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Inherently layered magnetic materials, such as magnetic Mn+1 AXn (MAX) phases, offer an intriguing
perspective for use in spintronics applications and as ideal model systems for fundamental studies of complex
magnetic phenomena. The MAX phase composition Mn+1 AXn consists of Mn+1 Xn blocks separated by
atomically thin A-layers where M is a transition metal, A an A-group element, X refers to carbon and/or
nitrogen, and n is typically 1, 2, or 3. Here, we show that the recently discovered magnetic Mn2 GaC MAX
phase displays structural changes linked to the magnetic anisotropy, and a rich magnetic phase diagram which
can be manipulated through temperature and magnetic field. Using first-principles calculations and Monte Carlo
simulations, an essentially one-dimensional (1D) interlayer plethora of two-dimensioanl (2D) Mn-C-Mn trilayers
with robust intralayer ferromagnetic spin coupling was revealed. The complex transitions between them were
observed to induce magnetically driven anisotropic structural changes. The magnetic behavior as well as structural
changes dependent on the temperature and applied magnetic field are explained by the large number of low energy,
i.e., close to degenerate, collinear and noncollinear spin configurations that become accessible to the system with
a change in volume. These results indicate that the magnetic state can be directly controlled by an applied
pressure or through the introduction of stress and show promise for the use of Mn2 GaC MAX phases in future
magnetoelectric and magnetocaloric applications.
DOI: 10.1103/PhysRevB.93.014410

I. INTRODUCTION

Since the work of Ising [1], magnetism in low-dimensional
systems has been the subject of extensive theoretical [2–5] and
experimental [6–9] research. As an example, monolayers of
3d transition metals on hexagonal single crystal substrates are
good candidates for the physical realization of frustrated two
dimensional (2D) itinerant antiferromagnetic (AFM) systems
[5,9–11]. This frustration, or the inability for the material to
satisfy the competing magnetic exchange interactions (MEI)
simultaneously, can result in spin-glass behavior, noncollinear
magnetic order, and more complex spin textures such as
spin spirals and skyrmions [12–18]. Such spin textures can
be manipulated with very small current densities and have
therefore been suggested for magnetic storage and logic
technologies [13,19,20].
The ability to manipulate the magnetic interactions is key
to obtaining control over the complex magnetic behavior observed in such systems [21,22]. Materials containing Mn are of
interest in this respect as they have been found to exhibit sharp
magnetic and structural transitions, and allow the utilization
of such transitions in refrigeration [23]. The magnetocaloric
effect [24], i.e., the change in temperature of a material with
a magnetic field, has been exploited and is characteristic
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of ferromagnets such as Mn3 AC (A = Al, Zn Ga, Ge, Sn, In)
[25,26], MnFe(As,P) [27], and Mn(As,Sb) [28]. In MnP, it was
found that a particular Mn-Mn separation plays the dominant
role in determining the change from AFM to ferromagnetic
(FM) order [29], in turn suggesting an approach for tuning
metamagnetism in similar systems [30,31]. Layered systems
are also important as interactions through alternating magnetic
and nonmagnetic (NM) materials can be tuned via layer
roughness [32], thickness [33], and elemental composition
[34].
Other Mn containing materials, i.e., RMnO3 (R = Y, Dy,
Tb, Ho, Er, Tm, Yb, and Lu) [35,36], exhibit a magnetoelectric
effect, with both ferroelectric and magnetic order. Extensive
work has been conducted to find such materials, including
man-made composite layer systems, which make use of
magnetostriction to convert the magnetic action to an electric
response [20], which is important for the advancement of the
state-of-art spin-electronic technologies [16].
Recently, a new magnetic material, Mn2 GaC, was theoretically predicted and subsequently synthesized as a heteroepitaxial thin film [37]. This material has a hexagonal structure
of Mn-C-Mn trilayers interleaved with an atomic layer of
Ga atoms, which results in a Mn-C-Mn-Ga-Mn-C-Mn-Ga
atomic-layer stacking in the c direction. Mn2 GaC belongs to
a group of materials known as MAX phases where M is a
transition metal, A an A-group element, and X refers to carbon
and/or nitrogen. Generally MAX phases combine ceramic and
metallic properties [38] and are routinely synthesized both
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as bulk [39] and as thin films [40]. Mn2 GaC can as such be
combined with other (non) magnetic MAX phases in a variety
of heterostructures, thus making it an ideal model system
for the study of complex magnetic phenomena that occur in
atomically layered materials.
In this work we study the magnetic and structural behavior
of Mn2 GaC at and below room temperature (RT) using
vibrating sample magnetometry (VSM), magnetooptical Kerr
effect (MOKE), and x-ray diffraction (XRD). In addition,
a magnetic ground-state search was conducted using firstprinciples density functional theory (DFT) and Heisenberg
Monte Carlo simulations to provide a better understanding
of magnetism in these atomically laminated MAX phase
materials [41–50]. We find magnetically driven anisotropic
structural changes and strong indications of complex magnetic
behavior, which can be manipulated through temperature and
magnetic field.
II. METHODS
A. Magnetic measurements

The magnetic response of the samples was measured in a
Cryogenic Ltd. vibrating sample magnetometer (VSM) in the
temperature range 3 to 300 K. Magnetization was recorded in
a magnetic field up to 5 T, with the field applied both parallel
and perpendicular to the film plane. The magnetic response
of the sample holder and bare MgO substrate was measured
independently. Below 10 K the linear diamagnetic response of
the substrate changes drastically to paramagnetic at low fields.
This background was fitted with an arctangent function with
a linear component. The substrate response was measured at
2 K intervals from the lowest temperature up to 15 K and
fitted to this model and then this was used to subtract from the
measured signal of the sample to obtain the signal from the
film. Magnetooptic Kerr effect (MOKE) measurements were
carried out in the longitudinal geometry with s polarized light.
Full hysteresis loops up to the maximum available field of
400 mT were recorded over the temperature range 5 to 380 K,
and the remanent magnetization extracted from the hysteresis
loops. The sample was rotated around the azimuthal angle to
examine the presence of in-plane magnetic anisotropy. Thin
film samples within this work were heteroepitaxially grown
on MgO(111) at 550° C by magnetron sputtering using three
confocal sources with elemental targets. Further synthesis
details are given in in Ref. [37].
B. X-ray measurements

X-ray diffraction (XRD) measurements were performed
on a Bruker D8 diffractometer equipped with a Våntec
position sensitive detector (PSD) with 4° opening using Cu Kα1
radiation. Measurements were performed in temperatures from
50 to 300 K using an Oxford Phenix cryostat and in a 2θ range
of 20 to 50°.
C. First-principles calculations

For the stability calculations presented several spin configurations were considered including NM, FM, and multiple
AFM configurations; single layer AFM with spins changing

sign for every M-atom layer, corresponding to AFM[0001]1 ,
multilayered AFM ordering of α consecutive M layers (where
α = 2, 4, 6, 8) with the same spin direction before changing
sign upon crossing an A or an X layer (AFM[0001]A
α and
AFM[0001]X
),
and
antiparallel
spins
within
one
M
layer
α
(in-AFM1 and in-AFM2). PM states are often considered as
NM, although local magnetic moments are often preserved
above the transition temperature in an uncorrelated fashion.
In this work the PM state of Mn2 GaC was modelled by using
the disorder local moment (DLM) [51,52] method by having
spin-correlation functions equal, or at least close, to zero on
the first eight M-coordination shells. The disorder in magnetic
↑
↓
moments in (Mn0.5 Mn0.5 )2 GaC is simulated by means of the
special quasirandom structure method using a supercell with
64 Mn, 32 Ga, and 32 C atoms, i.e., 4 × 4 × 1 or 16M2 AX unit
cells [52–54]. The schematic illustration and spin correlation
functions defining the collinear spin configurations are shown
in Fig. 1 and Table S1 of the Supplemental Materials,
respectively [55]. Details of the considered noncollinear spin
configurations are found in Table S2 [55].
All first-principles calculations reported here are carried out
using the projector augmented wave (PAW) [56] method as
implemented within the Vienna ab initio simulation package
(VASP) [57,58]. We adopted both the spin-polarized generalized gradient approximation (GGA), as parameterized by
Perdew-Burke-Ernzerhof (PBE), and the local spin density
approximation (LSDA or in this work just LDA) for treating
electron exchange and correlation effects [59]. Wave functions
are expanded in a plane-wave basis set with an energy cutoff
of 400 eV. For sampling of the Brillouin zone we used the
Monkhorst-Pack scheme [60] on a grid of 23 × 23 × 7 [1 × 1
× 1 unit cell (uc)], 23 × 23 × 5 (1 × 1 × 2 uc), 23 × 23 × 3 (1
× 1 × 3 uc), 23 × 23 × 3 (1 × 1 × 4 uc), 11 × 23 × 7 (2 × 1 ×
1 uc), and 5 × 5 × 5 (4 × 4 × 1 uc) k points. The convergence
thresholds were 10−5 eV and 10−4 eV per fu for electronic and
ionic relaxations, respectively. We optimized the structure of
Mn2 GaC for each magnetic configuration by minimizing the
total energy with respect to volume, c/a ratio, and internal
parameters. Possible effects from spin-orbit coupling were not
considered, as these effects are believed to be in the sub-meV
range for these types of materials [61].
D. Heisenberg Monte Carlo simulations

The coarse-grained model used for the magnetic groundstate search within the canonical ensemble is illustrated in Fig.
S1 [55] where the local moment of Mn atoms in a Mn-C-Mn
trilayer plane is represented by a supermoment. The identified
spin configurations of lowest energy, FM and AFM[0001]A
α,
all have parallel spin directions within their Mn-C-Mn trilayer,
thus we only focus on the magnetic exchange interactions
(MEI) across the A layer along the c axis. The spin correlation
function α for the five considered spin configurations are
given in Table S3 [55]. The critical temperature cannot
be modelled using our simplified approach since the MEI
within a Mn-C-Mn tri-layer is neglected, and hence the exact
temperature of the Monte Carlo simulation becomes irrelevant
as it scales with the area of each layer. The focus is instead of
finding possible magnetic ground-state
 configurations using
a Heisenberg Hamiltonian H = − (i = j )Jij ei · e j , where
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The temperature was initially set to a large value and slowly
cooled towards 0 K to avoid possible metastable solutions.
At each volume the chain lengths of minimum energy were
selected for further analysis.

III. RESULTS
A. Magnetic characterization using VSM

FIG. 1. Schematic illustration of considered collinear magnetic
spin configurations for (a) FM, (b) AFM[0001]1 , (c) AFM[0001]A2 ,
A
(d) AFM[0001]X
2 , (e) in-AFM1, (f) in-AFM2, (g) AFM[0001]4 , (h)
A
A
X
AFM[0001]6 , (i) AFM[0001]8 , (j) AFM[0001]4 , (k) AFM[0001]X
6,
and (l) AFM[0001]X
8 seen along the [112̄0] direction. Spin directions
of Mn atoms are indicated by up and down arrows.

Jij is the MEI between pairs of super-moments (i, j ), with
unit vectors ei and ej along the local magnetic moment at
site i and j, represented by a chain of super-moments. We
derived the exchange interactions Jij , i.e., MEI, between the
supermoments of the Heisenberg Hamiltonian for the first
four supermoment interlayer coordination shells at various
volumes, by using the magnetic Connolly-Williams structure inversion method [62,63] in combination with energyvolume data. The volume dependence Jij is displayed in
Fig. S2 [55].
To allow for effects from long-range interaction on the
magnetic structure, we chose to investigate chains consisting
of 8 to 36 supermoments using periodic boundary conditions.

Figure 2 shows the in-plane magnetization measured with
VSM for temperatures (a) between 3 and 50 K and (b)
from 50 K to 300 K, of an approximately 100-nm thick
Mn2 GaC heteroepitaxial film grown on MgO (111) [37].
Note that previously published data in Ref. [37] only showed
data for ±150 mT. The MgO background contribution has
been subtracted; for details see Fig. S3 [55]. In Fig. 2(a) at
3 K and at low fields we observe an FM response, shown
clearly in the inset. This is followed by a gradual increase
in magnetization with field that seems close to saturation at
5 T (the maximum available field). The rate of this increase is
temperature dependent. The observed remanent magnetization
(magnetization at zero field) mr corresponds to ∼0.3 μB per
Mn atom, which is low compared to the highest measured
moment of 1.7 μB per Mn at 3 K and 5 T (m5T ), thus mr
accounts for only ∼1/6th of m5T . The measured moment of
1.7 μB is comparable to, e.g., 2.12 μB for Fe and 0.608 μB
for Ni. The observed FM component is stable up to 230 K,
after which mr disappears. The inset in Fig. 2(b) shows m5T as
a function of temperature. A strong temperature dependence
is seen in the 3 to 50 K regime, after which it is relatively
constant around 0.3 μB per Mn. Figure 2(b) shows that a
drastic change in magnetic behavior takes place in the high
temperature regime. Note that the scale is different in Figs. 2(a)
and 2(b) and the response at 50 K is shown in both. Above
230 K the material undergoes a magnetic field driven transition
at high field, which is temperature dependent, arriving at a
similar magnetization as mr at 3 to 200 K. Given the high
structural quality of the film [37], the effects of sample quality
(point defects, grain boundaries, stacking faults, dislocations,
etc.) are assumed not to influence the magnetic behavior.
The observed magnetic response cannot be described
within a simple collinear framework. First to note is the low
temperature response that cannot be regarded as traditional
ferromagnetism. The small FM component, only accounting
for ∼1/6th of the total magnetization, and the gradual increase
of the magnetization with field cannot be explained in terms of
magnetic anisotropy. This would either require an easy axis (or
cone) with a component perpendicular to the plane or strong
in-plane anisotropy, most likely related to the crystal structure
(magnetocrystalline anisotropy). Out-of-plane measurements,
seen in Fig. S4 [55] for selected temperatures, show very low
susceptibility at zero field, i.e., no remanence, as compared to
what is observed in-plane. This rules out the first possibility.
A second possibility would imply an easy/hard axis along one
of the in-plane crystalline directions (with six-fold symmetry)
giving a normalized remanent moment of at least mr /m5T =
cos 30◦ or 0.86. This is noticeably larger than the observed
mr of ∼1/6th of the magnetization at high fields. Additionally,
in-plane measurements with the sample rotated by 90◦ around
the azimuthal angle show no difference in behavior, thus ruling
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FIG. 2. The in-plane magnetization measured with VSM for selected temperatures in the range (a) 3 to 50 K and (b) 50 to 300 K. Below
230 K a sharp FM transition is seen, see inset in (a) at low fields, followed by an increasing magnetization with field. Above 250 K there is
no FM response and a new field-driven transition is observed. The inset in panel (b) shows the magnetic moment at 5 T, m5T , as a function of
temperature. Note that symbols used for the different temperatures in (a) and (b) are only shown for every 50 to 100 data points whereas the
lines represent every data point.

out any strong in-plane magnetocrystalline anisotropy. The
strong field-dependent behavior of the magnetization could
be explained somewhat by the presence of large superparamagnetic clusters with different in-plane easy axis. However,
the magnetic transition at 230 K cannot be characterized as a
normal FM-PM (paramagnetic) transition as the magnetization
curves above 230 K show that the system still has magnetic
order and it is therefore unlikely that the system is PM below
this temperature. For example, at 300 K, the transitions at ±2 T
warrant further consideration as they show abrupt field-driven
changes in the magnetic ordering. To explain this behavior
further we therefore need additional information, and turn our
attention to first-principles calculation.
B. First-principles calculations

Figure 3(a) shows the total energy as a function of volume
for NM, FM, 11 different AFM, and PM spin configurations
(see Fig. 1 and Table S1 [55] for the definition of spin
configurations). Several ferrimagnetic configurations were
considered. However, they all relax to either FM or to one
of the considered AFM with equivalent Mn moments. The
energies are given relative to the NM energy minimum
E0NM . The equilibrium total energy spans over a range of
100 meV per atom, from NM to the lowest energy state
AFM[0001]A
4 . In-plane AFMs, AFM[0001]1 , and PM (DLM)
are found ∼50 meV/atom below the NM state. Further down
the AFM[0001]X
α are located, and the set of spin configurations of lowest energy correspond to FM and AFM[0001]A
α.
Importantly, we observe that all the identified low-energy
collinear spin configurations have parallel spin directions
within a Mn-C-Mn trilayer. This means that the intralayer
FM coupling in Mn2 GaC is robust. Moreover, the low-energy
magnetic configurations are significantly more energetically
stable than the DLM state, indicating that a complete disorder
of magnetic moments has high energy cost, and that the
transition temperature to the paramagnetic state should be
relatively high, above the room temperature, in agreement with
the experiment.

In Fig. 3(b) the crystal structure schematics are
displayed for selected low-energy spin configurations,
A
FM, AFM[0001]A
4 , and AFM[0001]2 . Also shown are three
different interlayer distances where dX is the Mn-Mn distance
+/+
+/−
across a C (X) layer, and dA and dA the Mn-Mn distances
across a Ga (A) layer with Mn spins either parallel (+/+)
or antiparallel (+/−). In Fig. 3(c) these interlayer distances,
+/+
+/−
dA and dA , are plotted as a function of volume for FM,
A
AFM[0001]A
4 , and AFM[0001]2 . Crucially, we find that dX
is constant (∼2.09 Å) for all three spin configurations within
+/+
this volume range. AFM[0001]A
4 displays a difference in dA
+/−
and dA , which implies that the spin alignment across the
A layers influences the Mn-Ga-Mn interlayer distance. As a
result, the AFM[0001]A
4 magnetic configuration can no longer
be described with the original structure as the two Mn-Ga-Mn
spacings are different and the magnetic unit cell becomes the
defining structural entity with a different symmetry.
For the nine spin configurations of lowest energy in
X
Fig. 3(a), FM, AFM[0001]A
α , and AFM[0001]α , the relaxed
lattice parameters c and a are shown as a function of energy
difference relative to E0NM in Fig. 3(d). All configurations have
the same in-plane lattice parameter a, ∼2.9 Å, in agreement
with the measured value [37], but different out-of-plane
parameters c. This would mean that any stress in the film
remains constant during transitions between magnetic states
since coinciding structural changes only occur out of the
plane. Furthermore, the spin configurations of lowest energy
are close to degenerate, indicating a magnetic frustration in
the system that could be influenced with field or temperature.
Since different magnetic configurations have different lattice
parameters and symmetries, the magnetic transitions should
coincide with structural changes that could be probed with
XRD.
C. Structural and magnetic changes with temperature

Figure 4(a) shows a 2θ − ω XRD scan measured at RT
and at 150 K. At RT the peaks represent the Mn2 GaC and the
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FIG. 3. Stability and structure from first-principles calculations. (a) Energy as a function of volume for different collinear spin configurations
of Mn2 GaC. Energies are given relative to the minimum energy of the nonmagnetic state E0NM . The measured volume at room temperature is
shown by a vertical line [37]. (b) Magnetic unit cell schematics of selected low-energy spin configurations showing three different interlayer
distances within the lattice. In (c) the Mn-Ga-Mn interlayer distance is displayed as a function of volume for the three configurations displayed
+/+
+/−
in (b) showing two distinct distances, dA and dA , for the AFM[0001]A4 . Panel (d) shows the c and a lattice parameters as a function of
A
energy difference for relaxed FM, AFM[0001]α , and AFM[0001]X
α spin configurations. All data presented here are based on first-principles
calculations employing the generalized gradient approximation (GGA), see Sec. II for more details.

substrate, while the scan at 150 K also shows an additional
peak at ∼35°. Also shown are the calculated peak positions
and relative intensities of three lowest-energy collinear spin
configurations found from DFT calculations [see Fig. 3(b)].
Note that AFM[0001]A
4 is the only configuration out of these
three showing an extra peak due to the spin dependence of the
Mn-Ga-Mn distances, which is within 1.2° of the measured
extra peak. Furthermore, the inset zooms in on the position
of the 0006 peak showing that the lattice contracts by ∼0.3%
from RT in the c direction. Figure 4(b) shows the remanence
measured with MOKE as a function of temperature along
with the relative change in the out-of-plane lattice parameter
deduced from the position of the 0006 peak. MOKE clearly
confirms that below ∼250 K the magnetism has an FM
component. This FM component can arise due to the canting of
spins from their ideal positions in AFM[0001]A
4 configuration,
as will be elucidated below. As the temperature increases, the
material undergoes a sharp magnetic transition [not following
the (Tc − T )β dependence characteristic of FMs], which is
accompanied by an expansion in the out-of-plane direction.
The additional peak observed by XRD at 35.1° in Fig. 4(a)
along with the change in lattice parameter c corroborates
the findings from calculations where we expect the lattice
to change out-of-plane, beyond the effect of thermal expansion, when moving between spin configurations, and also to
display different symmetry depending on the configuration.
The thermal expansion of the substrate is small in this
temperature range (0.5 − 10 · 10−6 K−1 ) and any contraction

of the substrate with decreasing temperature will expand
the film out-of-plane, assuming that the film is “fixed” to
the substrate, which is opposite to our observations. The
anisotropic change of the crystal structure seems to be a
direct consequence of the magnetic configuration, contrary to
commonly observed changes in magnetic behavior following
a change in structure, and could therefore be characterized as
magnetically driven. Similar behavior, yet isostructural, has
been observed in the closely related Mn3 GaC which contracts
by 0.5% upon increasing temperature when it undergoes a
first-order AFM to FM transition at 160 K [26].
It should be noted that, except for FM, none of the collinear
configurations considered display any net magnetization in the
absence of field. The measured magnetic moment of ∼1.7 μB
per Mn at 3 K and 5 T does come close to the predicted
moment of 1.83 (GGA) and 1.59 (LDA) μB per Mn in FM.
For details see Table S1 [55]. However, this is almost an order
of magnitude larger than the measured remanent moment mr
of ∼0.3 μB per Mn and thus a more detailed look at the spin
configuration is required to explain the magnetic behavior.
D. Theoretical ground-state search

Since all the identified low-energy collinear spin configurations have parallel spin directions within a Mn-C-Mn trilayer,
i.e., strong intralayer FM coupling, we simplify the picture
by representing the local Mn moments within a trilayer as a
supermoment. This is additionally strengthened by the small
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FIG. 4. (a) 2θ − ω scans of Mn2 GaC at room temperature (RT)
and 150 K. A shift in the 0006 peak position is accompanied by a
new peak appearing at ∼35° for the 150 K scan, compared to RT.
The theoretical peak positions and their relative intensities for three
different spin configurations are also presented. The inset shows a
close-up of the 0006 peak shift. (b) Remanent moment mr measured
with MOKE (in arbitrary units) as a function of temperature T, and
the relative change in c-lattice parameter with respect to measurement
at RT.

interlayer distance dX of 2.09 Å, which corresponds to a
Mn-Mn distance of 2.67 Å, in line with results from Gercsi
et al. [29] that show an interatomic distance of 2.88 Å to be
the threshold for FM favored coupling in Mn-based materials.
Hence, we performed a magnetic ground-state search based on
this subset of magnetic structures using a Heisenberg Monte
Carlo approach together with the simplified supermoment
representation; thus focusing on interactions across the A layer.
The aim is to find additional, possibly more complex, magnetic
ground-state configurations using a Heisenberg Hamiltonian
represented by a chain of supermoments.
Figure 5(a) shows the total net moment as a function of
volume where a value of 1 corresponds to FM and 0 to
AFM (collinear and noncollinear) based on MEI extracted
from GGA and the local spin density approximation (LSDA)
calculations (see Sec. II for details). Note that the volume
change can mainly be attributed to the lattice parameter c.
Figure 5(b) illustrates six selected low-energy configurations
based on the Heisenberg Monte Carlo simulations at different
volumes, increasing from configuration I to configuration
3
VI. Focusing on GGA results, at volumes  43.0 Å /fu all
supermoments are parallel with a net magnetization of 1,
illustrated by state I in Fig. 5(b). From 43.1 to 43.3 there
is a transition from an FM state, via a transition state III in the
form of a spin wave, to configurations with zero, or close to
zero, net magnetization, illustrated by the spin spirals IV-VI.
Corresponding behavior is found for LSDA but shifted to larger
volumes. In general LSDA gives a better approximation for

FIG. 5. Heisenberg Monte Carlo simulations with (a) net moment
of lowest-energy configurations as a function of volume. Results
from different chain lengths for GGA ( ) and LDA ( ) based
MEI, with corresponding average in solid red and dashed green
lines, respectively. (b) Selected lowest-energy spin spirals at different
volumes, as indicated in (a), where each arrow represents the spin
direction of a Mn-C-Mn supermoment.

magnetic properties while GGA is more reliable for structure
relaxation [64]. Noticeable from Fig. 5 is the sensitivity of
the magnetic configuration to the volume, i.e., a slight change
of volume, for instance due to thermal expansion, can alter
the magnetic behavior significantly. It also indicates that by
inducing a magnetic transition with field the volume can be
influenced, expressed solely as a change in the out-of-plane
lattice parameter c as seen in Figs. 3(d) and 4(b).
E. Canted AFM spin structures

A small set of representative spin spiral configurations was
selected for evaluation with first-principles calculations. Of
special interest is spin spiral V, which resembles AFM[0001]A
4
though with supermoments slightly canted by ±7°. Furthermore, to account for the measured finite net moment, which
none of spin spirals IV to VI possess, and inspired by spin
spiral V, we calculated a series of in-plane spin canting
◦
angles θc , from 0◦ (AFM[0001]A
4 ) to 90 (FM). This transition
is illustrated in Fig. 6(a), where the relation between the
supermoment picture and the crystal configuration is given for
the AFM[0001]A
4 and FM spin configuration. In Fig. 6(b) the
energy relative to AFM[0001]A
4 is given as a function of canting
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FIG. 6. Schematic of a possible transition between magnetic
states and explanation for the observed FM response. (a) Schematic of
a canting transition from AFM[0001]A4 to FM using the coarse-grained
model with Mn moments in a Mn-C-Mn trilayer represented by
a supermoment. The crystal configuration of AFM[0001]A4 and
FM is also seen as a reference. (b) Change in energy of the
canted AFM[0001]A4 with canting angle (filled circles) along with
the corresponding net moment (open circles). Note that θc = 90
corresponds to an FM state. The gray box indicates the region where
the angle is degenerate to within 0.2 meV/atom. Also shown are the
energies for selected low-energy spin spirals IV ( ), V ( ), and VI
( ) as well as for AFM[0001]A4 ( ), relative to that of AFM[0001]A4 .

angle as well as the corresponding calculated net moments.
Also, the energies for selected configurations from Fig. 5(b)
are displayed, for comparison. For details of noncollinear spin
structures see Table S2 [55].
For θc < 12◦ the energies are considered nearly degenerate,
within 0.2 meV/atom, possibly with a presence of a minimum
at nonzero canting angle, which indicates the energetical
preference or minimal cost in energy needed to cant the spins
away from the collinear AFM, state, resulting in a measurable
remanent moment. This could explain the measured FM
component below 250 K. The subsequent rise in magnetization
would then result in further canting of the spins, beyond the
degenerate angle θc < 12◦ , at a higher cost in energy, i.e.,
applied magnetic field. We can then speculate that as the
temperature increases the volume expands, thus moving the
system further away from the FM regime as seen in Fig. 5(a).
The energy needed to cant the spins beyond 12◦ therefore
increases, resulting in the observed magnetization behavior
at 5 T, but the degenerate angle remains constant. This is
supported by the nearly constant mr versus T behavior seen in
the MOKE measurements in Fig. 4(b).
Looking at the magnetic behavior at and above 230 K,
the measurements show both a change in structure as well as a
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large change in magnetic behavior. This is seen in Fig. 4 by the
disappearance of the extra peak, out-of-plane expansion, and
the disappearance of the remanence. This indicates that the spin
configuration has changed to an AFM state of higher symmetry
without influence of a magnetic field due to volume expansion
with increased temperature. Above 250 K, as a field is applied
the magnetization increases slightly until there is a transition.
This can be understood in terms of a metamagnetic transition
from a noncanted to canted AFM state [18]. Figure 6(b) also
shows energies of selected spin spirals, all close in energy
to the collinear configurations. This illustrates that a large
amount of different spin configurations may be of relevance
for the ground state of Mn2 GaC.
The suggested canted AFM[0001]A
4 configuration is supported by its calculated low-energy and the extra diffraction
peak measured. The fact that the extra peak is significantly
shifted with respect to the calculated position actually indicates
that the correct magnetic configurations are not among those
considered. However, this additional peak is consistent with
other configurations with similar attributes as AFM[0001]A
4,
i.e., with at least two consecutive trilayers of the same or close
to the same spin orientation. This would promote changes in
the crystal structure, and with degenerate angles that would
give a net moment upon a small perturbation, such as various
complex spin spirals. The magnetic behavior at 3 K further
supports a canted AFM state, as the net moment at 5 T comes
close to the theoretical value of an FM state. We do not,
however, have an FM state as the moments only becomes
close to fully collinear under a high magnetic field. The same
applies above 230 K where we cannot distinguish between
spin configurations with a retained MAX phase structure, i.e.,
at most one consecutive trilayer of the same spin orientation
(e.g., AFM[0001]A
2 , spin spiral IV, VI). However, we do know
that the material retains spin order up to RT, i.e., it is not PM.
IV. DISCUSSION

The presented results show that Mn2 GaC exhibits many
of the characteristics which are typical of magnetocaloric
[24,29] and magnetoelectric [16,18,20,36] materials. First, it
displays a rich magnetic phase diagram allowing for many
different types of spin states, close in energy, some degenerate.
The transitions between these states can occur by altering
temperature due their volume dependence or by applied
magnetic, or possibly electric, field due to their degeneracy.
Second, accompanied by such transitions are drastic
anisotropic changes in the crystal structure of the material,
both in terms of contraction/expansion as well as symmetry
changes. The 0.2% change in the out-of-plane c axis at the
transition between 230 and 250 K is a considerably large effect
compared to what is commonly observed for systems that
display magnetostriction. On top of this temperature-driven
volume change, the asymmetric change of the crystal structure
below 230 K, with the appearance of a diffraction peak at
35.1°, is expected to be solely a consequence of spin ordering
between Mn-C-Mn trilayers, contrary to commonly observed
changes in magnetic ordering due to structural changes
[18,29]. These drastic changes indicate that the magnetic
state of the material could also be influenced by an applied
pressure or through the introduction of stress. By compressing
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the lattice in the c direction the Mn-Mn interlayer distance is
reduced and thereby strengthening FM coupling across the A
layer [31] thus shifting the occurrence of magnetic transitions.
This could be realized by the introduction of in-plane tensile
strain, e.g., from bending the material or by deposition on a
substrate with a larger in-plane lattice parameter.
The ability to alloy on the M, A, or X site [42,65–71] or
create artificial superstructures composed of different MAX
phases would allow for possible routes to affect/tune electronic, magnetic, and mechanical properties without affecting
the inherent atomically laminated structure. In addition, a new
family of two-dimensional (2D) materials known as MXenes
was recently discovered, realized by etching the A layers from
the MAX phase [72,73]. The capability of making MXenes
from magnetic MAX phases, in combination with the strong
intralayer ferromagnetic coupling within Mn-C-Mn trilayers
of Mn2 GaC, which persists above room temperature opens
the possibility to produce 2D ferromagnetic crystals [72,74],
to date still missing due to the chemical instability of such
compounds. Mapping out the rich magnetic phase diagram of
Mn2 GaC offers possibilities to fully explain the magnetism
for this family of atomically laminated materials as well as
deepening the understanding of layered magnetic systems in
general. In parallel, transport properties and possible caloric

effect should be studied to establish whether these materials
could be used for future magnetoelectric or magnetocaloric
applications.
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