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Abstract

Cobalt-doped Fe;GeTe, possesses a rich magnetic phase diagram as a function of Co concentra-
tion. The nature of magnetic order in (Cog sFeq 5)sGeTe;, is especially interesting, as it has been
shown to exhibit ferromagnetic order, A-type antiferromagnetic (AFM) order, or potentially both
at the same time. Here we present magnetoresistance measurements on AFM (Coy 5Fe 5)5GeTe,

at a series of pressures and extract the anisotropy and interlayer exchange fields using the two-
sublattice model. We show a 50% increase of the interlayer exchange at 2 GPa, highlighting the sen-
sitivity of magnetic properties to interlayer distance. In addition, we find that the sharp hysteretic
transitions observed within the AFM state can be qualitatively described by a linear chain model,
which suggests an even—odd effect as a function of layer number instead of a coexisting ferromag-

netic phase.

1. Introduction

For spintronics applications, antiferromagnetic
(AFM) materials possess multiple advantages com-
pared to ferromagnets (FM). They exhibit negligi-
ble stray fields, are not sensitive to magnetic per-
turbations, and their internal spin dynamics are
significantly faster [1, 2]. Moreover, they demon-
strate potential in memory applications due to a large
magnetoresistance, without requiring the fabrication
of a multilayer tunnel junction device [3, 4]. Two-
dimensional (2D) magnets are especially intriguing as
they show a wide variety of magnetic ordering down
to the monolayer thickness, and may be controlled
by electric fields, current, or other means [5-8].
Due to their novel properties, atomic thickness, and
impurity-free interfaces, 2D heterostructures built of

© 2026 The Author(s). Published by IOP Publishing Ltd

magnetic and nonmagnetic layers offer new oppor-
tunities for the design of future spintronic devices
[9-14].

Among 2D magnets, Fe;GeTe, and Fe;GaTe; have
been shown to exhibit a moderate stability in air,
a Curie temperature T approaching or exceeding
room temperature, and they have a strong perpen-
dicular magnetic anisotropy (PMA) relative to the
molecular plane [15-17]. Their magnetic properties
are highly sensitive to the composition, for example,
increasing the Fe content can increase T on the order
of a hundred Kelvins as shown in FesGeTe,[18, 19].
Moreover, by substituting Fe with Co in Fe; GeTe,, the
magnetic order can change drastically. Defining the
Co concentration x as (Co,Fe;_,);GeTe, (CFGT for
short), for approximately x = 0.1 — 0.3 the FM easy
direction is in the ab plane [20-22]. In contrast, in
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the x = 0.4 — 0.5 range, CFGT is an A-type antifer-
romagnet, i.e. magnetic moments in each molecular
layer are ferromagnetically coupled, but the magneti-
zation of neighboring layers is opposite, as depicted
in figure 1(a). For these Co concentrations, PMA
is recovered and the Néel temperature Ty ranges
between approximately 300 and 430 K [20, 21, 23, 24].
However, a FM state has also been observed atx = 0.5
[25, 26], and it is also predicted to be present at x =
0.6 [21]. Moreover, coexisting AFM and FM order has
been reported based on hysteretic features inside the
AFM phase [23, 24]. The changes with increasing x
have been tied to transitions from ABC to AA to AA'
stacking [21, 25], although it is unclear why both FM
and AFM states are possible around 50% Co substi-
tution of Fe.

Here we show that the magnetic characteris-
tics of CFGT can be actively tuned by another
control knob: the interlayer distance via pressure
[27]. Hydrostatic pressure has been shown to induce
changes in stacking and magnetic order [28, 29]. We
performed magnetoresistance measurements on mul-
tiple (Coy sFeg 5)5GeTe, samples and monitored their
magnetic properties via the anomalous Hall effect
(AHE) [30]. We have found that the AFM interlayer
coupling is enhanced by 50% by a pressure p of 2 GPa.
In addition, we propose that the hysteresis loops
observed within the AFM phase can be explained by
the behavior of the surface layers instead of the pres-
ence of a bulk FM order.

2. Methods

Single crystals of (CogsFeys)sGeTe;, grown by
chemical vapor transport, were obtained from HQ
Graphene. A scanning transmission electron micro-
scope image is shown in figure 1(a), further char-
acterization can be found in ref. [24]. We prepared
10-90 nm thick flakes by exfoliation onto SiO, sub-
strates. Their thickness was measured by atomic force
microscopy. Chromium/gold leads were deposited
via standard electron beam lithography after cleaning
the surface of the contact areas by argon-milling.
Figure 1(b) shows a photo of sample A, an approx-
imately 90 nm-thick flake, and also illustrates the
measurement geometry. We studied the Hall resis-
tance Ry, of CFGT samples as a function of an applied
out-of-plane magnetic field H at a series of tempera-
tures T and hydrostatic pressures p up to 2 GPa. To
apply pressure the samples were placed into a pres-
sure cell which was filled with kerosene [27] dur-
ing all of the measurements. The electrical mea-
surements were performed in a variable temperature
insert, using lock-in amplifiers and differential ampli-
fiers. The current used for the resistance measure-
ments was generally I, = 10 uA at f = 132.43Hz.

T Prok et al
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Figure 1. (a) Scanning transmission electron microscope
image of a CFGT crystal. The brightest spots are Te atoms.
The alternating magnetization in neighboring layers in the
AFM state is illustrated. The thickness of a molecular layer
and its magnetization are indicated. (b) Optical image of
90 nm-thick sample A and a diagram of the measurement
setup. The scale bar is 10 um. (c) The Hall resistance of the
sample at a series of selected temperatures. Solid (dotted)
lines indicate data for up (down) sweeps of the field. A
zero-field value Ry 0, which is a result of the mixing of a
longitudinal voltage drop, has been removed. The curves
are plotted with offsets that are proportional to T.

3. Results

The Hall resistance of sample A at ambient pressure is
shown in figure 1(c) from approximately 10 K up to
above room temperature, after removal of a zero-field
offset Ry, 9. All Ry, curves show step-like features that
are symmetrical around H = 0. These are characteris-
tic of an antiferromagnet with an approximately out-
of-plane easy axis [1, 20, 23, 24, 31] where the behav-
ior of the out-of-plane component of the magnetiza-
tion M is reflected in R,,, via the AHE. A step during
increasing |H| corresponds to a first order phase tran-
sition from the AFM state towards the fully polarized
FM phase. As we show further below, this is a spin
flop (SF) transition in which the AFM state switches
to a canted AFM (cAFM) state, and denote the cor-
responding field by Hgg. At high fields, R,, appears
to saturate, over an approximately linear background
due to the conventional Hall effect (CHE). At most
temperatures, the hysteresis between up- and down-
sweeps of H is negligible at the SF transition, and only
becomes clearer below ~ 50 K.

Another interesting feature of the data on sam-
ple A is a pair of small rectangular hysteresis loops at
most T. As illustrated in figure 1(c) and magnified in
figure 4(b), they are observable within the AFM phase
(|H| < Hgp) even above room temperature. Each loop
can be characterized by a pair of coercive fields with
the same sign, and therefore have a negligible rema-
nence at zero field, similarly to certain samples in
ref. [23]. The exception is below 100 K, where the shift
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Figure 2. (a) and (b) Examples of the raw Hall data and its derivatives on sample A at 276 K as a function of increasing H at p =
0 and 2 GPa, respectively. The vertical blue and red lines mark the Hsp and Hew fields, respectively. Arrows illustrate the AFM,
canted AFM and FM phases. The peaks in the derivatives within the AFM phase are due to the steps of the small hystereses. Inset:
simulation of the total out-of-plane magnetization using the two-sublattice model. (c) The values of the Hsp (solid squares) and

the Hpum (crosses) fields as a function of T at different pressures.

of the coercive fields leads to an overlap of the hystere-
sis loops and a finite remanence.

We extracted Hgp by identifying sharp peaks in
the first derivative OR,,/OH as shown in figure 2(a)
for an up-sweep of H. At low temperature where
the SF transition is hysteretic, we averaged the Hgp
of up and down sweeps. The results are plotted in
figure 2(c) as solid black squares as a function of tem-
perature. uoHsp decreases from approximately 5 to
~ 2T between 1.5 and 320 K, which likely reflects
the decrease of the absolute layer magnetization with
increasing T. Under applied pressures up to p =
2 GPa, the magnetoresistance curves are qualitatively
similar to those taken at p = 0 GPa, as illustrated in
figure 2(b). The obtained Hgg, plotted in figure 2(c)
as a function of temperature for all pressures with
solid squares, show similar trends with T, while we
observe a monotonic increase in Hgg with p. The mea-
surements performed after the release of pressure are
shown in gray, and closely match the values before
applying pressure (black). All datasets suggest that the
Néel temperature is well above 350 K, in accordance
with ref. [24].

We have investigated further CFGT samples and
obtained similar results regarding the main features
of the Ry, curves. Most data shown in the main text
were measured on sample A unless stated otherwise.
For an overview of all measurements, we refer to the
Supplementary Information (SI) section 1.

4. Discussion

In the following, we show a framework that describes
the dominant features of the magnetoresistance of
CFGT, and reveal a giant tunability of the model

3

parameters with pressure. Then we turn to the pecu-
liar fine structure of the R, curves, i.e. the small hys-
teresis loops within the AFM phase, taken on several
samples. We demonstrate that the model serves as a
good foundation to explain the details of the magnetic
behavior without invoking a simultaneous FM order.

Here we examine the nature of the magnetic phase
transition at Hgg. Since H is approximately aligned
with the easy axis [24], the step is either a spin flip
transition directly from the AFM to the FM phase, or
a SF transition to an intermediate, cCAFM state where
the layer magnetizations are not collinear [1]. In the
latter case, the net magnetization jumps to a finite
value at Hgg, followed by a continuous change dur-
ing the cAFM phase until the onset of the FM phase,
as shown in the inset of figure 2(a). This point is
denoted by Hpy and is accompanied by a dip in the
second derivative, §°Ry,/OH ?, while it is absent in
the spin flip case. Such a feature is clearly visible in
the second derivative of the data as highlighted by the
red dashed line in figure 2(b), confirming the pres-
ence of the cAFM state at 2 GPa. A dip of the sec-
ond derivative is also present at 0 GPa (figure 2(a)),
although it is less distinct, as its distance to Hgp is four
times smaller. These results show that pressure stabi-
lizes the cAFM phase compared to the ambient state.
The obtained Hyy fields are plotted in figure 2(c) as
crosses. We note that we could only extract Hgy for
a limited range in temperature since it increases with
decreasing T and goes above our experimental limita-
tions (uo|H| = 8.5T).

In order to gain further insight into the main
magnetoresistance features and the role of pressure,
we turn to the two-sublattice model of A-type AFMs
[32]. This assumes that each layer has uniform, satu-
rated magnetization and that the surface layers’ mag-
netization is negligible compared to the bulk. This
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applies to sample A, where the layer number N, using
a layer thickness of 0.96 nm (see also figure 1(a)) [20,
25],isaround 94. Therefore, every second layer can be
considered equivalent in the AFM phase, and the sys-
tem can be described as two coupled sublattices. The
directions of the sublattice magnetizations M; , can
be determined by minimizing the following energy
functional:

f=IM -My— ) (I;M%Z+H~Mi> (1)

i=1,2

where the signed bracket is essentially the Stoner-
Wohlfarth energy [33]. Here, units of Am ™! are used
for the interlayer exchange J > 0, the anisotropy K >
0 and the applied field H, while M, , are dimension-
less unit vectors. We have calculated the phase dia-
gram of the system by identifying the lowest-energy
stable solution (global minimum) at any point on the
H/2J,K/] plane. It is plotted as a colormap of the z
component M, of the total magnetization (M = M; +
M,) in figure 3(a). The model predicts that if K < ],
we may observe the AFM, cAFM, then FM phases as
H is increased from 0, with distinct transitions at Hgp
and Hpy. We can express the phase transition fields
defined above as

Hge = VK (2] = K), (2a)

Hpn = 2J — K. (2b)

We plot the theoretical Hsr and Hpy in figure 3(a)
after rescaling with 2] as black and white dashed lines,
respectively, which clearly delineate the three phases.
If K > ], the canted state is no longer a global energy
minimum, leading to a spin-flip transition at Hgp =
Hpm = J. Based on equations (2a), (2b) and the exper-
imental values of Hgg, Hpy in figure 2(c), we calcu-
lated the effective temperature-dependent parameters
K(T),J(T) and plotted them in figure 3(b). In general,
the anisotropy K is independent of pressure, while the
interlayer exchange J increases by as much as 50%
with p, likely due to the decreased distance between
the layers as in ref. [34].

The effective K and J decrease as T is increased,
which may be attributed to the reduction of the actual
magnetization of the layers. We can separate the latter
into an unknown, dimensionless M(T) function [35]
and substitute M(T)M; into equation (1) in place of
M;. As a result, we can rewrite equations (2a), (2b) to
describe the observed temperature-dependent transi-
tion fields as follows:

Hs: (T) = M(T) /K(2] — K), (3a)

Hyy (T) = M(T) (2] = K). (3b)

Now K, ] are independent of temperature. While
individually they cannot be determined from exper-
iments, a dimensionless parameter can be defined
from the ratio of the spin-flop and saturation fields.

In this picture Hsp(T)/Hpm(T) = +/K/(2J—K) is

T Prok et al
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Figure 3. (a) Phase diagram of the two-sublattice system
according to the numerically calculated global minimum
of equation (1). The black dashed line shows the analytical
first-order spin-flop/flip phase transition at Hsg, given by
equation (2a) for K/J < 1 and ] for K/J > 1. The white
dashed lines are the second-order phase transition from the
cAFM to the FM phase at £Hpy, from equation (2b). Both
fields are rescaled by 2J. The gray dashed lines are the K/J
values determined from experimental Hsg /Hpy data for
sample A at different pressures. (b) The effective K (solid
triangles) and J (empty triangles) values as a function of
temperature, extracted using equation (2) and experimen-
tal Hsp, Hem. (c) The measured Hsp/Hpy as a function of
temperature.

not expected to depend on the temperature and this
is confirmed by the experimental ratio shown in
figure 3(c). From this data we have calculated the T-
averaged ratio K/J = 2/(1 + (Hgm/Hsg)?) and illus-
trate its evolution with pressure in the phase dia-
gram in figure 3(a) with horizontal dashed lines. In
short, the increasing width of both the AFM and
cAFM phases on the H axis with increasing p can be
explained within the two-sublattice model, where the
interlayer AFM exchange ] is substantially enhanced
by pressure.

Finally, we discuss the curious hysteresis loops
of the magnetoresistance curves in the AFM state of
sample A, as well as our other devices, samples B, C
and D which were approximately 33 nm, 43 nm and
10.3 nm thick, respectively. While sample A exhibits
double hysteresis loops in the AFM phase, in the
other samples we find a single hysteresis loop with
finite remanence at H =0 as shown in figure 4(a)
from sample B. A remanent resistance in the AFM
phase has previously been attributed to the coexis-
tence of a ferromagnetic phase at room temperature

4
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Figure 4. (a), (b) Fine structure of the anomalous Hall resistance in the AFM phase in samples B and A, respectively. The step
and small loop heights AR, Ar are illustrated. In (b), red and blue triangles highlight the coercive fields closest to H = 0 of the
double hysteresis loops. (c), (d) Simulations of the magnetization M, for 7 and 8 layers following the global energy minimum
of equation (4) (black lines), and simulations following the local energy minima for up and down sweeps (red and blue dashed
lines). Stacks of rectangles indicate the magnetization M;, of the individual layers in the global energy minimum at each H, with
purple for positive and orange for negative. (e), (f) AR, Ar in multiple samples at 0 and 2 GPa, respectively. (g), (h) The ratio

AR/Ar/N at 0 and 2 GPa.

[24].In [23] a similar conclusion was drawn concern-
ing even-layer samples from the increase of the rema-
nent anomalous Hall resistance below 75 K. In the
same reference, qualitative differences were observed
between samples of even and odd layer number
regarding the number of steps in R,,, which were
attributed to the role of surface layers and explained
by modeling the magnetization of all layers, i.e. using
the linear chain model.

Here we show that the linear chain model readily
explains these observations without the use of a coex-
isting FM phase. The model [35, 36] uses the same
parameters as equation (1), but treats the magnetiza-
tion M; of each layer (see figure 1(a)) individually:

]Nfl N K
[ EZMi~Mi+1 -> (2M$Z+H.M,-> , (4)

i=1 i=1

where N is the layer number. Each layer is coupled to
two adjacent layers except at the surface, therefore J/2
is used. Surface layers are coupled to only one layer,
which may lead to them switching at a different field
than the bulk.

To illustrate the role of surface layers, we have
calculated the global minimum of equation (4) with
N =7 and 8 layers. The results are discussed below,
and are representative of odd and even layer sys-
tems within the model, with only quantitative differ-
ences between different N with the same parity (see
SI). The net magnetization M, in the global min-
imum for N=7,8 is shown by the black lines in
figures 4(c),(d), respectively. In an odd-layer sample,
M, is always finite due to an uncompensated layer.
There are two AFM states whose layer configurations
are mirrored. In each AFM state, the layer directions

5

M;, are illustrated by colored rectangles with pur-
ple and orange for M;, > 0 and M, < 0, respectively,
similarly to figure 1(a). The system switches between
them at H=0 so that M, remains aligned with H.
This is shown by a step of the black line from —1
to +1 at H= 0 (figure 4(c)). However, in real sam-
ples such first order changes are hysteretic in general,
because the system can remain in a state as long as
it is an energy minimum, or until an external per-
turbation such as thermal excitations lead to relax-
ation into a lower-energy state. As a result, a hysteresis
loop is expected to form around each predicted step
of the black line. The H = 0 step should expand into
a hysteresis loop as if for a FM, which matches the
experiments on samples B (figure 4(a) as well as C,
D (figures S3, S4 in the SI).

For N = 8, the calculated magnetization M, in the
global energy minimum is plotted in figure 4(d) by
the black line. Here the AFM state is well defined
around H = 0 with M, = 0. In addition, plateaus of
M, = %2 can be found between the AFM and FM
states, which is characteristic for all even N>>4. Here,
the surface layer that was antiparallel with H in the
AFM state is now aligned with H and also its neigh-
bor, as shown by the series of rectangles. Like for
odd N, in reality a hysteresis loop is expected to form
around each step, which is consistent with the double
loop structure in sample A, replotted for comparison
in figure 4(b).

As temperature decreases, the experimental data
becomes more complex, as demonstrated by addi-
tional hysteresis loops in figures 1(c) and 4(a)
around +Hsg. In sample A we also found a rema-
nent AHE resistance, i.e. a finite difference at H =
0 between up- and down sweeps as can be seen in
figure 4(b), similarly to [23] for even layers. However,
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the evolution of the small loops with temperature
makes it clear that the origin of the remanence,
instead of a new FM state, is that the pair of small
loops begins to overlap at low T, as displayed by
the red and blue triangles. As a proof of concept,
we have conducted theoretical calculations of the
metastable states of the system. Now, instead of the
global minimum, we always follow a local energy
minimum until it becomes unstable. The red and
blue dashed lines in figures 4(c) and (d) represent
such calculated up- and down field sweeps, leading
to a hysteresis with a complex shape. For an even
layer number, this predicts a remanent magnetiza-
tion around H = 0, leading to a finite AHE which is
consistent with our low-T experimental findings in
sample A.

Nevertheless, the parity of the layer number could
not be confirmed due to the limited accuracy of
atomic force microscopy measurements. Therefore,
we conducted an analysis of the small loop height
and the AFM-(cAFM)-FM step height in all sam-
ples to compare them to predictions by the chain
model. For this we antisymmetrized the R, curves
[34], and corrected them by a linear background
attributed to the CHE, which we determined by fit-
ting the regions near H = 0. We extracted the mag-
nitude AR of AHE in the FM state at Hgy; as shown
in figure 4(a), to minimize systematic errors from a
potentially nonlinear CHE. This step approximately
corresponds to a magnetization change AMAR = N
in thick samples. AR is shown in figures 4(e) and
(f) at 0 and 2 GPa, and its temperature-dependence
is comparable to that of Hgp(T). The height Ar of
the small loop, estimated far from hysteresis over-
laps (see figures 4(a) and (b)), corresponds to a
AMA" = 2 magnetization change and is also plot-
ted in figures 4(e) and (f). In general, both AR
and Ar slightly decrease with increasing pressure.
They also decrease as the crystal thickness increases,
which is consistent with the behavior of AHE
in ferromagnetic sister compounds Fe;GeTe, and
Fe;GaTe, [37-39].

We have calculated the ratio AR/ Ar/N, where the
layer number N was estimated from the flake thick-
ness, and plot it in figures 4(g) and (h). As discussed
above, it is predicted to be AMAR/AMAT/N = 0.5,
but according to our findings it is lower and depends
on the temperature. These properties may origi-
nate, for example, in a H-nonlinear CHE that dis-
torts AR, a different T-dependence of surface and
bulk layer magnetizations (due to the presence or
lack of a neighbor), or a different saturation state
of the magnetizations as Ar, AR are read out at
different fields, which the model does not account
for. Nevertheless, the observed AR/Ar/N is com-
parable for several samples of various thicknesses,
demonstrating a qualitative agreement with the chain
model.
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The magnetic properties of CFGT and its sister
materials are extremely sensitive to the configura-
tion of magnetic ions [24, 40, 41]. Therefore, the
cause of the reduced ratio AR/ Ar/N may be, in addi-
tion to those listed above, due to the effect of sur-
face oxidation [42] on Ar. As Ar is related to AHE
in the surface layers, we speculate that an increase
in Ar may be produced in various ways, from a
higher surface current density to having a differ-
ent local magnetization or even a sign change of
the local interlayer coupling J [43], which may be
detectable via surface mapping techniques [44, 45].
A stronger surface spin-dependent scattering that
enhances AHE is another possibility and may also
contribute to the different T-dependence of AR, Ar
in figures 4(e) and (f). Deviations may also be the
result of inhomogeneities in the layer magnetization,
stacking, etc.

5. Conclusions

We have studied the magnetic response in AFM
(Cog.sFeq5)sGeTe, samples between 10 to 90 nm
thickness via the anomalous Hall effect. We have
clearly delineated the AFM, cAFM, and FM states
and shown that, with pressure, the magnetic transi-
tion fields increase substantially and the cAFM state
is stabilized. Although the anisotropy is practically
unaffected, the interlayer AFM coupling J increases
by approximately 50% when applying 2 GPa, demon-
strating the sensitivity of magnetic parameters to the
interlayer distance. In addition, we found that the
small hysteresis loops within the AFM phase can be
qualitatively explained by the behavior of the surface
layers as predicted by the linear chain model. The
analysis of the resistance steps to the FM state com-
pared to those in the small loops is in line with this
picture.

CFGT is the highest-Néel-temperature 2D anti-
ferromagnet discovered to date [14]. We believe that
our results shed light on the intriguing magnetic
behavior of the bulk and the surface of CFGT crystals,
and will contribute to the design of AFM components
and interfaces in future spintronic devices.
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