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Abstract: 

The compensated ferrimagnetic Heusler compounds with high spin polarization and 

low net magnetic moment are strategically important materials for spin-logic and 

further energy-efficient spintronic applications. However, the element-resolved 

magnetic ordering of these compensated ferrimagnets remains an open issue. Here we 

report a direct observation of the spin and orbital moments of the B2 phase Mn2CoAl 

thin film using the synchrotron-based X-ray magnetic circular dichroism (XMCD) 

technique. An ferrimagnetic ordering between Mn and Co elements and a compensated-

ferrimagnet-like small net magnetic moment of only 0.34 μB/f.u. was observed 

unambiguously in the B2 Mn2CoAl. The antiparallel coupling between Mn and Co is 

attributed to the mixture of the Mn(B) and Al occupation in the B2 phase Mn2CoAl 

lattice. This work demonstrates the great potentials of the compensated ferrimagnetic 

half metallic inverse Heusler compounds Mn2CoAl for spintronic applications. 
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Heusler compounds with their half-metallicity nature are capable of providing 100 % 

spin polarization at the Fermi Level, which makes them an ideal source for spin current 

in various spintronic devices[1-7]. Among the Heusler compounds, the unique 

compensated ferrimagnetism has been found in some Heusler compounds, for example 

Mn2RuxGa and Mn2-xPtxGa[8-12]. In such materials, the moments of magnetic atoms are 

arranged as antiparallel ordering with different moment magnitudes, while the total net 

magnetization is predicted to be zero or very low due to the complete compensation of 

all the atomic moments with opposite orientations. The compensated ferrimagnets 

exhibit zero or low stray field and robustness of magnetic moment arrangement in 

external field, promising extensive potential applications in spintronic devices[8][11]. In 

recent years, a new kind of inverse Heusler compounds with a CuHg2Ti-type structure 

(XA phase) was predicted, including several significant ferrimagnets, such as Ti2MnAl, 

Ti2VAs and Mn2CoAl[6]. These compounds can possess ferrimagnetic and either half-

metallic or spin gapless semi-conductive properties simultaneously. For these materials, 

direct observation of the ferrimagnetic ordering is a key issue to modulate the magnetic 

ordering. In recent reports[10], a small saturation magnetization was observed in these 

materials, implying a ferrimagnetic ordering. However, direct experimental evidence is 

lack to clarify the atomic magnetic ordering for the ferrimagnetic inverse Heusler 

compounds with high Curie temperature. The difficulty of clarifying the magnetic 

ordering of these Heusler compounds is attributed to their high Curie temperature and 

the similar magnetic properties between ferrimagnet and ferromagnet at low 

temperature. Therefore, it is necessary to investigate the element-specific magnetic 

moment arrangement directly at room temperature. X-ray magnetic circular dichroism 

(XMCD) is an unique technique to reveal the element magnetic moment arrangement 

directly[13-15]. The XMCD measurement provides an approach to observe element-

resolved moment value and arrangement in magnetic materials directly. In last decades, 

a few full Heusler ferrimagnets have been investigated via XMCD measurements and 

the antiparallel arrangements have been observed in some of them, such as Mn2VAl and 

Mn2−xCoxVAl[16][17]. However, for the novel ferrimagnetic inverse Heusler compounds 
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with spin gapless semi-conductive property such as Mn2CoAl and Ti2MnAl, their 

ferrimagnetic ordering have not been confirmed yet. In this work, we investigate the 

element-resolved magnetic configuration of the inverse Heusler compound Mn2CoAl 

epitaxial film with B2 phase via XMCD measurements. The XMCD measurements 

directly reveal that the spin moments of Mn are antiparallel with the spin moments of 

Co and the film has a very low net magnetization of ~0.34 μB/f.u., confirming a 

compensated-ferrimagnet-like ordering in the B2 phase Mn2CoAl film.  

Mn2CoAl film with a thickness of 30 nm was grown on MgO(001) by molecular 

beam epitaxy at temperature of 280 oC with a based pressure of 1.5×10-10 mbar. Mn, 

Co and Al sources were evaporated by three K-cells respectively and co-deposited on 

the substrate. The deposition rate and the composition were calibrated by a quartz 

crystal oscillator. An in-situ reflected high energy electron diffraction (RHEED) was 

used to monitor the growth of the film. After the growth of Mn2CoAl film, 3 nm Al was 

covered on the films to protect the film from oxidation. Then the crystalline structure 

and growth orientation of the film were determined using high resolution X-ray 

diffraction (HR-XRD) measurements by Cu Kα radiation with a wavelength of 0.154 

nm. Vibrating sample magnetometer (VSM) measurements were performed to 

characterize the basic magnetic properties of the film. In order to investigate the atomic 

moment of Mn and Co atoms, the element-resolved XAS and XMCD measurements at 

Mn and Co L2,3 absorption edges were performed at beamline IO10 of Diamond Light 

Source in the U. K. The helicity of the X-ray was switched in an external magnetic field 

of 3 T, which was applied perpendicularly to the surface of the film to saturate the 

magnetization of the film. The XAS spectra were recorded using total electron yield 

(TEY) with both left-helicity (σ+) and right-helicity (σ-) X-ray. XMCD spectra were 

obtained by taking the difference of the XAS spectra with σ+ and σ- X-ray. All the 

measurements were executed at room temperature. 

For Heusler compounds Mn2CoAl, it has been suggested that the inverse Heusler 

structure with XA phase possesses the lowest formation energy. The structure of XA 

phase is shown in Fig. 1(a). While epitaxially grown on MgO substrate, the Mn2CoAl 
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film grows along the orientation as Mn2CoAl (001)[110]//MgO(001)[100]. This growth 

orientation is demonstrated by the RHEED patterns shown in Fig. 1(b). Furthermore, 

the crystal structure of the Mn2CoAl film can be determined by XRD[7]. Here, XRD 

out-of-plane θ-2θ scans were performed to clarify the structure and growth orientation. 

Fig. 1(c) shows the results of θ-2θ scans with a sample tilting angle χ = 0o for the planes 

parallel to the substrate surface. It is obvious that the XRD data shows a clear (002) 

peak and a (004) peak, which confirms a well formation of B2 phase of an out-of-plane 

growth orientation of Mn2CoAl(001)//MgO(001). The integral intensity ratio 

I(002)/I(004) also demonstrates a dominant status of B2 phase in the films. Besides, the 

inset of fig. 1(c) shows the result of θ-2θ scans with a sample tilting angle of 54.7o, in 

which only (222) peaks at 54.18o are found. The absence of (111) peaks at 27.09o 

demonstrates that there is no XA phase in this film, and the film forms a B2 phase with 

the growth temperature of 280 oC, in which the Al and Mn(B) atoms occupy their 

locations randomly. 

Fig. 1(d) shows the hysteresis loop of the Mn2CoAl film at room temperature, which 

was obtained by VSM. In view of the in-plane anisotropy of the Mn2CoAl films, the 

field is applied in plane and swept from -6000 Oe to 6000 Oe[18]. The obvious hysteresis 

loop demonstrates that the Mn2CoAl film possesses a ferromagnet-like phase at room 

temperature, and the Curie temperature of the film is higher than room temperature. 

The film has a low net moment of only 0.33 μB/f.u., which is much smaller than the 

ferromagnetic Heusler compounds such as Co2FeAl and Co2MnSi, and is similar to the 

compensated ferrimagnet such as Mn2RuxGa and Ti2MnAl[8][10]. Such small 

magnetization hints a compensated ferrimagnetic ordering in B2 Mn2CoAl film. 
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Fig. 1. The characteristic of the Mn2CoAl film grown on MgO (001). (a) The schematic of inverse-

Heusler lattice structure of XA phase Mn2CoAl. (b) The RHEED patterns of Mn2CoAl film and 

MgO substrate. The electron beam is injected following a grazing incident configuration along the 

[100] and [110] orientation of the MgO substrate. (c) The results of XRD θ-2θ scans with the sample 

tilting angle χ = 0o. The inset is the result with χ = 54.7o. The Al2O3(0001) peak is the peak of the 

sample holder of the XRD system. And the MgO(002) peak is the peak of the substrate. (d) The 

hysteresis loop of the Mn2CoAl film. The external magnetic field is applied in the film plane and 

swept between -6000 Oe to 6000 Oe. 

 

The XAS and XMCD spectra of the Mn2CoAl film at Mn and Co L2,3 absorption 

edges are presented in Fig. (2). XAS spectra are normalized by the photon flux. Clear 

metallic peaks of Mn and Co L2,3 edges are observed, as shown in Fig 2(a) and (b), 

confirming that there is no oxidization at the surface of the Mn2CoAl film. We notice 

that there are obvious shoulder peaks in the Mn and Co XAS spectra near the main 
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peaks of L3 absorption edges, as highlighted by the blue arrows in Fig. 2(a) and 2(b). 

These shoulder peaks have been observed in some other Heusler compounds and were 

attributed to the photoelectron scattering from the ordered lattice[19,20]. The shoulder 

peaks are also an evidence of the high ordering of Co and Mn atoms in the Mn2CoAl 

film[19]. The XMCD spectra are obtained by taking the difference of the XAS spectra 

with left and right helical incoming X-ray, as shown in Fig. 2(c) and (d). The most 

arresting fact is that the XMCD peaks of Mn L2,3 edges exhibit clear opposite sign with 

the Co peaks. The opposite sign of XMCD signal between Mn and Co L2,3 peaks is an 

indisputable evidence that the atomic magnetic moments of Mn and Co are antiparallel 

with each other. It should be noted that in this work the XMCD measurements do not 

clearly distinguish the moment of specific Mn atoms at different sites, thus the Mn 

atomic moment mentioned in this report means the average atomic moment of all the 

Mn atoms. The XMCD spectra of the Mn in Fig. 2(c) show a splitting at the L3 edge as 

highlighted by the red arrow. While the multiple splitting usually happens in oxide 

materials, this feature is rare in alloys despite the totally metallic XAS spectra of Mn 

atoms[14-17][21]. This splitting was mainly be found in some Heusler alloys which 

contained Mn element[16][17][19]. It suggests that there is a spin localization of Mn(A)-d 

electrons despite the delocalized character of one of the spin bands[19]. In Mn2CoX 

inverse Heusler compounds, the spin localization can be attributed to Mn-Co 3d 

hybridization, and is also a feature of the half-metallicity. Thus, the splitting at the Mn 

L3 edge in the XMCD spectra suggests that the Mn2CoAl with B2 phase possesses a 

half-metallic property. 
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Fig. 2. XAS and XMCD spectra of Mn and Co atoms at L2 and L3 absorption edge. (a), (b) are the 

XAS spectra and (c), (d) are the XMCD spectra. The external magnetic field of 3 T is applied 

perpendicularly to the surface of the film to insure that the film is saturately magnetized. The blue 

arrows in (a) and (b) mark the shoulder peaks at the L3 absorption edge of Mn and Co, respectively. 

The red arrow in (c) marks the split at Mn XMCD L3 peak. 

 

In order to quantify the magnitude and arrangement of the spin and orbital magnetic 

moments of Mn and Co atoms from the XAS and XMCD measurements, we have 

analyzed the spectra by using the magneto-optical sum rules. At the L2,3 edges of Mn 

and Co, the electrons are promoted by the soft X-ray from 2p core level to unoccupied 

3d states, providing an approach to directly investigate the magnetically polarized 3d 

band. The spin (𝑚𝑠 ) and orbital (𝑚𝑙   moments of Mn and Co atoms are calculated 

according to the following equations[13][15][21]: 

 𝑚𝑙 = −
4𝑞𝑛ℎ

3𝑟𝑃𝑐𝑜𝑠𝜃
  

 𝑚𝑠 =
(4𝑞 − 6𝑝)𝑛ℎ
𝑟𝑃𝑐𝑜𝑠𝜃

  

The values of the parameters p, q, and r are obtained from the integrals of the XMCD 

and XAS spectra. p is the L3 peak integral intensity in XMCD spectra, q is the sum of 

the L2,3 peaks integral intensity, and r is the sum of the L2,3 peaks integral intensity of 

XAS. P and 𝜃 is the circular polarization ratio of the X-ray and the angle between the 
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incident light and the magnetization direction, respectively (𝑃 = 1 and 𝜃 = 0 in this 

work). nh is the number of 3d holes, and its magnitude is taken to be 4.3 for Mn and 2.5 

for Co[7]. By using the sum rules, the spin moments (𝑚𝑠), orbital moments (𝑚𝑙) and 

total atomic moments (𝑚𝑡𝑜𝑡) of Co and Mn atoms are obtained, as shown in Table. 1. 

To help the discussion, we define the Mn spin moment to be the positive direction. For 

both Mn and Co, 𝑚𝑙 is nearly one order of magnitude smaller than 𝑚𝑠, which agrees 

with the previous works[22]. The 𝑚𝑠 and 𝑚𝑙 of Mn atoms are 0.32 μB/f.u. and 0.03 

μB/f.u., respectively, combined as a total atomic moment of 0.35 μB/f.u.. The 𝑚𝑠 and 

𝑚𝑙 of Co are -0.27 μB/f.u. and -0.09 μB/f.u., respectively, combined as a total atomic 

moment of -0.36 μB/f.u.. From the quantitative analysis of the atomic moments, it can 

be further confirmed that the Co and Mn atoms conform an antiparallel arrangement in 

the film. The total magnetization of the Mn2CoAl film obtained by XMCD is 0.34 

μB/f.u., which is in accordance with the result of 0.33 μB/f.u. obtained by the VSM 

measurements. 

 

XMCD VSM 

ms(Mn) 

(μB/atom) 

ml(Mn) 

(μB/atom) 

mtot(Mn) 

(μB/atom) 

ms(Co) 

(μB/atom) 

ml(Co) 

(μB/atom) 

mtot(Co) 

(μB/atom) 

m (total) 

(μB/f.u.) 

m(total) 

(μB/f.u.) 

0.32 

(±0.03) 

0.03 

(±0.01) 

0.35 

(±0.03) 

-0.27 

(±0.03) 

-0.09 

(±0.02) 

-0.36 

(±0.04) 

0.34 

(±0.05) 

0.33 

(±0.03) 

Table. 1. The spin moments (ms), the orbit moments (ml) and the total atomic moments (mtot) of Mn 

and Co atoms in the Mn2CoAl film. The total magnetization m obtained by XMCD and VSM is also 

shown in the table. 

 

In recent theoretical reports on XA phase Mn2CoAl, the orbit hybridization and the 

exchange coupling were clarified as exhibited in Fig. 3(a) and the left side of Fig. 

3(b)[23-25]. As shown in Fig 3(a), 3d orbits of the Mn(A) and Co(C) are hybridized firstly 

to generate each three states for t2g and t1u, and each two states for eg and eu. Then the 

eg and t2g states of [Mn(A)-Co(C)] system are hybridized with Mn(B) 3d states[24]. This 
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hybridization makes XA phase Mn2CoAl to follow Slater-Pauling rule: m=Nv-24, 

where m is the moment per formula and Nv is the number of the valence electrons per 

formula[23][24]. Slate-Pauling rule indicates that XA phase Mn2CoAl possesses a 

magnetization of 2 μB/f.u.[6]. Besides, for the exchange coupling in XA Mn2CoAl, 

Mn(A)-Mn(B) (antiferromagnetic) and Co(C)-Mn(B) (ferromagnetic) nearest neighbor 

coupling plays a dominant role[25]. Hence, the magnetic moments of Mn(B) (2.80 μB/f.u.) 

and Co(C) (0.94 μB/f.u.) are parallel with each other, while the magnetic moments of 

Mn(B) and Mn(A) (1.65 μB/f.u.) are antiparallel. Because the atomic moment of Mn(B) 

is larger than that of Mn(A), the net moment of Mn is parallel to that of Co(C)[6].  

However, our experimental results provide an alternative of the magnetic 

arrangement of Mn2CoAl. In our work, an antiparallel arrangement between Mn and 

Co atomic moments is identified unambiguously by the XMCD spectra. The atomic 

moments are also smaller than the theoretical prediction. These two factors make the 

net magnetization of Mn2CoAl with B2 phase similar to that of the compensated 

ferrimagnet. This compensated-ferrimagnetic-like phase should be related to the 

detailed crystal structures of the film. The XRD results in Fig. 1(c) confirm the 

formation of B2 ordering, suggesting a highly ordered Mn(A)-Co(C) arrangement and 

a mixture of the Mn(B) and Al atoms in the lattice of the Mn2CoAl film[7]. The mixture 

of the Mn(B) and Al atoms can disturb the [Mn(A)-Co(C)]-Mn(B) orbit hybridization 

and the Mn(A)-Mn(B), Co(C)-Mn(B) nearest neighbor exchange coupling as shown in 

the right side of Fig. 3(b). The antiparallel arrangement between Mn(A) and Co(C) 

moments can be maintained, because the exchange couplings of Mn(A)-Mn(B), Mn(B)-

Mn(C) and Mn(A)-Co(C) keep them to be antiparallel[25]. But the status of Mn(B) and 

the magnitude of all the atomic moments may be changed due to the disturbing of the 

orbit hybridization and exchange coupling caused by the mixture of Mn(B) and Al. 

Thus, a compensated-ferrimagnetic-like property can be observed in B2 phase 

Mn2CoAl. However, in this work the XMCD measurements do not visually distinguish 

the moment distribution of Mn atoms across different sites. Further studies are needed 

to clarify the arrangement of Mn atomic moments in B2 phase Mn2CoAl. 
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Fig. 3 (a) The sketch of hybridizations between the d-orbitals of atoms at different sites in XA phase 

Mn2CoAl for spin down electrons. The hybridization for spin up electrons is identical to that for 

spin-down electrons only with different relative energy. The red dot line Ef represent the location of 

Fermi level. (b) the atomic moment arrangement and the major exchange coupling in XA phase 

Mn2CoAl (left) and B2 phase Mn2CoAl (right). The red, blue and green arrows at each atom site 

mean the atomic moment relative direction of Mn(A), Mn(B) and Co(C) atoms, respectively. And 

the orange double-end arrows mark the major exchange coupling. 

 

In summary, we have revealed a compensated ferrimagnetic ordering in inverse 

Heusler compound B2 Mn2CoAl epitaxial film via XMCD measurements. It is verified 

that the atomic moments of Mn are antiparallel with that of Co by the opposite sign of 

the Mn and Co XMCD peaks at L2 and L3 edge. A splitting is observed at the Mn L3 

edge XMCD peak and suggests a Mn(A)-Co 3d orbit hybridization in Mn2CoAl Heusler 

alloys. The atomic magnetic moment of Mn and Co are quantitively obtained via 

magneto-optical sum rules, further confirming an antiparallel arrangement between Mn 

and Co atomic moment. The low net magnetization of only 0.34 μB/f.u. conforms with 

the compensated ferrimagnetic materials. This work spreads the potential applications 

of inverse Heusler compound Mn2CoAl in spintronics as a compensated ferrimagnetic 
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half metal, which can provide high spin polarization, low magnetization and low stray 

field simultaneously. It also suggests a possibility to construct a totally compensated 

ferrimagnetic state in B2 phase Mn2CoAl by component modulation. 
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