
Contents lists available at ScienceDirect 

Journal of Alloys and Compounds 

journal homepage: www.elsevier.com/locate/jalcom 

Helical spin ordering in room-temperature metallic antiferromagnet 
Fe3Ga4 

Brandon Wilfonga, Adrian Fedorkob, Danil R. Baigutlinc,d, Olga N. Miroshkinac,e,  
Xiuquan Zhouf, Gregory M. Stepheng, Adam L. Friedmang, Vaibhav Sharmah, Omar Bishoph,  
Radhika Baruah, Steven P. Bennetti, Duck Young Chungf, Mercouri G. Kanatzidisf,j,  
Vasiliy D. Buchelnikovc, Vladimir V. Sokolovskiyc, Bernardo Barbiellinid,b, Arun Bansilb,  
Don Heimanb,k, Michelle E. Jamera,⁎ 

a Physics Department, United States Naval Academy, Annapolis, MD 20899, USA 
b Physics Department, Northeastern University, Boston, MA 02115, USA 
c Faculty of Physics, Chelyabinsk State University, 454001Chelyabinsk, Russia 
d Department of Physics, School of Engineering Science, LUT University, FI-53850 Lappeenranta, Finland 
e Department of Physics and Center for Nanointegration, CENIDE, University of Duisburg-Essen, 47048 Duisburg, Germany 
f Materials Science Division, Argonne National Laboratory, 9700 South Cass Avenue, Lemont, IL 60439, USA 
g Laboratory for Physical Sciences, College Park, MD 20740, USA 
h Mechanical and Nuclear Engineering, Virginia Commonwealth University, Richmond, VA 23220, USA 
i Material Science and Technology Division, US Naval Research Laboratory, Washington, DC 20375, USA 
j Department of Chemistry, Northwestern University, Evanston, IL 60208, USA 
k Plasma Science and Fusion Center, MIT, Cambridge, MA 02139, USA    

a r t i c l e  i n f o   

Article history: 
Received 12 January 2022 
Received in revised form 9 May 2022 
Accepted 17 May 2022 
Available online 20 May 2022  

Keywords: 
Magnetically ordered materials 
Transition metal alloy and compounds 
Metamagnetism 
Growth from vapor 
Density functional theory (DFT) 

a b s t r a c t   

Metallic Fe3Ga4 displays a complex magnetic phase diagram that supports an intermediate anti
ferromagnetic (AFM) helical spin structure (HSS) state at room temperature which lies between two fer
romagnetic (FM) phases. Magnetic measurements along the three crystallographic axes were performed in 
order to develop a model for the temperature and field dependence of the HSS state. These results show 
that the AFM state is a helically ordered spiral propagating along the c-axis with the magnetic moments 
rotating in the ab-plane. Under applied magnetic field, the AFM state exhibits a metamagnetic transition to 
conical ordering before entering a fully field-polarized FM state at high fields. The conical ordering in the 
AFM state is anisotropic even within the ab-plane and may gives rise to Berry phase effects in transport 
measurements. Metallic conductivity from density of states computations was confirmed through re
sistivity measurements and no anomalous behavior was observed through the various magnetic transitions. 

Published by Elsevier B.V.    

1. Introduction 

Antiferromagnetic (AFM) materials have been at the forefront of 
materials research in recent years due to their potential use in 
spintronics applications [1,2]. In particular, materials which combine 
room-temperature metallic and AFM behaviors offer an excellent 
platform for fundamental exploration as well as device and memory 
applications usage due to the interplay of charge and spin transport  
[3]. The competition between itinerant and local moments drives 
exotic physical phenomena that can give rise to the formation of 

metallic helically-ordered AFM states, which were studied ex
tensively in simple intermetallic systems [4,5]. 

The relevance of AFM materials for spintronics applications is 
due to their femtosecond response times for high-frequency elec
tronics and the lack of fringing fields in high-density devices [1,6]. 
There are also advantages in the ability to vary the magnetism with 
external controls of thermal, magnetic, electrical or strain fields. 
FeRh is a classic material having an abrupt transition between the 
AFM and ferromagnetic (FM) phases that can be varied by tem
perature [7], magnetic field [8], alloying [9], or strain [10,11]. There is 
great need to enlarge the palette of such materials for the explora
tion of fundamental properties as well as for developing next-gen
eration spin-related devices. 

https://doi.org/10.1016/j.jallcom.2022.165532 
0925-8388/Published by Elsevier B.V.   

]]]] 
]]]]]] 

⁎ Corresponding author. 
E-mail address: jamer@usna.edu (M.E. Jamer). 

Journal of Alloys and Compounds 917 (2022) 165532 

http://www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2022.165532
https://doi.org/10.1016/j.jallcom.2022.165532
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2022.165532&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2022.165532&domain=pdf
mailto:jamer@usna.edu
https://doi.org/10.1016/j.jallcom.2022.165532


To that end, a material of interest is the intermetallic Fe3Ga4, 
which exhibits a complex magnetic phase diagram along with a 
metallic ground state [12]. This complex magnetic behavior origi
nates from the interplay of itinerant and localized electrons and 
competing magnetic interactions in the Fe3Ga4 unit cell, Fig. 1. Initial 
work identified an intermediate AFM phase that exists over a wide 
temperature range (~70–360 K) between a FM ground state (FM1) 
and a high temperature FM phase (FM2). In contrast to FeRh, recent 
work on Fe3Ga4 has determined that this intermediate AFM phase is 
a helical spin structure (HSS) and concluded that the FM ordering at 
low and high temperatures is likely the same state indicating that 
the helical ordering of the spins is in close competition to the FM 
ground state [13,14]. Here, we use HSS to describe the AFM phase 
instead of spin density wave (SDW) that was used in earlier litera
ture. Neutron diffraction work found the AFM phase to be a spin 
spiral and suggested that the ground-state has amplitude-modu
lated helical ordering with the spins polarized along the a-axis [13]. 
However, theoretical work suggested that the helical phase has spins 
ordered with fixed amplitude in the ab-plane, in agreement with our 
experimental results. Finally, this HSS state could give rise to the 
observed topological Hall effect (THE) [12,15]. 

The three existing spin configurations in the AFM state which 
depend on field orientation and strength are illustrated in Fig. 1. The 
spins at low magnetic fields are configured helically and propagate 
along the c-axis with a q-vector of (0, 0, 0.29), as determined from 
neutron diffraction. [13] Two other spin states are identified as 
shown: the transverse conical spiral (TCS) state and the longitudinal 
conical spiral (LCS) state. Spin orientations of the Fe moments in the 
helical state were determined from measurements of the magneti
zation carried out with fields applied along the crystal axes as a 
function of temperature. The spin orientation at zero field is a helical 
spin spiral propagating along the c-axis with moments rotating in 
the ab-plane. Applying a magnetic field transforms the intermediate 
state into the transverse and longitudinal conical spiral configura
tions described above depending on field strength and orientation. 
The AFM state is metallic as revealed by the high spin-density of 
states at the Fermi energy in first-principles computations, and 
verified by metallic behavior in the temperature-dependent re
sistivity. This work aims to deepen the understanding of the mag
netic ordering in Fe3Ga4 in both the FM states as well as the 
intermediate AFM phase and resolve the outstanding issues related 
to the understanding of metamagnetic ordering of the HSS. 

2. Experimental and computational details 

Single crystals of Fe3Ga4 were synthesized using a chemical 
vapor transport (CVT) method adapted from previous work. [16] 

Elemental Fe granules (Alfa Aesar 99.98%) and Ga solid (Alfa Aesar 
99.99%) were added in a molar ratio of Fe:Ga (68:32) to a quartz tube 
along with I2 chips (Alfa Aesar 99.5%) in a concentration of 18 × 10−6 

moles/cm3 based on the approximated volume of the sealed quartz 
tube. The elements inside the quartz tube were then evacuated 
to <  7 × 10−3 Torr and sealed. The quartz tube was arranged in a 
triple-zone furnace with the charge situated in the hot-end set to 
700 ∘C and such that the cold-end was set to 650 ∘C in the remaining 
furnace zones. The growth was held at these temperature settings 
for four weeks before the furnace was turned off and allowed to cool 
to room temperature naturally. Long needle-like single crystals 
(approximately 0.5 mm wide and 0.25 mm thick with variable 
lengths up to 2 cm) were recovered from the cold-end of the quartz 
tube and washed with methanol. Single crystal X-ray diffraction data 
of Fe3Ga4 was obtained using a STOE IPDS diffractometer with Mo- 
Kα radiation. The crystals generally had a long direction that was 
found to be the b-axis, and usually had several flat faces perpendi
cular to that long axis. The angles between the faces were measured 
optically and indicated that the faces were a (10–1) major plane and 
a (20–1) minor plane. 

Magnetization measurements at ambient pressure were per
formed using a Quantum Design MPMS XL-7 SQUID 
(Superconducting Quantum Interference Device) magnetometer at 
various fields. For magnetization versus temperature [M(T)] scans, 
the crystal was first ZFC (zero-field cooled) to 10 K. A constant 
magnetic field was then applied along the appropriate crystal
lographic direction, and data was collected as the temperature was 
increased to 400 K. For magnetization versus applied field [M(H)] 
scans, the crystal was first ZFC to the desired temperature. The 
moment was then saturated, and data was collected for decreasing 
field. Resistivity measurements were performed in a closed-cycle 
variable-temperature cryostat set between the poles of a resistive 
magnet. Standard lock-in techniques were used with an applied 
current of 1 mA at 13 Hz. Field-cooling measurements were per
formed by heating the sample to 500 K and cooling under an applied 
field of 0.4 T. 

The calculations were performed within the framework of the 
density functional theory (DFT) using the projector augmented-wave 
(PAW) method as implemented in the Vienna Ab initio Simulation 
Package (VASP) [17,18]. The generalized gradient approximation 
(GGA) [19] with Perdew-Burke-Ernzerhof (PBE) formulation was 
used for treating exchange-correlation effects. The following valence 
electron configurations in the PAW potentials were chosen: 
(3p64 s23d6) for Fe and (3d104 s24p1) for Ga. The plane wave cut-off 
energy was 600 eV. The k-points in the reciprocal space were gen
erated using the Monkhorst-Pack scheme[20]. The grid density of 
≈ 1000 k-points in the Brillouin zone was used in the relaxation 

Fig. 1. (a) Crystal structure of Fe3Ga4 shown with stacked Fe layers along the b-axis. Inequivalent Fe atoms are shown in different colors while all Ga atoms are displayed as green 
atoms. Relevant inter- and intra-layer Fe-Fe distances which are less than 3 Å are shown. (b) Representative schematics of the evolution of ab-plane helical order to the observed 
metamagnetic phases at higher applied fields within the intermediate AFM helical spin phase. 
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procedure. Spin spiral calculations were performed using the gen
eralized Bloch theorem formalism [21], therefore, spin-orbit cou
pling has not been included. 

3. Results and discussion 

3.1. Anisotropic single crystal magnetic properties 

Magnetization of the oriented Fe3Ga4 crystals was measured in 
order to investigate the intermediate AFM and FM phases. Fig. 2 
shows the total magnetization varying as a function of temperature 
and field for all three field directions relative to the monoclinic unit 
cell axes. Note that the moment is a strong function of both tem
perature and magnetic field for all three directions of the field.  
Figs. 2 shows complex evolution of M(T), similar to previous works, 
but in greater detail. [12,22–24,13] An intermediate low-moment 
helically ordered AFM phase lies between two FM-like phases over a 
very wide temperature range from approximately 70 to 360 K. The 
same general behavior is observed for all three crystallographic di
rections. We also observe that within the low-temperature FM1 state 
the magnetization along the c-axis is much larger (3x at fields below 
1 T) compared to the a- and b-axes, indicating the easy c-axis at low 
fields. 

Fig. 2 shows that the HSS phase can be suppressed at sufficiently 
high field and the FM1 transition temperature increases rapidly for 
increasing field, increasing by more than 200 K at 2 T applied field. 
The FM2 transition onset does not show as drastic of a change at high 
fields compared to the lower temperature transition, but the FM2 

transition does broaden at high fields before becoming not ob
servable upon suppression of the intermediate AFM phase. The 
evolution of the intermediate phase to the field-polarized FM state is 
shown in these temperature-dependent magnetization measure
ments. Nonetheless, how the spins transition to the field-polarized 
FM state is not clear without isothermal magnetization. Fig. 3 thus 
illustrates how the M(H) transitions change for the three crystal
lographic directions. Data is shown for four temperatures: T = 30 K in 
the FM1 phase; and 140, 210 and 280 K in the low-moment phase. In  
Fig. 3, for T = 30 K, the sample is fully in the FM1 phase. The M(H) 
curves for the field along the b- and c-axis show mostly smooth 
saturating behavior. In particular, the b-axis is strictly linear until 
saturation - this is characteristic of the field canting the moment into 
the b-direction. We observe that the magnitude of magnetization in 
the FM state (below ~ 70 K) at low fields is much higher for field 
applied parallel to the c-axis than with field parallel to the a or b- 
axis, indicating that the FM state is polarized in the c-direction, in 
direct agreement with previous results.[13] It is noted that the 
magnetization goes to zero with zero applied field. 

The similarity of the low-field isothermal magnetization along 
the a- and b-axes provides support for an ab-plane helical order. Full 
analyses for the propagation vector requires the requires the use of 
neutron diffraction [25,26]. Additionally, isothermal magnetization 
measurements in the intermediate phase reveal a complex evolution 
of metamagnetic phases that are temperature, field and orientation 
dependent. These measurements support the helically ordered 
phase transitions in this compound. 

3.2. Metamagnetism and spin configurations 

More detailed investigation of the anisotropic field evolution of 
the magnetic properties reveals complex metamagnetic behavior of 
the ab-plane helical ordering. At temperatures of 140, 210, and 
280 K, Fe3Ga4 is in the HSS phase at low fields and switches to a 
field-polarized FM phase at the highest measured fields, shown in  
Fig. 3. For fields below 0.7 T, the M(H) slopes for the a- and b-axes are 
almost identical, indicating isotropic behavior in this low-field re
gime. In contrast, the slope for the c-axis is much larger and linear 
over the wide field region within the HSS phase, which is assigned to 
canting of spins in the ab-plane toward the c-axis. For fields applied 
along the c-axis, we observe a linear increase in magnetization be
fore a spin-flop into a field-polarized FM state at a critical field (Hc) 
which increases with increasing temperature. In Fe3Ga4, the T =0 
ground state is FM, and we see that as the temperature approaches 
the FM1 transition, Hc will be suppressed as saturation occurs at 
lower field. Through these observations, we can determine that 
within the HSS phase the c-axis is the easy axis. The easy axis be
havior of the c-axis even within the HSS state is likely due to the 
proximity of the c-axis polarized FM state within the energy land
scape. 

The evolution of the response to field applied in the ab-plane in 
the HSS is more complex and the key differences in the in-helical- 
plane anisotropy within the system can be observed only at higher 
applied fields. At low fields, both show qualitatively similar behavior 
which is to be expected for ab-plane helical order, but not for an a- 
axis amplitude modulated HSS as suggested in earlier work [13]. 
Previous work catalogued the combined behavior of the ab-plane; 
however, our work shows the anisotropy between the a- and b-axis 

Fig. 2. Magnetization of Fe3Ga4 for the field applied along the three crystalline axes as 
a function of temperature and magnetic field. M(T) measured for field aligned along 
the [010] b-axis, [100] a-axis and [001] c-axis. The helically ordered AFM phase is seen 
at intermediate T, bracketed on either side by the FM phases. The sample was ZFC- 
cooled and M(T) was collected for increasing field. 
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behavior is significant [12]. For all temperatures, applied field along 
the b-axis creates two observable metamagnetic transitions, 
whereas the a-axis yields one metamagnetic transition except for 
the 280 K isotherm. In all cases, at the highest field, a field-polarized 
FM state is found. For field applied parallel to the b-axis we observe 
an initial metamagnetic transition at approximately the same field 
(H = 0.75 T) for all temperatures shown followed by an additional 
metamagnetic transition to the field-polarized FM state that ranges 
from 1 T at 140 K to 1.75 T at 280 K. The field-range stability of the 
intermediate phase increases linearly with temperature. In com
parison, field applied parallel to the a-axis shows one metamagnetic 
transition, which increases from 0.9 T at 140 K to 1.2 T at 210 K to the 
field-polarized FM state. At 280 K, we reveal two metamagnetic 
transitions similar to the behavior observed for field parallel to the 
b-axis, but the low-field transition is much broader. Since the HSS 
state is an ab-plane helical order, it is unclear why there is significant 
anisotropy between the behavior of the a − and b-axes at higher 
applied fields. Without temperature and field-dependent neutron 
diffraction we cannot assign the exact nature of field-induced 

Fig. 3. Magnetization of Fe3Ga4 for fields applied along the three crystallographic directions at various temperatures. The helical spin state dominates at fields below H = 0.7 T at 
the higher temperatures T = 140, 210, and 280 K. 

Fig. 4. Magnetic moment as a function of field applied along the crystalline axes at 
T = 210 K. Different line styles represent regions of different metamagnetic ordering. 
Illustration of the various spin configurations that evolve as a function of field for the 
helical spin (HS), transverse conical spin (TCS), and longitudinal conical spin (LCS) 
states. 
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metamagnetic phases as the field-polarized FM phase approached. 
However, we can discuss them qualitatively as the behavior of the 
HSS phase does appear to be similar to the in-helical-plane behavior 
of YMn6Sn6, which has been shown to be related to Fe3Ga4 in recent 
works [15,27]. 

The qualitative interpretation of the magnetic field evolution of 
the HSS is summarized in Fig. 4. For fields applied along the a − and 
b-axes, the low-field M(H) slopes are almost identical for fields 
below 0.7 T as the spins rotate in the ab-plane, but the screw-like 
helix is biased toward a configuration that is offset from the c-axis 
toward the field direction. There is a rapid increase in moment above 
0.7 T for the b-axis that is consistent with a spin-flop-like transition 
into a TCS state at higher fields [27,28]. Recent theoretical and ex
perimental work has found that this TCS state can generate a non- 
zero topological field in the presence of an external applied field, 
which likely explains the observed THE[15,12,27]. The moment in
crease above 1.5 T for 210 K results from the transition of the HSS to 
the field-polarized FM state. For all data, when the field is applied 
parallel to the c-axis, (the propagation direction of the spin spiral 
order) we see a linear increase in magnetization due to the forma
tion of a LCS as the spins are canted out of helical ab-plane until a 
field-polarized FM state is recovered above 1.7 T applied field. The 
correct assignment of the metamagnetic phases in the HSS regime 
would require further investigation. 

To summarize, the anisotropic magnetization measurements 
performed in this work support the identification of the HSS phase 
as a ab-plane helical phase where the ordering propagates along the 
c-axis [15]. Although a different magnetic ordering solution was 
found in the earlier work, the previous classification of this phase 
using neutron diffraction could not rule out this ordering type due to 
the use of unpolarized neutron diffraction [13]. Additionally, our 
experimental work qualitatively confirms the expected metamag
netic behavior associated with an ab-plane helical state that can be 
paired with theoretical results.[12,27]. Further experimental in
vestigation is required to determine the details of the magnetic or
dering in the HSS phase as well as to determine the mechanism for 
the formation of the HSS phase between the high- and low-tem
perature FM phases. 

3.3. Ground state energies 

To explain the intermediate AFM phase helical order, we have 
performed DFT calculations to determine the magnetic ground state 
of the system. Correlation effects beyond GGA are almost absent 
since the Hubbard repulsion parameter U is close to the Hund’s rule 
coupling Ji n this system [15]. Therefore, treating the exchange- 
correlation effects within GGA is sufficient for studying the ground 
state of Fe3Ga4 and for calculating the energy difference between the 
FM and AFM states. DFT-nased analysis of Afshar et al. [15] has 
previously predicted the ground state to be a helically-ordered spin 
spiral propagating along the c-axis with spins rotating within the ab- 
plane. Our results presented in Table 1 show that a c-axis ordered FM 

state is extremely close in energy to the helical phase with propa
gation vector q = (0, 0, 0.25) (see Supplemental Information (SI), 
Figure S1). Our calculations show that the HSS-AFM is energetically 
favorable in comparison to the experimentally observed FM ground 
state. The energy difference between the two states corresponds to a 
temperature difference of approximately 11.6 K, which is slightly less 
than the FM1 transition temperature observed in our experiments. 
We expect that inclusion of finite temperature contributions to free 
energies of both the phases will yield a higher transition tempera
ture closer to ≈ 70 K. However, free energy calculations are beyond 
the scope of the present study. 

The total magnetic moment increases upon the transition be
tween HS-AFM and FM state, because the magnetic moments of 
individual Fe atoms become collinear with respect to each other, and 
we observe that the unit cell volume decreases through this tran
sition. The calculated moments are listed in Table 1 and are larger for 
both states than the corresponding saturation magnetization in the 
HSS-AFM and FM states observed in the experiment. Notice that the 
simulation of the FM state yields similar sized magnetic moments 
with an average of 2.02 μB/Fe, with moments ranging from 1.82 to 
2.24 μB/Fe in line with other calculations [12]. However, comparison 
with experiment shows the slight difference with Fe moment size of 
~ 1.25 μB at saturation in the FM state likely due to additional itin
erant nature of the Fe electrons in this system. 

Other collinear AFM ordered states are much higher in energy 
compared to the c-axis ordered FM state (see SI, Figure S1). The 
estimated transition temperature of ≈ 320 K between the most en
ergetically favorable AFM1 and FM phaseis more than the experi
mental value of ≈ 70 K. In line with the finding of Afshar et al. [15] we 
were also not able to stabilize the amplitude-modulated HSS phase 
reported by Wu et al. [13,15] The helical spin spiral state with pro
pagation vector q = (0, 0, 0.25) and the associated magnetic unit cell 
is depicted in SI Figure S2, which shows how the magnetic moments 
in the ab-plane change along the c-axis propagation and vary be
tween the unique Fe sites in the lattice. Further neutron diffraction 
work is needed to systemically determine helical spin spiral order 
and the corresponding Fe-site magnetic moments to determine how 
Fe-Fe interactions affect the magnetic order. 

Fig. 5 shows the Fermi surface of Fe3Ga4 in the FM state and the 
contributions from different electronic bands. The nesting appears 
only for the Fermi sheet # 312 along the direction of spin spiral 
vector Γ - Z observed experimentally. This can also follow from  
Fig. 5(a), which depicts the generalized susceptibility of each band 
along the Γ - Z direction. The intraband transition # 312 has a 
smooth maximum at q ≈ (0, 0, 0.22), however when the contribution 
of all sheets is taken into account, the peak in generalized suscept
ibility has disappeared. Thus, most likely, the nesting of the Fermi 
surface is not responsible for the transition to the AFM-type state. 
These results are consistent with the work of Mazin et al. and em
phasize the need for additional characterization to determine the 
mechanism for the stabilization of the intermediate helically or
dered state [15]. 

3.4. Metallicity and electronic properties 

Electrical resistivity measurements confirm the metallic nature 
of our Fe3Ga4 crystals. Fig. 6 shows that the resistivity ρ(T) increases 
with temperature, over the entire temperature range in line with 
Refs. [12,13], who report anomalous behavior in the range of the 
HSS-FM2 transition, which could be evidence of the electronic nature 
of the HSS instability in this system. However, we have not observed 
any anomalous behavior in this regime. This is significant because 

Table 1 
Energy difference (ΔE) between the FM, HSS magnetic states with q = (0, 0, 0.25), and 
the two different collinear AFM states with illustrated spin configurations. The energy 
of FM state is taken to be zero.      

Magnetic state V (Å3) μtot, (μB/f.u.) ΔE, (meV/atom)  

HSS q= (0,0,0.25)  578.109  5.430  -0.994 
FM  579.070  5.869  0 
AFM1  577.677  0  27.69 
AFM2  584.189  0  326.84    
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previous work discussed this proposed anomalous behavior in the 
context of illustrating the change in electronic behavior due to HSS 
ordering. It must be noted that we did measure small jumps in re
sistivity at random temperatures, consistent with telegraph noise 
from contact effects, such as oxidation [29,30]. However, we did not 
observe a jump at a consistent temperature as reported previously  
[13] In light of not observing this behavior in our data, the lack of 
observed anomalous behavior in the original characterization of 
Fe3Ga4 single crystals [12], and the lack of q-dependent maximum in 
the generalized susceptibility at the Fermi surface, we propose the 
mechanism for the formation of the HSS in this system is likely not 
solely driven by electronic factors. The magnetic transitions here 
might be ascribed to a competition between the nearly degenerate 
magnetic states arising from the combination of localized and itin
erant electrons and the complex Fe-Fe interactions. 

Resistivity measurements also reveal a deviation from expected 
linear temperature dependence below 200 K and an inflection point 
in the temperature derivative of resistivity at the FM1-HSS transition, 
see inset of Fig. 6. One can see a broad peak in the derivative of 
resistivity with respect to temperature that has a maximum at the 
FM1-HSS transition. This change in scaling behavior is indicative of 
additional scattering due the magnetic ordering in this regime. 

Density of states calculations performed for the FM state and the 
HSS state confirm the metallic behavior of Fe3Ga4 as seen in Fig. 7. 
Within the HSS state, a small shift in spectral weight at the Fermi 
level is observable and is identified as a pseudo-gap effect toward 
higher energies [15]. These calculations support the identification of 
the magnetic order of the intermediate HSS as a helical spin spiral 
ordered phase as opposed to the previously reported amplitude 
modulated phase. However, in order to accurately determine the 

Fig. 5. Fermi surfaces associated with different bands and the generalized electronic susceptibility for FM state of Fe3Ga4.  
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spin spiral order in the HSS phase of Fe3Ga4, temperature and field- 
dependent neutron diffraction would be required and this work 
would be integral in identifying the temperature and field regime in 
which the TCS is stabilized to investigate the universality of the 
proposed mechanism for the THE in this system. [15]. 

4. Conclusions 

Systematic magnetic and electrical transport measurements 
were performed on oriented single crystal of Fe3Ga4 in order to 
determine the nature of the magnetic ordering in the intermediate 
HSS phase. We identify the helical spin spiral order of the AFM state, 
resolve the metamagnetic transitions within the helical spin spiral 
state that evolve with temperature and field, describe the unique 
associated spin configurations, and show through resistivity mea
surements and theoretical modeling that the AFM state is a metallic 
HSS. We thus unveil the complex evolution of magnetization with 
applied field throughout the magnetic phase diagram. We observe 
behavior that is consistent with the presence of a spin spiral HSS 
order within the ab-plane, although such behavior has been de
monstrated more rigorously in other systems [27]. Notably, no 
anomalous features in electrical transport measurements was ob
served near the HSS-FM2 transition and no q-dependent peak was 
observed in generalized susceptibility at the Fermi level. We take 
these observations as evidence that the stabilization of the HSS 
phase in this system is likely driven not solely electronically, but also 
involves complex interactions of both itinerant and localized elec
trons in the monoclinic unit cell. 

Although the transition to the intermediate phase is not fully 
understood, the HSS phase is metallic, and it has been shown to 
exhibit metamagnetic transitions, and to be stable over a wide 
temperature range, including room temperature [12,24]. This is in 
stark contrast to the small number of d-electron materials with HSS 
ordering that manifest at low temperatures and in most cases arise 
from the Dzyaloshinskii-Moriya interaction and lack of inversion 
symmetry [31–33]. The centrosymmetric d-electron systems that 
exhibit helical-spin-spiral order has sparked an interest in revisiting 
theoretical avenues for stabilization of this ordering through ex
change interactions, electronic instabilities, and/or quantum fluc
tuations [34–37]. Additional work is needed to identify the physics 
driving the HSS phase as well as the metamagnetic transitions 
through temperature- and field-dependent neutron and polarized 
neutron diffraction measurements. Furthermore, Hall effect mea
surements need to be performed within the temperature and field 
regimes of the HSS phase in order to support the description for the 
generation of a non-zero topological field through the interaction of 
the metamagnetic phases and external field. Our study indicates that 
Fe3Ga4 would provide and interesting materials platform for ex
ploring novel magnetic phases arising from complex magnetic in
teractions as well as the mechanisms giving rise to the THE-like 
transport signature. 
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Fig. 6. Temperature-dependent resistivity of Fe3Ga4 measured upon heating and 
cooling in an external field of 0.04 T. Inset shows the derivative of resistivity with 
respect to temperature and emphasizes the deviation from linearity below 200 K. 

Fig. 7. Theoretical density of states calculations are shown for the FM state (top 
panel) as well as the HSS magnetic states (bottom panel). In both cases, the metallic 
nature of Fe3Ga4 is confirmed, and the HSS state shows the presence of a noticeable 
pseudo-gap effect at the Fermi level. 
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