samples 2 and 3, while its
field range becomes smaller as the temperature approaches 7.
The MR eventually becomes featureless around 7, and shows
a monotonic decrease above 7.

Figure 5 shows the MR data of sample 3 taken with a field
interval of 0.1 mT. This field increment is about ten times
smaller than that used in Fig. 4. Even in micrometer-sized
YbNi3Alg samples, many stepwise changes of the MR signal
are clearly seen as indicated by the horizontal and vertical
black bars. The magnitude of the MR steps is of about 1 m€.
In the case of CrNbsSg, the reduction of the sample size and
the data acquisition with a fine magnetic field interval lead to a
successful detection of discretized signals associated with the
change of the soliton number of the CSL, as demonstrated in
MR [11,14], magnetization [13,27], and resonant experiments
[28].

Such stepwise MR changes appear even in the field region
where the hump structure appears. The origin of hump structure
is attributed to the lock-in behavior of the CSL because
the normalized field value for the onset of the hump structure
is similar to that at which the plateau of the CSL wave
vector at 0.375gop was observed by resonant x-ray scattering
experiments [18]. Interestingly, after the hump structure sets
in accompanying a small MR jump at 163.3 mT, the MR signals
become less discretized and rather smooth. It reduces gradually
up to 190.7 mT and then shows a sequence of stepwise changes
toward H.. Similar behavior is also observed from 119.2 to
132.7 mT, followed by many MR steps. These results may be
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FIG. 6. MR data and their differential AR in a field region where
the sharp negative MR appears for sample 1. The increment of the
magnetic field is 0.15 mT.

a sign of the lock-in behavior of the CSL, suggesting that the
lock-in phenomena could occur more frequently.

Figure 6 shows the MR data for sample 1 taken with a
field interval of 0.15 mT. Several stepwise changes of the
MR signal are clearly found even in the steep negative MR
region with negligibly small hysteresis. Therefore, the present
data suggest that the signal resulting from the CSL formation
can be successfully detected in YbNiszAly crystals when the
experimental data are acquired with a sufficiently small field
step.

Large hysteresis accompanying a sudden change of the
signal appears in micrometer-sized samples of CrNbsS¢ [11].
This behavior is associated with the transition from the super-
saturated forced ferromagnetic to the CSL phase and explained
by the scenario of the surface barrier [29]. A penetration of a
single soliton into the sample is impeded by the energy barrier
made on the surface. When the surface barrier disappears with
adecreasing magnetic field, a bunch of solitons suddenly enters
the sample. In contrast, acomparatively small hysteresis during
the CSL formation was observed in YbNi3Alg. This result
indicates that the surface barrier is very small and allows a
smooth penetration of the single soliton into the sample. A
short period of the soliton in the YbNi3Alg system may reduce
the magnitude of the surface barrier and also is favorable to
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FIG. 7. (a) Magnetic phase diagram derived from electrical trans-
port properties of the micrometer-sized YbNi;Alg crystal (sample 1).
Red open circles represent H.(T) values determined in Figs. 4(d) to
4(f), while blue open squares correspond to 7. (H ) values in Figs. 3(d)
to 3(f). A dashed gray line serves as a guide for the eye to see the
phase boundary. (b) Normalized magnetic phase diagram of sample
1. The dotted lines correspond to the phase boundaries determined
by specific heat measurements of bulk YbNi3Alg crystals [26]. (c)
and (d) Magnetic phase diagrams for samples 2 and 3. In addition to
H.(T) and T.(H) boundaries, the onset of the kink structure seen in
Fig. 3 and the hump structure found in Fig. 4 are indicated by green
solid squares and orange solid circles, respectively.

inducing the lock-in phenomena between the CSL and the
crystal.

C. Magnetic phase diagram

Figure 7 presents the magnetic phase diagrams of
micrometer-sized YbNi3zAlg crystals constructed by the elec-
trical resistance data. In sample 1, the value of H.(0) is
determined to be 0.14 T by extrapolating the H.(T) curve
toward O K as indicated by a dashed gray line in Fig. 7(a).
This value is consistent with those for the bulk crystals which
have a configuration subject to a small demagnetization effect
[26]. The experimental data points appear to provide the phase
boundaries between paramagnetic, forced ferromagnetic, and
CSL phases. In the normalized phase diagram shown in
Fig. 7(b), the observed phase boundaries are in good agreement
with those obtained by specific heat measurements [19,26].
Furthermore, the phase diagram for YbNi3Alg crystals is
qualitatively consistent with that for CrNb3S¢ crystals [30-32].

Note that the behavior which emanates from 7 at zero field
and moves towards the upper right corner is reminiscent of B20
compounds such as MnSi [33,34], FeGe [35], and Cu,0SeO3
[36]. The first-order transition induced by spin fluctuations is
discussed in those cubic compounds. In this respect, the nature
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of the phase transition is also quite an intriguing issue in 4 f
electron system chiral magnetic materials.

The magnetic phase diagrams for samples 2 and 3 present
additional data points in the CSL phase, which are due to the
lock-in behavior of the MR signals. It is clear that this anomaly
was also detected as a kink structure in the temperature
dependence of the electrical resistance in Fig. 3(f), as seen
in the phase diagram for sample 3. The locked CSL state is
an interesting feature uniquely manifested in a family of the
YbNi3Alg system and its emergence depending on the doping
level is worth investigating.

IV. CONCLUSION

Electrical resistance measurements were performed in the
micrometer-sized samples of a rare-earth chiral magnetic
crystal, YbNizAly. The steep negative MR behavior was
observed in the vicinity of H., where many stepwise MR
changes were found together with the lock-in behavior of the
MR. These observations support the existence of the CSL in

YbNi3Alg crystals as well as in Yb(Nij_,Cu,)3Alg. Among
chiral magnets, the crystal YbNizAlg is the second example
of a material capable of hosting the CSL. Following CrNb3;S¢
crystals, discretized MR signals were observed and identified
as a signature of the CSL formation in YbNi3Alg crystals.
Nevertheless, different features of MR signals in terms of
hysteresis require further experimental studies and theoretical
considerations of the physical picture of the microscopic mech-
anism of the exchange interactions as well as the scattering
process of conduction electrons on chiral magnetic phases in
the 4 f electron system, which would lead to a comprehensive
understanding of chiral magnetism.
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