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Abstract. The quaternary full Heusler compound Mns_,Co,VAl with z = 1
is predicted to be a half-metallic antiferromagnet. Thin films of the quaternary
compounds with z = 0...2 were prepared by DC and RF magnetron co-sputtering
on heated MgO (001) substrates. The magnetic structure was examined by x-ray
magnetic circular dichroism and the chemical disorder was characterized by x-ray
diffraction. Ferrimagnetic coupling of V to Mn was observed for Mny VAl (z = 0).
For x = 0.5, we also found ferrimagnetic order with V and Co antiparallel to
Mn. The observed reduced magnetic moments are interpreted with the help of
band structure calculations in the coherent potential approximation. Mns VAl is very
sensitive to disorder involving Mn, because nearest-neighbor Mn atoms couple anti-
ferromagnetically. Coa VAl has B2 order and has reduced magnetization. In the cases
with x > 0.9 conventional ferromagnetism was observed, closely related to the atomic
disorder in these compounds.
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1. Introduction

Half-metallic fully compensated ferrimagnets (HMFi), which are also known as half-
metallic antiferromagnets, attracted large interest during the past years. A material
with this property would exhibit full spin polarization at the Fermi level, but the
magnetization would be effectively zero. It was first predicted for Mn and In
doped FeVSb [1]. Among others, LayVMnOg and related double perovskites [2], and
certain diluted magnetic semiconductors have been later predicted to be half-metallic
antiferromagnets as well [3]. This is interesting for technological applications, e.g.
for spin transfer torque switching, which depends on the magnetization and the spin
polarization of the material to be switched.

Galanakis et al. pointed out that it may be possible to synthesize a HMFi by
substituting Co for Mn in the Heusler compound Mny VAl [4]. Mn, VAl is a (potentially
half-metallic) ferrimagnet with antiparallel coupling of Mn and V moments and a
total moment of -2 up per formula unit. The high Curie temperature of 760 K makes
it interesting for practical applications. Numerous experimental [5, 6, 7, 8, 9] and
theoretical [10, 11, 12, 13, 14] studies are found in the literature. Following the Slater-
Pauling rule for Heusler compounds, m = Ny — 24 [15], the magnetic moment m is to be
taken as negative, because the number of valence electrons Ny is 22. Thus, by adding
effectively two electrons per unit cell, the magnetization should vanish. This can be
achieved by substituting one Mn with one Co atom, which has two additional electrons.
Ab initio simulations were carried out on this system in the L2; structure with Mn and
Co randomly spread across the Wyckoff 8c sites and V and Al on the 4a and 4b sites.
Indeed, a HMFi is found with magnetic moments of: -1.388 (Mn), 0.586 (Co), 0.782
(V), 0.019 (Al) [4]. It was shown by Luo et al. that the site occupation preference
in MnyY Al depends on the number of valence electrons of Y: if it is lower than the
one of Mn, Y would preferentially occupy the 4a/b sites, but if it is higher, ¥ would
rather occupy the 8c sites together with Mn, changing the structure to the HgyCuTi
type [16]. Accordingly, one can expect an occupation as proposed by Galanakis et al.
in Mny_,Co, VAl (MCVA).

Disorder is a major concern when dealing with half-metallic Heusler compounds.
The presence of disorder has been repeatedly demonstrated for Cos-based Heusler bulk
and thin films (see, e.g., [17, 18, 19, 20]). Theoretical studies have investigated the
impact of disorder on the magnetic properties and the half-metallicity of the compounds
[21, 22, 23, 24, 25, 26]. For some compounds major impact of disorder on the half-
metallicity is observed, which also depends on the type of disorder. Particularly, Picozzi
et al. [21] found that a Mn atom substituting a Co atom in Co,MnSi, which has Mn
as nearest neighbors, would couple antiparallel to the surrounding Mn atoms, and thus
reduce the total magnetization drastically. The strong dependence of the magnetic
moment of Mn on its chemical and magnetic environment has been demonstrated by,
e.g., Rader et al. [27]. Hence, disorder bringing Mn into nearest-neighbor positions has
to be controlled.
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For many practical applications it is necessary to prepare high quality thin films of
the magnetic materials. Therefore one has to find suitable deposition techniques and
optimize the parameters. The parent compounds Mny VAl and CosVAI [28, 29] have
been successfully synthesized in the bulk and epitaxial growth of Mny VAl films with
L2 ordering on MgO (001) single crystals was also demonstrated [30, 31]. In this paper
we present experimental results on the structural and magnetic properties of epitaxial

Mns_,Co, VAl thin films.

2. Methods

2.1. Experimental details

The samples were deposited using a UHV co-sputtering system equipped with five
DC and two RF 3” magnetron sputtering sources, arranged in a confocal sputter-up
geometry. Up to four sources can be used simultaneously. The target-to-substrate
distance is 21 cm and the inclination of the sources is 30°. The substrate carrier can be
heated to 1000°C by an infrared heater from the backside. An electron beam evaporator
with one crucible is placed in the center of the chamber at a distance of 50 cm to the
sample. The base pressure of the system was typically 5 - 107 mbar.

Elemental targets of Mn, Co, V, and Al of 99.95 % purity were used. The sputtering
pressure was set to 2 - 1073 mbar. The correct sputter power ratios were set up using a
combined x-ray reflectivity and x-ray fluorescence technique.

All samples used in this study had the following stack sequence: MgO (001)
single crystal / Mny_,Co,VAl 18nm / Mg 0.5nm / MgO 1.5nm with = =
0/0.5/09/1.0/1.1/1.5/2. The upper MgO was deposited by e-beam evaporation.
Diffraction measurements on Mny VAl films deposited at various temperatures revealed
that a substrate carrier temperature of at least 600°C was necessary to obtain good
order, but temperatures above 700°C lead to strong Mn sublimation, which can not
be reliably compensated by higher sputtering power (compare with [30]). Therefore
all samples discussed in this paper were deposited at a carrier temperature of 700°C.
The protective Mg / MgO bilayer was deposited after cooling the samples to prevent
oxidation and interdiffusion.

X-ray diffraction (XRD), reflectometry (XRR), and fluorescence (XRF) were
performed in a Philips X’Pert Pro MPD diffractometer with Cu anode, Bragg-Brentano
and collimator point focus optics, an open Euler cradle and an Amptek fluorescence
detector in a He enclosure.

X-ray magnetic circular dichroism (XMCD) was measured at beamline 6.3.1 of the
Advanced Light Source (Berkeley, CA, USA). A magnetic field of £ 1.6 T parallel to the
incoming x-ray beam was applied, the sample surfaces were inclined by 30° with respect
to the incoming beam. Element specific magnetic hysteresis loops were taken with a
magnetic field of up to = 2T. The magnetic field was switched for every energy point
to obtain the dichroic signal. Data were taken at 20K, 150 K, 200 K, and 300 K. All
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XMCD spectra were taken at least twice, with circular polarization degrees of +60 % and
-60 %, respectively. Systematic measurements were performed in the surface sensitive
total electron yield mode. Additionally, following an idea by Kallmayer et al. [32], the
visible light fluorescence of the MgO substrate was detected by a photo diode behind
the sample. Thus, bulk information of the films could be obtained in x-ray transmission.

2.2. Electronic structure calculations

Electronic structure calculations of disordered compounds were performed with the
Munich SPRKKR package, a spin-polarized relativistic Korringa-Kohn-Rostoker code
[33]. The ground state self-consistent potential calculations were performed on 834 k
points in the irreducible wedge of the Brillouin zone. The exchange-correlation potential
was approximated by the Perdew-Burke-Ernzerhof implementation of the generalized
gradient approximation [34], the Fermi energy was determined using Lloyd’s formula
[35, 36]. The angular momentum expansion was taken up to lyax = 3. A scalar
relativistic representation of the valence states was used in all cases, thus neglecting
the spin-orbit coupling. For MnyVAI the atomic spheres approximation was applied
and Cos VAl was treated with full potential calculations. Half-metallic ground states
were obtained for Mny VAl and Cos VAL with their respective bulk lattice parameters.
To account for disorder, the coherent potential approximation (CPA) was used. In
our calculations with the ideally ordered L2; structure, Mny VAl has a total moment
of 2.01 pup/fu., with 1.54 up on Mn and -1.03 ug on V. CoyVAI has a total moment of
1.99 pp/fu., with 0.87 up on Co and 0.28 up on V. These values are in good agreement
with calculations presented by other authors [37].

3. Experimental results and discussion

3.1. Lattice structure

All MCVA films were found to be highly epitaxial with MCVA [001] || MgO [001],
rocking curve widths of 0.6° to 1.5°, and an MCVA [100] || MgO [110] in-plane relation.
Laue oscillations observed at the (002) reflections demonstrate the lattice and interface
coherence of the films in the two limiting cases of Mny VAl and Co, VAl (Fig. 1(a)). For
x = 1, however, the oscillations are less pronounced.

Figure 1(b) displays the out-of-plane lattice parameter ¢ as a function of z.
According to Vegard’s law [38], a linear decrease of the lattice parameter with increasing
x can be expected for a simple substitutional model. However, a significant deviation
from this law is observed at x = 1. This indicates, as we will see in detail later, a
structural and magnetic order-disorder transition. For Mny VAl ¢ is slightly lower than
the bulk value of 5.875 A [8]; CogVAI has also a slightly reduced ¢ compared to the
bulk value of 5.77 A [28]. This is compatible with a tetragonal distortion caused by the
epitaxial matching with the substrate: the lattice is expanded in the plane and shrinks
in the out-of-plane direction. For the case of Co,TiSn we have recently performed first
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Figure 1. (a): 6-20 scans of the (002) reflections of Mna VAl (z = 0), Mn;Co; VAL
(x = 1), and CoaVAI (2 = 2). Clear Laue oscillations are visible in both cases. (b):
out-of-plane lattice parameter ¢ as function of . (c): Order parameters Spa and Spz,
as functions of z. (d): Microstrain £[gp1) and (e): coherence length D and as functions
of . The dashed line in (e) denotes the film thickness.

principles calculations of the change in total energy for this type of lattice distortion.
In this case it is of the order of 25 —50 meV, and is thus easily activated during the film
growth [39]. For the compounds presented here, we expect a similar energy range.
Takamura’s extended order model for Heusler compounds [40] was applied to obtain
the order parameters Sps and Sis, from the measured XRD peak intensities. Unlike
Webster’s model [44], this model takes the dependence of Sps, on Spy into account.
The structure factors were obtained from the measured intensities by correcting for the
Lorentz-Polarization term and the temperature factor with an effective Debye-Waller
factor of Beg = 0.4. Spg is calculated from the four structure factor ratios of (002)
and (222) versus (022) and (004), respectively. Spo, is calculated as the average of
the (111) structure factor versus (022) and (004). The full atomic scattering factors
including angular dependence and anomalous corrections were used in the numerical
model calculations. As shown in Fig. 1(c), the Mny VAl films are ordered in the L2,
structure with significant V-Al disorder (Si2, =~ 0.4). With increasing Co content, the
L2, order disappears in the alloy system; Coy VAl does not show any sign of L2; ordering.
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On the other hand, the degree of B2 order increases slightly with increasing Co content,
from Sps = 0.7 to Sgy = 0.8, i.e., 85% to 90 % of the Co atoms are on the 8c sites.
However, we note here that disorder between Co, Mn, and V can not be identified with
this method, because the atomic form factors are too similar.

A Williamson-Hall analysis [45] of the integral peak widths of the (002), (004),
and (006) reflections was performed. A Gaussian instrumental peak broadening and
a Lorentzian convolution of grain size and strain effects were assumed, i.e., the
contributions were separated with

szs = Bi2nst + st (1)
and
kX
Bss -cost = 3 + 46[001] sin 0 (2)

with Bgps being the observed width, Bj, the instrumental width, By the size-strain
width, the shape factor £ = 0.9, the coherence length (grain size) D and the averaged
[001] component of the strain tensor €pgi). The analysis results are displayed in Fig.
1(d) and (e). The measured coherence length matches the film thicknesses quite well
within the accuracy of the measuring and fitting procedure. A clear trend of increasing
strain can be observed, from 0.18 % to 0.47 %. The lattice mismatch of Coy VAl (3.1 %)
is about 2.4 times as large as the mismatch of Mny VAl (1.3 %) with MgO. The same
factor applies to the strain values, which verifies the high quality of the epitaxy. The
lower degree of film coherence, the deviation from Vegard’s law and the rather low
strain in spite of the large lattice mismatch indicate an increased density of lattice
defects in Mn;Co; VAL, The defects allow for relaxation of the film, which can reduce
the microstrain at a loss of coherence.

Ziebeck and Webster found that Co,VAI crystallizes in the L2; phase, but exhibits
some preferential V-Al disorder [28]. The samples measured by them were annealed
at 800°C for 24h. The samples by Kanomata et al. were annealed at up to 1200°C,
and still exhibited a complex grain structure consisting of L.2; and B2 ordered fractions.
Deposition at 700°C may thus be insufficient to promote L2, order in Co, VAl. However,
as stated initially, a higher deposition temperature was not usable because of Mn
sublimation.

3.2. Magnetic and electronic structure

We begin with a discussion of the XMCD spectra in dependence on z, which are shown
in Fig. 2. For x = 0, i.e., for pure Mny,VAI, we find an antiparallel alignment of
the Mn and V moments, which was verified with element specific hysteresis loops (not
shown). This is preserved up to x = 0.5, going along with an antiparallel coupling of
Co to Mn. Here, we find the predicted ferrimagnetic order with the Co and V moments
pointing opposite to the Mn moments. With further increasing x, all magnetic moments
point in the same direction; the alloys become ferromagnets. This transition is closely
related to chemical disorder which is indicated by the deviation of the lattice parameter
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Figure 2. Experimental XMCD spectra for V, Mn, and Co at 20 K. The corresponding
XAS spectra were normalized to a post-edge jump height of 1.
x =0.9,1.1 are similar to x = 1 and are omitted for clarity.

Table 1. Experimental total magnetic moments at 20K (given in up /fu.)

The spectra for

and

estimated Curie temperatures derived from temperature-dependent XMCD.

miot  Tc
Mny VAL 0.88 >RT
Mn1_5C00_5VA1 0.1 -
Mn1_0C01_0VA1 1.09 ~ 350K
Mn0_5C01_5VA1 2.29 -
Coz VAL 1.66 =~210K

from Vegard’s law. Across the stoichiometry series the shape of the spectra changes
significantly. Most prominently, the splitting of the V and Mn lines vanishes at x = 0.9
and above. The appearance of this splitting is directly correlated with the appearance
of ferrimagnetism. The line shape of the Mn XMCD for z = 1.5 is very similar to the
Mn line shape in CooMnAl or Co,MnSi [46]. For the ferrimagnetic coupling of Co and
Mn, they have to be second nearest neighbors on octahedral positions. Co and Mn
on tetrahedral nearest-neighbor positions couple ferromagnetically, as in CooMnGe [44]
and the other CoyMn-based Heusler compounds.

To assert that the complex shape of the Mn and V spectra is not a surface effect,
we have measured the transmitted x-ray intensity in luminescence detection at room
temperature for Mny VAL, The XMCD spectra are almost equal in total electron yield
and in transmission (see Figure 3), although in both cases the L3 pre-peak is more
pronounced in transmission. However, compared to the total area of the peaks, this
deviation is small. The fine structure of the spectra is consequently related to the
electronic structure of the films rather than to a surface effect.

Using the sum rule analysis we extracted the spin and orbital magnetic moments
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Figure 4. Element specific magnetic moments as functions of z. Ferrimagnetic (FiM)
order is observed for z < 0.5, ferromagnetic (FM) order is observed for « > 0.9.

from the XMCD spectra [47]. Table 1 summarizes the total magnetic moments obtained
from sum rule analysis and provides estimates of the Curie temperatures obtained from
temperature dependent XMCD for z = 0, 1, 2 (the spectra are not shown here). Figure
4 displays the element specific total moments in dependence on x. Because of dynamical
screening effects of the x-ray field, the sum rules fail for the early 3d transition metals
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[41]. To compensate the resulting spectral mixing effects, the apparent spin magnetic
moments can be multiplied with correction factors as suggested by Diirr et al. and
Scherz et al., i.e. 1.5 for Mn [42] and 5 for V [43]. Actually, the applied correction
factors depend on the actual electronic structure and can not be simply transferred
to different systems. However, we assume that this influence is rather small, so that
quantitative results can be obtained.

In Mn, VAl we find a lowered Mn moment (1pup) and an enhanced V moment
(—1.1 up), resulting in a total magnetization of 0.88 g /f.u. No change of the magnetic
moments was observed at RT as compared to 20 K, hence the Curie temperature is much
higher than RT. The film is not well described by a pure L2; order model. As discussed
earlier, the film has some disorder between Mn and (V,Al). In this case, Mn atoms
reside on sites surrounded by other Mn atoms, which couple antiferromagnetically at
short distance. Indeed, by calculating the self-consistent potential in SPRKKR with
20% Mn-Al or Mn-V exchange, we find antiparallel coupling of the antisites, similar
to the findings by Picozzi et al. for CoaMnSi [21]. For Mn-Al exchange, the Mn(8a)
moment is reduced to 1.22 up and the Mn on the Al site has —2.48 5. The V moment
is reduced to —0.83 up. This results in a total magnetization of 0.85 pup/f.u., and the
average Mn moment is consequently 0.85 pup. In the case of Mn-V exchange, the Mn(8a)
moment remains at 1.58 up and the Mn on the V site has —2.63 up. The V moment
on the 4b site is —0.87 up and +0.84 up on the 8a site. In this case the total moment
is 1.78 up/fu., with an average Mn moment of 1.16 ug. Further, the case of Mn-Al
exchange is energetically preferred with respect to the Mn-V exchange. Seeing the
low total and Mn moments and the high V moment, a preferential Mn-Al exchange in
Mny VALl is thus in good agreement with the structural and the magnetic data. Our
calculations show that the 20 % Mn-Al disorder and B2 disorder barely influence the
half-metallic gap of Mny VAL For B2 disorder, the total magnetic moment also remains
unaffected. In contrast, 20 % Mn-V disorder destroy the gap. This is in contrast to the
findings by Luo et al., obtained with a supercell approach in a pseudopotential code.
They state that the gap is preserved under 25 % Mn-V disorder [16].

Coy VAl has a reduced Co moment (0.69 ) and a V moment of 0.28 up, giving a
total magnetization of 1.66 up/f.u. The film has B2 order, which is expected to reduce
the magnetization from the highly ordered L2; case. We find magnetic moments of
0.75 up for Co and 0.4 pup for V in a B2 ordered SPRKKR calculation, with a total
moment of 1.86 up/f.u., in good agreement with our measurements. Some additional
disorder involving Co and V could explain the further reduced moments. The Curie
temperature is about 210K (see Table 1), which is significantly lower than the value
for bulk samples (310K [28]). A calculation of the Curie temperature with SPRKKR
within the mean field approximation (see [48] for details of the procedure) yields 352 K
in the L2; case and 165K in the B2 ordered case. The observed significant reduction
of the Curie temperature in the disordered alloy is thus in agreement with theory. The
half-metallic gap of CoyVAI vanishes in the B2 structure.

At x = 0.5, a nearly complete magnetic compensation with a total moment of only
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0.1 up/fu. is observed. Remarkably, at x = 1.5 the total magnetic moment becomes
larger than 2 ug/f.u., caused by the high Mn moment of 1.67 . This is in agreement
with the different Mn line shape: in, e.g., CooMnAl, in which Mn has a similar line
shape, Mn has a moment of about 3 up [44]. Thus, the mechanism mainly responsible
for the ferromagnetic coupling of all moments is the preferentially tetrahedral (instead
of octahedral) coordination of Mn atoms with Co.

4. Conclusions

Epitaxial thin films of Mny_,Co, VAl have been synthesized on MgO (001) substrates
by DC and RF magnetron co-sputtering. It was intended to observe a ferrimagnetic
compensation of the magnetization at x = 1. The films have significant chemical
disorder, depending on the degree of Mn-Co substitution. Mny VAl was found to be 1.2,
ordered, with a preferential Mn-Al disorder and additional V-Al disorder. The Mn-Al
disorder reduces the total moment considerably, because the nearest-neighbor Mn atoms
couple antiferromagnetically in this configuration. Accordingly, the magnetization of
Mny VALl is very sensitive to disorder involving Mn. However, the band structure
calculations suggest that only Mn-V disorder has an influence on the half-metallic gap.

Because of the disorder, a nearly complete magnetic compensation was observed
for Mn; 5Cog5VAL  With further Co substitution, the electronic structure changes
considerably, and a parallel coupling of Co, Mn, and V was observed. We suppose that
Co and Mn become preferentially nearest neighbors, which leads to a parallel coupling
of their magnetic moments.

The Co, VAL films, being the second extremum of the substitutional series, had B2
order. The band structure calculations with B2 order suggest reduced moments, but the
experimentally determined moments are even lower, which indicates additional disorder
involving Co. The Curie temperature was significantly reduced, which is in agreement
with the trend observed in the mean field calculation. It is in principle possible to
obtain a high degree of L2; order in bulk CoyVAI by appropriate thermal treatment,
but our maximum substrate temperature was limited by Mn evaporation. While it may
be possible to obtain the correct occupation for the ferrimagnetic compensation in the
bulk, it seems not possible to obtain films with a high degree of order.
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