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Fluctuation-driven topological Hall effect in
room-temperature itinerant helimagnet
Fe3Ga4

Priya R. Baral 1,2,3 , Victor Ukleev 2,4, Ivica Živković 3, Youngro Lee 3,
Fabio Orlandi 5, Pascal Manuel 5, Yurii Skourski6, Lukas Keller2,
Anne Stunault7, J. Alberto Rodríguez-Velamazán 7, Robert Cubitt 7,
Arnaud Magrez 3, Jonathan S. White 2, Igor I. Mazin 8,9 &
Oksana Zaharko 2

The topological Hall effect (THE) is a hallmark of a non-trivial geometric spin
arrangement in a magnetic metal, originating from a finite scalar spin chirality
(SSC). The associated Berry phase is often a consequence of non-coplanar
magnetic structures identified by multiple k-vectors. For single - k magnetic
structures however with zero SSC, the emergence of a finite topological Hall
signal presents a conceptual challenge. Here, we report that a fluctuation-
driven mechanism involving chiral magnons is responsible for the observed
THE in a low-symmetry compound, monoclinic Fe3Ga4. Through neutron
scattering experiments, we discovered several nontrivial magnetic phases in
this system. In our focus is the helical spiral phase at room temperature, which
transforms into a transverse conical state in appliedmagnetic field, supporting
a significant THE signal up to and above room temperature. Our work offers a
freshperspective in the search for novelmaterialswith intertwined topological
magnetic and transport properties.

The study of quantum materials with non-trivial topological properties
has gained increasing popularity in condensed matter physics due to
their potential applications in ultra-low-power electronic devices1–3. The
topological nature of these materials is determined by the emergent
magnetic field arising from the unique geometric properties of the
electronic band (spin) structure in reciprocal (real) space, which have
the potential to support a locally enhanced Berry curvature. The
anomalous Hall conductivity is a direct experimental manifestation of
the topological contributions from these bands, appearing as an addi-
tional component to the normal Hall signal4,5. Moreover, the overall Hall
signal may exhibit a third component, known as the topological (or

geometrical) Hall effect (THE), which arises from non-coplanar spin
arrangements in real space. The latter is quantified by the so-called static
scalar spin chirality (SSC), defined as χijk=Si ⋅ (Sj×Sk) in the discrete
(localised-spins) limit with Si,j,k being neighbouring spins, forming a tri-
angle electrons can hop around6. Equivalently, in the continuous limit of
magnetisation m relatively slowly varying in space, the same quantity
can be defined in terms of a vectors variable, called “emergentmagnetic
field”, as Bα = 1=2

P
βγeαβγm � ð∂βm×∂γmÞ, where α, β, and γ are Car-

tesian coordinates in real space. This emergent field deflects conduction
electrons and produces a finite THE, among other emergent
phenomena3,7–10.
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Not all non-coplanar structures generate a finite scalar spin chir-
ality. For instance, a conical spiral (see Fig. 1a), described by the
equation dm=dz =Ω×m+m0, where z is the direction of the spiral
propagation, and Ω and m0 are arbitrary vectors, obviously has zero
emergentfield, even in the non-coplanar case ofm0 �Ω≠0, because for
a non-zero B one needs to have magnetisation varying along two
independent directions. Similarly, a combination of two helical spirals
can also not generate B ≠0. Indeed, one can show that in this case
B = 1=2m2m � ðΩ1 ×Ω2Þ, which averages to zero.

However, it was realised in recent years that multiple spirals can
generate THE, if they are properly combined. This includes three
independent spirals (and each of them can be flat)11–14, or two spirals
combined with a net uniform magnetisation (as indicated by the
equation above)15–17, as well as other non-coplanar arrangements that
cannot be described as combinations of spirals18,19.

Interestingly, significant topological Hall signals have been
recently observed in a topologically trivial magnetic phase of kagome-
layered YMn6Sn6, known as the transverse conical spiral (TCS) state,
which formally carries zero scalar chirality and emergent field20.

As schematically shown in Fig. 1a, the TCS state is obtained after a spin-
flop while applying an in-plane magnetic field to the helical spiral and
can be visualised as a cycloid propagating orthogonally to the applied
magnetic field, together with a uniform magnetisation along the field.
The appearance of a THE in YMn6Sn6 is attributed to a dynamical
effect, where directional breaking of time-reversal symmetry leads to
an unbalanced population of chiral magnons with a given handedness,
i.e. a nematic spin chirality. The resulting susceptibility generates the
necessary SSC to promote the THE signal at elevated temperatures,
and the THE amplitude is roughly proportional to the temperature.
Experimental realisations of fluctuation-driven THE are currently
scarce and largely restricted to the family of hexagonal RMn6Sn6
compounds20–22, though the theory is generic and is not limited to any
symmetry of the lattice.

In this connection, it would be intriguing to discover other non-
chiralmaterials that nevertheless exhibit topological Hall effect arising
due to the fluctuation-driven mechanism. To this end, we turn our
attention to the itinerantmagnet Fe3Ga4.We construct amore detailed
magnetic phase diagramwith additional phases compared to the ones
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Fig. 1 | Magnetic field-induced dynamical scalar spin chirality in Fe3Ga4.
a Schematics of the two counter-rotating spirals propagating along c* and −c*,
respectively. A longitudinal (transverse) conical spiral state is formed when mag-
netic field is applied along (orthogonal to) the direction of spiral propagation.
Preferential excitation of magnons with a particular handedness generates a
dynamic scalar spin chirality. The topological Hall effect could exist in the cases
shown to the right and could not in the cases to the left. b Unit cell of Fe3Ga4
projected onto the ac-plane showing four inequivalent Fe1−4-sites (filled coloured

circles) and the inversion centres (empty black circles). The overall structure can
be conceived as Fe-slabs stacked along the c axis, schematically shown by yellow-
shaded regions. Two different types of Fe-Fe paths (shorter than 2.95Å) are drawn:
the intra-slab couplings are shown by solid lines, while the dashed lines represent
the inter-slab couplings along the c-axis. c Magnetic phase diagram constructed
from temperature and field-dependent magnetisation measurements. The colour
map corresponds to the magnetisation evolution in various phases.
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currently found in literature by combining high-resolution magneto-
metry and electrical transport data23,24. Our neutron diffraction results,
combined with spherical neutron polarimetry (SNP), provide strong
support for thehelical spin arrangement at elevated temperatureswith
moments rotating in the ab-plane, which flops into a TCS state in
magnetic fields applied along the a- or b-axis. We propose that the
observedTHE results fromanunbalanced excitationof chiralmagnons
in an applied magnetic field, suggesting a dynamic origin of the SSC.
This mechanism is conceptually similar to that in YMn6Sn6, but occurs
in a completely different magnetic material. The topological Hall sig-
nal, which is proportional to the emergentmagneticfield generated by
this SSC, varies linearly with temperature at a fixedmagnetic field. This
observation strengthens our claims about its dynamic origin. The
results obtained for the TCS phase as well as for the zero field helical
spiral phase are discussed in conjunction with other regimes of the
thoroughly explored phasediagram. Themagnitude of the topological
Hall signal is comparable to that measured in topologically non-trivial
skyrmion hosts. Our findings demonstrate an alternative route for
generating a geometrical Hall response in itinerant spiral magnets at
elevated temperatures.

Results
Crystal structure and complex magnetic phase diagram of
Fe3Ga4
Our target material crystallises in a centrosymmetric structure shown
in Fig. 1b with the monoclinic unit cell (C2/m, a = 10.0966(5) Å,
b = 7.6650(4) Å, c = 7.8655(4) Å, and β = 106.25(4)∘ at T = 300 K25).
Results from detailed structural characterisation using single crystal
X-ray diffraction can be found in supplementary materials section I.
The complicated network of four inequivalent Fe-sites can be sepa-
rated into Fe-slabs stacked along the c-axis. Within each slab the
nearest iron distance does not exceed 2.95 Å and majority of the Fe-
bonds contain no inversion centre at the middle, allowing for local
Dzyaloshinskii-Moriya interaction (DMI). The Fe slabs have not only
geometrical, but also electronic relevance for magnetic properties
discussed below, since the DFT spin spiral calculations26 point to the
energy minimum for magnetic spirals with propagation vectors along
the Q = (0, 0, qz) reciprocal lattice vector.

The complex magnetic phase diagram in Fig. 1c contains numer-
ous phases which we identify by magnetisation and ac susceptibility
measurements. As shown later in this article, various scattering tech-
niques together with transport measurements have been used to
understand the macroscopic features of the identified phases. Mag-
netisation data presented in Fig. 2a indicates magnetic ordering of
Fe3Ga4 at temperature T4 around 720 K. On cooling three successive
magnetic transitions could be distinguished, at T3≃ 420 K, T2 ≃ 370K
and T1≃ 53 K signalling the onset of Phases VI, III and I, respectively.
The existence of the previously unreported PhaseV is evident from the
additional magnetometry data presented in supplementary materials
Fig. S2b. As discussed later in the article, we also observe strong sig-
natures at the boundaries of Phase V in the electrical transport
measurements.

Non-coplanar magnetic order at zero field in Phase III
A THE signal was previously detected in the applied magnetic field
within the temperature range 68K < T < 360K23, which corresponds to
Phase IV in our magnetic phase diagram shown in Fig. 1c. Thus, our
discussion starts with the nature of magnetic order arising in the zero
field state within the same temperature range, that is Phase III. As
shown in Fig. 2a, in presence of a small magnetic field, the occurrence
of this phase is signalled by a strong gradual reduction in themagnetic
moment at the high-T side, T2, and by an order of magnitude sharp
increase in the net magnetisation at the low-T side, T1. To characterise
magnetic anisotropy in Phase III we measure the change of magneti-
sation within the ac- and a*b-planes (Fig. 2b). Apparently,

magnetisation follows the ordermc≫ma ≥mb suggesting almost equal
moment distribution in the ab-plane. A possible interpretation con-
sistent with this scenario could be a spiral propagating along c*

direction, whose local moments are confined within the ab-plane.
A previous neutron diffraction study showed that phase III is

incommensurate (ICM), with the propagation vector k= (0 0 γ), where γ
is temperature dependent and varies between ~0.24 and ~0.29 r.l.u.27.
Two contradictingmodels for the ICMmagnetic order are proposed: an
amplitudemodulated spin density state (ASDW) and a helical state, both
propagating along c*. While in the ASDWmodel magnetic moments are
confined within the ac-plane with only the Fe4 moments possessing a
small b-component27, the magnetic moments rotate in the ab-plane in
the helical model26,28.

In order to clarify the nature of magnetic order in Phase III we
employ a combination of single-crystal neutron diffraction (SND) and
SNP experiments (see Methods for further details). A snapshot of the
reciprocal space map obtained with high-resolution on the time-of-
flight diffractometerWISH at ISIS is shown in Fig. 2c. Besides the ICM c*
component reported earlier by Wu et al.27, we also detect a small
component along h (Fig. 2c, d). Thus the ICM reflections should be
properly indexed as (h + α, 0, l + γ). This does not lower the magnetic
symmetry, however, since (h + α, 0, l + γ) and (0, 0, l + γ) belong to the
same plane of symmetry in the first Brillouin zone. Both α and γ change
with temperature and field. At T = 255 K for a low−Q reflection Qa

2, α
and γ are determined to be 0.007 and -0.240, respectively, see Fig. 2d.
The other low−Q satellite Qa

1 inside the first Brillouin zone can be
indexed with −α and −γ within the precision of the measurement,
which suggest the presence of two chiral domains, this is elaborated
further below.

In the next step, the directional information about the magne-
tisation distribution in Phase III is deduced from our SNP experiment.
The experimental setup is schematically shown in Fig. 2e and sup-
plementary materials Fig. S3, where the direction of the incident
neutron polarisation is fixed relative toQ. Themeasured polarisation
matrices Pij (i- the row-index of incoming polarisation, j- the column
index for outgoing polarisation) are presented in supplementary
materials. The analysis of three components of the scattered beam
makes SNP a powerful tool for studying non-coplanar magnetic
orders.

Several reflections were measured in the (h0l) scattering plane,
see the full map in Fig. 2f. For the reflection Qa

2=(0.007, 0, 0.759) we
obtain finite chiral matrix elements: Pyx = −0.43(5) and Pzx= −0.48(5).
This establishes a helical nature of the magnetic order. Pxx equals
−1.04(3), implying a purely magnetic origin, while the remaining ele-
ments are zero. The polarisation matrix for the Qb

1 =(1.99, 0, 1.28)
reflection also has finite chiral elements, but of the positive sign,
opposite to Qa

2. From the finite and opposite sign Pyy, Pzz elements for
the Qb

1 reflection we extract that the magnetic component along the
local z- (crystal b-) axis is larger than the magnetic component along
the y- (101)- crystal) axis. In summary, Phase III is unambiguously
determined to be helical, and chiral domains are unequally populated,
allowing for a net spin chirality. In addition, themagnetic arrangement
might be three-dimensional. Regrettably, a reliable collection of
intensity dataset was not possible due to an insufficient quality of
crystals at this low temperature, therefore the microscopic model of
Phase III cannot be developed further. Still, in accordance with the
magnetic anisotropy results, the moments should be located pre-
dominantly in the ab-plane.

As the temperature decreases, around T1, we observe a narrow
coexisting region between Phase III and Phase I (see Fig. 2g). In Phase I,
in addition to the ferromagnetic component (k =0) reported in
refs. 23,27, we detect a k = (0 0 1/2) propagation vector and associated
antiferromagnetic commensurate order, which was previously over-
looked. Phase I and its transformation into Phase II in magnetic field
are discussed in details in Supplementary material.
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Magnetic field-induced effects in Fe3Ga4
Isothermal magnetisation and susceptibility measured at T = 155 K
(Fig. 3a, b) disclose two transitions induced by magnetic field applied
along theb axis: atHc1 = 0.55T andHc2 = 1.4 T. The step-like increases in
magnetization are clear signatures of the successive transitions from
Phase III to Phase IV and then to Phase II. Around Hc2, there is a hys-
teresis revealing the first-order nature of the transition between these
phases. As shown in Fig. 3a, at T = 155 K there is no hysteresis around
μ0H = 0 T. This is corroborated by our SNP results, since full polarisa-
tion matrices for the measured k =0 reflections suggest only nuclear,
no magnetic contributions (see Supplementary material). These
results indicate the absence of any ferromagnetic component in Phase
III of Fe3Ga4.

Next we follow neutron diffraction signatures of the magnetic
field-induced phases emerging out of Phase III. As shown in Fig. 3c,
intensity of the Qa

2 reflection is approximately halved in Phase IV
compared to the zerofield value. The reduction is abrupt atHc1 andHc2

and it correlates with the derivative of magnetisation ΔM/ΔH, while
within Phases III and IV the intensity is constant. This behaviour sug-
gests the moment reorientation from the ab- to ac-plane, hence the
transformation of the incommensurate modulation from a helix to a
cycloid. The magnetic field-induced phase changes also have a subtle

manifestation in the longitudinal resistivity datameasured throughout
Phase IV, as shown in Fig. 3c, d, indicating a discontinuous transfor-
mation between Phases IV and II. A weak (strong) change observed in
ρxx atHc1 (Hc2) indicates a rather weak (strong) charge-spin coupling at
the corresponding transitions.

The positional shift of ICM reflections is also strong but con-
tinuous with field (Fig. 3e, f). For the Qa

1 reflection at T = 255 K the l-
value increases from 0.2263(5) at μ0H = 0 T to 0.3298(3) at μ0H = 2.3T
resulting in Δl/l= 18.6%. For theQa

2 reflection Δ(1 − l)/ð1� lÞ=17.6%, and
the h-values change by a similar amount (Fig. 3e). Figure 3g, h present
the field evolution of the qz-component in Phase IV for the Qa

2 and Qa
1

reflections, respectively. The field dependence is linear and the l(H)
slope is positive revealing the tendency towards a commensurate
structurewithqz=1/3, as schematically depicted in Fig. S4. Further field
dependence of Qa

1 reflection is presented in Supplementary material
sectionV. However, as shown in the supplementarymaterial, theqz = 1/
2magnetic order develops at low temperatures and elevatedmagnetic
fields, suggesting a competition between the qz = 1/3 and qz = 1/2
propagation vectors.

Next we evidence the existence of a finite topological Hall resis-
tivity (ρTHE) through a comparison between the transverse component
of resistivity data (ρyx) with corresponding isothermal magnetisation
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a Temperature dependence of magnetisation between 5 K and 900K in 10mT
magnetic field applied along the b axis with four transitions labelled T1–T4. Heli-
magnetismobserved in Phase III is schematically shown asa shaded regionbetween
T1 and T2. Inset shows typical Fe3Ga4 single crystals used in this study. Cyan, green,
and red symbols represent the corresponding temperatures for spherical neutron
polarimetry (SNP) on D3, single crystal diffraction on DMC and WISH instruments,
respectively. b The measured M(ψ) curves for a rotating single crystal under a
constant magnetic field of 100mT applied normal to the plane of measurement at

155K. c Orthogonal projection of the monoclinic (h 0 l) reciprocal lattice plane at
T = 300K obtained from data collected on the WISH diffractometer. The small
deviations from the (h, 0, l) line (h = 2) for the magnetic satellites indexed with Qb

1

andQb
2 are apparent. dOrder ofmagnitude difference in the intensity ofQa

1 andQa
2

obtained at 255 K. e Local coordinate axes in the SNP experiment, where Px com-
ponent of the incoming neutron beam is aligned along the Q-direction of each
reflection. fAll reflections probedwith the SNP experiment at 155K.g Temperature
dependence of intensity of several Bragg peaks tracked in the vicinity of T1 while
warming.
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data presented in Fig. 4a, b. The extraction of ρTHE is explained inmore
details in the supplementarymaterial. As shown in Fig. 4c, weobserve a
proportionate increase in ρTHE at elevated temperatures, corre-
sponding to growing fraction of Phase IV in our magnetic phase dia-
gram (see Fig. 1c).

From the quantitative assessment shown in Fig. 4d, we observe a
T-linear increase in ∣ρTHE∣, strongly supporting the fluctuation-based
mechanism of THE. The magnitude of ρTHE observed in Fe3Ga4 mat-
ches that arising from the short-periodic topologically protected spin
textures, such as a skyrmion lattice (SkL) phase9,13. But, unlike in these
magnets, THE observed in Fe3Ga4 is generated by a single-k incom-
mensurate magnetic structure, at room temperature.

Discussion
Our experimental findings on Fe3Ga4, particularly the SND and SNP
results, reveal crucial details of both high-temperature Phases III, IV, as
well as low-temperature Phases I, II. This allows us to speculate about
the main components of the exchange Hamiltonian of the system and
to propose the origin of the observed THE in Phase IV.

The propagation vector of Phase III has two incommensurate
components, qz along c* (γ ≈0.27) and qx along a* (α ≈ −0.01). The
experimental behaviour of the γ ≈0.27 component in Phase III is
already highlighted in the previous section, here we discuss its theo-
retical validation. Non-relativistic spiral spin calculations26 favour

magnetic orders with propagation vectors along the (0 0 qz) direction
over the general (qxqyqz) solutions, with a shallow energyminimumat
qz =0.27. These calculations predict that the observed commensurate
propagation vector qz =0.5 of Phase I is higher in energy than the
incommensurate vector of Phase III with qz =0.27. However, anti-
ferromagnetic cell doubling is much more favourable than the ferro-
magnetic ground state proposed in ref. 27. Spiral calculations are not
possible with spin-orbit coupling (SOC), since the generalised Bloch
theorem is not applicable29. Therefore, we performed calculationswith
SOC in a quadrupled supercell, using the same computational setup as
in ref. 26, thus accessing three energies: for qz = 0, 0.25, and 0.5. The
results are shown in Fig. S5. The energy difference between the two
latter cases is reduced from 1.12meV/Fe to0.45meV/Fe (≈5 K). Still, the
calculated energy of theqz =0.5 state is higher thanqz =0.25. Thus, the
realised statewithqz =0.5 is supported by factors not captured byDFT
calculations. Such factors could include subtle structural changes
accompanying the first-order magnetic transition from Phase III to
Phase I.

In Phase I our neutron scattering experiments identified Fe-slabs
with the Fe moments being parallel within the slabs stacked along c,
while the moments of adjacent slabs are opposite. These slabs were
highlighted already in the structural unit cell in Fig. 1 and their stacking
in themagnetic unit cell is shown in Fig.S6. Sucharrangement suggests
strong (and predominantly) ferromagnetic intra-layer couplings

Fig. 3 | Helical spiral transformation for in-plane magnetic field. a Magnetic
moment as a function of applied field at T = 155K is compared with the corre-
sponding dM/dH curve. A small hysteresis is observed at Hc2. b Real part of the ac
susceptibility (χ 0) data shows a clear transition atHc1 and a weak step-like feature at
Hc2. The inset shows increasing magnetisation in the M(H) curve obtained at the
pulsed field facility up to 30T at T = 10K. c Magnetic field dependence of the Qa

2

intensity and the longitudinal resistance (ρxx) atT = 155K. Inset shows theplate-type
crystal used for electrical transport measurements. d Longitudinal magnetoresis-
tance measured in Phase III of Fe3Ga4 between 80 K and 340 K at every 10 K as a

function of internal field B. The dashed lines represent phase boundaries corre-
sponding to Hc1 and Hc2. A constant offset of 0.01 is applied between successive
curves for better visualisation. Magnetic field variation of the e h- and f l- compo-
nents of the Qa

1 and Qa
2 ICM reflections. g, h show the qz changes with respect to

applied magnetic field for the Qa
2 and Qa

1 reflections, respectively. In the region
between Hc1 and Hc2 the qz changes were fitted for all three temperatures with
straight lines, they were extended (dotted lines) down to μ0H =0T. Data shown in
e–g were measured at T = 255 K, whereas for h T = 230K.
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combined with weaker antiferromagnetic inter-slab exchanges.
We speculate that this competition at elevated temperatures leads
to an incommensurate twist between the magnetic moments in
the slabs.

It is important to note that our SNP results unambiguously prove
that the ICM order in Phase III is chiral, contrary to ref. 27, but in
agreement with ref. 26, while the population of two chiral domains is
non-equal, the last being unexpected for a centrosymmetric structure.
Similar non-trivial chiral properties were observed in YMn6Sn6

30 and
we suspect that in both cases this population imbalance (and possibly
tiny α-component in Fe3Ga4) is caused by strains or disorder discussed
in refs. 23,31, which we observed as a reduction in crystal quality on
rapid cooling at low temperatures. The tiny α-component is an unex-
pected experimental outcome, and its significance should still be
understood. One possibility is that local variations in the structure
allow for symmetry breaking between Fe-Fe bonds, which could gen-
erate a finite DMI.

Our experiments show that the qz component changes abruptly
with the field when passing from Phase III to Phase IV. This indicates
that the change is likely related to the canting of the cycloidal TCS
spiral, which is approximately linear in the field. The change of qz is
significant (almost 20%) within Phase IV for both reflections Qa

1 and
Qa

2 (Fig. S7e). The increase is steeper at higher temperatures, sug-
gesting the importance of thermal fluctuations. This behaviour is
similar to YMn6Sn6

30, wherein an in-plane magnetic field flops the
helical spiral into the transverse conical one, that is a cycloid with a
net moment component orthogonal to the plane of rotation. Con-
comitantly, a discontinuous change in qz is observed, albeit notice-
ably smaller than in Fe3Ga4. For isotropic (Heisenberg) exchange
systems, the spiral pitch and subsequently the length of q is

determined by frustration of exchange parameters and is indepen-
dent of the spin-rotation plane. Another common parameter, single-
ion anisotropy, also does not affect the length of q. However, ani-
sotropic exchange terms, such as JzSz1S

z
2, can influence themagnitude

of the propagation vector, as recently shown in a chiral cubic
insulator32. In YMn6Sn6, where the Hamiltonian is much simpler, DFT
calculations of Jz quantitatively match the observed jump of qz. In
Fe3Ga4, the exchange network is too complicated to attempt such
calculations. However, based on the changes in qz observed experi-
mentally, we anticipate that anisotropic exchange interactions are
present and likely are quite strong.

As mentioned, when a magnetic field is applied to a spiral
state within the spiral plane, the moments flop into the TCS state,
which is a combination of a cycloid orthogonal to the field and a
net moment component (see Fig. 1a). The emergent magnetic
field B within the TCS phase is zero, and therefore no THE should
exist. However, according to the fluctuation-based mechanism20,
the excitation probability of spin waves with opposite chirality is
unequal, resulting in a non-zero B at finite T within the TCS phase.
This emergent magnetic field is linearly dependent on tempera-
ture and field, and quadratically dependent on net magnetisation.
The experimentally measured quantity is the topological Hall
resistivity which is proportional to B. As discussed above, Fe3Ga4
satisfies all the prerequisites for the topological Hall signal gen-
erated by the dynamical effects in Phase IV. Also, ∣ρTHE∣ is max-
imised in Phase V, indicating a possible non-trivial spin
configuration. Since Fe3Ga4 belongs to a highly tuneable family of
Fe-Ga alloys, our results open up attractive potential applications
at room temperature. Some of these routes include, but are not
limited to, emergent electromagnetic induction33, uniaxial strain

Fig. 4 | Fluctuation-induced topological Hall effect in the transverse conical
spiral state. Comparison between Hall resistivity (ρyx) and magnetisation data at
a 185 K and b 305K. c Geometrical contribution (ρTHE) to the total Hall resistivity
shown as a function of magnetic field between 200K and 350K, after subtracting
the normal and anomalous contributions. d ρTHE as a function of temperature at
two constantmagneticfields. Thedatawerefittedwith a linear function inPhase IV.

Deviation from the linear behaviour, marked by shaded region signifies the
appearance of Phase V. e Comparison between maximum of topological Hall
resistivity (ρTHE) in various bulk magnets, among which some even host, as
opposed to Fe3Ga4, skyrmion lattices. Data shown in (e) are taken from refs.
9,11,18,22,35–52.
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engineering, and dynamical Berry phase tuning9 though precise
chemical substitution, among others.

Methods
Single crystal growth and characterisations
Fe3Ga4 single crystal samples were grown by chemical vapour trans-
port method using iodine as the transport agent. Stoichiometric
amount of Fe powder and Ga ingots, together with 250mg of iodine
were sealed inside a quartz ampoule of inner diameter 4 cm and length
~20 cm. The ampule was placed inside a two-zone furnace while the
temperature of source and sink side were maintained at 550 ∘C and
500 ∘C, respectively. After two weeks of transport, the ampule was
quenched to ice-cold water. The resultant crystals had a needle shape
morphologywith a long axis alongb. All experimentsmentioned in this
article were performed on needle-type crystals, except for transport
measurements which were carried out on a rectangular plate-like
crystal.

The quality and structure of all single crystalline specimens used
in this study were verified using single crystal X-ray diffraction prior to
othermeasurements. Single crystals weremounted on the goniometer
head fitted with a cryo-loop. Data collection was performed on a
Rigaku Synergy-I XtaLAB X-ray diffractometer, equipped with a Mo
micro-focusing source (λkα =0.71073Å) and aHyPix-3000Hybrid Pixel
Array detector (Bantam). Data reduction and absorption were carried
out with CrysAlisPro and structure was solved and refined with ShelX
package within OLEX2 software.

Magnetisation, susceptibility, and electrical transport
measurements
Magnetometry studies were performed using commercial 14T PPMS
and 7T MPMS3 from quantum design (QD). Except for measuring
magnetisationunder azimuthal rotation, needle-type single crystalwas
fixed on a quartz sample holder with the b-axis along the direction of
magnetic field. Further for theM(ψ) measurements, in order to access
both ac and a*b rotational planes, two types of rotors provided by QD
were utilised. The same single crystal sample was fixed in the rotation
centre with a tiny amount of GE varnish.

Electrical transport measurements were performed using the
transport option of the same 14T PPMS. The plate-type single crystal
was mounted on a sapphire plate with six contacts (two longitudinal
and four transverse). For Hall effect measurements, the magnetic field
was stabilized at each point prior to data collection.

SND experiments
Several neutron diffraction experiments were performed on the single
crystal constant-wavelength diffractometers ZEBRA, DMC (SINQ, PSI),
and time-of-flight instrument WISH (ISIS, RAL). The dataset at 10 K in
zero fieldwas collected onZEBRA in a coolingmachinewith the 4-circle
setup. Diffraction experiments in magnetic fields were performed at all
three diffractometers using normal beam geometry. Two different 10 T
vertical magnets were used at WISH and SINQ (DMC & ZEBRA). The
wavelengths used on DMC were 2.45Å and 4.52Å, while those on
ZEBRA were 1.383 Å and 2.31 Å. The same needle-shaped single crystal
(with [010] axis vertical) was used for all these experiments. The quality
of the crystal was deteriorating on fast cooling but then recovering on
heating to room temperature. This is the reason why some scans show
multiple peaks originating from crystallites circa 2 deg apart.

Small angle neutron scattering (SANS) measurements
To track the temperature and field dependence of the ICM satellites,
SANS studies were conducted using two instruments: D33 at the
Institut Laue Langevin (ILL) and SANS-I at SINQ, PSI. For both experi-
ments, a needle-type single crystal was aligned with the b-axis vertical
(offset ~0.6 deg) on an Al-plate, providing access to the (h0l)
scattering plane.

For the SANS experiments performed on D33, neutrons with
wavelength λ = 4.6Å with a spread (Δλ/λ) of 10% were used. The neu-
tron beam was collimated at a distance of 2.8 m before the sample,
while the main (side) detector was placed 2 m (1.2 m) behind the
sample.

For the second SANS experiment performed on SANS-I, neutrons
with wavelength λ = 5Å and a similar wavelength spread were used.
Neutron collimation distance and sample-detector distances were
fixed at 4.5m and 1.85m, respectively. All SANS data analysis were
performed using the GRASP software package34.

SNP measurements
SNP experiment was carried out with the CRYOPAD setup on the hot
neutron diffractometer D3 at the ILL. Similar to unpolarised neutron
diffraction experiments, the needle-shaped single crystal was aligned
with the [010] axis vertical, giving access to the (h0l) scattering plane,
see Fig. 2, and Supplementary data Fig. S3. Neutrons with the longest
available wavelength of 0.843Å selected by a Cu2MnAl Heusler
monochromator were used. In order to minimise beam depolarisation
due to any external magnetic field, sample was positioned inside pair
of cryogenically cooled Meissner shields. While the beam polarisation
was controlled with a combination of nutator and precession coils,
analysis of the outgoing neutron beam was performed by a field-
polarised 3He spin filter cell, before finally being measured with a 3He
detector. The final polarisation of the outgoing beam was corrected
with respect to the cell efficiency.

Data availability
Neutron scattering data obtained at D3, D33, and WISH instruments
are available at https://doi.org/10.5291/ILL-DATA.5-54-409, https://doi.
org/10.5291/ILL-DATA.DIR-241, and https://doi.org/10.5286/ISIS.E.
RB2220587 respectively. All other data presented in the main text of
this article can be found on Zenodo online repository with unique
identifier https://doi.org/10.5281/zenodo.15092792.
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