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Abstract

Type, degree and evolution of structural order are important aspects for understanding and

controlling the properties of highly spin polarized Heusler compounds, in particular with respect

to the optimal film growth procedure. In this work, we compare the structural order and the

local magnetic properties revealed by nuclear magnetic resonance (NMR) spectroscopy with the

macroscopic properties of thin Co2FeAl0.5Si0.5 Heusler films with varying thickness. A detailed

analysis of the measured NMR spectra presented in this paper enables us to find a very high

degree of L21 type ordering up to 81% concomitantly with excess Fe of 8 to 13% at the expense

of Al and Si. We show, that the formation of certain types of order do not only depend on the

thermodynamic phase diagrams as in bulk samples, but that the kinetic control may contribute

to the phase formation in thin films. It is an exciting finding that Co2FeAl0.5Si0.5 can form an

almost ideal L21 structure in films though with a considerable amount of Fe-Al/Si off-stoichiometry.

Moreover, the very good quality of the films as demonstrated by our NMR study suggests that the

novel technique of off-axis sputtering technique used to grow the films sets stage for the optimized

performance of Co2FeAl0.5Si0.5 in spintronic devices.
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I. INTRODUCTION

Spintronics is considered a potential follow-up technology to purely charge-based elec-

tronics. In spintronic devices, both charge and spin of electrons are used as information

carriers leading to faster switching at lower energy consumption compared to charge-based

electronics. Half-metallic ferromagnets (HMFs) are the optimal materials to be implemented

in spintronic devices1–5 as their conduction electrons are expected to be 100% spin polarized.

Heusler compounds with L21 type structure represent an especially favorable family of pre-

dicted HMF compounds and seem to offer all necessary ingredients for their implementation

in spintronic devices such as high spin polarization,1,3,5,6 high Curie temperatures,7,8 and

a low Gilbert damping constant.9 However, the observation of the required key spintronic

properties in Heusler compounds crucially depends on the type and degree of structural

ordering.4,5,10

Nuclear magnetic resonance spectroscopy (NMR) allows one to probe the local envi-

ronments of 59Co nuclei in Co-based Heusler bulk and film samples, and, thus, enables

characterization of local order and quantification of different structural contributions con-

comitantly with an off-stoichiometric composition.10–18 Such a local probe of structure and

composition is very useful since compounds comprising elements from the same periodic

row (e.g., Co and Fe) have very similar scattering factors for x-rays, and thus, x-ray diffrac-

tion (XRD) only may not be sufficient to resolve the structural ordering unambiguously in

particular if both disorder and deviations from the 2:1:1 stoichiometry are present.19

In addition to information on the chemical, crystallographic environments, the NMR

technique is useful to determine the magnetic state of a ferro- or ferrimagnetic material.

The restoring field (Hrest) is an effective magnetic field originating from a resistance to

magnetic oscillations, and therefore is proportional to the square root of the optimal power

(i.e. the power producing the maximum spin-echo intensity) of the applied rf pulses during

an NMR experiment. Hrest derived in NMR experiments provides a measure of magnetic

stiffness or magnetic anisotropy on a local scale, compared with the macroscopic domain wall

stiffness contributing to the coercive fields from SQUID magnetometry.11,13 The advantage

of NMR is that we can measure at a given frequency and can thus relate the magnetic

stiffness to a specific local magnetic environment (e.g., phase or structure).

A particular interesting Heusler compound to be mentioned in the context of HMF is
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Co2FeAl0.5Si0.5. Band structure calculations predict a high stability of the minority band

gap in this compound,3,20 a prediction which is experimentally supported.21 Co2FeAl0.5Si0.5

has been implemented in thin films and magnetic tunnel junctions.22–30 Recently, we have

epitaxially grown Co2FeAl0.5Si0.5 films on lattice-matched MgAl2O4 (001) substrates by a

novel off-axis sputtering technique yielding films with an exceptionally high quality.31 In this

work, we characterize the local crystallographic and magnetic structure of these films using

NMR. We were able to relate the macroscopic physical properties of these Co2FeAl0.5Si0.5

films to the local ordering.

II. EXPERIMENTAL DETAILS

Epitaxial Co2FeAl0.5Si0.5 films were grown on MgAl2O4 (001) substrates by off-axis sput-

tering in a UHV system with a base pressure as low as 7×10−11 Torr using ultra-pure Ar

(99.9999%) as sputtering gas. Optimal quality Co2FeAl0.5Si0.5 epitaxial films were obtained

at an Ar pressure of 4.5 mTorr, a substrate temperature of 600◦ C, and DC sputtering

at a constant current of 12 mA, which results in a deposition rate of 5.6 Å/min. The

Co2FeAl0.5Si0.5 epitaxial films were characterized by a Bruker D8 Discover high-resolution

triple-axis x-ray diffractometer (XRD). Details about growth and characterization are found

elsewhere.31

The NMR experiments were performed at 5 K in an automated, coherent, phase sensitive,

and frequency-tuned spin-echo spectrometer (NMR Service Erfurt, Germany). We used a

manganin coil wrapped around the sample to apply and pick up the rf pulses. This coil is

implemented in an LC circuit with three capacitors. The NMR spectra were recorded at

5 K in the frequency (ν) range from 104-254 MHz in steps of 0.5 MHz in zero magnetic field.

All NMR spectra shown here were corrected for the enhancement factor as well as for the ν2

dependence, resulting in relative spin-echo intensities which are proportional to the number

of nuclei with a given NMR resonance frequency.11,13

III. RESULTS AND DISCUSSION

Figure 1 shows the θ/2θ scan of a 45-nm thick Co2FeAl0.5Si0.5 epitaxial film on MgAl2O4

(001). The clear Laue oscillations near the Co2FeAl0.5Si0.5 (004) peak demonstrate the high
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FIG. 1. (a) High resolution θ/2θ XRD scan of a 45-nm Co2FeAl0.5Si0.5 (CFAS) film grown on

MgAl2O4 (001) substrates. (b) XRD rocking curve of the (004) peaks of the Co2FeAl0.5Si0.5 film

gives a FWHM of 0.0043◦.

crystalline uniformity as well as smooth surface and sharp interface with the substrate.

Fig. 1(b) presents a rocking curve of the (400) peak with a full-width-at-half-maximum

(FWHM) of 0.0043◦, which is at the instrumental resolution limit of our high-resolution

XRD system, revealing exceptional crystalline quality.

In order to further characterize the structural quality of our films we measured the 59Co

NMR spectra for different thin film samples with varying thickness (20, 45, 84, 120 and

200 nm). Figure 2 exemplarily shows the normalized 59Co NMR spectra of films with

thickness t = 20, 84 and 200 nm in comparison with that of a Co2FeAl0.5Si0.5 bulk sample

(data taken from Ref. 32). All spectra share the main line around 163 MHz with one

shoulder on the low frequency side and two pronounced satellites on the high frequency side

with spacing of about ∼ 33 MHz between them.

The observation of low and high frequency satellite lines with a spacing of about 33 MHz

suggests a contribution from B2 type ordering of the films, in line with the interpretation of

the NMR data for Co2FeAl0.5Si0.5 and Co2FeAl bulk samples.15,32 Partial B2 type ordering of

the films is consistent with the ternary thermodynamic Co-Fe-Al phase diagram at 650◦ C33

and with experimental results for the Co2FeAl0.5Si0.5 compound from Umetsu et al.34 Ne-

glecting other contributions to the high frequency satellite, its higher intensity in the films

may be understood in terms of higher degree of B2 type contributions. This interpretation,

however, is in strong contrast to the significantly smaller NMR echo intensity at ∼ 130 MHz
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FIG. 2. (Color online) Normalized 59Co NMR spectra of Co2FeAl0.5Si0.5 thin films with thicknesses

of t = 20, 84, and 200 nm in comparison with the NMR data of a Co2FeAl0.5Si0.5 bulk sample.32

Note that missing data points in the middle of the spectra are due to the increased spectrometer

noise for this frequency.

in films compared to the bulk sample. In fact, NMR spectra of the film samples do not

exhibit a clear satellite, but rather a shoulder, on the low frequency side, which complicates

the qualitative comparison of the spectra. Taking into account both observations, the larger

high frequency satellites and the poorly resolved low frequency satellite in the films compared

to the bulk sample, it seems natural to interpret this observation as a deviation from the

2:1:0.5:0.5 stoichiometry, and more specifically, to assume, that the films are more Fe-rich

and Al/Si-poor than the expected 2:1:0.5:0.5 stoichiometry (compare Ref. 10, 16, and 32).

The formation of Fe-rich environments may also be responsible for the slightly higher than

expected magnetic saturation-moment as, according to the Slater-Pauling rule, the expected

value for magnetic moment in case of Co2FeAl0.5Si0.5 compound is 5.5 µB/f.u., whereas the

measured one for the 45 nm film is about 5.6 µB/f.u. (see Ref. 31).

Thereby, already a qualitative analysis of the thin films NMR spectra suggests a con-

tribution from both L21 and B2 types of order, as well as a presence of an Fe to Al/Si

off-stoichiometry. Kozakai et al.33 report that B2 is the thermodynamic stable phase at

600◦ C in Co2FeAl. Whereas Umetsu et al. report that the L21 type phase is thermody-

namically stable below 1125 K and Co2FeAl0.5Si0.5 undergoes a transition to B2 type order

at 1125 K.34 Please note, that even for the bulk sample annealed below the ordering tem-

perature no full L21 order is realized.32,34 In the present case of a thin film, both B2 and
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the higher ordered L21 type phases are found, suggesting additional influence of e.g. the

substrate, strain and/or kinetic contributions upon cooling.

In order to perform a detailed quantitative analysis of all the contributions to the NMR

spectra, we fitted the NMR spectra of all samples using a sum of Gaussian lines. The cor-

responding parameters of these lines, such as resonance frequency, linewidth, and intensity,

were constrained according to a model similar to the one described in detail in Ref. 32.

For L21 type order only one NMR line is expected, while B2 type order yields several

NMR lines.13,15 Hence, in the presence of both L21 and B2 type order and off-stoichiometry,

the relative area of the NMR spectra can be represented as a sum of several lines originating

in different structural and compositional contributions. The spacing between adjacent reso-

nance lines, ∆B2, may be assumed to be a constant while their relative contribution to the

NMR spectrum is given by the amount of random mixing of Fe and Al/Si on one crystallo-

graphic site (B2 type structure) as well as by the Fe to Al/Si ratio. The off-stoichiometry

between Fe and Al/Si contributes to NMR lines on the high frequency side only due to the

extra Fe at the Al/Si sites in the first Co shell. From the relative areas of these lines, the

amount of off-stoichiometry and L21/B2 type order in the films can be quantified. Due

to the random mixing of Al and Si on one (L21 plus off-stoichiometry) or two (B2 plus

off-stoichiometry) crystallographic sites, each NMR line further broadens or splits into a set

of sub-lines with equal spacing ∆Al
Si

between them. This splitting originates in the small

difference in the hyperfine field seen by Co nuclei depending on which atom, either Al or

Si is located in the first coordination shell.20,32 Compounds with Si have one extra valence

electron with respect to the compounds with Al. This extra valence electron increases the

magnetic moment of the compound which in turn changes the transferred contributions to

the hyperfine field and concomitantly the resonance frequency.20,21,34 Hence, each specific

configuration with particular Al and Si neighbors in the first shell of Co arising from the

random distribution expected for a quaternary compound will have a different resonance

frequency. For details see Supplemental Material at [URL will be inserted by publisher ] and

Ref. 21 and 32. The relative contributions of the Gaussian lines in the fit can be compared to

the probabilities calculated from a random atom model,32 which is mathematically expressed

in form of a binomial distribution function:
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P (n,m, l, k, x, u, y, CB2, CL21) =CB2 ·
N !

n!(N − n−m)!m!
(1)

(1− x)N−(m+k)xm+kyk(1− y)(N−n)−k +

CL21 ·
L!

l!(L− l − k)!k!
(1− u)L−lulyk(1− y)(L−l)−kδn,4

with δn,4











1, if n ≥ 4

0, if n < 4

The first term in Eq.1 represents the B2 contributions with a random distribution of Fe

and Al/Si, where CB2 is the degree of B2 type order. This random distribution involves both

the 4a and 4b Wyckoff positions of the respective L21 lattice, which correspond to the 1b

position in the B2 notation. In Eq.1, x represents the Fe to (Al+Si) stoichiometry, enabling

us to calculate the probability of finding Fe atoms on the Z (Al and Si) sites, and, hence,

to quantify the Fe-Al,Si off-stoichiometry; y denotes the Al to Si stoichiometry (AlySi1−y).

For stoichiometric Co2FeAl0.5Si0.5 films with complete B2 type order, x = 0.5 while x > 0.5

indicates off-stoichiometry with Fe excess. Here, N = 8 is the number of possible sites for

atoms in the first Co shell while n, m, and k are the corresponding numbers of Fe, Si, and

Al atoms, respectively, in the first Co shell (note n +m+ k = N).

The second term in Eq.1 represents the contribution from L21 type order, u is the amount

of Fe to (Al+Si) off-stoichiometry (u = 0 for stoichiometric composition), L = 4 is the

number of possible sites for Fe atoms on the Al/Si sites in the first Co shell , l and k are

the numbers of Fe and Si/Al atoms in the first shell, respectively. Since both x and u

represent the off-stoichiometry, there is a relation between these two parameters x = 0.5 u

+ 0.5. The coefficients CB2 and CL21 represent the relative contribution from 59Co nuclei

with a B2 and L21 first shell environment, respectively, and CB2 + CL21 = 1. There are

two ways to realize the presence of both L21 and B2 in a given sample: Case (i) deals with

large B2 type domains within a L21 matrix, where the number of Co nuclei located at the

interfaces between both phases is negligible compared to the number of Co nuclei within

a certain phase region in line with the recent report on Co2MnSi films by T. Miyajima et

al.35 In that case, the coefficients obtained from our binomial model immediately give the

ratio between L21 and B2 phases. In the second case (ii) both L21 and B2 phases are so
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FIG. 3. (Color online) Normalized 59Co NMR spectrum of an 84-nm thick Co2FeAl0.5Si0.5 film,

shown together with a fitted curve (solid line). Analysis of the data gives a degree of L21 order of

81%.

finely dispersed, that the number of Co nuclei at the interfaces is not negligible anymore.

In that case, the Co nuclei at the interface experience surrounding similar to that of B2,

and therefore the overall degree of order is even underestimated by our model. Moreover

in this case the distribution is no longer described by Eq.1 (see Supplemental Material at

[URL will be inserted by publisher ] for details). Since our binomial model (Eq.1) well fits

to the measured NMR data (see below), scenario (i) seems to be valid in the present case,

which is also in line with the recent report on Co2MnSi films by T. Miyajima et al.35

Figure 3 exemplarily shows the fitting result of the NMR spectrum for the 84 nm

Co2FeAl0.5Si0.5 films where the respective fitting parameters are NMR resonance frequencies,

the spacing between lines ∆B2, y, u, CB2, ∆Al/Si, and the linewidths of individual Gaussian

lines. The residual fit mismatch for all spectra does not exceed 15% which is quite good for

such a rather simple model. The fit yields the average spacing between the main line and the

high frequency satellites of 33 MHz, which is slightly larger than in the corresponding bulk

samples (31 MHz).32 The spacing ∆Al/Si between lines due to the mixing of Al and Si is

found to be about 7 MHz, which is very similar to the bulk sample. In addition, the fit yields

the Al to Si ratio of 0.5(±0.01) : 0.5(±0.01) as expected from the nominal composition. In

general, Al and Si may not be homogeneously distributed in the Co2FeAl1−xSix series. We

have seen such an inhomogeneous distribution by NMR in the Co2Mn1−xFexSi series, where

Fe in the the Fe-rich samples is not entirely randomly distributed. Obviously, such a prefer-
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FIG. 4. (Color online) L21 type order contribution (red open circles) and NMR linewidth (black

squares) as a function of film thickness.

ential order will not follow the random atom model as described in Eq.1 (also see Ref. 36).

Such an inhomogeneity is likely not present in the Co2FeAl0.5Si0.5 films for two reasons: (i)

for the corresponding bulk system Al and Si are fairly homogeneously distributed,32 and (ii),

we found no deviations from our random atom model hinting on such an inhomogeneous

distribution of Al and Si, with the exception that the relatively large mismatch of the fit

and the measured data at frequencies near ∼ 140 MHz and ∼ 215 MHz may be related to

the additional contributions from Co2FeSi and CoAl or fcc Co impurities, as suggested in

Ref. 32 for the bulk sample.

Our results confirm a quite high degree of order for all film thicknesses (Fig. 4). The

highest degree of L21 order is found to be as high as 81% for the 84 nm film. In order to

further validate our analysis, we compare the trend in NMR linewidth for all films as function

of thickness. Figure 4 shows that the linewidth decreases with increasing film thickness,

indicating an improvement of ordering in thicker films and/or release of strain (please note

that the linewidth axis is inverted to allow for a more direct comparison between evolution of

linewidth and degree of order). Generally, the dependence of the NMR linewidth reflects the

evolution of L21 ordering, as expected. Interestingly, the 84 nm film sticks out demonstrating

smallest linewidth along with highest degree of order of about 81%. We will come back to

the peculiarities of the 81 nm thick film at a later point.

In order to further shed light on the relation between structural quality and film thickness,

we analyzed the thickness dependence of the square root of the optimal power (figure 5,
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red circles, right side) since the measurement of optimal power (i.e. the power producing

the maximum spin-echo intensity) of the applied rf pulses allows to indirectly investigate

the magnetic stiffness or magnetic anisotropy on a local scale via monitoring the restoring

field;11,13 specifically, the square root of the optimal power is proportional to the restoring

field. The analysis of the local restoring field is interesting for the investigation of the quality

of thin films with respect to their thickness as explained in the following. Typically, there is a

critical thickness for films with an epitaxial relation between film and substrate: While films

below a certain thickness show uniform full strain - either tensile or compressive, depending

on the ratio between the lattice constants - films above the critical thickness release strain.

The critical thickness may depend on several parameters such as ratio of lattice constants

between film and substrate and elastic properties of film material.37 The release of strain in

films with their thickness exceeding the critical value may lead to dislocations, defects and

disorder accompanied by a change in magnetic anisotropy;37 we may monitor this effect by

measuring the restoring field by NMR. In the present case of Co2FeAl0.5Si0.5 films, we find

that the restoring field of the 200-nm film reaches the value of the bulk sample consistent with

a full release of strain and negligible magnetic anisotropy consistent with a cubic system.

Interestingly, there is a clear transition for the optimal power at thicknesses between 84

and 120 nm (open circles in Fig. 5). This transition for the optimal power at thicknesses

between 84 and 120 nm may be related to the fact that the Co2FeAl0.5Si0.5 films are mostly

strained at thicknesses below 100 nm and start to relax above 100 nm as observed by XRD.31

In the following, let us combine the information on thickness dependence of the linewidth,

amount of L21 order and local magnetic anisotropy to understand the evolution of film

quality in films with different thickness. The Co2FeAl0.5Si0.5 films under 100 nm thick are

fully strained with a tetragonal distortion and remain, hence, structurally uniform while

above 100 nm, the films start to relax, which leads to a lower quality of thicker films. Since

for Co2FeAl0.5Si0.5, the critical thickness is about 100 nm, the best structural quality with

the highest L21 ordering is observed in the largest available thickness below 100 nm, i.e.,

84-nm Co2FeAl0.5Si0.5 film.

In general, the resonance frequencies of the films are higher than in the bulk sample

and closer to the average value (165 MHz) between highly ordered Co2FeSi (139 MHz)

and B2 ordered Co2FeAl (190 MHz). Three factors may contribute to the evolution of

resonance frequencies: (i) strain, hence, the frequency may scale with the film thickness,
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FIG. 5. (Color online) Thickness dependence of NMR resonance frequency (blue squares, left side)

and square root of the optimal power (red circles, right side) for the main line (∼ 163 MHz) of the

59Co NMR spectrum.

(ii) stoichiometry, and (iii) degree of order. (ii) and (iii) are both based on the fact that

the stoichiometry, in particular the Fe stoichiometry, and order are both closely linked to

the magnetic moment of local neighbors and, hence, in turn to the local hyperfine field and

frequency via the transferred fields.

Since our analysis of the local magnetic anisotropy revealed a relation between strain and

thickness in our Co2FeAl0.5Si0.5 films, we study the impact of strain on the NMR resonance

frequencies using their evolution as function of film thickness (Fig. 5). The resonance fre-

quencies are more or less constant for films thinner than 84 nm and significantly increase

with increasing film thickness. Interestingly, a matching inverse trend between local restoring

field and film thickness or in other words a similar transition between resonance frequencies

and optimal rf power at thicknesses between 84 and 120 nm is observed, confirming that the

release of strain contributes to the evolution of resonance frequencies.

Besides B2 type ordering, we also observe Fe excess at the expense of Al and Si. We

were able to quantify this off-stoichiometry by fitting the data with Eq.1; as a results, we

obtain about 8 to 13% excess Fe in the films indicating that the film composition differs from

that of the target. This may be understood as follows: In the off-axis sputtering geometry,

the substrate is positioned at an angle of ∼=55◦ with respect to the normal direction of

the sputter target. This arrangement is crucial in minimizing the energetic bombardment

damage of the sputtered atoms on the film. Due to this angled deposition, sometimes there
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FIG. 6. Fe/(Al+Si) off-stoichiometry as function of film thickness.

is a difference in the stoichiometry of the arriving atoms at the substrate as compared to the

target composition. Film compositions different from the corresponding target when using

on-axis sputtering were already reported previously, as, e.g., stoichiometric Co2MnSi films

are obtained from stoichiometry adjusted targets.38,39

For further analysis of the contribution of Fe-stoichiometry on the resonance frequencies,

we plotted the relation between the Fe to Al/Si off-stoichiometry and the corresponding

resonance frequency of the main NMR line (Fig. 7(a)). The NMR resonance frequency

monotonously increases with decreasing amount of off-stoichiometry. Lower level of off-

stoichiometry implies lower macroscopic magnetic moment of the sample, which in turn due

to a negative hyperfine constant of Co21,40 yields higher resonance frequency consistent with

our observations (Fig. 7(a)).

Interestingly, the Fe-stoichiometry scales also with the film thickness (see Fig. 6) with

the thinnest film being the exception from the trend. This observation may also be related

to the thick films being more similar to the bulk samples.

The binomial analysis shows much larger contributions from L21 order in the present

films (70% − 81%) than in the bulk sample (59%, see Ref. 32). Hence, the shift of the

resonance frequencies towards the mean frequency value between highly ordered Co2FeSi

and B2 ordered Co2FeAl may relate, at least partially, to the higher order in the films

compared to the bulk. This working hypothesis is confirmed by the dependence of the L21

order as the function of resonance frequency (see Fig. 7(b)), here, higher degree of L21 order

yields a higher frequency, with the 84 nm film being the only exception. Please note, that a
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films as a function of resonance frequency of the main NMR line.

similar shift of the resonance line of Co2FeAl0.5Si0.5 films in response to the degree of order

has been shown by Inomata et al. but not commented.10 Since our films have always a

higher degree of L21 type order than the bulk we may conclude that the transformation to

the higher ordered L21 type phase depends rather on kinetic than thermodynamic control.

This competition between thermodynamic and kinetic control has a strong dependence on

the film thickness since the ordering depends on the thermal history of a given sample and

hence on the substrate temperature (which is constant and it is 600◦ C in all films), the

cooling rate, but also on the defect concentration and the length of mean free path, viz. the

diffusion length of atoms during the ordering process.

Additionally, if we plot the ratio between L21 order and Fe to Al/Si off-stoichiometry

(see Fig. 7(c)) as the function of resonance frequency, we clearly see a monotonous shift of

the NMR frequency towards the mean value between Co2FeSi and Co2FeAl, which further

proves the scenario of the interplay between strain, stoichiometry and structural order.
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IV. SUMMARY

We presented a detailed NMR analysis of the structural and local magnetic properties of

Co2FeAl0.5Si0.5 films with varying thickness. Our findings are classified in two categories. (i)

We confirm a new growth technique to yield Heusler films with an high quality, which may

open way to enhance the performance of Heusler compounds in spintronic devices in general,

if this technique is established. We prove the quality of the films by detailed NMR analysis

of the film properties. (ii) We use the NMR technique to disentangle different contribu-

tions to the film quality, namely film thickness, its impact on strain and local anisotropy,

stoichiometry and degree of order.
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