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ABSTRACT

Fe;Gay possesses a helical spin spiral with a complex competition between ferromagnetic and antiferromagnetic ground states. This
competition generates multiple metamagnetic transitions that are governed by both the applied magnetic field and temperature. At
intermediate temperatures between T; (68 K) and T, (360 K), the ferromagnetically aligned spins transition to an antiferromagnetic spin
spiral. In this study, magnetoresistance (MR) measurements are performed on an aligned single crystal and compared to magnetization
properties in order to gain insight into the unique alignment of the spins. The high-field MR is positive at low temperatures, indicating cyclo-
tronic behavior, and negative at high temperatures from electron-magnon scattering. Of particular significance is a large anomalous positive

MR at low fields, possibly due to emergent spin fluctuations, thus prompting further exploration of this multifaceted material.

Published by AIP Publishing. https://doi.org/10.1063/5.0304810

There is a crucial need to explore magnetic materials with novel
magnetic transitions to keep pace with the demands of an increasingly
digital society. One material of interest has been FeRh for a variety of
studies due to its antiferromagnetic (AFM) to ferromagnetic (FM) tran-
sition near room temperature. AFM-to-FM transitions are rather rare in
materials, and FeRh has been proposed for a variety of applications,
including devices that use magnetization as a state variable and logic.”
While this compound has been used as a test bed for possible devices,””
FeRh is hindered by the expensive Rh component, the structural transi-
tion accompanying the magnetic transition that can increase brittleness,
and the sensitivity of the transition temperature to material quality.

Fe;Gay, has recently been explored as a compound similar to FeRh
due to its metamagnetic transitions, but Fe;Ga, has the additional fea-
ture of a helical spin spiral (HSS) phase.” "' Like FeRh, Fe;Ga, is metal-
lic with a metamagnetic transition near room temperature (~ 360 K)
but without the accompanying structural transitions. The compound
forms in the monoclinic C2/m structure with four unique Fe atoms,
which allows for the helical spirals with crystallographic information in

the supplemental material. Fe;Ga, has two magnetic transitions of
interest, which are both sensitive to applied magnetic field and temper-
ature. At T; = 68K, the system transitions froma low-temperature FM
state to a helical spin spiral (HSS) AFM state, while at T, =360 K, the
system transitions from the HSS-AFM back to the FM state as illus-
trated in Fig. 1(a). The magnetic transitions are caused by a sensitive
competition between ground state energies of the FM and HSS-AFM
structures, where small energy changes cause a change in the magnetic
structure.

Some original studies of Fe;Ga, focused on the metamagnetic
transition T, and the effects of chemical dopants.”'” Recently, single
crystal studies have been aimed at understanding the configuration of
the spin system.”''” Part of the renewed interest is due to the identifi-
cation of a topological component in the Hall effect measurements.'”'*
In these newer studies, the magnetic and resistivity properties have
been studied.'” The magnetic properties along each crystallographic
direction demonstrate that there is an HSS-AFM state sandwiched
between two FM states. The magnetic transitions vary as a function of
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FIG. 1. (a) The magnetic phase diagram with applied field (x, H) and temperature. The antiferromagnetic state is shown in red, where the red region is given by the change in
the magnetic transitions T4 and T,. The values noted in the diagram are from the b-axis as noted in the supplementary material. The helical spiral (HS) in the diagram in blue is
the magnetic step along the b-axis, where the low-field behavior is a two-dimensional spin spiral. The HS is also observed along the a-axis in the antiferromagnetic region as
noted in the supplementary material. (b) The magnetoresistance (MR) along the b-axis at T = 140 K, where the crystal is in the antiferromagnetic state. The down sweep is in
red and the up sweep is in blue. There is a hysteresis observed at 1, H ~ = 1.0 T, which relates to saturation at T = 140 K. There is a smaller change close to ~ 0.75 T, which
is the field where the HS transitions to the TCS. (c) The MR at each temperature along the b-axis starting from 2.2 to 300 K with offsets with each dataset for ease of viewing of
the changes. All data from 2.2 to 300 K and 350 to 65K are shown in the supplementary material.

both field and temperature, as visualized in the magnetic phase dia-
gram in Fig. 1(a) with full information regarding transition tempera-
tures and fields in the supplementary material. As seen in the magnetic
phase diagram, along the a- and b-axes, the magnetization behaves as
a two-dimensional helical spiral in the low-field range (¢ H < 0.75 T),
then transitions into conical magnetic structures at higher fields.

In this work, magnetoresistance (MR) measurements are used in
order to understand the coupling between the electrical transport
behavior and the magnetic phase properties. These measurements can
give more insight into the magnetic coupling in the HSS-AFM state, as
well as how these states could be utilized in a practical device. While
many AFM-based states are insulators, the spin spiral ordering allows
for retained metallicity at room temperature. In this paper, we investi-
gate the crystallographic axes-dependent transport and magnetotran-
sport properties, leading to a deeper understanding of the spin
structure. Of particular curiosity is the MR (MR = #-) along the
b-axis, which has a hysteretic MR in the AFM region as the spin struc-
ture changes from helical spiral (HS) to transverse conical spiral (TCS)
[Fig. 1(b)]. Additionally, a large anomalous positive MR (pMR)
emerges at low magnetic fields and low temperatures, as shown in
Fig. 1(c). This pMR persists up to nearly room temperature at a
reduced magnitude. The data in Fig. 1(c) have been offset by a small
constant to improve readability, and all temperatures in the dataset
between 2.2 and 300K are plotted in the SM. The anomalous pMR at
low fields correlates with a large electron mobility, which is typically
only identified at high fields for FM materials and can indicate helical
ordering at low fields.

Single crystals of Fe;Ga, were synthesized using a chemical vapor
transport (CVT) method, which was adapted from previous work.'®

Detailed synthesis methods and preliminary properties are described
in a prior publication.'’ The transport properties were measured at the
National High Magnetic Field Laboratory (NHMFL) DC Field Facility.
The MR data were taken between 0 and 9T and from 2.2 to 300K, as
shown in Fig. 2.

The MR data differ when the field (¢, H) is applied parallel to the
a-, b-, and c-axes, as seen in Figs. 2(a)-2(c), respectively. The low-field
MR data (uoH < 1.2 T) for the a and b crystallographic axes are
highlighted in the insets of Figs. 2(a) and 2(b). Most interesting is the
b-axis data, where there is a strong anomalous pMR at low fields and
low temperatures, yet remains small and persistent even up to room
temperature. Interestingly, around the metamagnetic transition
(T ~75K), there is no pMR in the low-field region. The MR data are
modeled in two magnetic field regions, which are labeled as p,,,, and
Phigh- The entire field and temperature range can be fit using the fol-
lowing expression:

u: plaw+phigh7 (1)
Po
and examples of the fit is seen in Fig. 2(d).

The low-field component p,,,, is a region of anomalous pMR,
which is large at low temperatures (T < 75K) along the b-axis. The
low-field component corresponds to the field range poH < 0.75 T,
where the a and b axes are in the HS spiral phase as seen in Fig. 1(a).
The low-field data described by py,,, provide additional insight into the
magnetic structure of Fe;Ga,. Along the b-axis, py,, is large at all tem-
peratures below 75K, and reappears at all temperatures below 300 K
with the exception of 75K. Along the a-axis, a similar pMR feature
emerges in the temperature range 100 K < T < 250 K, matching the
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FIG. 2. The data for the magnetoresistance (MR) when y,H is applied along the (a) a, (b) b, and (c) ¢ crystallographic axes. In the insets in (a) and (b), the data are the same
but focused on the region when yyH = 0 — 1.2 T. The data show that the MR along the b-axis has a persistent positive contribution below 0.75 T for all temperatures with the
exception of the 75 and 300K data. The a-axis has a slight positive magnetoresistance for temperatures when the crystal is in its helical spin spiral (HSS) state after T4 above
75K and below 300 K. The legend for temperatures corresponds to all curves on the left side of the figure. (d) An example of the fits for the a-, b-, and c-axes at 2.6 K as noted
by solid lines, and the regions for designated field ranges are noted by different colors (py,, is light yellow and py,q, is light gray). (Inset) The field where saturation occurs and
the magnetic step indicating a change from the HS state to the transverse conical spiral (TCS) state along the b-axis. Magnetic data describe the data extrapolated from
SQUID magnetometry, and MR data are the field where the MR decreases in the intermediate field and temperature range. () and (f) The fitting values from modeling the low-
field positive magnetoresistance where MR = (uuyH)?, where 1 < g < 2. The positive magnetoresistance is found along both the a-axis (between 75 and 300K, when the
magnetization along this axis is in its TCS state) and b-axis (for every temperature other than 75 and 300 K). The dashed vertical gray lines note the temperature for the T4
transition at 0T (68K) and 0.75T (116K). (g) and (h) The values from modeling the high-field data that were fit to the electron-magnon model, where

MR = —by In (1 + b2(igH)?) for the a-, b-, and c-axes.

behavior observed for the b-axis within the TCS magnetic state. The
fitted u values for the a- and b-axes are also similar in this temperature
interval, as shown in Fig. 2(f). However, at 100K, the u values for the
two crystallographic directions differ significantly. The discrepancy
occurs because the metamagnetic transition at 0.75T takes place at
116K, indicating that the a- and b- axes are in the process of entering
the TCS state at 100 K. There is no similar positive magnetoresistance

at temperatures measured with a magnetic field below 0.75 T along the
c-axis. We note that pMR at low fields is a characteristic of AFM mate-
rials, and we used the following empirical equation:

Plow = (NuOH)q7 (2)

where 1 < g < 2 and p correlates with the mobility of the carriers.

17-19

A purely linear pMR in AFMs and density wave materials, such as Cr”’
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and 2H-NbSe,,”" would generally arise from partially gapped Fermi
surfaces.”” Interestingly, the behavior follows a semi-quadratic model
associated with s-d scattering.”’ *> When the field is parallel to the
spins of one sublattice, fluctuations in that sublattice may be sup-
pressed, while those in the other sublattice may increase. Since the effect
is seen below 0.75 T, when the magnetization is in the HS state, the pos-
itive MR is most likely due to spin fluctuations as proposed by the
Rivier and Zlatic model.”**” A normal ferromagnet at 2K has a rela-
tively low mobility of < 50 cm*/Vs and ferromagnets with interesting
topological properties normally have large mobilities with large MR, as
in the case of MnBi, which has a large mobility of 5000 cm?/Vs and a
positive MR of 250% at 2 K.** The mobility of Fe;Ga, in its low-field
and low-temperature state has a mobility that is approximately 30 times
larger than a regular ferromagnet at 50K with a mobility of ~
150 cm? / Vs at low fields with a small positive MR. This is particularly
interesting since topological and helical materials have a positive MR
with a large mobility due to smaller effective masses.”’ ' Due to the
size of the mobility and the anomalous pMR at low fields, we expect
that the state that has traditionally been attributed to traditional FM
order may have helical processions.

The data for the fit for p,,,, are seen in Figs. 2(¢) and 2(f). In the
figure, two temperatures are noted by vertical gray lines, which note
where T; is located in the metamagnetic transition with no applied
field (68 K) and with 0.75T (116 K). The data for 75K are not noted
since near the transition temperature, there is no positive component,
since this temperature correlates with the metamagnetic transition.
The data below 68K increase linearly for the yu and g fitting factor
along the b-axis and then decrease. When T > 100K, the g-axis has a
similar spin structure to the b-axis. The low-field MR along the a-axis
moves from negative to positive, where the mobility is 10 times smaller
than along the b-axis. The disparity emerges because the metamagnetic
transition T; occurs near 100 K. However, the data for the a-axis
match well after this temperature (well beyond the transition tempera-
ture) for both the mobility x and the exponent g. Since both the a- and
b-axes demonstrate helical spiral ordering at low fields beyond the
metamagnetic transition as noted by Fig. 1(a), it is reasonable that their
fitted values would be similar in the temperature region
150 < T < 250 K. There is no positive low-field MR at room tempera-
ture (300 K), where the compound is moving toward its ferromagnetic
alignment with an applied field.

Along the b-axis, there is a notable decrease in the MR between
0.75 < uyH < 3 T when T > 75 K. When measuring above the HS to
TCS transition (T; ~ 70 K) there is a step-like behavior where the MR
becomes more negative. The magnetic field step and magnetic satura-
tion along the b-axis are both noted in the inset of Fig. 2(d). The field
where the decrease in resistance starts is noted by uyHsep, and is
~0.75T for all temperatures. The resistance increases again when the
magnetic state changes from the transverse conical spiral to the ferro-
magnetic state when the field saturates the compound, as noted by
UoHsaturation in Fig. 2(d) inset. Interestingly, the main hysteresis loca-
tions observed in Fig. 1(b) from the field up from —9T (blue) and
down from +9T (red) correlate with the magnetic ordering change
from HS to TCS at 0.75 T. The second hysteresis field location occurs
at = 1.0 T, which is the saturation field at that temperature. After satu-
ration, the MR behaves in the traditional electron-magnon model and
matches well with the MR data from a- and c-axes with a slight offset,
as seen in the SM. The decrease in resistivity along the b-axis is directly

pubs.aip.org/aip/apl

correlated with the TCS state, which persists to slightly past room tem-
perature and is fully extinguished at 350K, as seen in Fig. 1(d). There
is a similar decrease in resistance along the a- and c-axes when the
metamagnetic transition occurs (u,H > 0.75T), which is ascribed to a
change in the magnetization from the FM-type state to another spin
spiral state as seen in Fig. 1(b).

The component py, corresponds to the applied magnetic field
above uyH > 0.75 T. The high-field data in all three crystallographic
directions can be fit to the Khosla—Fischer model, which describes elec-
tron-magnon scattering. The model describes the MR in systems with
localized magnetic moments,

b (uoH)®
(1+ b3 (uoH)")’

where the first term is the negative MR from electron-magnon scatter-
ing and the second term is the positive MR from orbital cyclotronic
behavior. Below 50K, there is a positive MR at high fields due to an
orbital component that behaves semi-quadratically.'” The value of the
quadratic orbital cyclotronic behavior varies empirically and is cor-
rected using a term in the denominator to fit the experimental data.
The denominator term [1 + b?(uyH)*] was originally proposed by
Sondheimer and Wilson as a two-band model.”” The values of each fit-
ted value in all models are noted in the supplementary material, and by
and b, are noted in Figs. 2(g) and 2(h), respectively. The values for b,,
bs, and by correlate with the mobility and are proportional to the value
of the field. These values are notably higher than expected for a ferro-
magnetic material at low temperatures, which indicates unique topol-
ogy states.”” At 50K, the mobility noted by b, is close to 1000 cm*/
(V's) along the c-axis, which has an MR of —12% at 9T and 50K.
When used for the high-field data along the b-axis for T < 75K, the
PMR for this model normally resulting from an orbital cyclotronic
component would give an unreasonable value for the mobility of
10°cm?/V's and is not considered further. We believe that the pMR
along the b-axis is best described by the Rivier-Zlatic model, which
describes the effect of localized spin fluctuations, whereas the Khosla—
Fischer model proposes a similar quadratic fit from a third-order per-
turbation of the exchange Hamiltonian.”*””

The electron-magnon model correlating to p = —b;In(1
+b3(11yH)?) is used solely for the data when T > 50 K, which is below
the phase transition at 68 K without an applied field, noted by a vertical
gray line in the figure. The electron-magnon model includes a nonsatu-
rating linear magnetoresistance when the applied field is larger than the
saturation field of the structure. The metamagnetic material’s properties
behave as a ferromagnet in this field range, and the fitting parameters
by and b, are essentially the same when T > T; for all three crystallo-
graphic directions, which is marked by a vertical gray line at 116 K in
the figure. The b, parameter, which correlates with the mobility of the
carriers, decreases exponentially through the metamagnetic transition
but then stabilizes to a constant value when the compound is in its heli-
cal spin spiral state for each crystallographic direction.

The MR measurements support the results in the magnetization
measurements, and the large mobility indicates a unique topology of
the structure.'’ In previous studies, a similar positive MR at low fields
below a critical field was attributed to an electron-spin scattering of the
s-d configurations in an antiferromagnetic metal.”” When the field is
parallel to the magnetization in the AFM state, it induces a positive
MR below the critical field, which is around 0.75 T.>' The intermediate

Phigh = —biIn(1+ bg(NoH)z) + (3)

Appl. Phys. Lett. 128, 022402 (2026); doi: 10.1063/5.0304810
Published by AIP Publishing

128, 022402-4

L€:2€¥ | 920T UdoteN 90


https://doi.org/10.60893/figshare.apl.c.8211521
pubs.aip.org/aip/apl

Applied Physics Letters

field can be considered the intermediate state below a secondary criti-
cal field, which changes with temperature due to the metamagnetic
properties.”’ After the secondary critical field, the fluctuations are sup-
pressed, leading to a negative MR similar to a pure FM.

In conclusion, the MR measurements along each crystallographic
axis give more insight into the unique character of the Fe;Ga, phases.
At high fields beyond saturation, the MR matches with the electron-
magnon and cyclotronic model proposed by Khosla-Fischer with the
Sondheimer-Wilson correction for the exponent. At low fields, an
anomalous and persistent positive MR emerges along the b-axis,
accompanied by an uncharacteristically high mobility. This behavior
suggests helical magnetic ordering that can generate a strong emergent
field,"” rather than the conventional FM ordering that was originally
expected, potentially signaling topological phenomena. Future mea-
surements may clarify whether a topological Hall effect (THE) is pre-
sent in this compound.

See the supplementary material for this manuscript, which
includes the crystallographic data and the magnetometry data with the
transition temperatures for T, and T»; all magnetoresistance data taken
from 2.2-300 and 350-650K; the derivative of MR vs temperature;
and all fitting constants for the magnetoresistance.
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