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Skyrmions emerging in centrosymmetric materials have garnered significant interest. GdGa,, a recently discovered
centrosymmetric antiferromagnet with a triangular lattice, has been proposed to host possible Néel-type skyrmions exhibit-
ing an extremely short magnetic periodicity in the so-called A-phases. Here, we report the magnetic and magnetotransport
properties of GdGa; single crystals. Hall anomalies beyond magnetization scaling emerge at intermediate magnetic fields,
coinciding with the skyrmion-hosting A-phases. The small amplitude of the Hall anomalies may be attributed to the short
period of the spin textures. In contrast, the transport behavior of TbGa; single crystals is well described by a conventional
two-band model. This discrepancy likely arises from distinct Ruderman—Kittel-Kasuya—Yosida interaction strengths and/or
magnetic anisotropy between the two crystals. Our results establish GdGa, as a new material platform for the exploration

of skyrmion physics in centrosymmetric systems.
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1. Introduction

Magnetic systems with a triangular lattice offer a fer-
tile playground for the exploration of a host of quantum phe-
nomena, e.g., quantum criticality, quantum spin liquids, and
skyrmions.!!3) Magnetic skyrmions — vortex-like nanoscale
spin textures — have attracted significant research interest
due to their potential applications in next-generation spin-
tronic devices and information storage technologies.*~”! Con-
ventionally, skyrmions are stabilized by the Dzyaloshinskii—
Moriya interaction in non-centrosymmetric materials, [8-101
but have recently been observed in centrosymmetric sys-
tems where competing magnetic interactions enable their
formation.!'!! Notable examples include tetragonal Eu(Al,
Ga)4 >3], GdRu,Siy,[1%!7] and the breathing-kagome com-
pound Gd3Ru4A112.[18’19] Another Gd-based compound,
Gd,PdSi; with a triangular lattice, has also been identified
as a typical material hosting a skyrmion lattice.?*?! In these
centrosymmetric Eu- or Gd-based materials, skyrmion stabi-
lization mechanisms primarily involve magnetic anisotropy
and frustration. Here, exchange frustration may be facili-
tated by geometric aspects (kagome and tetragonal lattices)
and can exhibit either short-range or long-range Ruderman—
Kittel-Kasuya—Yosida (RKKY) character.!?>%3! Hall resistiv-
ity measurements serve as critical probes for detecting such
non-trivial spin textures, as skyrmions endow the electron
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wavefunction with a finite Berry phase that manifests as a
topological contribution to the transverse transport. >4
REGay (RE = Gd, Tb) compounds are centrosymmet-
ric frustrated magnets with triangular lattices. Recent reso-
nant elastic x-ray scattering (REXS) measurements on GdGa;
revealed a complex superposition of various cycloidal spin
textures, possibly in the form of skyrmion lattices exhibit-
ing an extremely short magnetic periodicity (0.54 nm) within
the A-phases (Ty <25 K, 3 T < upH < 7 T), suggesting po-
tential for ultrahigh-density storage applications. > However,
transport evidence of skyrmions in GdGa, remains lacking.
Here, we present systematic magnetization, longitudinal resis-
tivity, and Hall resistivity measurements of REGa; single crys-
tals. Anomalies beyond the ordinary Hall contribution and the
conventional anomalous Hall contribution with magnetization
scaling are identified in the Hall resistivity of GdGa,, with a
typical amplitude of ~ 0.07 uQ-cm. The phase region exhibit-
ing such a finite topological Hall contribution corresponds to
part of the A-phases determined by REXS experiments. In
contrast, no comparable anomalies are detected in the Hall
resistivity of TbGay, which is well described by a two-band
model of the ordinary Hall effect. We discuss the implications
of our results for the study of skyrmions in centrosymmetric

rare-earth magnets.
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2. Experimental details

Single crystals of GdGa; and TbGa; were grown via the
Pb-flux method.!?®! High-purity Gd/Tb, Ga, and Pb were com-
binedina 1:2: 10 molar ratio in an alumina crucible, sealed in
an Ar-filled quartz tube. The mixture was heated to 1000 °C
for 10 h and then cooled to 400 °C at 1 °C-min~!. To ob-
tain sizable crystals, thermal cycling was implemented: heat-
ing to 850 °C (120 min), cooling to 400 °C (1 °C-min~"), re-
heating to 700 °C (1 °C-min~"), and final cooling to 400 °C
(1 °C-min~1). Centrifugation at 400 °C removed the Pb flux,
yielding high-quality plate-like single crystals (typical dimen-
sions: ~ 1 x 1 x 0.1 mm?®) as shown in Fig. 1(b) inset.

Crystal orientation and phase purity were characterized
by x-ray diffraction (XRD) using a PANalytical X’Pert Pro
x-ray diffractometer with Cu K« radiation. Rietveld refine-
ment of powder XRD patterns was performed using the Full-
Prof suite. Electrical transport properties were measured using
a cryogen-free magnets property measurement system. Mag-
netic properties were characterized with a Quantum Design
magnetic property measurement system. For all measure-
ments, the magnetic field was applied parallel to the c-axis
(H || ¢), while electrical transport measurements employed
current within the ab-plane (I || ab) using a four-probe direct
current (DC) configuration with 10 mA current.

To eliminate spurious contributions to transport measure-
ments arising from non-ideal Hall contact alignment, the lon-
gitudinal component of the Hall resistivity py, was removed
via antisymmetrization: py,(H) = (pxy(H) — pxy(—H)) /2.
Conversely, for the longitudinal resistivity pyy, the extraneous
transverse contribution was eliminated through symmetriza-

tion: pri(H) = (pxx(H) + pxe(—H)) /2.

3. Results and discussion
3.1. Crystal structure

REGa; compounds crystallize in a centrosymmetric
hexagonal AlIB,-type structure, featuring alternating triangu-
lar lattice rare-earth and honeycomb Ga atomic layers along
the c-axis (Fig. 1(a)). This geometrically frustrated configura-
tion promotes competing magnetic interactions that may sta-
bilize unconventional magnetic ground states. [*7]

The phase purity and crystal structure of the synthesized
REGa, single crystals were verified by room-temperature
powder XRD. Samples prepared under identical conditions
exhibit consistent structural characteristics, with GdGa, se-
lected as the representative system for detailed analysis. Pow-
der XRD with Rietveld refinement confirmed the phase purity
of GdGa; and quantified the phase composition, revealing a
dominant GdGa, mass fraction of 97.16% with trace surface
Pb residues (2.84%) from the flux (Fig. 1(b), top). Refine-
ment identified these Pb impurities, with characteristic peaks

clearly labeled in XRD data collected on both the powder (top)
and single crystal (bottom) of Fig. 1(b). XRD data collected
on the single crystal revealed prominent (00/) reflections, in-
dicating that the sample surface normal is aligned with the c-
axis. These minor Pb impurities have a negligible impact due
to their low superconducting critical fields (< 0.1 T) and their
removal via surface polishing prior to transport and magnetic
measurements.
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Fig. 1. (a) Crystal structure of REGa, viewed perpendicular to (top) and
along (bottom) the c-axis. RE and Ga atoms are denoted by blue and grey
spheres, respectively. (b) Top: Room-temperature powder XRD pattern
and Rietveld refinement of GdGa,. The black circles represent the ob-
served data, the red line represents the fitted pattern, the black line repre-
sents the difference between the observed and calculated intensities, and
the blue bars indicate the Bragg peak positions. Bottom: Single-crystal
XRD pattern confirming the (00/) orientation of the largest natural sur-
face. Asterisks mark Pb-derived impurity peaks. Inset: Optical image of
hexagonal crystals, showing the ab-plane.

3.2. Transport and magnetic properties of REGa, (RE =

Gd, Th)

The temperature-dependent electrical resistivity p and
magnetic susceptibility ¥ were characterized for GdGa, and
TbGa,. Both compounds exhibit metallic behavior and un-
dergo a paramagnetic-to-antiferromagnetic transition upon
cooling, as evidenced in Fig. 2.

For GdGay, the resistivity p decreases gradually between
2-50 K due to diminishing magnetic scattering as magnetic
moments progressively order. At Ty = 15 K, p exhibits an
anomaly (indicated by arrows in Fig. 2(a)). This transition
temperature coincides with a sharp anomaly in the magnetic
susceptibility y(T) (Fig. 2(b)), suggesting the onset of a mag-
netic phase transition, which is subsequently identified as an-
tiferromagnetic ordering based on the negative Curie—Weiss
temperature (discussed below). The lower Ty compared to
Tn = 25 K reported in the literature is attributed to different
growth conditions.!*! A second resistivity anomaly emerges
at T, = 6 K, consistent with prior reports,?®! signifying a spin
reorientation within the antiferromagnetic phase as confirmed
by neutron diffraction.>”! No corresponding anomaly in (T
is observed at 7;. The inset of Fig. 2(b) displays the inverse
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susceptibility (7). Linear fitting was performed according
to the Curie—Weiss law

C

K= g

6]
where C is the Curie constant and 6, is the paramagnetic Curie
temperature. The fitted 6, = —105.9 K confirms dominant an-
tiferromagnetic interactions.

TbGa; exhibits no discernible resistivity anomaly. How-
ever, magnetic susceptibility x (7') measurements reveal an an-
tiferromagnetic transition at Ty = 15 K (Figs. 2(c) and 2(d)).
The Curie-Weiss fit to x(7)~' in the inset of Fig. 2(d) yields
6, = —149.1 K, further confirming dominant antiferromag-
netic interactions.
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Fig. 2. Electrical and magnetic properties of GdGa, and TbGa, under an
applied magnetic field. (a) Electrical resistivity p(7') of GdGa,. (b) Mag-
netic susceptibility x(7) of GdGa, measured under zero-field cooling.
Inset: Curie-Weiss fit (dashed line). (c) Electrical resistivity p(T) of
TbGay,. (d) Magnetic susceptibility x(7') of TbGa, measured under zero-
field cooling. Inset: Curie—Weiss fit (dashed line).

Comprehensive field-dependent magnetization M(H),
longitudinal resistivity py.(H), and Hall resistivity p.,(H)
measurements were performed on GdGa; and TbGa; single
crystals. Data were acquired with the magnetic field applied
parallel to the crystallographic c-axis (H || ¢), as presented in
Fig. 3.

GdGaj; exhibits unsaturated magnetization M(H) in both
the paramagnetic and antiferromagnetic states (Fig. 3(a)). The
nonlinear Hall resistivity py, in the paramagnetic phase (e.g.
T = 18 K > Tn) suggests multicarrier transport (Fig. 3(b)),
consistent with the de Haas—van Alphen effect.[?8] To verify
this interpretation, p.(H) and p,,(H) were simultaneously fit-
ted using a two-band model

1 (nnptn +nefe) + (e + UNTSITNTN &
e (nntn +neple)? + (nn — ne)* g uZH?

H (nnpt} —nep?) + (ny — ne) u p2H?

e (mnpn +neple) + (nn —ne) g p2H?

pxx(H) =

;@

Pxy (H) = 3)

where ny, (ne) and U (Ue) denote the hole (electron) density
and mobility. At T = 18 K (T > 1Ty), the model describes the

data well (red dashed curves, Figs. 3(b) and 3(d)). In con-
trast, at 7 = 2 K (the antiferromagnetically ordered state),
M(H), pxy(H), and p.(H) display kinks around poH ~ 4 T
(Figs. 3(a), 3(c), and 3(d)), preventing a global two-band fit-
ting over the entire 0—7 T field range. This behavior likely
originates from spin textures that modify electron dynamics.
Consequently, the anomalous 2.5-5.5 T region was excluded,
and segmented two-band fits were performed (see Fig. 3),[%%)
allowing reliable extraction of the transport parameters (ny,
ne, Up, and L) from the unaffected field ranges. The low-
temperature anomalies will be analyzed in detail in the next
section.
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Fig. 3. (a)—(d) Field-dependent (a) magnetization M (H), (b) Hall resis-
tivity pyy(H) at T = 18 K, (c) Hall resistivity py,(H) at T =2 K, with
the inset showing a zoomed-in view of the intermediate-field data, and (d)
longitudinal resistivity py(H) of GdGa; at selected temperatures (H || ¢).
Dashed curves: two-band fits at selected temperatures using Egs. (2) and
(3). (e)—(h) Corresponding (€) M(H), ) Py (H) atT =20K, (g) Py (H)
at T = 2 K, with the inset showing a zoomed-in view of the intermediate-
field data, and (h) py(H) of TbGay. Dashed curves: two-band fits at
selected temperatures.

Similar to GdGay, TbGa, exhibits unsaturated magneti-
zation M (H) in both the paramagnetic and antiferromagnetic
states (Fig. 3(e)). AtT =20 K (T > Tn), both the Hall resistiv-
ity pxy (H) and the longitudinal resistivity p, (H) display non-
linear field dependence over the range 0—7 T, which is well de-
scribed by the two-band model (red dashed curves in Figs. 3(f)
and 3(h)). In the magnetically ordered state at 7 = 2 K, no
kinks are observed in M (H), p., (H), or py (H) over the full
field range, and the data remain equally well described by
the two-band model (red dashed curves in Fig. 3(g)). Conse-
quently, global two-band fitting yields the parameters (ny, 7,
Un, and Ue) throughout the investigated temperature and field
regimes.
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Fig. 4. Temperature-dependent parameters obtained from two-band fitting. Dashed vertical lines denote the magnetic transition temperatures Ty
or T;. (a) Electron density n. and mobility (. for GdGa,. (b) Hole density n, and mobility uy, for GdGa,. (c) Electron density n. and mobility

Ue for TbGay. (d) Hole density ny, and mobility uy, for TbGas.

The fitted parameters (np, 7e, Up, Ue) for GdGa; and
TbGa; are summarized in Fig. 4. Both materials exhibit sys-
tematic suppression of carrier mobility with increasing tem-
perature, attributable to enhanced electron—phonon scattering.
While GdGa; shows an overall increase in carrier density with
increasing temperature, TbGa, exhibits an increase in electron
density (n.) accompanied by a decrease in hole density (n,).
These results may not fully reflect the intrinsic carrier param-
eters in the antiferromagnetic state, as possible contamination
from the anomalous Hall effect component proportional to the
magnetization M cannot be excluded (see the discussion in the
next section). Future studies employing angle-resolved pho-
toemission spectroscopy and ab initio band-structure calcula-
tions are needed to elucidate the electronic structure of REGa,.

3.3. Hall anomalies and magnetic phase diagram in
GdG32

In metallic systems, the Hall resistivity p,, can generally
be decomposed as

Pry = P+ APsy = Py + Py + Py, )

where pg, pg,, and pry denote the ordinary, anomalous, and
topological Hall resistivities, respectively.[>*! As noted in the
previous section, py, (H) and py (H) in GdGa, exhibit kinks
around UgH ~ 4 T at T = 2 K, precluding reliable two-band
fitting in the adjacent field range (2.5-5.5 T). Given the con-
sistency of ordinary Hall behavior with the two-band model
in the paramagnetic state, segmented fits were therefore per-
formed below 2.5 T and above 5.5 T. The model accurately
describes the data in these regimes (Fig. 5(a), thick red curves).
Extrapolating these parameters to the full field range 0-7 T re-
veals pronounced deviations between experimental and fitted

Pxy in the intermediate-field region, particularly at 7 =2 K
(Fig. 5(a), thin red curve). We use Ap)'cy to quantify these devia-
tions (Fig. 5(b)). Applying the same analysis procedure to data
collected from 2 K to 15 K, the intermediate-field anomaly in
|Ap)’0,| is found to be suppressed above 7' = 6 K (Fig. 5(c)).
Between 2 K and 6 K, the peak values of |Ap)’(y| decrease
monotonically with increasing temperature.

Figures 5(d) and 5(e) present the temperature-dependent
evolution of magnetization (M) and magnetoresistance (MR)
from 2 K to 12 K under applied magnetic fields H. A
weak magnetic hysteresis emerges in M (H) between 2 K and
6 K, accompanied by kink-like features in MR within the
intermediate-field region. The anomalous Hall resistivity p;}
typically scales with M, p.,M, or p2.M. Over the field range
investigated here, M (H) exhibits predominantly linear behav-
ior with an approximately constant slope despite the presence
of hysteresis (Fig. 5(d)). Consequently, pg. may also con-
tribute a field-linear background. As a result, the two-band
fit may not capture the genuine pg,, and Ap)’cy may therefore
not correspond exactly to Apy, in Eq. (4). Nevertheless, the
temperature and field dependence of the Hall anomalies re-
mains unaffected. The intermediate-field Hall anomaly Ap)’cy
exhibits a characteristic nonmonotonic field dependence, in-
creasing and then decreasing with magnetic field. Such behav-
ior cannot be explained by the conventional anomalous Hall
effect, which typically varies monotonically with field, and in-
stead originates predominantly from the topological contribu-
tion pry, superimposed on an incompletely subtracted linear
background.

We define the critical fields H.; and H., as the onset
and termination points of the magnetic hysteresis at low and
high fields, respectively. The corresponding kink positions in
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MR are identified in the same manner. These critical fields,
combined with the temperature-dependent }Ap)’cy| data shown
as background colormaps, are used to construct the magnetic
phase diagram presented in Fig. 5(f). Notably, the region be-
tween H.; and H,, coincides with enhanced ‘Ap)’cy] values (red
regions), reminiscent of the A-phases reported in Ref. [25]
— specifically the entire Al-phase and part of the A2-phase.
Reference [25] identified these A-phases via REXS measure-
ments within approximately 3—7 T and at temperatures be-
low 25 K, suggesting multi-q cycloidal spin textures that may
form a Néel-type skyrmion lattice. The Hall anomalies ob-
served here thus provide transport evidence for the possible
existence of magnetic skyrmions in GdGa,. Further verifica-
tion using magnetic force microscopy or spin-polarized scan-

ning tunneling microscopy is therefore highly desirable. 3!
Compared to the maximum transverse topological Hall re-
sistivity p;y reported for centrosymmetric antiferromagnets
Gd,PdSiz (2.6 uQ - cm)?%! and GdRu,Si, (0.3 pQ - cm),!'
GdGa, exhibits a relatively small Hall anomaly amplitude
of 0.07 Q- cm. Although Ref. [25] reports an extremely
short magnetic period of only 0.54 nm for GdGa,, the es-
timated skyrmion sizes in Gd,PdSiz and GdRu;Si, are ap-
proximately 2.5 nm and 1.9 nm, respectively,!'6-2° which
fall within the large-skyrmion regime.l3!! If GdGa, lies in
the small-skyrmion regime, its Hall resistivity is expected to
decrease with reducing skyrmion size, whereas in the large-
skyrmion regime the Hall resistivity increases as the skyrmion

size decreases. 32!
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Fig. 5. (a) Hall resistivity py, (H) of GdGa, at T =2 K (H || ¢). Thick red curve shows the two-band fit for goH < 2.5 T and > 5.5 T using
Eqgs. (2) and (3). Thin red curve represents the extrapolation to the full field range (07 T). (b) Absolute residual |Ap)’(y| at 2 K. (c) Temperature-
dependent |Apxy (H )'} for GdGa,. Arrows indicate the direction of increasing temperature. (d) Magnetization M (H) hysteresis at the indicated
temperatures (solid: descending field; dashed: ascending field). Grey lines mark the critical fields H,; and He,. (e) Magnetoresistance MR (H)
at selected temperatures. Grey lines indicate kink positions corresponding to H.; and Hc,. (f) Magnetic phase diagram with }Ap)’ry‘ shown as a
colormap. The color scale is optimized to highlight regions with enhanced }Ap;y ‘ Phase boundaries, denoted by dashed grey lines, are estimated
visually and serve as a guide to the eye. The enhancement of |Ap)’(y| within the H.—H,, range aligns with the A-phase region, consistent with

the Al- and partially the A2-phases reported in Ref. [25].

In the low-temperature and low-field phase of GdGa,, a
further transition to phase I with crystallographic distortion
and concomitant domain formation was reported in Ref. [25]
based on magnetization and thermal expansion measurements.

This dis-

crepancy may arise from growth-dependent magnetic prop-

We do not observe evidence for this transition.

erties: the Bridgman-grown crystals in Ref. [25] versus our
Pb-flux-grown samples likely possess distinct defect densi-
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ties and strain states, potentially affecting subtle phase transi-
tions in magnetization. Importantly, this does not compromise
the analysis of possible skyrmion-induced transport anomalies
within the A-phases of GdGa;.

It has been proposed that skyrmions in centrosymmet-
ric materials, primarily Gd- and Eu-based rare-earth mag-
nets, arise due to magnetic frustration, with spin anisotropy
also possibly contributing.!?*33] Frustration in these magnets
originates from the competition among short-range exchange
interactions and/or long-range RKKY interactions in itiner-
ant magnets, although which mechanism dominates remains

2334361 Recent studies on Gd,PdSi3 suggest

controversial.!
that local Dzyaloshinskii-Moriya interactions, resulting from
inversion symmetry breaking around Gd-Gd bonds due to
inequivalent Pd—-Si layer stacking, may also play a role de-

e.[371 How-

spite the overall centrosymmetric crystal structur
ever, such a mechanism appears unlikely in ideally structured
GdGa;. In GdGa,, conduction electrons interacting with pos-
sible skyrmions acquire a Berry phase, which manifests as an
emergent magnetic field and gives rise to the Hall resistivity

anomalies we observed.

4. Summary

In summary, we have systematically characterized the
magnetic properties and electrical transport of GdGa; and
TbGa, single crystals. Both compounds exhibit conventional
two-band ordinary Hall behavior, while GdGa, displays addi-
tional field-induced Hall anomalies. The extracted topological
contribution emerges in a region of the magnetic phase dia-
gram that primarily coincides with the Al-phase previously
determined by REXS, which is suggested to host a possible
skyrmion lattice. Further confirmation of skyrmions in GdGa,
will require local-probe techniques such as Lorentz transmis-
sion electron microscopy. These findings identify GdGa; as a
new centrosymmetric rare-earth magnet candidate for hosting
skyrmions and provide insights into unconventional skyrmion
stabilization mechanisms.
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