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Thermal cycling induced alteration of the stacking order and spin-flip in the room
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The magnetic properties of the quasi-two-dimensional van der Waals magnet Fe5−δGeTe2 (F5GT), which has
a high ferromagnetic ordering temperature TC ∼ 315 K, remain to be better understood. It has been demonstrated
that the magnetization of F5GT is sensitive to both the Fe deficiency δ and the thermal-cycling history. Here,
we investigate the structural and magnetic properties of F5GT single crystals with a minimal Fe deficiency
(|δ| � 0.1), utilizing combined x-ray and neutron scattering techniques. Our study reveals that the quenched
F5GT single crystals experience an irreversible, first-order transition at TS ∼ 110 K upon first cooling, where
the stacking order partly or entirely converts from ABC-stacking order to AA-stacking order. Importantly, the
magnetic properties, including the magnetic moment direction and the enhanced TC after the thermal cycling,
are intimately related to the alteration of the stacking order. Our work highlights the significant influence of the
lattice symmetry to the magnetism in F5GT.
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I. INTRODUCTION

The quasi-two-dimensional (quasi-2D) van der Waals
(vdW) magnets are prominent systems for studying low-
dimensional magnetism and anomalous transport behaviors
[1–8]. Among them, the itinerant Fe5−δGeTe2 (F5GT) sys-
tem is particularly interesting because of its advantageous
characteristics for potential room temperature (RT) spintronic
applications [9–13]. The bulk form of F5GT has a near RT
ferromagnetic (FM) transition temperature TC ≈275–330 K
[9–12,14–19]. Owing to the coupling between the electronic
and magnetic degrees of freedom, and the tunable sample
thickness, the magnetic properties of F5GT are highly sus-
ceptible to perturbations [20–31]. For example, enhanced FM
transition temperatures, from RT to 400 K and beyond, can
be achieved by replacing Fe with either cobalt (Co) or nickel
(Ni) [24–28], or through applying high pressure [30]. Also,
a magnetic phase transition from a FM to an antiferromag-
netic (AFM) ground state can be obtained via Co doping or
by voltage induced charge doping [24,26,29]. Interestingly,
topological spin textures have been realized via engineering
the lattice symmetry by Co doping or tuning the sample thick-
ness [26,27,31]. The aforementioned observations highlight
the immense capacity for exploring both novel physical phe-
nomena and technological applications in F5GT.
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Despite the large amount of research directed at charac-
terizing the magnetism in F5GT, its magnetic ground state
remains contested [10–12,14,16,30]. Specifically, conflicting
suggestions about the spin structure have been reported, rang-
ing from out-of-plane FM [10,12] to in-plane FM [11] to
ferrimagnetic order [16]. This is partly due to the experimental
techniques utilized for investigating the magnetic properties
in F5GT which are either only surface sensitive or indi-
rect probes of the microscopic magnetic structure, such as
magnetic force microscopy, nitrogen-vacancy center magne-
tometry, and magnetotransport measurements [11,14,19,30].
Further complexity is added because the magnetism of F5GT
is sensitive to both the iron (Fe) deficiency (δ � 0), espe-
cially the half-occupied Fe1 site, and the growth conditions
during the crystal synthesis [12]. Therefore, it is important
to have a thorough investigation of the microscopic lattice
and magnetic structure in F5GT. Here, we utilize combined
x-ray and neutron scattering techniques to study the bulk
properties of F5GT single crystals. Our work indicates that the
quenched F5GT single crystals, which exhibit thermal-cycling
history dependencies according to magnetization measure-
ments, actually undergo a first-order structural transition at
TS ∼ 110 K upon first cooling [12]. During this irreversible
process (<400 K), the stacking order of the sample partly or
completely converts from ABC-stacking order to AA-stacking
order. Our neutron diffraction data indicate that the spin mo-
ment direction is directly controlled by the stacking order
of the lattice, likely resulting from the strong magnetoelastic
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FIG. 1. (a) and (b) The crystal structure of Fe5GeTe2 (F5GT)
with two different types of stacking order: (a) ABC-stacking order
with the space group (SG) R3̄m and (b) AA-stacking order with
the SG P3̄m1 [24,26,27]. (c) Thermal-cycling history dependence
of the in-plane magnetization of the quenched F5GT single crystals.
Prior to the first cooling process, the ferromagnetic onset temperature
TC0 is ∼285 K (gray line), which is enhanced to TC1 ∼ 310 K after
cooling below TS ∼ 110 K (green line).

coupling and the interlayer exchange couplings. Our study
highlights the significance of the stacking order and the in-
terlayer couplings in determining the magnetic ground state
of F5GT.

II. EXPERIMENTAL RESULTS

Single crystals of F5GT were obtained via the chem-
ical vapor transfer technique and quenched at 750 ◦C to
improve the sample quality during the last step of the syn-
thesis [10,12,26,27]. The cation deficiency (|δ| � 0.1) of the
crystals, verified by energy dispersive x-ray spectroscopy, in-
dicates that our samples are nearly stoichiometric. The x-ray
scattering experiments were carried out at 44 keV at beam-
line QM2 of the Cornell High Energy Synchrotron Source
(CHESS). A Pilatus 6M area detector was used to collect
the diffraction patterns with the sample rotated 365◦ around
three different axes at 0.1◦ step and 0.1 s/frame data rates
at each temperature. Elastic neutron scattering measurements
were carried out using the 14.6-meV fixed-incident-energy
triple-axis spectrometer HB-1A of the High Flux Isotope
Reactor (HFIR) at Oak Ridge National Laboratory, with a
collimation of 40′-40′-40′-80′. For unpolarized neutrons, the
nuclear and magnetic contributions to the structure factor are
additive and the cross-term cancels, which is a significant
advantage for magnetic neutron studies. For better compar-
ison, the Bragg peaks Q = (H 4π√

3a
, K 4π√

3b
, L 2π

c ) are defined
in reciprocal lattice units (r.l.u.) with lattice parameters a =
b ≈ 4.03 Å and c ≈ 29.2 Å for both ABC-stacking and AA-
stacking ordered domains of F5GT [Figs. 1(a) and 1(b)]. The
single crystals were quenched to RT and then used for the
temperature-dependent magnetometry, x-ray scattering, and
neutron scattering experiments.

FIG. 2. (a) Temperature dependence of the x-ray diffraction pat-
tern of F5GT, during the “first cool” procedure, collected with a
decreasing temperature sequence. Vertical lines indicate the peak
positions predicted by the two different models: ABC-stacking order
with the SG R3̄m (gray) and AA-stacking with the SG P3̄m1 (red).
Emerging peaks below TS ∼ 110 K are marked and labeled in red.
(b) Magnified view of the (1, 0, 6) peak at select temperatures.
(c) Temperature dependence of the normalized peak intensity at
select peaks QAA = (1, 0, 3N ) (N = 0, 1, 2, and 3).

Consistent with the reported results [12], the quenched
F5GT single crystal exhibits a thermal history dependence
as observed in the magnetization measurement [Fig. 1(c)].
Prior to any cooling process, the F5GT sample has a mag-
netic onset temperature of TC0 ∼ 285 K [Fig. 1(c), gray line].
Upon the first cooling process from RT down to temper-
ature T = 2 K (labeled as “first cool”), the F5GT sample
experiences an irreversible, first-order structural transition at
TS ∼ 110 K, as indicated by the large dip in the magneti-
zation data [Fig. 1(c)]. After this initial cooling process,
the F5GT sample is warmed up (labeled as “first warm” or
“thermally cycled”) and has a permanently (without warming
up to 400 K) enhanced magnetic transition temperature of
TC1 ∼ 310 K [Fig. 1(c), green line]. Further thermal cycling
(either cooling or warming) of the crystal, as long as it is
below ∼550 K, does not affect the magnetization [12].

To understand the microscopic origin of the thermal
history dependence of the magnetization, we first examine the
structural properties of the quenched F5GT samples through
single-crystal x-ray diffraction (XRD), which presents
minimum external perturbation to the sample. Single crystals
are favored for characterizing the lattice structure of the vdW
materials, because undesired stacking faults are frequently
produced during the sample preparation for the commonly
used powder XRD. A freshly quenched F5GT single crystal
was subjected to an identical thermal treatment: the measure-
ment was performed at RT first, gradually cooled down to
T = 10 K (first cool), and then slowly warmed up (first warm)
towards RT. Figure 2(a) shows the x-ray scattering intensity
plotted as a function of momentum Q during the first cool pro-
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FIG. 3. Temperature dependence of the neutron diffraction peaks of F5GT during the first cool process. (a)–(d) Rocking scans at select
Bragg peak positions: (a) (0, 0, 9); (b) (1, 0, 0); (c) (1, 0, 1); and (d) (1, 0, 4). Solid lines in panels (c) and (d) are Gaussian fits to the data. (e) and
(f) Temperature dependence of the (1, 0, 1) peak (e) and the (1, 0, 4) peak (f), with the same magnetic transition temperature of TC0 ∼ 274 K.
The structural transition at TS is reflected by the sharp decrease of the (1, 0, 4) peak intensity in panel (f). In panels (a)–(d), θ is the motor
angle, which is proportional to the θ angle of the rocking scans.

cess. The observed peaks at RT can be well indexed with the
space group (SG) R3̄m [Fig. 1(a)] [10], indicated by the gray
vertical lines and the labeled peaks. This is consistent with
the rhombohedral layer stacking, labeled as ABC-stacking
[Fig. 1(a)] [10]. Interestingly, a new set of peaks emerges
below TS ∼ 110 K during the first cool process (Fig. 2). While
the peaks associated with the ABC-stacking order are only
weakly suppressed in magnitude with decreasing temperature,
the intensities of the new peaks become stronger and stabilize
at the lowest temperature, as indicated by the temperature-
dependent, normalized intensity of the selected peaks in
Fig. 2(c). After the first cool process, the diffraction pattern
only displays a weak temperature dependence with respect to
further thermal cycling, agreeing with the permanent change
evident from the magnetization measurements [12]. Some
minor peaks are present on the shoulders of the main Bragg
peaks, but barely display any temperature dependence during
the whole temperature treatment. These minor peaks might
be due to impurity phases(s) and/or stacking disorders during
the sample synthesis; they are also shown to be present in the
reported XRD studies [9,12].

The new peaks evidenced from the x-ray scattering mea-
surement, indicated and labeled in red in Fig. 2(a), can be
well indexed with the SG P3̄m1, signaling the formation of
a closely related type of stacking order, i.e., AA-stacking
[Fig. 1(b)], as similarly observed in either Co- or Ni-doped
F5GT samples [24,26,28]. The two types of stacking or-
ders in F5GT, i.e., ABC-stacking and AA-stacking, share
the same motif while they only differ marginally through

the stacking configuration along the lattice c direction. In
the AA-stacking order with primitive centering [Fig. 1(b)],
the lattice c of the unit cell should be 1/3 of the lattice c
with the ABC-stacking order. However, to maintain directly
comparable Miller indices, a similar lattice c ≈ 29.2 Å is
used for both AA-stacking and ABC-stacking orders here.
The direct benefit is the clear distinction between the two
types of stacking orders in reciprocal space for the scattering
measurement (Figs. 2–5). For the ABC-stacking order, the
(1, 0, L) type of nuclear Bragg peaks can only be observed
when L �= 3N (L = integers and N = 0, 1, 2, . . .). Meanwhile,
for the AA-stacking order indexed with this tripled lattice
c, any allowed nuclear Bragg peak (H , K , L) must satisfy
L = 3N (N = 0, 1, 2, . . .). Therefore, for the (1, 0, L) type of
nuclear Bragg peaks, the QAA = (1, 0, 3N) (N = 0, 1, 2, . . .)
positions will only be allowed in the AA-stacking ordered
domains, while the QABC = (1, 0, 3N ± 1) (N = 0, 1, 2, . . .)
reflections will only be possible in the ABC-stacking ordered
domains [Fig. 5(a)]. A sharp distinction between the two
types of stacking orders can be readily recognized by in-
specting the (1, 0, L) type of structural peaks [Fig. 5(a)].
Clearly, as shown in Fig. 2, the quenched F5GT crystal only
has the ABC-stacking order prior to the first cool process
because of the absence of the QAA type of Bragg peaks.
After the initial cooling below TS, the emergence of the QAA

type of Bragg peaks, such as the (1, 0, 6) peak shown in
Fig. 2(b), indicates the partial conversion from ABC-stacking
order to AA-stacking order, which permanently remains so
thereafter.
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FIG. 4. Temperature dependence of the neutron diffraction peaks of F5GT after the sample is thermally cycled. (a)–(c) Radial scans at
select Bragg peak positions: (a) (0, 0, 9), (b) (1, 0, 0), and (c) (1, 0, 3). Solid lines are Gaussian fits to the data. (d)–(f) Temperature dependence
of the select Bragg peaks with an enhanced magnetic transition temperature of TC1 ∼ 310 K: (d) (0, 0, 9); (e) (1, 0, 0); and (f) (1, 0, 3).

The development of the AA-stacking order after the first
cool process through TS is also confirmed by our neutron
diffraction study on another quenched F5GT single crystal
[Figs. 3, 4, and 5(b)–5(d)]. The F5GT crystal was investigated
following a similar temperature-dependent sequence: starting
at RT, first cool to T = 4 K, and then warm up to 350 K (ther-
mally cycled). Without first cool through TS, the QAA Bragg
peaks, such as the (1, 0, 0), (1, 0, 3), and (1, 0, 6) reflections,
are clearly absent [Figs. 3(b) and 5(b)]. In agreement with
the ABC-stacking order, the QABC Bragg peaks, such as the
(1, 0, 1) and (1, 0, 4) reflections, are observed as expected
[Figs. 3(c), 3(d) and 5(b)]. Interestingly, after the sample was
subjected to first cool to T = 4 K, it permanently entered the
thermally cycled state with a different set of diffraction peaks.
All of the QABC Bragg peaks observed before the structural
transition at TS, such as the (1, 0, 4) peak, completely van-
ish [Figs. 3(f) and 5(d)]. Meanwhile, the QAA Bragg peaks
initially absent, such as the (1, 0, 0) peak, are now clearly
visible [Figs. 4(b), 4(c) and 5(d)]. This suggests the complete
conversion from ABC-stacking order to AA-stacking order
after the thermal-cycling process in this particular sample. The
combined x-ray and neutron scattering data on the structural
properties evidently indicate the F5GT sample experiences
a structural alteration at TS during the first cool process, in
which the system either partially or completely converts from
ABC-stacking order to AA-stacking order.

Having established this novel structural evolution in F5GT,
the magnetic properties can also be re-evaluated from the
neutron scattering data. Consistent with the early neutron
powder diffraction study [10], the QABC Bragg peaks are
both structural and magnetic in origin [Figs. 3(c), 3(d) and

5(b)], confirming the FM nature of the magnetic order. For
instance, both the (1, 0, 1) and (1, 0, 4) reflections display
temperature dependencies with a magnetic onset temperature
of TC0 ∼ 274 K [Figs. 3(e) and 3(f)], which is slightly lower
than the value from the magnetization data of the other F5GT
sample. Since the magnetic neutron scattering intensity is only
sensitive to the spin moment component perpendicular to the
scattering vector Q [32], the absence of magnetic peaks at
the (0, 0, 3N) (N = 1, 2, . . .) positions, such as at (0, 0, 9) in
Fig. 3(a), confirms the out-of-plane spin moment direction in
F5GT with ABC-stacking order. When this particular sample
is thermally cycled with the complete AA-stacking order, the
magnetic peaks appear with a different pattern. Again, both
the QAA and (0, 0, 3N) reflections are structural and magnetic,
and they demonstrate the temperature dependence with an
enhanced onset temperature of TC1 ∼ 310 K [Figs. 4, 5(c),
and 5(d)]. For instance, the (0, 0, 9) peak now develops strong
intensity below TC1 [Figs. 4(a) and 4(d)], in stark contrast to
its absence before the first cool treatment [Fig. 3(a)]. The
observation of magnetic peaks at the (0, 0, 3N) positions
directly implies the existence of an in-plane spin moment
component. Considering both the structural and the magnetic
peaks residing at the same Bragg peak positions, and from the
representational analysis [33], the magnetic moment direction
is either purely in-plane or out-of-plane. Therefore, the pres-
ence of the magnetic peaks at the (0, 0, 3N) positions in the
AA-stacking order F5GT sample implies FM order with the
spin moments oriented in-plane. Additionally, a simple FM
model with the same spin moment size was used to calculate
the magnetic structure factor squared for neutrons and to sim-
ulate the measured magnetic peak intensity, which results in
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FIG. 5. (a) Schematic of the nuclear Bragg peak positions in the
(H , 0, L) plane of F5GT with two types of stacking orders, indexed
with the same lattice parameters: ABC-stacking (blue squares) and
AA-stacking (green circles). (b)–(d) Long L scans of the neutron
diffraction peaks of F5GT at select temperatures, under different
thermal statuses: first cool [panel (b)] and thermally cycled [panels
(c) and (d)]. Peaks marked by asterisks are temperature-independent
background from the aluminum holder.

an average spin moment size of ∼1.5(2) μB/Fe (details about
the calculation can be found in the Supplemental Material
[34], Fig. S1). This value is slightly less than that obtained
from the magnetization measurement (∼2 μB/Fe) [26,28], but
is close to estimated magnetic moments from other experi-
mental probes and theoretical calculations [10,17,35,36].

To gain more insight about the nature of the magnetic
transition in F5GT, power-law fitting of the order parame-
ter squared [37–40], the peak intensity, is applied at select
magnetic reflections in the temperature range from 200 K to
near TC (a constant is applied to account for the background
and structural contributions, solid lines in Fig. 6) under the
following form:

I ∝ (TC − T )2β. (1)

FIG. 6. Power-law fitting of the magnetic peak intensity at select
Bragg peak positions in F5GT under different thermal statuses (solid
lines): (a) first cool and (b)–(d) thermally cycled.

The power-law fit of the (1, 0, 4) magnetic peak of
ABC-stacked F5GT during the first cool process yields TC =
271(1) K and β = 0.37(1) [Fig. 6(a)]. The fitted number TC =
271(1) K, reflecting the bulk magnetic transition, is slightly
lower than the number TC1 ∼ 285 K obtained from magne-
tization data. This discrepancy can be understood because a
small magnetic field applied to the system during the mag-
netization measurements, together with the local chemical
inhomogeneity, produces some magnetic signals above TC =
271(1) K, which therefore display a seemingly larger TC0 ∼
285 K. Similarly, the power-law fits of the selected reflections
of AA-stacked F5GT under thermally cycled status render
TC ∼ TC1 ∼ 310 K and β = 0.33–0.38 [Figs. 6(b)–6(d)]. The
larger fitted value TC ∼ 310 K of AA-stacked F5GT is evi-
dent at all reflections signaling the bulk enhanced magnetic
transition. Also, the fitted β numbers remain similar under
different thermal treatments, as shown in Figs. 6(a) and 6(b),
suggesting that, although the stacking sequences are altered,
the magnetic phase transition behavior is not fundamentally
modified. It is also worth noting that the averaged number
β = 0.35(3) is close to the value β = 0.346(1) obtained via
analyzing the temperature-dependent isothermal magnetiza-
tion data [41]. We note that, because the spin anisotropy is
weak in F5GT [11,13,17,36], we would expect a crossover
from three-dimensional (3D) Heisenberg to either 3D Ising
(ABC-stacking) or 3D XY (AA-stacking). In terms of the
order parameter exponent, this implies a crossover from a
value of β = 0.366 to either 0.326 or 0.347 [37,38]. Clearly
our measured data are consistent with these values, but the
uncertainties are too large to make a more precise statement.

III. DISCUSSION

Our combined x-ray and neutron scattering study clari-
fies that the thermal-history-dependent magnetization of the
quenched F5GT sample results from the structural alteration
upon the first cool procedure. Naturally, both the ABC-
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stacking and the AA-stacking ordered domains may coexist
within the thermally cycled sample. The presence of the AA-
stacking order is not surprising. It is known that there exist
stacking faults or structural disorder within the F5GT samples
[9,10]. Comparing to the ABC-stacking order, the AA-
stacking order keeps the in-plane building blocks while only
differing slightly through the out-of-plane stacking configu-
ration. Encouragingly, the density functional theory (DFT)
calculation indicates that the ground-state energies for ABC,
AA, and AA′ [42] structural and magnetic phases lie within
about ±10 meV per formula unit [26], strongly supporting
the idea that similar stacking configurations are experimen-
tally accessible in F5GT. This is consistent with the fact that
through electron doping in F5GT, the AA-stacking order is
readily preferred [24,26–28]. Therefore, quenching the crys-
tals during the last step of the synthesis may preferably freeze
the population of the ABC-stacked domains, maintaining the
“high quality” of the crystals. However, during the first cool
procedure at TS ∼ 110 K (∼9.5 meV), the spins at the Fe1
site start ordering [10]. Because of the strong magnetoelastic
coupling and the interlayer exchange coupling, especially the
spins at the outer Fe1 site, some domains convert from ABC-
stacking to AA-stacking. However, this process may not go
to completion because of other competing factors, such as
(structural and chemical) disorder and/or Fe vacancies, that
retain the ABC-stacked domains. This “permanent” change
may be recycled and the population of the ABC- and AA-
stacked domains may be redistributed, if the system is warmed
up to 550 K and beyond [12].

From the neutron diffraction data (Figs. 3–5), it is evi-
dent that the two types of domains demonstrate contrasting
magnetic behavior. Specifically, the ABC-stacked domains
host out-of-plane moments with a lower FM transition tem-
perature TC0; while the AA-stacked domains accommodate
in-plane moments with an enhanced TC1 ∼ 310 K [Figs. 1(a)
and 1(b)]. While the spin moment directions of the ABC-
and AA-stacked domains are different, the intralayer spin
moments maintain strong FM exchange couplings. Also, the
in-plane FM order observed in AA-stacked domains is not
totally unexpected. Both the experimental data [11,17] and
DFT calculations [13,36] have demonstrated a weak magnetic
anisotropy in F5GT. Therefore, a small perturbation to the
system, leading to altered interlayer exchange couplings, may
be able to flip the spin moment direction and enhance the
ordering temperature in F5GT. Hence, the in-plane FM order
with an enhanced TC is observed in AA-stacked domains, as
similarly reported in both Co- and Ni-doped F5GT samples
[24,28]. This can also explain the magnetic anisotropy con-
trol and the modulation of TC in F5GT via the high-pressure
diamond-anvil-cell technique [30]. With higher magnetic on-
set temperatures consistently recorded in Co- and Ni-doped
FGT systems [24,26–28,43], the AA-stacking lattice structure
seems to be favorable for increasing the magnetic ordering
temperature.

Since the ground-state energies of the structural and mag-
netic phases in relevant polytypes of F5GT are close, as
well as having a weak magnetic anisotropy, one might expect
rich manipulations of the magnetic properties in F5GT. Even
within one single crystal, because of local disorder and Fe va-
cancies, different types of domains might coexist, as revealed

from our x-ray scattering data in Fig. 2. From this perspective,
the enhanced TC and the anomalous critical exponent β ex-
tracted in some previous studies from the magnetization data
resulting from coexisting domains may be understood [11,22].
Also, since the F5GT single crystals are produced with var-
ious sets of synthesis parameters from different groups, the
magnetic properties will display some variations because of
the distinct types of domains, including the out-of-plane FM
[10,12,15,17–19,44], the in-plane FM [11,16], ferrimagnetism
[16], or helical magnetism [14].

It is worth noting that the thermally cycled F5GT sample
does not display a strong anomaly at TS from our neu-
tron diffraction data [Figs. 4(e) and 4(f)], as opposed to
the temperature induced spin-flip transition implied from
the magneto-transport measurements [30,45]. Conversely, the
sister compound Fe4GeTe2 behaves strikingly similar to pre-
cooled F5GT in magnetization, including a similar TC ∼
270 K, as well as a spin reorientation at ∼110 K [46,47].
Therefore, the inconsistent magnetic behavior may be as-
cribed to a possible Fe deficiency δ in F5GT [46,48]. Hence,
it is crucial to characterize both the Fe deficiency level and
the stacking order in F5GT [49], especially when measuring
nanoflakes with a reduced sample thickness, in order to cor-
rectly interpret the magnetic properties.

Lastly, our work establishes effective protocols to monitor
the stacking sequence and the magnetic state in F5GT, which
can be extended to other layered vdW magnets. Particularly,
the stacking configuration in F5GT is readily differentiated by
inspecting the Q = (H , 0, L) (H �= 0) type of nuclear Bragg
peaks [Fig. 5(a)]. Meanwhile, measuring only the (0, 0, L)
type of reflections is not sufficient to fully characterize the
various stacking arrangements, which might frequently occur
in weakly vdW bonded materials.

IV. CONCLUSION

In summary, our combined x-ray and neutron scattering
study of Fe5GeTe2 single crystals elucidates the thermal his-
tory dependence of the magnetization data of quenched F5GT.
The irreversible, first-order structural transition at TS ∼ 110 K
through the first cool process corresponds to a partial or
complete alteration of the stacking order, from ABC-stacking
order to AA-stacking order. The neutron scattering data estab-
lish the FM nature and indicate that the magnetic properties,
such as the spin moment direction and the magnetic onset
temperature, are determined by the stacking order: the ABC-
stacking ordered domains host out-of-plane spin moments
with a lower TC0, while the AA-stacking order presents in-
plane spin moments with an increased TC1 ∼ 310 K. The
neutron scattering data also are consistent with a 3D Heisen-
berg model and reveal an average spin moment size of ∼1.5(2)
μB/Fe in F5GT. Our work highlights the significant role of
the stacking order of the lattice to the magnetism in F5GT, as
well as the importance of the Fe deficiency in determining its
magnetic ground state.
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