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Helical magnetic structure of epitaxial films of nanolaminated Mn,GaC MAX phase
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Nanolaminated Mn,GaC epitaxial films crystallizing in the hexagonal structure belong to the family of
MAX phase compounds and display complex magnetic interactions. While the critical temperature of the
order-disorder transition is 507 K, at around 214 K this compound undergoes a first-order phase transition
with the magnetic structure below the transition point not being fully resolved. Previous studies indicated a
noncollinear spin arrangement, but a specific magnetic structure could not be defined. In this work we present
the results of “Ga, 'Ga, and > Mn NMR experiments performed at 4.2 K in an external in-plane magnetic field
up to 1 T. The in-depth analysis of the experimental results shows a helical magnetic structure consisting of the
ferromagnetically coupled Mn-C-Mn slabs that are twisted across the Ga layer by 167.2° with respect to the next
Mn-C-Mn slab. As a result, the magnetic structure presents a spiral propagating along the out-of-plane direction
(hexagonal ¢ axis) with a pitch of around 14 lattice constants.
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I. INTRODUCTION

Mn,GaC heteroepitaxial films belong to the MAX phase
family of compounds, being composed of nanolaminated car-
bides and nitrides and described as M,,;AX,, where M is
a transition metal, A stands for an A-group element (mostly
groups 13 and 14), X denotes carbon or nitrogen, and n can
take the numbers 1, 2, or 3. A vigorous interest in materials
from the MAX phase family has started with the breakthrough
papers by Barsoum, showing that the M, ;AX, (n =1-3)
compounds display a peculiar combination of ceramic and
metallic properties such as high stiffness, oxidation resistance,
machinability, and high damage tolerance [1,2]. These re-
ports have spurred a lot of research interest in this family of
compounds, consisting now of more than 155 phases [3]. It
was found that the outstanding mechanical properties are due
to a mixture of strong M-X bonds and weaker M-A bonds
[4]. Further studies suggest that some of the MAX phases
can display anisotropic electronic and thermal transport
properties [5-7].

Adding magnetism as a new degree of freedom was a
natural next target, especially since their naturally layered
structure has a potential to achieve functionalities similar
to, or even going beyond, those of the artificially prepared
multilayers [8]. The first experimental observations of the
magnetic MAX phases were reported in Crp_,Mn,GaC [9]
and in the solid solution (Crgy75Mng25),GeC [10]. Since
then, the magnetic response has been reported in other
Cr- and/or Mn-based bulk materials, eg., [11] and thin films,
e.g., (CrosMngs),GaC [12], (MogsMngs),GaC [13]. Inter-
estingly, all the bulk magnetic MAX phases reported to date
featured a mixed composition of the M sublattice. It can thus
be speculated that the lattice strain due to alloying plays a role
in stabilizing the structure. The first magnetic MAX phase to
contain a single M element was a Mn,GaC thin film grown
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on the MgO(111) substrate [14]. Here the epitaxial tensile
strain (around 2%) seems to be the stabilizing factor, since
no Mn,GaC phase has been reported in a bulk form. Bearing
in mind the well-known effect of strain on the magnetic prop-
erties (e.g., [15]), it can be expected that the inherent strain
in these films influences the magnetism. Indeed, the reported
results of the density-functional theory (DFT) calculations,
have shown that while the easy axis in Mn,GaC is always
parallel to the atomic planes, different spin configurations can
be achieved through the strain engineering [16]. The strain
related to a choice of substrate or applied pressure may be
used to tune the magnetic properties, such as the magnetocrys-
talline anisotropy energy (MAE) [16].

Mn,GaC crystallizes in the hexagonal structure (space
group P63/mmc) and presents a nanolaminated stack of fer-
romagnetically coupled Mn-C-Mn blocks interleaved with the
atomic layers of gallium, piled along the hexagonal ¢ axis as
shown in Fig. 1.

The DFT calculations performed for Mn,GaC predict that
the exchange interaction between the Mn layers varies along
the out-of-plane axis: it is always ferromagnetic for the
Mn-C-Mn slab but in the case of the Mn-Ga-Mn it shows
a strong dependence on the Mn-Ga interatomic distance,
changing from ferromagnetic to antiferromagnetic with the
increasing distance [18]. Therefore the ferromagnetic (FM)
Mn-C-Mn slabs can be treated as a single spin moment (a
“supermoment”), whereas several antiferromagnetic (AFM)
structures across the Ga layer can be proposed, characterized
by almost the same energy minima [18]. As a result, the
ground state of Mn,GaC can be strongly degenerated into the
FM and AFM states and sensitively depends on temperature,
strain, and magnetic field [19]. The critical temperature of
the order-disorder transition in Mn,GaC is 507 K. At around
214 K this compound undergoes a first-order phase transition
[19], but the magnetic structure below the transition point

©2023 American Physical Society
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FIG. 1. Hexagonal layered structure of Mn,GaC film (MAX
phase): Mn, green; Ga, blue; and C, black. Salmon-shaded area
indicates the layers forming a single “supermoment,” as discussed
in the text. Black dashed lines delineate the unit crystal cell. This
drawing was prepared using the VESTA software [17].

is not yet clear and different low-energy antiferromagnetic
configurations have been proposed from theoretical consid-
erations [16,18]. However, the hitherto experimental studies
do not prove any of these structures, while excluding the
others. The experiments of unpolarized neutron reflectome-
try have shown the features of antiferromagnetic order with
periodicity of two unit cells [20], which would correspond
to the AFM[000114, one of the collinear antiferromagnetic
structures deduced from the theoretical (DFT) calculations.
In this scenario the two subsequent supermoments form a
ferromagnetic cluster consisting of the four manganese and
two carbon layers while the consecutive clusters along the
c axis are coupled antiferromagnetically, so that the net
magnetic moment cancels out. This is, however, at odds
with the reported magnetization measurements showing at
low temperatures a nonzero remanent magnetization [18,21].
Our preliminary zero-field NMR investigations carried out
on ¥Ga, "'Ga, and >Mn nuclei suggested a noncollinear
arrangement of manganese supermoments across a gallium
layer [22]. However, the specific low-temperature magnetic
structure in this material could not be proposed based on the
zero-field NMR experiments alone. In this work we present
new ®Ga, "'Ga, and >>Mn NMR data, taken in the presence of
the external in-plane magnetic field, that have made it possible
to unambiguously identify the specific magnetic structure.
The presence of a helical spiral of the Mn magnetic moments

propagating along the film normal (the hexagonal ¢ axis of
the material) has been demonstrated and the helix parameters
have been determined.

II. EXPERIMENT

The experiments have been performed on a
100-nm  Mn,GaC(0001)/MgO(111) film, deposited by
magnetron sputter epitaxy using three confocal sources
with elemental targets: manganese (99.99% purity), gallium
(99.99995% purity), and carbon (99.99% purity). Due to
the low melting temperature of Ga, that target was kept
in a stainless-steel crucible positioned directly under the
substrate. The substrate was cleaned in an ultrasonic bath of
acetone, ethanol, and isopropanol for 10 min and then kept
at the deposition temperature of 550° for 60 min prior to
deposition. The current applied to the targets was regulated
and the sputtering rates of Mn and C were calibrated to give
a 2:1 ratio. Further information regarding the cosputtering
including a liquid Ga target can be found in Ref. [23].

NMR signals were observed in the range 130-300 MHz
and recorded with 0.5 MHz steps at 7 =4.2 K using a
phase-sensitive NMR spin-echo spectrometer [24]. The data
were taken according to the Panissod protocol [25] to ensure
a correct signal intensity at each frequency, irrespective of
the variation of the NMR enhancement factor. Several NMR
spectra have been recorded, applying the in-plane external
magnetic field in the range from O to 1 T. The external mag-
netic field adds to the internal field on site of nucleus and the
NMR frequency v is given by the expression [26]

v = y|Bett| ~ y1Bis + Bex, (1

where y denotes the nuclear gyromagnetic ratio and Beg is
the effective magnetic field, consisting of the external field
By and the hyperfine field B), r generated at the nucleus by the
surrounding electrons and magnetic dipoles. A full description
of all contributions to the internal magnetic fields on nucleus
and their manifestation in the NMR spectra can be found in
Ref. [26]. For the sake of the present investigation we recall
here that the main contribution to the hyperfine field comes
from the contact Fermi term E’;’; generated by the on-site mag-
netic moment of a studied nucleus (It1oc) and by the magnetic
moments of the nearest neighbors (3 fi;)

n
E;’? = Aflioc + ZALransﬁi’ )

i=1

where A is the on-site hyperfine interaction constant and ;l\mms
describes the hyperfine field transferred from the nearest mag-
netic neighbors.

III. RESULTS AND DISCUSSION

Structural analysis based on x-ray diffraction (XRD) and
reflection (details provided in [14]) shows epitaxial growth of
Mn,GaC, with minute traces of the antiperovskite Mn;GaC.
The epitaxial relationship for the Mn,GaC film grown
onto the MgO(111) surface is [1 12 0]Mn,GaC || [101]MgO
in the film plane and (0001)Mn,GaC ||(111)MgO out of the
plane. The calculated a and ¢ parameters obtained from XRD
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FIG. 2. Zero-field NMR spectra of ®7'Ga and **Mn nuclei
recorded at 4.2 K from a Mn,GaC(0001)/MgO(111) film. The res-
onance frequencies are determined by the respective hyperfine fields
due to manganese magnetic moments (transferred hyperfine field in
the case of nonmagnetic gallium). Figure reprinted with the editor’s
permission from Ref. [22].

are 2.90 and 12.55 A, respectively. Compositional analysis
based on energy dispersive x-ray analysis (EDX) shows a
relative composition of 52 at. % Mn, 23 at. % Ga, and
23 at. % C, which, within the error bars, corresponds to the
ideal stoichiometry (details provided in [14]), though it should
be noted that EDX cannot be used for accurate quantifica-
tion of light elements (such as C). Further characterization,
using the cross-sectional high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF/STEM) has
shown a high-quality, atomically layered structure, where the
Ga atomic layers alternate with a set of two Mn layers. The
high crystal quality and structure of the sample was inde-
pendently confirmed by the selected area electron diffraction
pattern [19].

Figure 2 presents the zero-field NMR spectrum recorded
at 4.2 K from the Mn,GaC(0001)/MgO(111) epitaxial film.
This spectrum has been extensively discussed in our previous
paper [22]. According to Eq. (1), the low-intensity resonances
in the range 140-220 MHz are unambiguously assigned to
the two gallium isotopes, *Ga (y = 10.22 MHz/T) and
"'Ga (y = 12.98 MHz/T), whereas the structure in the range
220-270 MHz is assigned to >>Mn NMR (y = 10.5 MHz/T).
In the case of >>Mn nuclei, the main contribution to the hyper-
fine field is due to the on-site manganese magnetic moment,
whereas in the case of a nonmagnetic gallium the only source
of hyperfine field at Ga nuclei consists of the transferred
field from the surrounding Mn magnetic moments [second
part of Eq. (2)]. The characteristic triplet structure of the
gallium resonances is readily understood as being due to the
interaction of the Ga nuclear quadrupole moment (the nuclear
spin moment of 7'Ga : I = 3/2) with the electric field gra-
dient present at the site of the nucleus. Such clearly resolved
quadrupolar structure is evidence of a perfect symmetry of
the charges surrounding the nucleus and thus confirms a good
crystalline quality of the studied sample.
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FIG. 3. Mn NMR spectra recorded from Mn,GaC(0001)/
MgO(111) film in the presence of the in-plane external magnetic
field, ranging from O to 1.0 T. Colored arrows indicate the charac-
teristic features (peaks) in the subsequent spectra.

In a crystal of high quality, considering that all Mn atoms
are crystallographically equivalent in the hexagonal structure
of Mn,GaC, one would expect a single resonance line in
the >>Mn NMR spectrum, possibly with a five-component
quadrupolar structure (the nuclear spin moment of Mn:
I = 5/2). However, the irregular shape of the NMR spectrum
recorded in the range 220-270 MHz cannot be attributed to
the quadrupolar structure, and rather shows that amongst the
crystallographically equivalent Mn positions there are some
magnetically inequivalent Mn sites. To shed more light on
the complex >>Mn NMR spectrum, additional experiments
have been performed, applying an in-plane external magnetic
field. The respective > Mn NMR spectra, recorded at different
external field values, are presented in Fig. 3.

Clearly, the in-field spectra cover a progressively broader
frequency span and reveal an even more complex structure.
To facilitate the analysis, the characteristic spectral features
(peaks) have been marked in Fig. 3 with arrows of different
colors, and their position as a function of the magnetic field
strength is shown in Fig. 4(a).

This chart is very suggestive and demonstrates that the
observed multiple peaks can be grouped into three bifur-
cated NMR lines, with all the frequency branches linearly
increasing/decreasing with a slope equal to the Mn gyromag-
netic ratio, y = 10.5 MHz/T. We also note that while the two
high-frequency lines overlap, the line at lowest frequency is
well separated and its evolution can be followed all the way
up to the field of 1 T. In view of the identical in-field behavior,
it can be assumed that the remaining components of the NMR
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FIG. 4. (a) Frequency position of the characteristic peaks in the
3Mn NMR spectra from Mn,GaC(0001)/MgO(111) film vs the in-
plane external field strength. (b) Decomposition of the >Mn NMR
spectrum recorded at By = 0.6 T into three components taking
as a reference the intensity distribution of the well-resolved low-
frequency line (230-242 MHz).

spectrum have a similar shape, mimicking the well-resolved
low-frequency line. Therefore, we have tentatively disentan-
gled the Mn NMR spectrum recorded at 0.6 T using the
pattern of the low-frequency line shape, as shown in Fig. 4(b).
This line shape can be easily explained considering that the
NMR frequency probes the orientation of the local field By s
(i.e., the orientation of the on-site magnetic moment ftjoc)
relative to that of the external magnetic field, therefore Eq. (1)
can be expressed as

v = y|Bis + Bext| = y[Bry — Bextcos(9)]. )

In a sample with varying orientation of the local magnetic
moments, each forming a different angle ¢ with the direction
of the external field, the NMR signals cover the frequency
range spanning between the frequencies of the two extreme
orientations. It has been shown [27] that in such case the
NMR signal intensity can be expressed as a function of
frequency v by

@2
1) = / D@y — v(@)]de, @
[

1

where f[v — v(¢)] is a local line shape (assumed Gaussian)
and D[v(p)] is the intensity of the NMR signal from a given
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FIG. 5. Black solid line: intensity distribution of the NMR signal
computed using Egs. (4) and (5) for the case of By, = 0.6 T, assum-
ing a continuous variation of the angle ¢ between 0° and 180°. Green
shaded area: the corresponding part of the experimental >>Mn NMR
spectrum. The arrow at 236 MHz indicates the position of the NMR
line at zero external field.

spin making an angle with the direction of the external mag-
netic field (¢ spanning the range from ¢; to ¢,), and can be
expressed as [28]

-1
Dlvip) = 5 ~ k(ﬂ) k)
v do sing
The function [sin(p)]~" diverges at ¢ = 0° and ¢ = 180°, so
the most densely populated states are those with parallel and
antiparallel orientation of the magnetic moments with respect
to the external field direction. Using Eqgs. (4) and (5) we have
computed a model NMR spectrum for the case of Bexy = 0.6 T
and the angle ¢ varying continuously between 0° and 180°.
Figure 5 presents the comparison of this computed sym-
metrical spectrum and the experimental one showing that
this intensity distribution reproduces the main features of the
experimental NMR spectrum. The asymmetry of the exper-
imental spectrum reflects the preferred orientation of spins
along the external magnetic field. Since the hyperfine field
is directed opposite to the magnetic moment, the population
of spins contributing to the low-frequency end of the NMR
spectrum is enhanced. In view of Eq. (3) such a broad dis-
tribution of spin orientations means that a bunch of identical
magnetic moments contributing at zero field to a single NMR
line at 236 MHz become distinguishable in the presence of
an in-plane external field because they receive a different,
angular-dependent component of the external magnetic field.
To visualize this effect, we have transformed this seg-
ment of the experimental NMR spectrum from the frequency
domain into the “angle domain,” as shown in Fig. 6(a).
Bearing in mind that the Mn-C-Mn trilayer is magnetically
equivalent to a single layer defined as supermoment,” this
analysis unequivocally shows that the orientation of the indi-
vidual supermoments in Mn,GaC sweeps all possible angles
¢ between parallel and antiparallel orientations with respect
to the external field.
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FIG. 6. (a) Diagram of manganese spin density as a function of
orientation with respect to the in-plane field direction determined
from the >Mn NMR spectrum at 0.6 T. (b) Schematic representation
of the spin spiral involving subsequent ferromagnetically coupled
Mn-C-Mn layers represented by a single supermoment. J; (> 0)
and J, (< 0) denote the exchange interaction between the respective
supermoments.

This spread of orientations is additionally confirmed by the
in-field NMR experiments on gallium. Figure 7(a) shows the
%Ga NMR spectra recorded at several values of the external
in-plane magnetic field. With increasing field strength the
frequency span of all three components of the %°Ga triplet
NMR line gets expanded. Similar to the case of >Mn NMR
the population of spins contributing to the signal at the low-
frequency end of this span is enhanced, showing that the
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FIG. 7. (a) ¥Ga NMR spectrum (quadrupolar-split triplet line)
recorded at 0, 0.3, 0.6, and 1 T of the external in-plane magnetic field.
The dotted lines indicate the zero-field position of the respective
triplet components whereas shaded areas mark their extent at a given
value of the external field. (b) Frequency position of the characteristic
peaks in the Ga NMR spectra from Mn,GaC(0001)/MgO(111)
film vs the in-plane external field strength.

transferred hyperfine field on Ga is oriented opposite to the
Mn magnetic moment.

The position of the extreme frequencies (less pronounced
on the high-frequency end) is plotted in Fig. 7(b), showing that
the frequency shift follows a slope close to the gyromagnetic
ratio of ®Ga nuclei (10.2 MHz/T). Bearing in mind that the
only source of hyperfine field at gallium nuclei consists of the
transferred field from the surrounding magnetic moments of
manganese [cf. Eq. (2)], the in-field “Ga NMR spectra sim-
ply reflect the distribution of magnetic moments around them,
providing another probe of their configuration, in addition to
the direct observation via the Mn NMR data.

Here, the question arises what kind of magnetic structure
is responsible for the observed distribution of the magnetic
moments. Considering the layered crystal structure of our
MAX phase material the most straightforward suggestion
would be a spin spiral propagating along the film normal (i.e.,
the hexagonal c axis), as shown in Fig. 6(b). In other words,
the spin structure of the Mn,GaC film can be envisaged as a
helical stack of such supermoments interleaved by Ga layers
and rotated in plane by a certain angle A ® with respect to the
neighboring supermoment.

A helical spin order has been observed in a number
of magnetic systems with a layered crystal structure. A
well-established mechanism responsible for helimagnetism is
the competition between the antisymmetric Dzyaloshinskii-
Moriya interaction (DMI) and the FM interaction. This takes
place when the inversion symmetry is broken at the thin-
film interface or in the volume of a noncentrosymmetric
material. A well-known group of the bulk materials display-
ing this property are the B20 transition metal monosilicides
and monogermanides such as FeGe [29], MnSi [30], and
Fe,Co;_,Si [31,32]. On the other hand, the helical spin
arrangement has been also observed in materials with the
inversion symmetry, such as EuNiyAs; [33,34] and EuCo, P,
[35,36] with the ThCr;,Si, type structure. In this case, the
helical structure is generated by the competing exchange inter-
actions between the first nearest neighbor (J/;) and the second
nearest neighbors (J;) [see Fig. 6(b)]. It has been shown
that to create a spin spiral, a following relation should be
fulfilled: J, < O (antiferromagnetic) and |J;| < |4J>| [37]. As
a layered, centrosymmetric material Mn,GaC belongs to this
second case and the above criteria for the presence of helical
state applied to the case of Mn,GaC would require an anti-
ferromagnetic J, exchange interaction between every second
supermoment layer. And indeed, the Monte Carlo calcula-
tions of the exchange interactions performed up to the fourth
nearest neighbors, have found J, negative (antiferromagnetic)
in the considered unit-cell volume [16,18]. Moreover, the
calculated value of J; also satisfies the above criteria of a
spin spiral [16,18]. These calculations fully support the he-
lical magnetic structure of the Mn,GaC MAX phase thin film
inferred from our analysis of the >Mn NMR spectra. Here
we report a helical magnetic structure involving a block of the
ferromagnetically coupled supermoments (Mn-C-Mn), rather
than single atomic layers as was the case of the previously
discussed noncentrosymmetric and centrosymmetric layered
materials.

To estimate the spiral period let us consider the nearest
neighborhood of Ga consisting of six Mn atoms. As shown
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FIG. 8. Configuration of the nearest Mn neighbors (green balls)
around a Ga atom (in the center of a trigonal prism). (a) Side view.
(b) Top view. Blue and red arrows show the direction of magnetic

moments in the consecutive Mn atomic planes. This drawing was
prepared using the VESTA software [17].

in Fig. 8, they form a trigonal prism: three Mn atoms are
located in the plane above the Ga atom and three below. In
the scenario based on the DFT calculations, the Mn magnetic
moments within the respective plane are strongly coupled
together and belong to the two subsequent supermoments.
Defining their orientation in the upper plane as the “x axis,”
the magnetic moments in the bottom plane are rotated by A®
with respect to x. Each of the six magnetic nearest neighbors
provides the transferred hyperfine field, giving rise to the
NMR spectrum observed on the ®*Ga and 7' Ga nuclei. Taking
into account a local symmetry of Ga in the Mn,GaC lattice,
from the geometry of magnetic moment configuration one can
show [38] that the cumulative hyperfine field transferred by
the six Mn neighbors is given by the following expression:

Etrans = 3(ﬁMn>AtransV 2+ 2C05(¢)~ (6)

From our ®7!Ga NMR experiment the value of the trans-
ferred hyperfine field on Ga has been determined at 15.75 T
and the average Mn magnetic moment (unp,) is found to be
2 ug [22]. Taking the transferred hyperfine interaction con-
stant as Ayans = 12 T/ug [39], we obtain that the spin rotation
between two subsequent supermoment layers is & = 167.2°
and twice this value (334.4°) over the lattice ¢ parameter. This
means that the pitch of a helix is incommensurate with the
lattice constant and the first integer multiple of 360° will be
reached only after 28 rotations, i.e., over 14 lattice distances.
Bearing in mind that the crystal lattice parameter of Mn, GaC
is ¢ = 1.255 nm, the full turn of a spiral is reached over the
distance of 17.5 nm, giving almost six full turns of a spiral
over the investigated film thickness (100 nm), and explaining
the vast spread of spin directions observed in our experiments.

The origin of the high-frequency (>240 MHz) part of the
NMR spectrum is not clear. As shown above, it consists of
the two overlapping Mn signals having the same features as
the low-frequency part discussed in the previous paragraphs.
A possible explanation is that some of the slightly misoriented
crystal grains introduce the minuscule strain distribution and,
consequently, different anisotropic orbital contribution to the
5>Mn hyperfine field, even if their magnetic moment and
thus the contact Fermi contribution remain the same. Indeed,
a strong magnetocrystalline anisotropy with (0001) as the
easy planes, has been recently confirmed experimentally in
the nanolaminated Mn,GaC films with a single (000 1) or a
mixed (000 1) and (1 01 3) orientation [21].

IV. CONCLUSIONS

In conclusion, the present NMR experiments indicate a
spiral arrangement at 4.2 K of the magnetic Mn-C-Mn su-
permoments within a nanolaminated Mn,GaC MAX phase
film. The application of an external in-plane magnetic field
made it possible to demonstrate the presence of a helix with a
propagation vector extending along the hexagonal ¢ axis (i.e.,
along the film normal). A pitch of a helix is incommensurate
with the lattice parameter and has been estimated at around
14 lattice constants. These findings are fully consistent with
the published results of Monte Carlo calculations performed
for this compound, which predict ferromagnetic exchange
interaction (J;) between the first nearest neighbors, and anti-
ferromagnetic exchange interaction (J) between every second
supermoment layer [16,18]. In view of this, the nanolaminated
Mn,GaC films fulfill at low temperature the criteria necessary
for the formation of a helical structure, providing strong the-
oretical support for the conclusions drawn from the present
investigation.
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