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A B S T R A C T   

We report measurements of the dielectric permittivity, optical conductivity and magnetic circular dichroism 
(MCD) of the epitaxial Mn2GaC MAX-phase thin film in an external magnetic field of up to 200 mT, at tem-
peratures of 296 and 140 K and 1.4 to 3.5 eV. The optical conductivity and MCD spectra show absorption peaks 
which are consistent with the interband electronic transitions for different positions of Mn, Ga, and C ions as 
confirmed by theoretical calculations of the spin-dependent density of electronic states. The well-known struc-
tural phase transition at 214 K is also seen in the changes of optical, magneto-optical and surface magnetic 
properties of Mn2GaC in our experiment.   

1. Introduction 

In the last decade, research interest in layered hexagonal Mn+1AXn 
structures (also abbreviated MAX materials) has noticeably increased: 
where n - takes integer values 1, 2 and 3. M is an early transition element 
(e.g., Sc, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta). A is an element from group 13 or 
14 (for example, Al, Si, P, S, Ga, Ge, As, Cd, In, Sn, Tl, Pb), X is C or N 
[1–3]. Barsoum and El-Raghy reported in 1996 a striking combination of 
the properties of metals and ceramics for the Ti3SiC2 compound and 
further demonstrated these properties are common to the entire family 
of MAX materials [4]. Further extension from the basic ternary com-
pounds to various structural combinations of M-elements and C-N 
mixtures at the X position [5] is of interest, which ultimately yields 
several hundred different MAX phases [6] with a high chemical resis-
tance to aggressive media, high thermal stability, mechanical strength 
and strong anisotropy of the electronic properties. For practical appli-
cations they are found in high-temperature ceramics [7], catalysts, 
protective coatings, and thermoelectric converters [8–10]. Since the Mn 

+ 1Xn layers alternate with the layers of A atoms and have weaker 
chemical bonds with them, MAX phases are used as parent material in 
the synthesis of 2D MXenes structures which are promising for the 
creation of energy storage and conversion devices, coatings, and filters 

[11,12]. 
In addition to the interest in the structural and electronic properties 

of the MAX materials, interest in their magnetic properties is also sig-
nificant. The magnetic phenomena in combination with the atomic- 
layered structure and the proposed tunable anisotropic transport prop-
erties [13] could yield functional materials for various applications in 
spintronics. Furthermore they are ideal systems for basic research of 
complex magnetic phenomena. The early transition metals in the M el-
ements do not form the MAX phase with room-temperature ferromag-
netic behavior [14]. Therefore, it is necessary to expand the family of M 
elements to fully realize the potential of these nanolaminate compounds 
in spintronics. The key for controlling a complex magnetic behavior is 
the ability to manipulate magnetic interactions [15,16]. In this regard, 
compounds containing Mn are of interest which exhibit magnetic and 
structural transitions as a function of temperature [17–21]. 

The magnetic Mn2GaC MAX-phase was theoretically predicted and 
subsequently synthesized as a heteroepitaxial thin film on the MgO 
(111) substrate [14]. This compound may be considered as an ideal 
model system for studying complex magnetic phenomena occurring in 
atomic-layered materials [22]. Mn2GaC(0001)/MgO(111) has a hex-
agonal three-layer structure belonging to the space group P63/mmc 
with a primitive unit cell represented by 8 atoms, i.e. 4 Mn, 2 Ga and 2C, 
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consisting of Mn-C-Mn (Mn2C) planes alternating with Ga atomic layers 
[23]. Atomic layers are stacked along the c axis resulting in a strong 
anisotropy of thermal and electronic as well as magnetic properties. 
Studies of the structural, magnetic, magnetotransport, magnetostrictive, 
and magnetocaloric properties of the Mn2GaC(0001)/MgO (111) het-
erostructure [23] showed that the Néel temperature in Mn2GaC is about 
507 K, at which the system changes from the antiferromagnetic (AFM) 
state to the paramagnetic state. The Mn2GaC MAX-phase undergoes a 
first-order phase transition from the AFM collinear to the AFM noncol-
linear spin state below 214 K. Both states exhibit a large uniaxial 
magnetostriction along the c axis which results from the magneto- 
structural transformation into a ferromagnetic (FM) state induced by a 
strong magnetic field. However, according to the magnetometry the 
Mn2GaC(0001)/MgO(111) sample exhibits a remanent magnetization 
at 300 K. 

Mn2GaC shows the ferrimagnetic properties at room temperature 
and in weak magnetic fields due to the AFM non-collinear alignment of 
magnetic moments in adjacent Mn2C layers separated by Ga. A 
reasonable compromise for the magnetic structure based on the 
observed AFM alignment by neutron reflectometry and the FM compo-
nent from magnetometry is a canted AFM configuration [24]. A canted 
AFM structure means that the magnetic moments of the Mn2C slabs 
across the Ga layers are not collinear and the angle between AFM 
coupled moments is below 180◦. It could be attributed to the diffusion of 
carbon atoms into Ga layer and possible surface oxidation layer of Mn2C 
[25]. All these phenomena may introduce significant perturbations into 
the electronic structure of the Mn2GaC compound. 

It was previously shown [26] the nonequivalent states of Mn and Ga 
ions are present in the Mn2GaC unit cell. These should be detectable in 
optical absorption and MCD spectra due to the modification of electronic 
and magnetic properties, because the above methods lead to the 
experimental determination of parameters that are somehow associated 
with magnetic moments on the molecular scale. From temperature 
dependent changes of the MCD spectra, it is possible to obtain infor-
mation on the type of ions participating in ferrimagnetic ordering at 
high temperatures [27,28]. Therefore, this work aims to measure the 
optical properties of the Mn2GaC(0001)/MgO(111) film and the spec-
tral dependences of MCD by reflection magneto-ellipsometry, spectral 
ellipsometry and transverse magneto-optical Kerr effect at different 
temperatures in the spectral region 1.4–3.5 eV. 

2. Experiment 

In this work we studied a 100 nm thick Mn2GaC(0001) epitaxial thin 
film grown on a MgO(111) substrate. The thin film was deposited by 
magnetron sputter epitaxy (MSE) using three confocal sources with 
elemental targets: carbon (99.99% purity), manganese (99.95%) and 
gallium (99.99995% purity). The base pressure in the process chamber 
was <5⋅10− 7 Pa, and during the deposition, an argon pressure of 0.455 
Pa was used to operate the magnetron. For 60 min before the deposition 
and during the deposition process, the temperature of the substrate was 
550 ◦C. Details of the synthesis is discussed elsewhere [14,29,30]. The 
phase composition was confirmed by X-ray diffraction (XRD) using a 
Panalytical Empyrean MRD system equipped with a Cu-Kα source. Fig. 1 
shows X-ray diffraction of the Mn2GaC epitaxial thin film grown on MgO 
(111). Only reflections originating from the film corresponding to the 
texturing on plane (111) of the substrate MgO are observed. Further-
more, the lattice parameter c obtained from XRD are 12.54 ± 0.01 Å, 
respectively, compared with 12.49 Å for the calculated AFM[0001]A2 spin 
configuration [14]. 

Spectral ellipsometric (Ψ, Δ) and magneto-ellipsometric (δΨ, δΔ) 
measurements of the Mn2GaC film were performed on a spectral 
ellipsometer Ellipse-1891 (ISP SB RAS) with a dipole electromagnet and 
a 150 W Xe lamp (Hamamatsu) as a light source [31]. The sample was 
placed in a specially-made high-vacuum austenitic stainless-steel 

cryostat with a copper holder and fused silica optical windows. Before 
the measurements, the sample was heated in the cryostat in a vacuum of 
10− 4 Pa for 15 h at a temperature of 105 ◦C. All ellipsometric and 
magneto-ellipsometric measurements were carried out between room 
temperature and 140 K. 

The ellipsometric spectra were recorded from 370 to 900 nm. The 
angle of incidence of light φ0 was set at 60◦ to the normal of the sample. 
Field dependent magneto-optical measurements were carried out in a 
quasi-static magnetic field of up to 75 mT in white light using an SZS-9 
broadband filter. The SZS-9 filter has a wide transmission peak from 360 
to 580 nm, with a maximum at 475 nm (2.61 eV). The transmittance 
peak matches the region of the spectrum with small experimental errors 
in magneto-ellipsometry. The magnetization reversal loops were 
measured by the amplitude of the Ψ ellipsometric parameter [32] which 
is proportional to the imaginary part (ellipticity) of the magneto-optical 
Kerr effect. Spectral magneto-ellipsometric measurements were carried 
out in remagnetizing fields of ±200 mT. The details of the spectral 
magneto-ellipsometric measurement algorithm are presented in [33]. 
The magnetic field in our measurements was always parallel to the film 
surface and perpendicular to the plane of incidence of light. 

To calculate all components of dielectric permittivity tensor ε of the 
Mn2GaC film from the ellipsometric (Ψ, Δ) and magneto-ellipsometric 
(δΨ, δΔ) data, we used the model of a homogeneous semi-infinite me-
dium and took the magneto-optical contribution to ellipsometric re-
lations as small disturbances into account [34]. The diagonal ε11 and off- 
diagonal ε12 components of the ε tensor were calculated as follows [35]: 

ε11 = sin(φ0)
2⋅

(

tan(φ0)
2⋅
(

1 − ρ
1 + ρ

)2

+ 1

)

,

ρ ≡ tan(Ψ)⋅exp(i⋅Δ)

(1)  

ε11 = Re(ε11) − i⋅Im(ε11) = (n − i⋅k)2 (2)  

ε12 = Re(ε12) − i⋅Im(ε12) =

= − i⋅(Re(ε11) − i⋅Im(ε11))(Q1 − i⋅Q2)
(3)  

where n is the refractive index, k is the extinction coefficient, Q = Q1 −

iQ2 is the magneto-optical parameter. 
The magneto-optical parameter Q, which is used in (3), was deter-

mined from Ψ, Δ, δΨ, and δΔ which are measured by means of magneto- 
optical ellipsometry. The experimental error of Q was calculated by the 
law of error propagation [36]. Similarly, the errors of ε components and 
the magnitude of the magnetic circular dichroism (MCD) were obtained. 
The calculated spectral dependences n, k, and Q were used to determine 
the magnitude of the MCD using the formula [37] (λ is the wavelength): 

Fig. 1. XRD scan of the epitaxial Mn2GaC film on MgO(111) substrate.  
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MCD = −
π
λ
Im((n − i⋅k)⋅Q) (4) 

The model of a homogeneous semi-infinite medium was chosen due 
to the following reasons: 

1) a sufficiently large film thickness in comparison with the skin 
depth of light; 

2) the lack of information on the thickness and optical properties of a 
possible oxide layer on the surface of Mn2GaC; 

3) the opacity of the Mn2GaC film in the spectral range of 270–900 
nm. 

3. Results and discussion 

The field dependences of Ψ on the Mn2GaC(0001)/MgO(111) sam-
ple are shown in Fig. 2. The loops are shifted in one direction by 250 Oe 
at 140 K and by approximately 130 Oe at room temperature. At 140 K, 
there is hysteresis with a coercive force at about 250 Oe. The possible 
reason for the asymmetry of magneto-optical loops is the exchange bias 
in the sample structure [38], as a result of interaction between the FM 
sublayers and the AFM-ordered bulk structure. It should be noted that 
the measured field dependences are likely to characterize mainly the 
magneto-optical properties of the sample surface layer due to the 
exponential attenuation of light with depth and the absence of reflection 
from the substrate (details on Fig. 5) [35,39]. Therefore, the observed 
parameters of the loops can be caused by magnetizing effects in the 
surface layer of the sample, the contribution of which is insignificant in 
the case of SQUID measurements and vibration magnetometry. 

The amplitude of the ellipsometric signal at 140 K and 296 K cannot 
be considered as proportional to the magnetization of the sample 
because of the dependence of the optical and magneto-optical properties 
of the sample on the temperature and energy of the light. For example, 
there is nearly no temperature dependence of the phase δΔ in the 
spectral range 1.7–2.9 eV in contrast to the amplitude parameter Ψ 
(Fig. 3). 

The spectra of the diagonal and off-diagonal components of the 
dielectric permittivity of the Mn2GaC film are shown in Fig. 4 in com-
parison with similar data for a ferromagnetic polycrystalline iron film. 
The real part of the dielectric permittivity of the film has a strong 
temperature dependence, which is expressed in a significant increase in 
the extinction coefficient (Fig. 5) when the sample is cooled down to 
140 K. Such dependence on temperature is typical for metals. 

A comparison of ε12 spectra with similar data of a ferromagnetic Fe 
film (Fig. 4) from [34] shows a ten times weaker magneto-optical ac-
tivity in the visible light range for Mn2GaC even at low temperature. A 

zero-crossing of Im(ε12) is not observed in the MAX phase. The differ-
ence in sign of Re(ε11) between Fe and Mn2GaC is a consequence of 
differences in n2-k2 values for both materials and shows a greater in-
fluence of optical absorption in epitaxial Mn2GaC in comparison with a 
polycrystalline Fe film. 

To understand in detail the temperature changes in the optical 
properties, the optical conductivity of the Mn2GaC film was calculated 
using the formula σ = Im(ε11)ω/4π, where ω is the frequency of the 
optical wave. Fig. 6a shows the spectra of σ at different temperatures, 
and Fig. 6b shows absolute changes Δσ = σ140 K – σ296 K, respectively. 

Optical conductivity spectra allow us analyzing electronic transitions 
independently from spin orientation. As it can be seen from the σ 
spectra, there are no significant changes in the optical absorption during 
sample cooling in the near-infrared range up to 1.9 eV. Changes of 1.46 
eV can be caused by hardware noise. The most visible changes are 
observed in the range from 2 to 3.5 eV. The changes of two peaks at 2.44 
eV and 3.36 eV and a small change of two peaks at 2.77 eV and 3.00 eV 
are pronounced. 

Significant variations in the electronic transitions under cooling are 
due to changes occurred in the electronic structure of Mn2GaC below 
214 K. Namely, the enhancement of interband transitions in the Mn-Ga- 
Mn system may be caused by the lattice contraction [22,23]. 

To understand which spin-dependent electronic transitions in 
Mn2GaC determine the ferrimagnetic response at temperatures above 
214 K the MCD spectrum was calculated at 140 and 296 K from the 
measured off-diagonal components ε12 of the dielectric permittivity 
tensor ε of the sample [37]. For the optimal and demonstrative 
decomposition of MCD spectra into absorption peaks, calculations with 
a different number of fitting Gaussian m were performed. Table 1 shows 

the values of the standard deviation S =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
p
∑p

j=1

(〈
yj

〉
− f
(
xj
) )2

√

as a 

function of the number of Gaussian curves m at the approximation of 
MCD spectra for 140 and 296 K, where p is the number of experimental 
points, <yj > and fj is the experimental value of MCD and the sum of all 
Gaussian curves at point j, respectively. The calculation of the S value 
was performed for the region 1.45–3.5 eV. 

From Table 1 we can see that as the number of Gaussian peaks m 
grows, the value of S decreases. For m being less than four, the addition 
of each successive Gaussian sharply reduced the deviation of S. How-
ever, with the approximation of the experimental curve by four or more 
peaks, further changes of S are insignificant. Both the results of the MCD 
calculation and spectra decomposition into a series of four Gaussian 
peaks are presented in Fig. 7. 

Fig. 2. Magnetic field hysteresis of ellipsometric data at different temperatures 
(after subtracting the baselines) in energy range from 2.13 to 3.44 eV with a 
maximum at 2.61 eV. 

Fig. 3. Spectral dependences of the magneto-ellipsometric amplitude and 
phase at 140 K and 296 K. The top inset shows the spectrum of normalized light 
transmision Tf of optical filter SZS-9. 
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A series of maxima can be identified in the spectra despite the large 
experimental noise. Only the peaks which contribute most to the form of 
the experimental spectrum were considered. Spectral areas less than 2 
eV and more than 3.5 eV contain high hardware noise due to the pe-
culiarities of the optical circuit. All this makes it impossible to estimate 

reliably the temperature changes of peaks 1 and 4 in both spectra. 
However, the central regions of both curves clearly show the corre-
spondence between each other. 

During heating the positions of the maxima of all the peaks shift. 
These shifts are possibly caused by low signal/noise value. 

Fig. 4. Spectral dependences of the diagonal and off-diagonal components of ε tensor at different temperatures: dashed black lines – Mn2GaC sample at 140 K, solid 
red lines – Mn2GaC sample at 296 K. Dotted blue lines: 160 nm Fe-film at 296 K from [34] (the values of Re(ε12) and Im(ε12) are divided by 7). 

Fig. 5. Refractive index n and extinction coefficient k of Mn2GaC at different 
temperatures. The inset shows the spectrum of light penetration depth dp =

λ/(4πk) by equation (2.37) from [35]. 
Fig. 6. Mn2GaC optical conductivity changes at different temperatures.  
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Magnetostriction effects which are observed in much larger fields [23] 
are not considered. The intensity of all resonances, except peak 4, 
strongly decreases as the sample is heated. The smallest relative changes 
are observed for peaks 2 and 4. Peak 1 and a weak peak at around 2.9 eV 
at 140 K, which was not taken into account during decomposition, 
almost disappear. Peak 3 at 2.53–2.56 eV strongly decreases. 

In the following we discuss density functional theory (DFT) calcu-
lations of the spin-dependent density of electronic states of Mn2GaC for 
understanding the observed changes in the interband transitions. A. 
Thore et al. have calculated the electronic band structure and total and 
partial density of states for ferromagnetic and antiferromagnetic states, 
with distinct FM layers of Mn1 and Mn2 in a AFM[0001]A4 configuration, 
the latter corresponding to 4 consecutive Mn layers with the same spin 
orientation before changing sign upon crossing a Ga layer [26]. For this 
AFM phase the total DOS for spin-up and spin-down states are equal, 
while the partial density of states (PDOS) for the FM layers Mn1 and Mn2 
are spin polarized (Fig. 8). 

Table 2 shows the numerical correlation between the interband 
transitions from the PDOS and the observed MCD absorption peaks. The 
PDOS data are shown by the energy values for the density maxima. But 
for each such maximum the base width is about 0.2 eV, which as a result 
of summation can show a broad peak for MCD. Additional broadening of 
the MCD peaks can also result from the presence of many satellite 
density maxima from the DFT calculation. 

According to the density of states and the diagram of atomic posi-
tions in the Mn2GaC cell [26], it can be seen that the main contribution 
to the absorption peaks is made by transitions in Mn1 and Mn2 ions, as 
well as transitions between Mn2 - Ga2 and Mn1 - Ga1. The bound states of 
Mn and C at − 3.5 eV give transition energies outside the spectral range 
in which we conduct the measurements. Thus, for MCD, it is possible to 
associate the measured spectra with possible prominent interband 
transitions according to the PDOS corresponded to Mn2GaC in AFM 
[0001]A4 state. 

Significant attenuation of the intensities of peaks 1, 3, and the weak 

peak at around 2.9 eV can be explained by the weakening of the inter-
action of external electronic levels between ions Mn2 – Ga2 and Mn1,2 – C 
which is caused by the lattice stretching above the phase transition. 

4. Conclusion 

Usually in the ex-situ measurements the material surface is oxidized. 
As ellipsometry is particularly useful to determine the layer thickness, 
the reflectivity data may be used to estimate the thickness of oxidation, 
evaluate the possible contribution to hysteresis loop and MCD data. 
However, such analysis requires a special design of the technological 
chamber. Spectral in-situ magneto-ellipsometry measurements are 
required before and after the interaction of the sample with oxygen 
without changing the geometrical position of the sample in the optical 
scheme. We plan to provide such research in future. 

In summary, we have studied the optical and magneto-optical 
properties of a 100 nm Mn2GaC epitaxial film in magnetic fields up to 
200 mT between 296 and 140 K around the structural phase transition 
temperature of 214 K. The abrupt lattice expansion of the Mn-C-Mn 
layers leads to significant change in the spectral optical properties. 
Our findings are consistent with the assumption that Ga affects the 
interband electronic transitions in Mn and C and non-collinear 

Table 1 
Deviation S for MCD spectra vs the number m of involved Gaussian curves.  

m S140 K, 10− 6 nm− 1 S296 K, 10− 6 nm− 1 

1  1.32  3.08 
2  1.09  2.29 
3  0.59  1.29 
4  0.50  0.99 
5  0.35  0.88 
6  0.26  0.79  

Fig. 7. MCD results for Mn2GaC from magneto-ellipsometric measurements at 140 and 296 K.  

Fig. 8. PDOS from [26] at 0 K for FM layers Mn1 and Mn2 in AFM [0001]A4 
Mn2GaC. Positive states – spin-up ↑, negative states – spin-down ↓. 
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(uncompensated) magnetic moments in alternating Mn-C-Mn layers lead 
to ferrimagnetic properties at room temperature. Furthermore, we 
identify a possible contribution of the Mn2GaC surface to the bulk 
magnetic properties from the temperature dependence of Kerr hysteresis 
loops. The experimental MCD spectra are identified as interband tran-
sitions in the AFM [0001]A4 state. 
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