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Abstract

We have investigated the magnetic property and charge-transport property for the kagome frus-
trated antiferromagnet DyAgGe with the ZrNiAl-type crystal structure by measurements of mag-
netization, resistivity and resonant X-ray scattering. The magnetization curve shows the 1/9-,1/3-
5/9- and 7/9-plateaus of saturated magnetization under the magnetic field along the c-axis before
entering the forced ferromagnetic phase at 7.3 T and 2 K. Magnetic superlattice X-ray reflections
with the modulation vector (1/3, 1/3, 0), resonantly enhanced at the Dy L3 edge, are observed
in these plateau phases. All of these phases, except for the 1/9-plateau phase, evolve into the
paramagnetic phase around 12-15 K with strong competition among them in the field range of 4-6
T. Furthermore, we found the large negative magnetoresistivity and anomalous Hall resistivity not
proportional to magnetic field or magnetization near and above the magnetic transition tempera-
ture around 3-7 T. For comparison, we also investigated the charge-transport for the isostructural
magnet DyPtIn, which does not exhibit the field-induced multiple phase transitions. In contrast
with the behavior of DyAgGe, DyPtIn does not show remarkable magnetoresistivity and anoma-
lous Hall resistivity near and above the magnetic transition temperature. The anomalous Hall
effect persisting above the magnetic transition temperature is likely caused by spin fluctuations
enhanced by the competing multiple magnetic phases through the scalar spin chirality mechanism

in DyAgGe.



I. INTRODUCTION

Electromagnetic response arising from nontrivial spin textures in magnetic metals has
received of great interest in modern condensed matter physics. The anomalous Hall effect
(AHE) or topological Hall effect (THE) is a typical example, where the Hall effect is induced
by the magnetism in metals and semiconductors [1]. This is well exemplified by skyrmion
magnets, which typically emerge in chiral and geometrically frustrated magnetic systems
2, 3]. In skyrmion magnets, itinerant electrons moving on noncoplanar spin texture acquire
the spin Berry phase proportional to the scalar spin chirality (SSC), which is defined by the
solid angle subtended by three spins as xy = 57 - (S x S3) [4-9]. The spin Berry phase acts
as the fictitious magnetic field for itinerant electrons, thereby giving rise to the topological
Hall effect. In particular, the SSC is scaled to the Skyrmion density in real space and/or
momentum space, and its modulation often results in the giant THE, offering potential for

spintronic applications.

In addition to the case of long-range ordered noncoplanar spin textures, the Hall effect
can also arise from fluctuating or spatially inhomogeneous spin textures that lack long-range
magnetic ordering. Conventionally, it is known that electron scattering off localized mag-
netic defects can give rise to the extrinsic AHE via skew scattering or side-jump mechanisms
[1]. The extrinsic AHE is generally small in its magnitude, but recent studies demonstrate
that it can be remarkably enhanced by spin fluctuation or magnetic domain walls in topo-
logical semimetals [10, 11]. On the other hand, it has been also known that the transient
noncoplanar spin textures generated by thermal spin fluctuations can induce AHE through
the SSC. Indeed, in double-exchange ferromagnets, the AHE emerging near the transition
temperature has been attributed to thermally induced topological spin texture [12, 13]. More
recently, it has been demonstrated that spin fluctuations can trigger the large AHE with the
tangent of anomalous Hall angle (tan fy) more than 0.01 [14-20]. Notably, the large AHE
due to the thermally induced SSC has been observed even in collinear antiferromagnets. For
example, a recent study argues that thermally induced solitonic spin fluctuations can cause
large AHE that persists far above the magnetic transition temperature in collinear antiferro-
magnets exhibiting a magnetic devil’s staircase [18]. Nevertheless, it remains unclear what
kind of magnetic ordering or phase transition induces the large AHE persisting above the

transition temperature, and thus its observation has been limited to a few magnetic metals.
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In this context, geometrically frustrated magnets with unconventional spin excitation or
magnetic transition offer a platform to search the remarkable spin-fluctuation induced AHE.
The RAgGe (R =Tb-Lu) is one of typical frustrated magnetic metals, which crystallize in the
ZrNiAl-type structure [21]. As shown in Figs. 1(a) and (b), the R-site forms the distorted
kagome lattice in the ab-plane, which stacks along the c-axis. The magnetic interaction of
R-4f moment is mediated by conduction electrons, and the competing intersite interaction
or geometrically frustrated interaction induce a variety of unconventional magnetic states
for R=Tb, Dy and Ho [21-23]. For example, HoAgGe exhibits several magnetic phases with
noncollinear magnetic structure including the spin ice state under the magnetic field along
the b-axis [23-25]. In particular, the recent studies demonstrate that the AHE persists in
wide temperature regime up to about four times of the magnetic transition temperature,
which is attributed to the skew scattering from fluctuating spins [26].

Field-induced multiple phase transitions are also observed in DyAgGe, which exhibits
collinear antiferromagnetic orderings. In this material, the antiferromagnetic ordering occurs
at 15 K (= Tn1), followed by a second magnetic transition at 12 K (= Tx2) under zero
magnetic field [22, 23]. The wave vector of the antiferromagnetic ordering is characterized
by (1/3,1/3,0), and the Dy magnetic moment lies in the be-plane, forming a tilt angle
of about 50° with respect to the c-axis, as shown in Figs. 1(a) and (b). Such multiple
magnetic phase transitions on the kagome lattice may induce peculiar spin fluctuations and
magneto-transport properties in DyAgGe, but these phenomena have not been elucidated so
far. In this study, we investigated the magnetic property and magneto-transport property
for DyAgGe by measurements of magnetization, Hall resistivity and the resonant magnetic

X-ray scattering.

II. EXPERIMENTAL METHODS

Single crystalline samples of DyAgGe were grown by using the Ag-Ge rich self-flux tech-
nique [23]. The starting materials Dy, Ag, and Ge were placed in an aluminum crucible
in a molar ratio of 1 : 6.8 : 2.3, and sealed in an evacuated quartz ampoule. The quartz
ampoule was heated up to 1100 °C, held at that temperature for 24 h, and then cooled
to 850 °C over 135 h. Following slow cooling, the ampoule was quenched to room tem-

perature, and the remaining solution was separated by centrifugation. The single crystal
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was ground into powder form, which was examined by X-ray diffraction using a commercial
diffractometer (Rigaku MiniFlex) with Cu-Kay and -Kas radiation sources [see also Fig. S1]
[27]. Resistivity measurements were performed using the four-probe method in a Physical
Property Measurement System (Quantum Design) over the temperature range of 2-300 K
and in magnetic field up to 14 T. The magnetization measurements were performed using
the Dynacool System equipped with the VSM option from 2 K to 300 K under the magnetic
field up to 14 T. The resonant magnetic X-ray scattering was performed under the magnetic
field at the BL-3A, Photon Factory of KEK, Japan. The magnetic field was applied along

the c-axis up to 6 T by using a commercial superconducting magnet.

III. RESULTS AND DISCUSSION

Figure 1(c) shows the temperature dependence of magnetization for DyAgGe under the
magnetic field (B) along the c-axis. For B = 0.1 T and 0.5 T, the magnetization shows two
anomalies at Tx; and Tyg, consistent with previous studies [22, 23]. Above 2 T, the anomaly
at Tnp remains, whereas that at Tys is not clearly observed except for the case of B =5 T.
Figure 1(d) shows the field dependence of magnetization at various temperatures. At 2 K,
the magnetization exhibits plateaus at 1/9, 1/3, 5/9 and 7/9 of the saturated magnetization
[see also the inset to Fig. 1(d)] and is nearly constant above 7.6 T. Here, the 5/9-plateau
phase is clearly visible only during the process of increasing the magnetic field [see inset to
Fig. 1(d)]. All data shown below under finite magnetic fields were measured during the
process of increasing the magnetic field. We note that the saturated magnetization is about
6.4 pp/f.u., which is consistent with the expected value for the Dy-4f moment (9.9 pup)
tilted by approximately 50° from the c-axis. With increasing temperatures, these plateaus
are gradually smeared out and vanish around 14 K.

Based on the magnetization results, we constructed the magnetic phase diagram in the
temperature—field plane as shown in Fig. 2 (a). The 1/9-plateau phase is confined to the
low-field, low-temperature region below approximately 1.3 T and Tx», while the 1/3-plateau
phase (7/9-plateau phase) extends over a relatively wide field-temperature region of 1-4.5
T (5.4-7.1 T). Notably, the 5/9-plateau phase emerges within a narrow region between
the 1/3- and 7/9-plateau phases. According to the previous study, at 1.5 K, the Dy-4f

moments show the collinear antiferromagnetic structure with a wave vector of (1/3, 1/3, 0),

5



forming the v/3 x /3 magnetic unit cell at zero magnetic field [22]. To gain insight into
the magnetic state under the magnetic field, we investigated the magnetic wave vector by

means of resonant X-ray scattering.

Figure 2(b) shows the scattering spectrum of (H,8/3,0) magnetic superlattice reflection
measured at 4.5 K [see also Fig. S2] [27]. The incident X-ray is nearly m-polarized, but the
scattered X-ray includes both ¢’- and n’-polarized components. Here, o and 7 denote the
polarization component perpendicular and parallel to the scattering plane, respectively. At 0
T, a clear peak is observed around H = 0.67, which is consistent with the antiferromagnetic
structure with the wave vector (1/3, 1/3, 0). The peak becomes more pronounced at 2 T but
diminishes above 4.8 T. We plot the integrated intensity and full width at half maximum
of peak as a function of magnetic field in Fig. 2(c). With increasing the magnetic field,
the peak intensity slightly increases in the 1/3-plateau phase, decreases sharply near B
(= 4.7 T) and becomes nearly constant above 5 T. This is in contrast with the behavior
of peak width, which does not significantly change under the magnetic field. These results
suggest that the antiferromagnetic structures with v/3 x v/3 magnetic unit cell is maintained
in the 1/3-, 5/9-, and 7/9-plateau phases, while the detail of magnetic structure could not
be determined at the present stage [see also Fig. S3] [27].

With the magnetic phase diagram established, we proceed to discuss the charge transport
properties. Figure 3(a) shows the temperature dependence of resistivity (pz.). At 0 T, the
resistivity shows a sharp peak at Ty, attributed to the carrier scattering by spin fluctuation,
while only a slight change in gradient is observed at Ty,. Figure 4(a) shows the magnetore-
sistivity measured for B||c at various temperatures. At 2 K, four anomalies due to the
field-induced phase transition are clearly observed in agreement with the results of magne-
tization. With increasing temperature, the anomalies gradually diminish, and only a single
peak remains at 14 K. Above 16 K, the peak structure is no longer observed, but the mag-
netoresistivity exhibits a downturn around 3-7 T. The negative magnetoresistivity is most
pronounced near Ty;, but remains observable even at high temperatures. To quantify the
temperature dependence of negative magnetoresistivity, we plotted the magnetoresistivity-
ratio defined as Apy./pr(0 T) with Apye = [pee(14 T) — p2(0 T)] in Fig. 3(b). The
significant negative magnetoresistivity is observed not only near Ty; but also up to around
60 K. This suggests that the spin fluctuation occurs over wide temperature range above Ty,

resulting in the remarkable electrons scattering.
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Figure 4(b) shows the Hall resistivity (p,,) at various temperatures. At 2 K, p,, in-
creases almost linearly with the magnetic field up to 5 T and above 7.6 T, primarily due to
the ordinary Hall effect, and displays several anomalies due to the magnetic transitions in
intermediate field region. As the temperature increases, the anomalies gradually diminish
and evolve into a hump-like structure around 6 T at 12 K. Interestingly, the remnant of the
hump-like structure persists even above Ty, leading to a B-nonlinear behavior of p,, up to
around 40 K. Finally, the B-linear dependence is recovered at around 100 K.

In general, the Hall effect in magnetic metals originates from the anomalous or topological
Hall effect in addition to the ordinary Hall effect. To qualitatively evaluate each contribution,
we derived the Hall conductivity o4y = pye/ (07, + p2,), and analyzed it using the following

three-component-model,

_ O M notM
Ozy = Uzy + ny + U:):y (1)

The first, second and third terms represent the ordinary Hall component (05, = RoB/(p2,+

py.)], the anomalous Hall component in proportion to M (o)) = S4M) and the residual

not M

oy ), which is proportional neither to B nor to M, respectively. Here, we

component (o
assumed the intrinsic mechanism in the coherent transport regime for 0% [1, 28]. Figure 5
displays the analyzed results as well as the magnetization curve. At 2 K, 0,, shows several
steps or dips at field-induced magnetic transitions. Except these anomalies, o, is well re-

produced by the sum of 0% and o))} (0% + o2) as exemplified in Fig. 5(a2). Consequently,

ope'™ is vanishingly small over the entire magnetic field range [see Fig. 5(a3)]. At 14 K,
notM

agy + O'% is slightly deviated from o, around 6 T, resulting in a peak structure of o7

notM
zy

not M
Ty

The deviation is much enhanced at 30 K, and consequently, o exhibits a pronounced

peak around 8 T. At 50 K, a similar behavior is observed, but o appears to be slightly

suppressed. At 100 K, o, is again well reproduced by axoy + a%, resulting in the negligible

notM

Uycy .

not M
)
not M
zy

not M

, we show the contour plot of oy

To visualize the field-temperature variation of o
on the temperature-field plane in Fig. 6(a). o is small in the magnetically ordered
phases but is remarkably enhanced near and above Ty; around 4-10 T, below which the
1/3-, 5/9-, 7/9-plateaus and enforced ferromagnetic phases are keenly competing with each

other. We also show the temperature dependence of o} and oo™ at 8.5 T in Fig. 3(c).
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o™ is typically less than 50 Q'em™" below Ty, but remarkably increases above Ty,

L around 30 K. At higher temperatures, it gradually decreases

reaching about 150 Q 'cm™
and becomes substantially small at 80 K. On the other hand, 0% is nearly temperature
independent below Ty but is discontinuously enhanced at Txo. In particular, the tangent

of anomalous Hall angle (tan fap) reaches more than 0.02 at 12 K. With increasing tem-

M

zy monotonically decreases but remains to be substantial at 80 K. We note that

perature, o

o™ reaches about one-half of o)) around 30 K, whereas the former is smaller than the

latter in all temperature regions.
To clarify the relationship between the magnetic ordering and anomalous Hall response,
it is instructive to compare with the results for DyPtIn, which also crystallizes in the ZrNiAl-

type structure but exhibits ferromagnetic ordering with canted spin structure at 27 K [29, 30].

not M

vy, respectively. As shown

Figures 7 (a)-(d) show the resistivity, magnetization, o,, and o
in Fig. 7(a), the resistivity shows a typical metallic behavior with a small anomaly around 22
K, which is slightly lower than the transition temperature in the previous report [see also the
inset to Fig. 7(a)]. This is in contrast with the remarkable anomaly at Ty; for DyAgGe. As
shown in Fig. 7(b), the magnetization curve shows a simple ferromagnetic-like behavior with
the saturated magnetization about 6 pp/f.u.. This is consistent with the previous report,
which demonstrates that the easy axis is tilted by about 37° from c-axis, similar to the case
of DyAgGe [30]. As shown in Fig. 7(c), 0., shows a step-like structure below 1 T and nearly
linearly increases with the magnetic field at 2 K. The former and latter are attributed to
the anomalous Hall component and ordinary Hall component, respectively. As temperature

increases, the step-like anomaly becomes progressively smeared out, leading to a broad dip

around 4 T at 40 K. Notably, 0., is well fitted by amoy + O'% over the entire temperature

not M
xy

not M

o above Txi

range, resulting in the small o . These results suggest that the enhanced o
in DyAgGe originates from the unconventional spin fluctuation associated with the multiple

field-induced phase transitions, or equivalently, competing magnetic phases.

On the basis of these results, we consider the mechanism of AHE persisting above the
magnetic transition temperature. At first, we consider the mechanisms of 0’%. One possible
mechanism is conventional skew scattering from spin fluctuation. However, it is recognized
that the magnitude of skew scattering is not significant unless the charge transport is in the
highly conductive regime p,, < 107® Qcm. In the present material, the resistivity is more

than about 5x 10™* Qcm [see Fig. 3(a)]. Therefore, the relatively large tan 65 (> 0.02) may
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not be explained by the conventional skew scattering mechanism. More plausible scenario is
the intrinsic mechanism (Berry curvature mechanism) in momentum space. Indeed, recent
study argues that the Weyl nodes emerge near the Fermi energy in HoAgGe [26]. The
significant Berry curvature due to Weyl nodes may also induced 0% with relatively large
anomalous Hall angle in the present material.

On the other hand, J”OtM gradually increases above Ty and reaches the maximum around

”OtM above

30 K, indicating that its origin is different from that of 0 . The enhancement of o)
magnetic transition temperature is unconventional, but recent studies suggest that the SSC
induced by thermal spin fluctuation can cause the anomalous Hall effect or topological Hall
effect even above the magnetic transition temperature [16, 17, 19, 31, 32]. It is well known
that the sum of the thermally induced SSC among three neighbouring sites on the kagome
lattice over the entire crystal is finite, which manifests as the finite Hall signal [5-7]. In
Fig. 6 (b), we plot J”OtM as a function of the magnetization normalized by the saturation
magnetization (M /M), where M is defined as the magnetization at 2 K and 14 T. Near and

notM-at various temperatures commonly exhibits a maximum around M/M, =

above Tn1, 0
0.6—-0.8, 1ndlcat1ng that a”"tM is enhanced in partially spin polarized state. Similar AHE or
THE are often observed in ferromagnets or frustrated magnets with complex spin texture,
which are attributed to the SSC-induced Berry phase or multiple skew scattering [13, 17-19,
33-35]. In this context, it is likely that U”OtM originates from the SSC-induced Berry phase
or multiple skew scattering mechanism in the present material. Recent theoretical studies
based on Ji-Js-J3 Ising model on the kagome lattice propose the emergence of classical
spin liquid phase with 1/9-, 1/3-, 5/9- and 17/27-magnetization plateaus, which can be
viewed as the self-organization of unconventional domain-wall structure or spin clusters
[36, 37]. Although the magnetic structure of each plateau phase is not clear in DyAgGe,
the fluctuation of similar domain-wall structure or cluster spin excitation promoted by the

multiple phase competition may cause the SSC and resultant AHE persisting in the wide

temperature-field region.

IV. CONCLUSION

In this study, we have investigated the magnetic property and charge-transport for the

kagome antiferromagnet DyAgGe, which crystallizes in the ZrNiAl-type structure, with a
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focus on the anomalous Hall effect due to the spin fluctuation. The magnetization curve
shows the 1/9-, 1/3-, 5/9- and 7/9-plateau under the magnetic field before reaching the
forced ferromagnetic phase at 2 K. The 1/9-plateau (5/9-plateau) phase is observed in nar-
row region below 1 T (around 5 T), below 10-11 K, respectively. On the contrary, the 1/3-
and 7/9-plateau phases appear over relatively wide field ranges and turn into the param-
agnetic state around 13-15 K. The results of resonant magnetic X-ray scattering show that
the magnetic superlattice reflection with the wave vector (1/3, 1/3, 0) commonly appears
in these plateau phases, indicating the antiferromagnetic or ferrimagnetic ordering with the
V3 x /3 unit cell. The negative magnetoresistivity becomes remarkable around 3-7 T and
15 K, below which the 1/3-, 5/9- and 7/9-plateau phases are strongly competing with each
other. Moreover, the anomalous Hall conductivity not proportional to magnetic field or mag-
netization grows up above 15 K with increasing temperature. In particular, the anomalous
Hall conductivity exhibits a maximum around 30 K and persists up to approximately 60 K.
As a comparison, we also examined the magnetic property and magneto-transport property
for the isostructural DyPtIn without complex magnetic transitions. In this material, the
pronounced anomalous Hall resistivity not proportional to the magnetic field or magneti-
zation is not observed both below and above the magnetic transition temperature. Based
on the analysis of Hall conductivity, it is likely that the thermal spin fluctuation, enhanced
by the competing multiple magnetic phases, gives rise to the scalar-spin-chirality-related

anomalous Hall effect persisting well above the magnetic transition temperature.
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FIG. 1. (a) The schematic view of kagome layer of RAgGe with R = Dy [38]. The Dy constitutes
the distorted kagome lattice in the ab-plane. Arrows denote the Dy-4f moment. Solid line and
dashed line denote the unit cell and magnetic unit cell, respectively. (b) The crystal structure of
DyAgGe. The Dy-4f moment is tilted by about 50° from c-axis in the be-plane. (c¢) The temperature
of magnetization of DyAgGe for B||c . Open and closed triangles denote T and Tig, respectively.
(d) The field dependence of magnetization of DyAgGe for Bl|c. The dashed line denotes the 1/9,

1/3, 5/9 and 7/9-plateau. The inset shows the magnified view of magnetization for 5/9-plateau.
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FIG. 2. (a) The magnetic phase diagram for DyAgGe. Closed (open) symbols are determined from
the field (temperature) dependence of magnetization. (b) The resonant magnetic X-ray scattering
around (H, 8/3, 0). The incident beam is m-polarized, while the scattered X-ray contains both
o'~ and 7'-polarization. (c) The closed circles and open squares denote the field dependence of
scattering intensity and full width at half maximum (FWHM) of (2/3, 8/3, 0) reflection. The thick

line is the guide to eyes.
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FIG. 3. (a) The temperature dependence of resistivity in the ab-plane under the zero magnetic
field. (b) The temperature dependence of magnetoresistivity-ratio defined as Apgy/pze(0 T) with

Apry = [pzz(14 T)—pze (0 T)]. (c) The anomalous Hall conductivity in proportion to magnetization

J% (open triangles) and that not proportional to magnetic field and magnetization J%tM (closed

circles) at 8.5 T.
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FIG. 4. (a) The magnetoresistivity (b) the Hall resistivity for DyAgGe. pgs (pyz) below 100 K is
offset by 20uQem (2uf2em) for clarity. The magnetoresistivity and Hall resistivity were measured
as the magnetic field was increased. The closed circle, closed triangle, open triangle and closed
square denote the magnetic transitions at B¢, B, Bes and By, respectively. The open circle in

(b) shows the hump-like structure of p,, (see also the main text).
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FIG. 5. The magnetization M, Hall conductivity ., and Hall conductivity not proportional to
the magnetic field and magnetization aQZﬁM for DyAgGe. The dashed curves in (a2)-(e2) denote
the sum of the ordinary Hall conductivity and anomalous Hall conductivity proportional to M

(crgy + 0%). The vertical dashed lines denote the magnetic transitions at B.1, Beo, Beg and Bey.
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FIG. 6. (a) The contour plot of anomalous Hall conductivity not proportional to M (ag;tM ) for

DyAgGe. The closed circle, closed triangle, open triangle and closed square denote the magnetic

transitions at Bei, Bea, Bes and Bey, respectively. (b) U;L;tM as a function of normalized magneti-

zation (M /M) with M, being the magnetization at 2 K and 14 T.
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FIG. 7. (a) The temperature dependence of resistivity for DyPtIn under zero magnetic field. (b)
Magnetization curve of DyPtIn for Bl|c. (¢) The anomalous Hall conductivity proportional to M
(0%). The dashed curves denote the sum of the ordinary Hall conductivity and anomalous Hall

conductivity proportional to M (o*a?y + o%). (d) Anomalous Hall conductivity not proportional to

M (opothh),
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