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We investigate the topological Hall effect (THE) in the monoaxial chiral crystal GdPt,B, a recently discovered
compound that exhibits putative helimagnetism below 87 K. The distinct THE was observed in GdPt,B in the
magnetically ordered state. The scaling relations for anomalous and topological Hall conductivities differed from
those of conventional models based on the scattering process. We further demonstrate the clear scaling behavior
of the THE in a wide temperature range, which we attribute to the monoaxial Dzyaloshinskii-Moriya (DM)
interaction under external magnetic fields perpendicular to the screw axis. The THE induced by the monoaxial
DM interaction as well as the THE in a monoaxial chiral crystal of an f-electron system are demonstrated in this

study.

DOI: 10.1103/PhysRevB.107.214420

I. INTRODUCTION

Chirality is an important concept across many natural
sciences. In physics, the absence of mirror symmetry in mat-
ter plays a key role in chirality-induced phenomena [1-3].
In particular, an asymmetric exchange interaction, namely,
the Dzyaloshinskii-Moriya (DM) interaction [4,5], arising
from relativistic spin-orbit coupling (SOC), stabilizes chiral
helimagnetism in magnetic materials with chiral crystal struc-
tures. The competition between an external magnetic field and
magnetic interactions, including the DM interaction, induces
characteristic spin textures, resulting in exotic spin-charge
coupled phenomena such as the topological Hall effect (THE)
[6-8] and electrical magnetochiral effect [9,10].

In many studies of the magnetic and transport properties of
chiral magnetic materials, B20-type cubic chiral compounds
have been intensively investigated as archetypal chiral mag-
nets [6-9,11,12]. They crystallize into the cubic space group
P23 with four threefold rotational axes. This peculiarity of
multiple helical axes causes a complex interplay between the
external magnetic field and the DM interaction, resulting in
characteristic spin textures [8,9,11,12] and complex responses
to the direction of the magnetic field [8,13,14]. In contrast to
the cubic system, hexagonal, tetragonal, and trigonal chiral
crystals have one principal helical axis. They were classified
as monoaxial chiral crystals.

Although a relatively large number of cubic chiral he-
limagnets have been reported [15], there are few known
systems of monoaxial helimagnets with chiral crystal struc-
tures, such as intercalated transition metal dichalcogenides
(TMDs) [16-18], CsCuCl;3 [19], and YbNizAlg [20]. In the
monoaxial chiral crystals, the SOC causes “monoaxial” DM
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interaction along the screw axis [21]. The TMD magnet
CrNbsSe (space group P6322) is an intensively investigated
monoaxial helimagnet that exhibits a chiral soliton lattice
(CSL) phase under a magnetic field perpendicular to the
monoaxial DM interaction [22]. The CSL exhibits strong
coupling with conduction electrons and induces nontrivial
magnetotransport [23,24]. In addition, recent studies have
shown a topological and planar Hall effect in the tilted CSL
of a TMD [25] and transformations from a CSL to magnetic
skyrmions in monoaxial TMD crystals with confined geome-
tries [26]. However, the question of whether the monoaxial
DM interaction directly causes spin-charge coupled phenom-
ena is an important issue. We address this issue by exploring
a novel monoaxial chiral crystal system.

In this paper, we report the emergence and robust scaling
behavior of the THE in a monoaxial chiral crystal GdPt, B, un-
der a magnetic field perpendicular to the screw axis. In a series
of CePt; B-type chiral materials [27-33], the f-electron-based
magnet GdPt;B is a recently discovered compound, which
crystallizes in a hexagonal chiral space group P6422 [34]. The
hexagonal crystal structure and schematic magnetic (H-T')
phase diagram of GdPt,B are shown in Figs. 1(a) and 1(b),
respectively. GdPt;B is a metallic compound and exhibits
putative chiral helimagnetism below 7o = 87 K. The elec-
trical resistivity py,, specific heat C,, and magnetization M
exhibit a distinct phase transition at T, as shown in Fig. 1(c).
In addition, M(T) shows a weak anomaly associated with
spin reorientation at 7, ~ 50 K. The Curie-Weiss analysis
gives a positive Weiss temperature 6w ~ 100 K, indicating
ferromagnetic exchange interaction between the Gd ions. A
distinct THE was observed in bulk single crystals of GdPt,B
subjected to an external magnetic field perpendicular to the
screw axis (i.e., H was perpendicular to the direction of
the monoaxial DM interaction). This phenomenon, arising
from the competition between external magnetic fields and
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FIG. 1. (a) Crystal structure of GdPt,B. (b) Schematic magnetic
phase diagram consisting of ordered state, paramagnetic (PM), and
field-polarized ferromagnetic (FM) phases. (c) Temperature depen-
dence of magnetization M(T), specific heat (C,), and electrical
resistivity (o). p(T) and C,(T) were measured in zero field, and
M(T ) was measured in a magnetic field of uyH = 0.05 T. The C,(T')
and M (T ) data were taken from Ref. [34].

monoaxial DM interaction, has rarely been reported. We
found the scaling behavior of the THE based on a one-
dimensional (1D) Hamiltonian for monoaxial crystals. This
study demonstrates the emergence of the THE induced by the
monoaxial DM interaction as well as the THE in f-electron-
based monoaxial chiral crystals.

II. EXPERIMENTAL DETAILS

Single crystals of GdPt,B were grown using the Czochral-
ski method in a tetra arc furnace. The single crystals of
GdPt,B were oriented using a Laue camera (Photonic Sci-
ence Laue X-ray CCD camera). Hall measurements were
performed using bulk single crystals cut into thin plates with
dimensions of 1.5 x 1.5 x 0.1 mm. The longitudinal and Hall
resistances were simultaneously measured using a lock-in am-
plifier (SR-830) in a physical property measurement system
(PPMS). Magnetization measurements were performed using
a superconducting quantum interference device magnetometer
(MPMS).

III. RESULTS AND DISCUSSION

The observed Hall resistivity p;?xl’s of GdPt;B for the mag-

netic field H || [1010] and electrical current J || [0001] at 50 K
is shown in Fig. 2(a). Usually, the Hall resistivity is expressed
as follows:

Pyx = P + Py + Py (1)

The first term pgc = RoB is the ordinary Hall effect (OHE) due
to the Lorentz force, and Ry is the ordinary Hall coefficient.
The second term py";c is the anomalous Hall effect (AHE) de-
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FIG. 2. (a) Field dependence of anomalous Hall resistivity ,ovAx
after subtraction of ordinary Hall resistivity pf.))c from observed Hall
resistivity pff* at 50 K. (b) p3 — pf) at several constant tem-
peratures. (c) Topological Hall resistivity p;(H ) after subtraction
of the anomalous Hall component derived from the magnetization
(pfy = SupiM) at 50 K. (d) Extracted —p] (H) at several constant

temperatures.

rived from the magnetization of the sample. The third term ,oyTx
is the topological Hall resistivity induced by topological spin
textures. In a high-field region, the linear field dependence
of p}‘,’fs of GdPt;B can be interpreted as the ordinary Hall
effect ,08(.

The field dependence of the Hall component after remov-
ing the ordinary Hall effect, namely, p2® — o), is shown in
Figs. 2(a) and 2(b). A clear humplike anomaly was observed.
To extract the topological Hall component, we estimated the
anomalous Hall effect corresponding to the magnetization
of the sample. Generally, the anomalous Hall resistivity is

described as [35,36]
i = apu (HYM(H) + Supl (H)M (H), )

where o and Sy are material-specific constants. The first
and second terms correspond to skew scattering and intrin-
sic (Berry phase) contributions, respectively. As shown in
Fig. 2(c), the field dependence of P;; can be reasonably ex-
plained by the intrinsic contribution Syp2 (H)M(H) in the
field-polarized FM state. Here, the M (H ) data were corrected
using the demagnetizing factor D, ~ 0.8 for precise analysis
[37] (see Supplemental Material (SM) for details [38]). The
fact that p{ can be well explained by assuming an intrinsic
contribution above Ty indicates the validity of the current
analysis (see SM [38]).

The extracted topological Hall resistivity, namely,
Py (H) = pOS(H) — pg(H) — pi(H), is shown in Figs. 2(c)
and 2(d). The humplike field dependence of ,oyTx resembles
the Hall effect induced by topological spin textures such as
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FIG. 3. (a) Scaling relations between the Hall conductivity |q§’5| and the longitudinal conductivity o, for GdPt,B and several compounds
[43-45]. (b) Temperature dependence of coefficients Ry, —Sy, and maximum value of Ip;l.

skyrmion lattices in B20 chiral helimagnets [6,7,39]. The
topological Hall resistivity of GdPt;B is negative and reaches
a maximum value of |p; | = 0.14 uQcm at T = 45 K. The

order of magnitude of ,oyTx is comparable to the reported
values of topological Hall resistivity of MnGe (~0.16 u2cm
[7]) and EuPtSi (~0.12u2 cm [39]). As shown in Fig. 2(d),
the humplike anomaly in p! vanishes above the transition
temperature Tp, suggesting that the magnetically ordered state
and the spin chirality are closely related to the emergence of
the THE in GdPt,B.

Here, we discuss the scaling relation for AHE between o,
and oy, arising from the scattering mechanism. Figure 3(a)
shows a log-log plot of |oy*| versus oy,. Here, o} is de-
fined as (—pp*)/[(0yx(H)* + pex(Hy)?], where pf® is the

saturation value of p;’fs — py())c in a field of Hy [see Fig. 2(b)].

Also, oy, is calculated as [0 (Hs)1/[pyx(Hs)* + pur(Hs)?]. In
a "bad metal” regime with a small longitudinal conductivity,
the scaling law oy, o 0% has been demonstrated in several
materials [40—43]. In contrast, oy, becomes nearly constant in
the intermediate regime (o, ~ 10% to 10 Q= 'em~! [41,42]).
The data for GdPt,B and several other compounds are plotted
in Fig. 3(a). The scaling plot suggests that GdPt,;B is in the
intermediate regime, but the scaling behavior of the AHE in
GdPt;,B exhibits a peculiar temperature dependence.

At the lowest temperature (2 K), |a\{}s| is approximately
12 Q@ 'em~! with a saturation magnetic moment Mg, of
7.2 ug/Gd. As the temperature increases, |c7y’}*s| shows a min-
imum value of |0V‘}S| =0.2Q 'em™! (Mg = 6.5 ug/Gd)
at 30 K and reaches a nearly constant value of |ay’}s| ~
25 Q7 'em™! (Mg, = 4.3 pg/Gd) above 60 K. My, and mag-
netoresistance vary systematically in the high-field region.
Therefore, the temperature dependence of the AHE in GdPt,B
cannot be explained by conventional AHE scenarios. The
breakdown of the scaling relation of AHE is an interesting
phenomenon. The mechanisms such as electron-phonon scat-
tering [46] and Kondo coherence in an f-electron system [47]
have recently been discussed as the origin of the breakdown
of the scaling relation. The mechanism underlying the peculiar
scaling behavior of AHE in GdPt;B remains unclear.

Figure 3(b) shows the temperature dependence of the co-
efficients Ry and —Sy, together with the maximum value
of topological Hall resistivity |p;|max. Whereas the THE of
GdPt;,B is rapidly suppressed in the PM and field-polarized

A

FM states, and the OHE and AHE exhibit a smooth temper-
ature dependence near Tp. Ry was negative at all measured
temperatures, indicating that the electron is a dominant carrier.
The charge carrier density »n is estimated to be n = 5.74 x
10 m—3 and n = 4.20 x 10’ m—3 at 80 and 2 K, respec-
tively. Ry takes its maximum value near Tp. The coefficient
—Sy exhibits a weak temperature dependence near Tp and
reaches its maximum value at 7 = 110 K. | P;Jmax peaks near
Ty,.. ~ 50K

In order to elucidate the origin of THE in GdPt,B, we
examined the field dependence of topological Hall conduc-
tivity UVTX for H || [1010] at several constant temperatures, as
shown in Fig. 4(a). o} is calculated as [—p;| (H)1/[p,x(H)* +
Pxx(H)?]. The maximum value of o], reaches 21 Q~'cm ™" at
2 K and decreases with increasing temperature.

The THE exhibits different scattering time t dependence
depending on its mechanism, in conventional scenarios [7,48—
50]. In the case of the intrinsic mechanism due to the
momentum-space Berry curvature, the anomalous Hall com-
ponent is independent of T [41,42]. In contrast, o7 is expected
to show 2 dependence in the case of the THE induced by
topological spin textures such as magnetic skyrmions because
a fictitious magnetic flux in real space is proportional to the
number of topological spin textures in a given area [48,50,51].
We plot extreme values of ayTX as a function of o, in Fig. 4(b),
where o, is proportional to T under the assumption that #» and
the effective mass of the carrier are constant. The t depen-
dence of the topological Hall conductivity of GdPt,B differs
from those of conventional models based on momentum-
space and real-space Berry curvatures. From the power-law
fitting, we found that the extreme value of ayTx is proportional
to 1/4/7 in GdPt,B. A previous theoretical study explored the
7 dependence of the length of the topological spin texture L,
which corresponds to the length where O’;; reaches its extreme
value [52]. For short-pitch skyrmion lattices, it was verified
that L} is proportional to /7 instead of the conventional t
dependence because of the band separation in the magnetic
Brillouin zone [52]. The nontrivial 1/,/T dependence of the
THE in GdPt,B may be attributed to the specific period and
configuration of the spin texture.

The most salient feature of the THE in GdPt,B is that
its mechanism is closely related to the monoaxial DM in-
teraction. To discuss the connection between the THE and
monoaxial DM interaction, we first define H'  as the mag-

max
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FIG. 4. (a) Topological Hall conductivity o).TX as a function of magnetic field. (b) Scaling plot of the extreme value of oy{r(H, T)asa

function of o..(H, T). (c) The critical field H, as a function of the magnetic field H

HT . (e) Scaled topological Hall conductivity o\ /o T
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the magnetic phase diagram of GdPt,B for H || [1010].

netic field corresponding to the maximum value of a;.
Figure 4(c) shows the critical field of the ordered state H. as
a function of H . exhibiting a linear relationship. Thus, the
ratio of H, to H _remained constant, as shown in Fig. 4(d).
Remarkably, the relationship between H, and H,'  holds for
the entire temperature range below Tp.

To discuss the origin of the constant ratio H./H} , we
consider a simple 1D Hamiltonian [21] for monoaxial crystal
systems as follows:

H=—JY 8 Su1—D-Y SixSui+H-Y S5 )

where S; (1S;| = §) is the local moment at site i, J is the fer-
romagnetic exchange interaction between two adjacent spins,
and D (|D| = D) is the monoaxial DM interaction along the
screw axis. The third term represents the effect of the external
magnetic field perpendicular to the screw axis. Based on the
above 1D Hamiltonian, Kishine and Ovchinnikov derived H,
as follows [21]:

w\2 D?
H, = (4) S )
Equation (4) indicates that the H, is a measure of the ratio of
monoaxial DM interaction D and the ferromagnetic exchange
interaction J. Therefore, the constant ratio of H./H]  sug-
gests that the THE of GdPt,;B attains its maximum values
at a specific ratio of D?/J and the external magnetic field
perpendicular to the screw axis. The observed THE could be
scaled by the critical field H.. Figure 4(e) shows the normal-
ized topological Hall conductivity o} /o] ... as a function
of the scaled external magnetic field H/H.. The observed
robust scaling behavior indicates that the monoaxial DM in-
teraction plays a significant role in the emergence of THE in
the monoaxial chiral crystal GdPt,B.

To summarize the results of the THE in GdPt,B, we show
a contour plot of the topological Hall conductivity in the H-T
phase diagram, as shown in Fig. 4(f). An important feature is
that the THE of GdPt;B is stable at the lowest temperature
(2 K), without the influence of thermal agitations as observed
in the DM-mediated skyrmions in chiral magnets. A distinct
THE is observed only within the ordered state, and the ex-
treme value of oyTX depends on the scattering time. The results

which corresponds to (d) The ratio of H, to

T
o o .
max yx, extrm

as a function of the scaled external magnetic field H /H,. (f) Contour plot of aj_; in

indicate that the spin texture in the ordered state is related to
the emergence of the THE. In addition, H. and HY show
a constant ratio below Tp, suggesting the importance of the
monoaxial DM interaction in the THE. It is noteworthy that
the scalar spin chirality [S; - (S; x S¢)] vanishes in coplanar
spin configurations such as the simple helimagnetism and
CSL. Recent studies have discussed novel mechanisms such
as the noncollinear Hall effect in coplanar spin configurations
[53]. Magnetic structure analysis is a desirable next step in
determining the microscopic origin of the monoaxial DM
interaction—induced THE in GdPt,B.

Finally, we compare the THE in GdPt, B with those in other
material systems. In Gd-based centrosymmetric magnets such
as Gd,PdSis [54,55] and GdsRu4Alj, [56], a large THE in-
duced by the magnetic frustration in a hexagonal crystal has
been reported. The Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction produces modulated spin textures including the
skyrmion lattice with three spiral spin modulations, that is,
the triple-¢q state. Owing to the complex magnetic interactions,
the THE in Gd-based frustrated magnets is observed only in
the intermediate magnetic phase, which is different from the
present case for GdPt,;B. The dominant exchange interaction
is considered to be of the RKKY type in GdPt,B. The compar-
ison of the THE in a Gd-based monoaxial chiral crystal with
those in centrosymmetric Gd-based magnets is important for
a better understanding of the role of the DM interaction and
mechanisms of the THE. The present result is an observation
of the THE in a monoaxial chiral crystal of an f-electron
system. Another interesting example is the large THE [25]
and AHE [57] in the intercalated TMDs under the external
magnetic fields along the helical axis. In the monoaxial chiral
helimagnet CrNb;Sg, a large THE induced by a tilted CSL
state has been reported for H || ¢ (helical axis). In general, the
magnetic field along the helical axis leads to a simple conical
structure; however, the monoaxial DM interaction may be
effective for the H || helical axis. The anisotropy of the THE
in monoaxial chiral crystals needs to be clarified in the future.

IV. CONCLUSIONS

In conclusion, the large and distinct THE was observed
in the monoaxial chiral crystal GdPt,B. The characteristic

214420-4



MONOAXIAL DZYALOSHINSKII-MORIYA ...

PHYSICAL REVIEW B 107, 214420 (2023)

T dependence of the extreme value of o. and the con-

yX
stant ratio of H./H," lead to the clear scaling behavior of
the topological Hall conductivity, indicating that the THE
in GdPt;,B was induced by the monoaxial DM interaction
under external magnetic fields. The THE induced by the
monoaxial DM interaction and the THE in a monoaxial chiral
crystal of an f-electron system were demonstrated in this
study. Our findings extend the range of material system in

which the THE can be observed and demonstrate the universal

nature of the spin-charge coupled phenomena in topological
materials.
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