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In geometrically frustrated magnets, where competing 

interactions among localized spins cannot be simultaneously 

satisfied, conventional magnetic orders are suppressed. 

Consequently, spins strongly fluctuate and can form a 

disordered state known as spin liquid state (1), or 

occasionally find a route to various spin textures, including 

spin spiral orders or more complex noncoplanar orders (2, 3). 

These spin states are mutually competing in energy, resulting 

in a complex magnetic phase diagram with respect to 

temperature, magnetic field, and pressure. An emerging spin 

state can be characterized from the perspective of 

geometrical correlation of spin vectors (Si) on neighboring 

sites (i, j, k) in a lattice. For example, the vector spin chirality 

Si × Sj describes the handedness of a spin spiral (4), and the 

scalar spin chirality Si · (Sj × Sk) is connected to time-reversal 

symmetry breaking (5, 6). These composite spin parameters 

couple with charge degrees of freedom in a correlated 

electron system, causing unconventional electromagnetic 

responses (7–10). Exploration of novel spin textures via 

magnetic frustration has been one of the central recent 

directions in condensed matter physics. 

Spin configurations are characterized by topological num-

bers, which remain intact under local deformation or weak 

fluctuations (11). This concept has recently attracted growing 

interest since the discovery of magnetic skyrmion states in 

chiral magnets (12, 13). The magnetic skyrmion is a vortex-

like nanometric spin structure carrying an integer topologi-

cal number describing how many times magnetic moments 

within a skyrmion wrap a sphere (14). This quantization 

defines the particle nature of this spin texture with sensitivity 

to the electronic current and external electric/magnetic 

fields, highlighting the potential of magnetic skyrmions as in-

formation carriers (15). Extensive studies have successfully 

identified skyrmion-hosting materials in the form of both 

bulk compounds (16) and multilayer thin-film structures (17). 

From those, one can establish an empirical design principle 

for skyrmions (18, 19): they appear in crystallographic lattice 

structures that lack inversion symmetry in or at the inter-

faces. These asymmetries cause the relativistic 

Dzyaloshinskii-Moriya (DM) interaction (20, 21), which in-

herently prefers twisted spin configurations. More recently, 

this dogma has been challenged in theories (22–24) that pro-

pose spontaneous symmetry breaking by stabilizing the skyr-

mion state in centrosymmetric lattices via magnetic 

frustration; however, experimental realization and observa-

tion of unconventional electronic responses have remained 

elusive. 

Here we demonstrate that the metallic magnet Gd2PdSi3, 

composed of a triangular-lattice network of Gd atoms (Fig. 

1A) in the centrosymmetric hexagonal structure, hosts a skyr-

mion-lattice (SkL) state upon the application of a magnetic 

field (H) perpendicular to the triangular-lattice plane, which 

is robust down to the lowest measured temperature. The 

transition into the topological spin state is characterized by a 

prominent topological Hall response (25, 26), in sharp con-

trast to the adjacent magnetic phases. Using resonant x-ray 

scattering (RXS), we identify the long-range order of Gd spins 

modulated in the triangular lattice plane. The spin texture of 
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the field-induced SkL phase is consistent with a triangular-

lattice of Bloch-type skyrmions (Fig. 1B). 

Gd2PdSi3 belongs to a family of rare-earth intermetallics 

R2PdSi3 (R: rare earth) (27). Its crystal structure derives from 

the simple AlB2-type structure with a triangular-lattice of R 

atoms sandwiching a nonmagnetic honeycomb-lattice layer 

composed of Pd and Si atoms (Fig. 1A). Owing to the differ-

ence in atomic size, Si and Pd atoms order into a superstruc-

ture along both in- and out-of-plane directions (28), whereas 

the overall structure retains centrosymmetry (fig. S1A). This 

excludes the DM interaction as a source of the skyrmion state. 

Instead, the Ruderman-Kittel-Kasuya-Yosida (RKKY) type in-

teraction among the local 4f moments dominates (29–31); 

RKKY interactions on the triangular network of 4f moments 

in R2PdSi3 are moderately frustrated (32) and show rich mag-

netic phases including modulated structures (33). Specifi-

cally, in Gd2PdSi3 metamagnetic transitions have been 

observed under a magnetic field applied perpendicular to the 

triangular lattice, accompanied by nonmonotonic variations 

of longitudinal and transverse transport properties (34). 

These features suggest strong coupling between conduction 

electrons and Gd spins, and indicate that unconventional 

spin structures may emerge in the triangular-lattice network 

of Gd 4f moments. 

We first compare the magnetic phase diagram determined 

by the ac susceptibility (χ′) for H c  in Gd2PdSi3 (Fig. 1C) 

with the contour mapping of the topological response of each 

phase probed by the topological Hall resistivity 
T

yxρ  (Fig. 1D). 

Owing to the topological nature of skyrmions, they show 

characteristic emergent electrodynamic responses (14). In 

metallic materials, in particular, the scalar spin chirality of 

skyrmions acts like a fictitious magnetic field, which gener-

ates a transverse motion of electrons; this is known as the 

topological Hall effect (THE) (25, 26, 35). The transverse re-

sistivity 
yxρ  is generally composed of three components 

 
0

T

yx S yxR B R Mρ ρ= + +   (1) 

where the first and the second terms are the normal and 

anomalous Hall resistivities proportional to the magnetic in-

duction field B and the magnetization M, respectively, and 

the third term represents the topological component. Be-

cause the first two terms can be determined from magnetiza-

tion measurements, 
T

yxρ  can be extracted reliably and is 

considered a good probe for the existence of skyrmions or re-

lated topological spin states in various materials (36). As 

shown in Fig. 1C, peaks in χ′ with respect to H (fig. S2) define 

the phase boundaries for the three magnetic phases (IC-1, A, 

and IC-2) in addition to the paramagnetic (PM) state (34). In 

the H-T phase diagram, we overlay the contour plot of 
T

yxρ  

(Fig. 1D), which is deduced from the Hall resistivity measure-

ments. The enhanced topological Hall signal appearing 

exclusively in the A phase region suggests that in Gd2PdSi3 

the application of H induces topological phase transitions in 

the context of spin textures. The magnitude of the THE at the 

lowest temperature is as large as 2.6 μΩcm, which is one or 

two orders of magnitude larger than that in other skyrmion 

hosting materials such as MnSi (40 nΩcm under high pres-

sure) (25, 26, 35, 37) and FeGe (0.16 μΩcm in a thin film) (38). 

This must be partly caused by a shorter wavelength of the 

spin modulation (~2.5 nm) (fig. S5), which squeezes the emer-

gent magnetic flux of a skyrmion, in contrast to the relatively 

large size of skyrmions (10 ~ 100 nm) in typical noncentro-

symmetric (chiral or polar) magnets (36). 

To corroborate the observation of the THE in the A phase, 

we show a typical -yx Hρ  curve together with the M for H c  

at 2 K (Fig. 2A). A sharp positive enhancement of 
yxρ  is ap-

parent in the region between two stepwise changes of M de-

fining the first-order like transitions to and from the A phase. 

In the IC-2 phase and higher field region, on the contrary, 

yxρ  stays negative with nearly field-linear behavior, at least 

up to 140 kOe (fig. S3A), where M is 13.7 μB/f.u. approaching 

the saturation value expected for the value of local Gd mo-

ment. This nearly saturated phase in principle hosts a topo-

logically trivial spin arrangement, allowing us to describe the 

Hall response with the first two terms in Eq. 1. The black solid 

line in Fig. 2A shows the fit to the high-field data of 
yxρ . The 

fitting quality is excellent for all measured temperatures (fig. 

S3A), which allows us to unambiguously extract 
T

yxρ  from 
yxρ  

(Figs. 2B and 1C). We note that the quality of the fit is little 

affected by using a different formula, e.g., assuming skew 

scattering type anomalous Hall effect (fig. S4). Figure 2C 

shows the evolution of the peak in 
T

yxρ  with temperature. 

Continuous decrease of 
T

yxρ  toward zero around 20 K sug-

gests that this response is affected by the magnitude of the 

molecular field from 4f moment on the conduction electron 

through an f-d coupling, consistent with the scalar spin chi-

rality model for the THE (35). We note that the effective mag-

netic field (Beff) for the maximum 
T

yxρ  is around −39 T (39), 

which is a factor of ( )0.07 P≡  smaller than the bare emer-

gent magnetic field (Bem ~ −570 T) estimated from the skyr-

mion density. The polarization factor P is one order of 

magnitude smaller than those in MnSi under pressure (P ~ 

0.25-0.38) and slightly-doped Mn1−xFexSi (P ~ 0.3-0.45) (37). 

This may be caused by the moderate f-d coupling in the pre-

sent rare earth system as compared with the strong d-d cou-

pling in transition metal compounds. 

To further examine the nature of the SkL state in the A 

phase, we present the Hall resistivity as a function of the an-

gle between H and the c axis in the experimental 
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configuration illustrated in the inset of Fig. 2D. At 

( )0 H cφ =    with H = 9.9 kOe in the A phase, 
yxρ  starts 

from a large positive value. As H rotates clockwise away from 

the c axis, the value of 
yxρ  remains flat until it experiences 

an abrupt drop to near zero at around 45φ = 
. A hysteresis 

with the width of ~ 15° is observed between clockwise and 

counter clockwise rotation scans of H, pointing to the first-

order nature of this H-direction sensitive phase transition. 

This should be compared to thin film systems (40, 41), where 

the SkL is confined in a two-dimensional space, and survives 

only in an H oriented nearly perpendicular to the lattice 

plane. Similar behavior may be expected for the present sys-

tem composed of stacked triangular-lattice layers. The above 

observation provides a measure of the topological number for 

the spin texture where the topological Hall signal sharply 

transitions from finite to zero upon the destabilization of the 

SkL state. In contrast, at H = 40 kOe far above the upper crit-

ical field of the A phase, a smooth evolution of 
yxρ  is observed 

with negligible hysteresis. This high-field 
yxρ , whose abso-

lute magnitude is much smaller than the SkL signal, follows 

cos  φ  (black solid line in Fig. 2D), indicating that M closely 

follows the rotating H and that the projection of M and B to 

the c axis produce the first two terms in Eq. 1 as dominant 

contributions to 
yxρ  outside the A phase region. 

Having identified the emergence of a topological electro-

magnetic response in the A phase, we examined the Gd spin 

structure under H along the c axis by means of the magnetic 

RXS in resonance with the Gd L2 edge. We observed the mag-

netic modulation along in-plane directions represented by 

the reciprocal-space vector Q1 = (q, 0, 0) (and equivalent Q2 

= (0, −q, 0) and Q3 = (q, −q, 0)), in the magnetically ordered 

phase (39). Here, q (~ 0.14 r.l.u.) is the magnetic modulation 

wavenumber. In Fig. 3, A and B, we show M and q, respec-

tively, as a function of H, which is applied along the c axis; 

the data were taken at 5 K. To define the phase boundary for 

each phase, we show the difference ΔM between the measure-

ments of M for the H-increasing and decreasing scans (Fig. 

3A). In the IC-1 phase, q is almost independent of H, and 

starts to gradually increase on entering the A phase and fur-

thermore in the IC-2 state. Despite the clear first-order nature 

for each transition (vertical gray lines), q shows merely a 

weak kink at each phase boundary and changes only 4% in 

total between 0 Oe in the IC-1 phase and 20 kOe in the IC-2 

phase. The orientation of the Q vectors with respect to the 

triangular lattice does not change across these metamagnetic 

transitions. This restricts the candidate spin textures for each 

phase to the spin modulations with one or several equivalent 

Q vectors plus a component of homogeneous magnetization 

(q = 0) along the c axis. This is consistent with the intermedi-

ate-field SkL state which can be seen as a superposition of 

three spiral spin modulations with their magnetic modula-

tion vectors lying in the triangular-lattice plane and pointing 

120° away from each other. 

Figure 3C shows the H dependence of the scattering in-

tensities for respective satellite peaks for the three Q vectors 

measured around a Bragg spot (2, 2, 0) in the H-decreasing 

scan. Starting from the high-field IC-2 phase region (10 kOe 

< H < 20 kOe), we observed that the intensity for one of the 

Q vectors (IQ2) is markedly weak compared with IQ1 and IQ3. A 

fan-like structure (fig. S7A) provides a good explanation for 

this feature as follows. Polarization analysis of the scattered 

x-ray, which enables to decompose the in-plane ( )m⊥  and 

out-of-plane ( )zm  components of the modulated magnetic 

moment (39), reveals the negligibly-weak modulating 
zm  

component (fig. S6B) for the magnetic structure of the IC-2 

state. We thus propose that a possible magnetic structure for 

the IC-2 state is a fan-like or a transverse conical structure 

(fig. S7, A and B), both of which are lacking global scalar spin 

chirality in accord with the absence of a topological contribu-

tion in 
yxρ . Of the two proposed magnetic structures, the fan 

model gives a better fit to the observed intensity, although 

both fit show deviations from experiment. The observed im-

balance of the scattering intensity among the three Q-do-

mains is suggestive of the single-Q nature of this phase, and 

stems perhaps from residual strains on the sample induced 

by shaping and attaching it on the sample holder (42). 

With decreasing H (Fig. 3C), the intensities for all the 

three Q vectors show a step-wise increase upon entering the 

A phase. Such a simultaneous increase of intensity for every 

Q is associated with the developing 
zm  (modulation compo-

nent) as shown in Fig. 3D, which is absent in the IC-2 phase. 

This fact points to a noncoplanar spin texture in the topolog-

ical A phase. Further decreasing H (Fig. 3C), the intensity for 

each Q vector is almost unchanged while a prominent peak 

in ΔM (Fig. 3A) suggests a first-order phase transition from 

the A phase to the IC-1 phase. The polarization analysis re-

veals the presence of an 
zm  component (fig. S6A) comparable 

with that of the A phase, suggesting a similarity of the spin 

configurations for both phases. 

Looking back to the polarization analysis for the A phase 

(Fig. 3D), the intensity π πI − ′  for the π-π' channel ( )2

zm∝  is of 

almost the same magnitude for all Qi, consistent with the tri-

ple-Q nature of the skyrmion state. ( )( )2

π σ i m kI ′− ⊥∝ ⋅  is, on 

the other hand, correlated with m⊥  to show clear Qi depend-

ence. For the Bloch-type SkL state, the spin texture is com-

posed of a superposition of the three proper-screw spin 

modulations (Fig. 3E), where m⊥  is perpendicular to each Qi 

vector (Fig. 3E, inset). As shown in Fig. 3F and the inset, the 
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direction of Q2 is particularly closer to ki than Q1 and Q3 are, 

i.e., the direction of m⊥  for Q2 is closer to the direction nor-

mal to ki than those for Q1 and Q3. This feature is consistent 

with the Q dependence of π σI − ′ . Furthermore, a quantitative 

comparison between the calculated and observed intensities 

reveals that the magnetic structures in the A phase can be 

reproduced by hybridization of the three proper screws with 

equivalent amplitude plus the uniform moment along z (fig. 

S6C), being consistent with the picture of the Bloch-type SkL 

state. We note that this spin texture spontaneously breaks the 

inversion symmetry and potentially hosts domains for hand-

edness of skyrmions. Preference for the Bloch-type spin con-

figuration over the Néel or the antiskyrmion types ones is 

consistent with the effect of the dipole-dipole interaction (14, 

43), which is generally significant in Gd compounds. 

The scattering intensities in the IC-1 state (fig. S6, A and 

C) suggest that the IC-1 state may also be of triple-Q nature 

as well but forms a spin texture topologically distinct from 

that of the A phase. We note that there remains a degree of 

freedom for the phase (
iϕ ) among the three helical modula-

tions (39). When the 
iϕ  for each 

iQ -vector is 0 (mod 2π), the 

triple-Q state is equivalent to the Bloch-type SkL state as ex-

emplified by the A phase here. For 6iϕ π= , the triple-Q state 

is composed of a triangular-lattice of merons and antimerons 

(fig. S7C) with no net scalar spin chirality at zero field; this is 

compatible with the observed features for the IC-1 state (39). 

The possible emergence of a triple-Q zero-field ground state 

(IC-1) may be an interesting difference from the conventional 

nonocentrosymmetric skyrmion-hosting systems, which typ-

ically show a single-Q helical state as the zero-field state (36). 

We also note unconventional features beyond the conven-

tional helical or conical state in the IC-1 phase. As shown in 

Fig. 2B, 
T

yxρ  starts to gradually increase from zero field prior 

to a steep increase characterizing the transition to the skyr-

mion state, which can be explained by the proposed non-co-

planar nature in the IC-1 state: the meron-antimeron lattice 

can show an H-induced scalar spin chirality (39). 

According to existing theories, skyrmion phase down to 

the lowest temperature is enabled by the magnetic frustra-

tion with support from additional effects, such as magnetic 

anisotropy owing to the spin-orbit coupling (23, 44) and 

higher-order RKKY-like interaction (24). Interestingly, it is 

predicted that the latter mechanism can stabilize a zero-field 

multiple-Q state (albeit not identical with the present IC-1 

state) (45), suggesting that nearly degenerate multiple-Q or-

ders may exist in the ground state of the RKKY-based inter-

metallics. We observe that the magnetic structure for the IC-

1 phase shows a certain ellipticity of the spin spiral form (fig. 

S9), which is suggestive of weak easy-plane anisotropy play-

ing some role to stabilize the IC-1 state. 

In addition to the enhanced topological Hall effect, it has 

been theoretically predicted that the skyrmion in a centro-

symmetric lattice shows unique properties such as the com-

patible formation of antiskyrmion with skyrmion (22, 23) and 

the helicity dependent current responses (43, 44). These 

properties provide the skyrmions as individual particles with 

internal degrees of freedom, which are absent in noncentro-

symmetric systems with innate chirality or polarity. The con-

duction-electron mediated competing magnetic interactions 

on a geometrically frustrated lattice will provide a platform 

for emergent electrodynamics owing to topological spin tex-

tures and will provide a link between the concepts of spin 

topology and magnetic frustration. 
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Fig. 1. Phase diagram and topological Hall effect 

in Gd2PdSi3. (A) The basic AlB2-type crystal 

structure for Gd2PdSi3. (B) The illustration of the 

spin texture in the skyrmion lattice (SkL) state. Each 

arrow indicates a magnetic moment at each Gd site. 

(C and D) The contour plot of (C) χ′ and (D) T

yxρ  (see 

the text for the definition) for H c . “A” represents 

the SkL phase and “PM” the paramagnetic phase. 

The “IC-1” and “IC-2” denote incommensurate spin 

state phases in near-zero and high-field regions, 

respectively. Circular (triangular) symbols were 

determined by a peak or a kink in χ′-H (χ′-T) scan 

(see fig. S2). 
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Fig. 2. Temperature and angular dependence of the topological Hall 

effect in Gd2PdSi3. (A) H dependence of 
yxρ  (left axis) and M (right axis) for 

H c  at 2 K. Red (blue) curve is for the H-increasing (-decreasing) scan. The 

black curve indicates the sum of the normal ( )N

yxρ  and the anomalous ( )A

yxρ  

components of Hall resistivity. (B) H dependence of topological Hall 

component T

yxρ  at various temperatures. (C) Temperature dependence of 

the maximum values of ( )T T,max yx yxρ ρ . (D) Normalized transverse resistivity 

at 2 K with H rotating in the ac plane. Red (blue) symbols and green solid 

(dashed) line are in a (counter-) clockwise rotation. Inset defines the 

rotation angle φ . The reference line cosφ  is shown by the black solid line. 
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Fig. 3. Analysis of spin textures by resonant x-ray scattering. (A) H dependence of M in H-increasing (black 

dashed line) and decreasing (black solid line) sweeps and the difference between them (∆M, purple solid line). 

(B) q, and (C) integrated intensity for each magnetic satellite peak at Qi (i = 1,2,3) around the Bragg peak (2, 2, 

0), measured at 5 K and in an H-decreasing sweep. (D) The intensity profile of magnetic reflection of each 

polarization channel for each (-)Qi at 5 K with H c  of 7 kOe in the A (SkL) phase region. Red (blue) circle is for 

the π-π′ (π-σ′) channel, which is approximately proportional to the ( )( )2

i

2  k mzm ⊥⋅  (39). π (σ) corresponds to 

the x-ray polarization parallel (perpendicular) to the (0, 0, L) plane, respectively. (E) Schematic real space 

texture for the Bloch-type SkL state with the definition of Qi (i = 1, 2, 3). Inset: proper-screw type modulation 

component propagating along Q1. zm  and m⊥  represent the respective c-axis and ab-plane components of the 

magnetic moments. (F) The illustration of x-ray scattering condition in the reciprocal space. The inset is the 

magnified view around the (2, 2, 0) indicating the relationship between Qi and ki. 
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