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Magnetic ordering and magnetocrystalline anisotropy in epitaxial Mn2GaC MAX phase thin films
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Mn2GaC is a MAX phase belonging to a family of naturally nanolaminated materials with formula Mn+1AXn

(n = 1, 2, 3), where M is a transition metal, A is an A-group element, and X is carbon or nitrogen. It has
a complex magnetic phase diagram, and there are many open questions regarding its magnetic properties.
Here we study epitaxial films of Mn2GaC with two different crystal orientations on MgO(1 1 1) substrates: a
(0 0 0 l) dominated orientation and a mixed (0 0 0 l) and (1 0 1̄ 3) orientation. Magnetic measurements between
3 and 320 K are presented for in-plane and out-of-plane magnetic fields on both types of film, which show that
Mn2GaC has a magnetocrystalline anisotropy with (0 0 0 l) as easy planes. This provides clear experimental
evidence of the anisotropic properties associated with the nanolaminated structure of a MAX phase. In addition,
a close look at the magnetic response at low temperature shows that the noncollinear magnetic state is unchanged
below 50 K, contrary to previous results, with a magnetic moment of 0.38 μB per Mn atom at a temperature of
3 K and applied field of 5 T.

DOI: 10.1103/PhysRevMaterials.7.034409

I. INTRODUCTION

Low-dimensional magnetism has seen a surge in interest in
recent years fueled by the discovery of an increasing number
of layered van der Waals crystals [1–3]. The reduced dimen-
sions and potential for competing interactions open up the
possibility of exotic magnetic ordering beyond conventional
ferro- or antiferromagnetism. MAX phases are another family
of naturally nanolaminated materials composed of a transition
metal (M), an A-group element (A), and either carbon or nitro-
gen (X ) with the chemical formula Mn+1AX n (n = 1, 2, 3) [4].
They have an atomically layered structure which for n = 1
has the order M-A-M-X -M-A-M-X . The first magnetic MAX
phase, (Cr0.75Mn0.25)2GeC, was synthesized [5] in 2013, and
since then a small number of other phases containing either
Mn or Cr on the M site have shown interesting magnetic
properties [6–11]. These properties arise due to the frustrated
coupling between M-site atoms both within the M-X -M trilay-
ers and across the A layers. Such frustrated magnetic systems
can be a source of complex spin textures such as spin spirals
and skyrmions, which could potentially be used in magnetic
storage and logic devices [12].

In particular, Mn2GaC has been shown to have a rich
magnetic phase diagram which makes it of interest not
only in magnetoelectric applications but also for magne-
tocalorics [6,11,13]. At low temperature it exhibits non-
collinear antiferromagnetic ordering, and at ∼210 K it
undergoes a magnetic phase transition to collinear antiferro-
magnetic ordering. The magnetic phase transition coincides
with a structural phase transition, where an abrupt change in
the c-axis lattice parameter takes place [6]. The coupled mag-
netic and structural phase transition can also be induced by
applying a magnetic field at temperatures above 210 K. This
complex magnetic behavior is a result of competing ferromag-
netic and antiferromagnetic exchange interactions within and

between the M layers as shown by first-principles calcula-
tions and Monte Carlo simulations. However, many questions
remain about its magnetic ordering, particularly the non-
collinear antiferromagnetic state at low temperature [14,15].
Furthermore, there has yet to be presented any experimental
evidence of magnetocrystalline anisotropy in Mn2GaC, de-
spite its highly anisotropic nanolaminated structure [9,16].
Both subjects are important to gain the thorough understand-
ing of this materials system which is necessary if its properties
are to be tuned to a specific application.

Here we examine the magnetic ordering and anisotropy
in epitaxial films of Mn2GaC. We use two single-phase
Mn2GaC samples with different epitaxial relationships with
the substrate to determine the presence of magnetocrystalline
anisotropy. Furthermore, we carefully characterize the mag-
netic response of Mn2GaC at low temperature in order to
elucidate the low-temperature magnetic state.

II. EXPERIMENT

The films were grown by direct current magnetron sput-
tering (dcMS) on 1 × 1 cm2 MgO(111) substrates from a
7.5-cm-diameter 99.9% manganese target, a 7.5-cm 99.99%
carbon target, and a liquid gallium target made from
99.9999% gallium pellets. The Ga was held in a specially
made 5.0-cm copper crucible which was mounted on a stan-
dard circular magnetron at the bottom of the vacuum chamber.
During sputtering the Ga target was maintained in liquid form
by limiting the flow of cooling water through the magnetron.
The magnetrons were arranged in a confocal geometry with
a target-substrate distance of approximately 160 mm. The
sputtering was carried out in a 20-SCCM (cubic centimeters
per minute at STP) flow of 99.999% purity argon gas using a
throttle valve to adjust the pressure to 0.40 Pa. The vacuum
chamber had a base pressure of below 5 × 10−7 Pa; however,
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at the growth temperature of 550 ◦C the base pressure rose to
5 × 10−6 Pa. For the duration of the growth the sample holder
was rotated by ±360◦ at a rate of 12 rpm. The substrates were
cleaned in an ultrasonic bath for 5 min in acetone followed by
5 min of ethanol and then annealed in situ in vacuum at 600 ◦C
for 60 min immediately prior to growth.

The Mn and C growth rates were determined by growing
single films of Mn and C and measuring thickness by x-ray
reflectometry (XRR). This approach is not applicable to Ga
due to its low melting point, and therefore its growth rate was
estimated by growing a series of MnGax films with a known
Mn rate and performing composition analysis with energy
dispersive x-ray spectroscopy (EDS) in a scanning electron
microscope (SEM). In all cases, an excess of Ga is needed to
form the MAX phase, which ends up diffusing to the surface
of the film. This is consistent with other MAX phases, where
an excess of the A-group element (A) is often critical [17,18].

Two representative films with different crystallographic
orientations are discussed here (see below). Film 1 was grown
with power values of 45 W for Mn, 10.6 W for Ga, and
206 W for C, giving an estimated atomic flux of 4.60 × 1014,
3.55 × 1014, and 2.35 × 1014 atoms/cm2 s, respectively. The
thickness of film 1 was estimated to be 375 nm. This esti-
mation was achieved by growing a thinner film which was
measurable by XRR and then scaling that thickness with the
increased growth duration of the thicker film. Film 2 was
grown with approximately 35% higher flux of Mn and C and
20% higher flux of Ga. Film 2 was estimated to be 140 nm by
a similar process as before.

The structural properties of the films were investigated by
x-ray diffraction using a Panalytical Empyrean diffractometer
in line focus mode. For diffraction, the incident side had a
two-bounce hybrid monochromator with a 1/8◦ divergence
slit, and the diffracted side had a PIXcel3D detector operating
in one-dimensional (1D) mode. For pole figures, the same
incident side optics were used, but a 0.04-rad Soller slit and
a 0.27◦ parallel plate collimator were used on the diffracted
side with the detector in open mode. The magnetic properties
were measured by vibrating sample magnetometry (VSM) in
the range from 3 to 320 K with a 5 T cryogen-free magnet
system from Cryogenic.

III. RESULTS AND DISCUSSION

A. Film structure

Figure 1(a) shows x-ray diffraction (XRD) measurements
for the two samples. Both films are an almost phase-pure
Mn2GaC MAX phase with film 1 only having very minor
contaminants of Mn3GaC and MnGa4. These are thermody-
namically stable competing phases which are often present
in varying amounts in Mn2GaC samples. The relative inten-
sities of the Mn3GaC and MnGa4 peaks are consistent with
randomly oriented polycrystalline phases. By comparing the
area of the Mn3GaC(1 1 1) and MnGa4(2 2 0) peaks with
that of the Mn2GaC(0 0 0 6) peak, which are the 100, 100,
and 18% relative intensity peaks of their respective phase, we
can estimate that the concentration of Mn3GaC is 0.024%
and the concentration of MnGa4 is 0.032%. Film 1 grows
epitaxially with the (0 0 0 l) planes parallel to the MgO(1 1 1)

FIG. 1. (a) XRD scans of the two films, where the blue top curve
is the single-orientation film and the red bottom curve is the mixed-
orientation film. Peaks marked with a star are from MnGa4, whereas
squares are from Mn3GaC. The inset is focused on the (0 0 0 6) and
(1 0 1̄ 3) peaks. Below are crystal structure schematics of Mn2GaC:
(b) and (c) have three unit cells visible, while (d) has six. (b) shows
the top view, while (c) and (d) show the side views with the (0 0 0 6)
and (1 0 1̄ 3) lattice spacing highlighted, respectively.

planes. A very small peak corresponding to the (1 0 1̄ 3)
planes is also seen in film 1, indicating that 0.05% of grains
grow with the (1 0 1̄ 3) planes parallel to the MgO(111)
planes. These “tilted grains” have been observed previously
in other epitaxial MAX phase films such as Cr2GeC [17].
The nucleation of (1 0 1̄ 3) oriented grains probably occurs
at film dislocations, which are ubiquitous due to the relatively
large lattice mismatch between the film and the substrate. The
adatom mobility and A-group element concentration could
also be contributing factors [17]. Film 2 has no detectable
contaminant phases but has a significant portion of (1 0 1̄ 3)
oriented grains parallel to the substrate surface. The relative x-
ray peak intensities of the (1 0 1̄ 3) and (0 0 0 6) planes are 100
and 18%, respectively. Integrating the area under the peaks,
we can estimate that in film 2 the (1 0 1̄ 3) oriented grains
account for 51% of the film with 49% being (0 0 0 6). From
reciprocal space map measurements (not shown) on film 1 we
find that the lattice parameters are c = 12.574 ± 0.002 Å and
a = 2.906 ± 0.002 Å, and for film 2 fitting the (1 0 1̄ 3) and
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(0 0 0 6) peaks in the XRD scan results in c = 12.576 ± 0.002
Å and a = 2.905 ± 0.002 Å. Both films have relatively large
mosaicity, as seen by the full width at half maximum (FWHM)
of the rocking curves on their principal peaks, which is around
1.3◦ (not shown) for both (0 0 0 6) peaks and 2.4◦ for the
(1 0 1̄ 3) peak. This is significantly larger than the FWHM of
the MgO(111) rocking curve. However, we stress that both
films are single-phase Mn2GaC (discounting the minuscule
amounts of impurity phases) and only the epitaxial relation-
ship with the substrate differs. Film 1 we refer to as having a
single orientation, whereas film 2 has mixed orientations.

Figures 1(b)–1(d) are schematics of the crystal structure of
Mn2GaC illustrating the M-A-M-X -M-A-M-X layered nature,
drawn using the program Visualization for Electronic and
Structural Analysis (VESTA) [19]. Figure 1(b) shows a top
view of the unit cells, and Fig. 1(c) shows a side view, where
the red lines indicate the distance between the (0 0 0 6) planes.
Film 1 is almost entirely oriented with the c lattice vector
of the MAX phase perpendicular to the film plane as shown
in Fig. 1(c). The orientation of the tilted grains in film 2 is
shown in Fig. 1(d), where the tilted (1 0 1̄ 3) lattice planes are
indicated with red lines. Film 2 is composed of grains with
both (0 0 0 6) and (1 0 1̄ 3) orientations.

Pole figures were obtained to examine the epitaxial rela-
tionship of the film and substrate further. The measurements
were performed at 2θ = 41.84◦, i.e., for the (1 0 1̄ 3) planes,
which are at an azimuthal angle of χ = 59.0◦ with respect to
the (0 0 0 l) planes, as seen in Fig. 2(a). The single-crystal na-
ture of film 1 can be seen from the discrete sixfold symmetric
points. Film 2 in Fig. 2(b), which has a mixed orientation, has
(1 0 1̄ 3) peaks both in the center and at χ = 59.0◦. Additional
peaks on both sides of the principal peaks can also be seen
which are most likely a result of twinning. However, it should
be noted that Fig. 2 is on a logarithmic scale and on a linear
scale these additional peaks are barely visible with the peak in
the center being dominant.

B. Magnetic properties

Mn2GaC has a complex magnetic phase diagram which
has been studied previously both experimentally and theoret-
ically, but questions remain about the nature of the magnetic
ordering at different temperatures [6,11,13,20,21]. Figure 3(a)
shows the in-plane magnetic response of the single-orientation
sample at high temperatures showcasing the metamagnetic
transition. The inset shows out-of-plane measurements at the
same temperatures. At low temperatures the film exhibits
ferromagnetic-like (FM-like) behavior with a significant re-
manent magnetization of 0.18 μB/Mn atom. At ∼210 K
a magnetic phase transition occurs to an antiferromagnetic
(AFM) state, but a metamagnetic transition is observed at
increasingly high fields with increasing temperature. These
results are broadly the same as in previous studies, although
the increased film thickness gives a significantly improved
signal-to-noise ratio. The low amount of impurity phases (see
above) means that their contribution to the measured magnetic
signal is negligible. MnGa4 has recently been shown to be
antiferromagnetic with a Néel temperature of 393 K [22], but
in the concentrations found here its magnetic signal is not
measurable. Similarly, Mn3GaC is known to be antiferromag-

FIG. 2. Pole figures at 2θ = 41.84◦ for the (1 0 1̄ 3) peak of the
films. (a) is a single orientation (0 0 0 6) film, while (b) has (1 0 1̄ 3)
and (0 0 0 6) mixed orientations. It should be noted that the intensity
scale is logarithmic and in (b) most of the intensity is in the center
spot.

netic below 170 K and then ferromagnetic between 170 and
270 K [23]. We do not see any clear signs of this in our data
due to the minute amounts of Mn3GaC in our samples. This,
together with the near-single-phase nature of our films, means
that the measured magnetic signal can only originate from the
Mn2GaC.

The magnetic model presented in Ref. [6] to explain the
high-temperature regime is denoted as AFM[0001]A

4 and has
four adjacent Mn layers with collinear spins with a spin flip
across every second Ga layer (the A layer). This is an AFM
configuration with zero remanent moment. Theory suggests
that the low-temperature magnetic state is a so-called canted
AFM[0001]A

4 state, where each block of four collinear Mn
spins is canted by a small angle in the same direction, thus
producing a net remanent magnetic moment at zero field.
The AFM and canted AFM states are almost degenerate in
energy for small angles, and therefore an applied magnetic
field can nudge the system from fully AFM to canted AFM,
which is the observed metamagnetic transition at high temper-
atures [6,16,24]. Ferrimagnetic ordering was also considered
but was found to be less stable than both the FM and AFM
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FIG. 3. (a) In-plane magnetization measurements for selected
temperatures above the magnetic phase transition, with the inset
showing out-of-plane measurements. All the measurements have had
the MgO background subtracted. (b) Magnetization measurements
at low temperatures (below the magnetic phase transition) with the
background from the MgO substrate subtracted. The inset shows the
raw measurements without background subtraction.

configurations [6]. However, a recent study has found that
at low temperatures the coupling of the magnetic moments
of the Mn across Ga layers is more complex than previously
thought [14], and therefore there is still some doubt as to the
precise magnetic ordering at low temperatures.

Previous studies have shown that the high-field magnetiza-
tion (sometimes referred to as the saturation magnetization)
increases sharply at temperatures below 50 K, which has
been interpreted as an increase in the canting angle of the
noncollinear AFM state [6]. However, low-temperature mea-
surements of the magnetic properties of epitaxial Mn2GaC
films are complicated by the fact that the MgO substrate itself
has a significant and increasing S-shaped magnetic response
as the temperature is reduced below 50 K. This is due to
magnetic impurities which are invariably present in single-
crystal MgO substrates [5,6,11]. This means that to extract

the magnetic hysteresis loop of the film at low temperatures,
it is necessary to account for the MgO background signal
accurately. Figure 3(b) shows magnetization measurements
between 3 and 75 K with the MgO background subtracted
for the single-orientation film, while the inset shows the raw
data. Background subtraction was done by measuring a MgO
substrate from the same batch at the same temperatures as
the film, and this signal was then subtracted from the film
measurements. Care is needed to match the position and ori-
entation of both film and substrate in the VSM, in order not to
overcompensate or undercompensate the MgO contribution.
Our results show that the magnetization at 5 T remains al-
most constant throughout this temperature range, at a value
of 155 kA/m or 0.38 μB/Mn atom. This is contrary to what
has been previously reported by Dahlqvist et al. [6], where
an increasing magnetization was observed with decreasing
temperature, up to 1.7 μB/Mn atom at 3 K and 5 T field, which
is more than four times the magnetization seen here. However,
since the thickness of the films studied here is almost four
times larger than in previous studies, the background subtrac-
tion is much more robust, and therefore these results provide
convincing evidence that the magnetization is in fact relatively
constant over the entire low-temperature regime. This in turn
shows that if the low-temperature state is that of canted AFM
spins, the canting angle is constant with temperature.

Another hitherto unresolved question is that of mag-
netic anisotropy in MAX phases. MAX phases are natu-
rally nanolaminated, which means that they have a highly
anisotropic crystal structure. Theoretical calculations by
Dahlqvist and Rosen [16] for Mn2GaC predict that the easy
axis is along the (0 0 0 l) planes and that the magnetic
anisotropy energy can be affected by strain engineering [21].
Previous experimental studies of magnetism in MAX phases
have been on either bulk samples with randomly oriented
crystal grains or on epitaxial thin films with the c-axis
perpendicular to the film plane [25]. Neither case is ideal
for determining the magnetocrystalline anisotropy. Randomly
oriented grains will give a net zero anisotropy, and in the
epitaxial films the shape anisotropy is parallel with the Mn-
C-Mn laminae, which means that it is impossible to separate
shape anisotropy from magnetocrystalline anisotropy. There-
fore the single-orientation and mixed-orientation films studied
here present a unique opportunity to compare the mag-
netic responses along different well-defined crystallographic
directions.

Figure 4 shows such a comparison of the magnetic re-
sponse of the two films at 100 K when the field is applied
parallel and perpendicular to the film plane. For the single-
orientation film in Fig. 4(a) there is a considerable difference
between in-plane (IP) and out-of-plane (OOP) measurements.
The remanent magnetization is very small perpendicular to the
film plane, and the magnetization at 5 T is also considerably
smaller in the OOP direction. This is a fingerprint of in-plane
magnetic anisotropy, but since the shape anisotropy favors in-
plane magnetization, we cannot draw any conclusions about
the possible contribution from magnetocrystalline anisotropy.
The result for the mixed-orientation film [Fig. 4(b)] is strik-
ingly different. Here the hysteresis curves are very similar
in the IP and OOP directions, although the remanence is
still greater in plane. From the structural characterization we
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FIG. 4. Hysteresis measurements at 100 K. (a) and (b) show the
in-plane and out-of-plane measurements of the single- and mixed-
orientation films, respectively. The insets show a smaller field range
around zero.

estimated that 51% of the mixed-orientation film is composed
of (1 0 1̄ 3) oriented grains which are at an angle of 59◦ with
respect to the (0 0 0 l) planes. This means that in 51% of
the film, the (0 0 0 l) planes are at an angle of only 31◦ with
respect to the film normal, i.e., the OOP direction. It is clear
that this has a significant effect on the magnetic response,
lowering the energy barrier against rotating the magnetization
perpendicular to the plane. This shows that Mn2GaC has a
magnetocrystalline anisotropy with (0 0 0 l) as the easy planes.

The same qualitative differences between IP and OOP
magnetization in the single- and mixed-orientation films are
observed over the entire temperature range studied. The
mixed-orientation film has similar hysteresis loops IP and
OOP, whereas the single-orientation film shows clear differ-
ences in magnetic response depending on whether the field is
applied parallel or perpendicular to the (0 0 0 l) planes. This is
also evident in the AFM high-temperature regime, where the
metamagnetic transition occurs at a higher field in the OOP
measurements, as can be seen in Fig. 3(a). It should be noted

FIG. 5. Magnetization at 5 T and remanence as a function of
temperature for the single- and mixed-orientation films in both in-
plane and out-of-plane measurements.

that neither film appears to be fully saturated at the maximum
field of 5 T, and this applies both IP and OOP.

Figure 5 shows the magnetization at 5 T as well as the
remanence over the range 3–320 K. At the noncollinear
to collinear AFM phase transition the remanence decreases
sharply down to close to zero. The mixed-orientation film
has considerably lower remanence in the IP direction than
the single-orientation film over the whole range; however,
both are similarly low in the OOP direction. The magnetiza-
tion at 5 T is larger OOP than IP for the mixed-orientation
sample which is opposite to what is observed for the single-
orientation sample. As noted previously, this is because the
mixed-orientation sample has a large fraction of (1 0 1̄ 3)
oriented grains, which means that the (0 0 0 l) easy planes are
closer to the OOP direction than the IP direction. The steep
drop in magnetization in the single-orientation sample OOP
is a manifestation of the metamagnetic transition shifting to
fields above 5 T, which means that we are unable to com-
plete the metamagnetic transition with the maximum available
field.

IV. CONCLUSIONS

We have synthesized epitaxial films of Mn2GaC with two
different growth orientations on MgO(1 1 1) substrates. The
samples are either (0 0 0 l) dominated or a mix of (0 0 0 l)
and (1 0 1̄ 3) orientations, as shown by detailed XRD char-
acterization. Magnetization measurements were carried out
in the range 3–320 K. By careful subtraction of the MgO
background we were able to show that the high-field mag-
netization (at 5 T) is almost constant at temperatures below
50 K instead of increasing sharply, as has been previously
reported, indicating a temperature-independent canting angle
in the noncollinear AFM state. Comparison of the mag-
netic response of the differently oriented films shows that
Mn2GaC has a magnetocrystalline anisotropy with (0 0 0 l)
as the easy planes, which is in agreement with theoreti-
cal calculations in the literature. These results demonstrate
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how the nanolaminated structure of a MAX phase results
in anisotropic magnetic properties. This key insight further
secures the place of magnetic MAX phases among low-
dimensional magnetic materials.
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