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ABSTRACT

Interfaces of the magnetic layer in the heterostructure Ta/Co2FeAl/MgO have been studied using
hard x-ray photoelectron spectroscopy (HAXPES). Depth-selective information with sub-
nanometer resolution is obtained using x-ray standing waves. It is found that the two magnetic
species namely, Co and Fe behave very differently at the interfaces; 54% of Fe in the magnetic
layer gets either oxidised or alloyed with Ta at the interfaces, as against 48% of Co. Oxidation
state of both Co and Fe decreases, as one moves away from the MgO interface. On the average
about 0.36 nm of CozFeAl gets oxidised at MgO interface and 0.66 nm gets alloyed with Ta at
the bottom interface. Thermal annealing at 200°C results in further oxidation of Fe, accompanied

by a partial reduction of Co. It is suggested that this opposite behaviour of Fe and Co at the



MgO interface may be the cause of the thermal annealing induced shift of the centroid of Fe

distribution towards MgO layer, as observed in some STEM studies in such heterostructures.
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1. INTRODUCTION

Key challenges in the spintronics research are to achieve low power consumption, faster
information processing, and higher density data storage in the ultrathin film based magnetic
memory devices. Consequently, ultrathin film systems incorporating ferromagnet (FM) and
heavy metal (HM) layer interfaces are gaining extensive attention in the field of spintronic.
These structures give rise to various novel mechanisms and phenomena, relevant for the
emergent field of spintronics such as, spin Hall and inverse spin Hall effects[1-4], interfacial
Rashba effect [5-8], spin-orbit torque (SOT) [9-11], and interfacial Dzyaloshinskii-Moriya
interaction (IDMI) [12-15]. It was shown that strong spin-orbit coupling (SOC) in heavy metals
like W, Ta, Hf, Pt results in ‘spin-orbit torque’ on adjacent FM layer and can be used to control
the magnetization of FM layer by passing a current in HM layer [5, 10, 16, 17]. SOC also
underlies the interfacial Dzyaloshinskii-Moriya interaction which can influence the domain wall
spin structure and thus its current-driven dynamics [18-20]. All these phenomena are highly

sensitive to the interfacial structure.

Heusler alloys are attractive candidates as FM electrode for spintronic applications due to
their high Curie temperatures, tunable electronic properties and very high spin polarization at
room temperature [21-23]. Among these Heusler alloys, Co2FeAl (CFA) has gained special

attention due to very low Gilbert damping constant and large magnetic moment [24-26]. It is



also reported that magnetic tunnel junction (MTJ) with CFA shows very high tunnel magneto
resistance (TMR) at room temperature [27]. Extensive studies have been done in the literature as
a function of layer compositions and structure as well as post-deposition annealing treatment, in
order to optimize the magnetic anisotropy energy, SOT and IDMI. However, the underlying
mechanism responsible for the observed variations in perpendicular magnetic anisotropy PMA,
SOT or IDMI is still not clear. Since all these phenomena are predominantly interfacial in origin
[28-34], a detailed understanding of the structure of the interfaces in these systems will be
valuable in understanding the underlying mechanisms, which is important for future spintronic

applications.

In the present work, we study the interfaces in Ta/CFA/MgO heterostructure, and
evolution of the same with thermal annealing, using hard x-ray photoemission (HAXPES).
Measurements were performed under x-ray standing wave (XSW) condition in order to achieve
sensitivity of the technique to the interfaces. Depth-resolved information helps in assigning
specific peaks in HAXPES to interfacial alloy. Depth variation of the oxidation state of the two
magnetic species has also been elucidated. Present results show that Fe and Co behave very

differently at the interfaces.

2. EXPERIMENTAL

Multilayer having a nominal structure: MgO (4 nm)/Ta (6.7 nm)/CFA (1.4 nm)/MgO
(0.65 nm)/Ta (1.2 nm) was deposited simultaneously on Si/[Mo (2.6 nm)/Si (4.1 nm)]xs
multilayer as well as on a Si (100) substrate. Deposition was done using ion beam sputtering in a
vacuum chamber with a base pressure of 2x10°® mbar. A broad beam ion source model

Kauffman and Robinson KDC 10 was used to generate 600 eV Ar" ions to sputter the targets.



The Mo/Si multilayer was used for x-ray standing wave (XSW) formation and was prepared at
Synchrotron Utilization Section, RRCAT, Indore using magnetron sputtering. A schematic
diagram of the sample structure is shown in the Figure 1. X-ray reflectivity measurements were
done using Bruker D8 diffractometer fitted with a Gobel mirror on the incident beam side in
order to obtain a parallel monochromatic beam of Cu K, radiation. To get information about the
electronic structure of the interfaces hard x-ray photoemission measurements were done at P09
beamline in PETRA 11l synchrotron radiation source, Hamburg [35, 36], using x-ray energy of
5945 eV. Sample was mounted vertically on Omicron manipulator having a rotation stage with
an angular resolution of 0.002°. The x-ray beam, linearly polarized in horizontal plane, was
allowed to fall on the sample at a grazing incidence. The angle between the x-ray propagation
direction and the analyser was 90°. Since the angle of incidence of x-rays with respect to the
surface of the sample was around 1° or less, the takeoff angle was almost 90°. To enhance the
sensitivity of the technique to the interfaces, measurements were performed under x-ray standing
wave condition. Thermal annealing of the multilayer sample was done at 200°C for 1h in a

vacuum of 1X10°® mbar.

3. RESULTS

Figure 2 gives the x-ray reflectivity of (a) the Mo/Si multilayer before the deposition of
the structure to be studied, (b) MgO/Ta/CFA/MgO/Ta deposited on the Si substrate and (c) the
complete multilayer sample. All the three reflectivity patterns were fitted using Parratt’s
formulism taking the thicknesses as well as the roughnesses of different layers as fitting
parameters. The fittings of the reflectivities of bare Mo/Si multilayer and the
MgO/Ta/CFA/MgO/Ta structure gave the values of the individual layer thicknesses and

roughnesses, which were then used to fit the reflectivity of the complete multilayer sample. The



results of fitting are summarized in Table I. It may be noted that, in the reflectivity of the
complete multilayer structure, strong features of the underlying Mo/Si multilayer tend to obscure
the modulations due to the MgO/Ta/CFA/MgQO/Ta structure, thus making it difficult to extract
reliable information about its structure. An independent analysis of the reflectivity of the bare
Mo/Si multilayer and the MgO/Ta/CFA/MgO/Ta structure helped in precise determination of the
structure of the complete multilayer sample.

Precise structure of the multilayer as obtained from the fittings of the reflectivity patterns was
used to simulate the depth dependent x-ray intensity inside the multilayer as a function of the
grazing angle of incidence of x-rays, and is shown in Figure 3 (a). Parratt’s recursive formalism
was used to calculate the x-ray intensity as a function of depth in the multilayer [37]. Taking the
complex index of refraction of the j*" layer as nj = 1- §; + ip;, reflected and transmitted amplitudes
at each interface have been calculated. Different amplitudes are added coherently, square of
which give the x-ray intensity at a given point. One can see that, two types of x-ray standing
waves are formed in the sample: i) up to the critical angle for total reflection of x-rays from Ta,
defined as 6, = V(26;,), standing waves are formed due to interference of the incident
wavefront with the wavefront totally reflected from the surface of the bottom Ta layer [38] .
With increasing angle of incidence, the nodes and antinodes of the standing wave shift
downward, making it possible to achieve depth-selectivity by doing measurements at different
angles of incidence. ii) Second standing wave pattern is formed in the angular range from 0.85°
to 1.1°, spanning the first Bragg peak of Mo/Si multilayer [39]. At the Bragg condition, reflected
amplitudes from different interfaces in Mo/Si multilayer are in phase and add up coherently to
build up a strong reflected wavefront. Standing waves are formed due to interference between

the incident and reflected wavefronts. One can see that for both types of standing waves, the



positions of various antinodes move along the depth with varying incident angle. Accordingly,
four angles (0.63°, 0.73°, 0.82° and 1.02°) were selected in order to get preferential information
about MgO/CFA interface, bulk of CFA layer and CFA/Ta interface. Figure 3 (b), gives the
simulated depth variation of x-ray intensity for these four angles. One can see that for 0.63° and
1.02°, the x-ray intensity has a steep gradient across the CFA layer, with intensity significantly
higher at MgO/CFA interface, while for 0.82°, the slope is reverse and the x-ray intensity is
significantly higher at CFA/Ta interface. For 0.73°, x-ray intensity across the CFA layer is
almost constant. HAXPES measurements were done at these angles of x-ray incidence. Since for
each of these angles of incidence the two interfaces MgO/CFA, CFA/Ta and bulk of CFA are
weighted differently, a comparison of four XPS spectra helped to identify the origin of different
features in the photoelectron spectra, and also to get depth-selective information.

Figure 4, gives the 2pz; spectra of Fe taken at these four angles of incidence. Spectra
were fitted with five overlapping peaks centred at 707.0 eV, 707.9 eV, 709.0 eV, 710.0 eV and
711.3 eV respectively. The energies of the peaks at 709.0 eV, 710.0 eV and 711.3 eV were taken
from the literature on oxides of Fe [40-45]. Results of fitting are summarized in Table 2. The
peak at 707.0 eV corresponds to the metallic Fe in CFA [40, 41]. The three peaks in the energy
range from 709 to 711.3 eV are identified with various oxides of iron; While peaks at 709.0 eV
and 711.3 eV correspond to Fe?* and Fe®" states respectively [42], peak at 710 eV may
correspond to either Fe?* or Fe3* state [41, 44, 45]. The peak at 707.9 eV which could not be
identified with any known compound of Fe, most likely corresponds to interfacial alloying at
CFA/Ta interface. It may further be noted that, in some studies of Fe/Pd and Fe/Pt system a peak

in the XPS pattern shifted from that of Fe metal by ~1 eV on the higher binding energy side, has



been attributed to alloy of Fe with the heavy metal [46]. This gives additional support to our
conjecture that the peak at 707.9 eV corresponds to the Fe-Ta alloy at the interface.

In order to further confirm the origin of the peak at 707.9 eV, we took recourse to the
incident angle dependence of the relative intensities of different peaks. As seen from Figure 3,
the spectra corresponding to angle of incidence 0.63° and 1.02° have higher weightage for the
MgO/CFA interface, while that corresponding to 0.82° has higher weightage of the CFA/Ta
interface, and the one corresponding to 0.73° has constant weightage across the CFA layer.
Figure 5 gives the relative intensities of the peaks at 707 eV, 707.9 eV and the sum of the
intensities of the three peaks in the energy range 709 to 711.3 eV for these four angles of
incidence. One can see that the peak at 707.9 eV has higher intensity for the angle of incidence o
= 0.82° for which antinode of XSW is closer to the CFA/Ta interface, and its intensity decreases
as the antinode moves to the center of CFA layer (o = 0.73°) and then to the MgO/CFA interface
(oo = 0.63°, 1.02°). On the other hand, sum of the intensities of the three peaks in the energy
range 709 eV to 711.3 eV, which correspond to the oxide phases, has the opposite behaviour.
This confirms the assignment of different peaks to MgO/CFA and CFA/Ta interfaces. For angle
of incidence of 0.73°, the x-ray intensity is almost constant across the thickness of CFA layer.
Therefore, the relative intensities of the three sets of peaks at this angle can be used to get the
fraction of iron atoms at the two interfaces and in the bulks of the CFA layer. However, it may
be noted that, the photoelectrons emitted from different regions of the CFA layer will get
attenuated differently due to self absorption in the CFA layer, and the correction for the same
should be applied in order to correlate the intensity of a peak with the thickness of the
corresponding region.  Following relations are derived for the intensities of the peaks

corresponding to the three regions of the CFA layer:



I, = AA[1 — e~ %/2], ..(D)

Iy = Ade™P/A[e(P=d0/A _ oab/A], o)

I, = Ade™P/Aed/t — 1], ...(3)
where i, Im, and I, are respectively the intensities of the peaks corresponding to the top interface
(oxide), middle region of the layer (CFA) and the bottom interface (CFA-Ta alloy), D is the
total thickness of the CFA layer, d: and dy are the thicknesses of the top interface and bottom
interface, and A is the inelastic mean free path of the photoelectrons in CFA layer. A is a factor
which takes care of the photoelectric cross section and the number density of absorbing atoms.
Taking the literature values of A = 6.0 nm for 5 keV photoelectrons in Fe [47], and the relative
intensities of the peaks corresponding to Fe-oxide, Fe in CFA and Fe-Ta alloy from Table Il
(23%, 46% and 31% respectively), one finds that ~ 20% of iron atoms get oxidized at MgO/CFA
interface, while 34% of iron gets intermixed with Ta.

Figure 6, gives the 2ps» spectra of Co corresponding to the above four angles of
incidence. XPS spectra of Co were fitted with six peaks. The peak at 778.3 eV corresponds to
metallic Co in CFA [48, 49], the peaks at energies 779.6 eV and 780.5 eV correspond to Co®*
and Co?" states in the oxide phases [50]. The peak at 779 eV may be assigned to CFA/Ta
interface, in conformity with some studies in Co/Pt system in which alloy of Co with the heavy
metal has been found to have peak at binding energy of 0.6 eV higher than that of Co metal [51,
52]. Peaks at 782 eV and 783.5 eV are the satellite or Plasmon peaks [53]. Results of fitting are
summarized in Table Il. Figure 7, gives the relative intensities of the oxide, metallic Co and Co-
Ta alloy components corresponding to different angles of incidence. Increase in the intensity of
the peak at 779 eV as a function of depth further supports the assignment of this peak to Co-Ta

alloy. Variation of oxide phase as a function of depth, if any, is within experimental errors.



From the analysis of the spectrum at 0.73° angle of incidence, one finds that the fraction of Co
atoms in oxide phase, metallic CFA and Co-Ta alloy phase are 16%, 52% and 32% respectively.
Figures 8 and 9, give the Fe2ps2 and Co2ps/2 spectra of the multilayer annealed at 200°C
for 1h. The spectra were fitted in the same manner as those for pristine sample, and the results of
fitting are summarized in Table Il1l. Figures 10 and 11, give the depth dependence of various
components of the spectra. One can see that after annealing there is an observable increase in the

intensities of the peaks corresponding to the iron oxides while those of cobalt oxides decrease.

4. DISCUSSION

From Table Il one finds that, at the interface between MgO/CFA, Fe is present in both 2+
and 3+ states. Further, as one moves away from MgO/CFA interface, the area under the peaks at
710 eV and 711.3 eV decreases significantly while that under the peak at 709 eV remains almost
constant. This suggests that as one moves away from the MgO/CFA interface the average
oxidation state of iron decreases. From the analysis in the previous section, one can see that, 20%
of Fe is oxidized at MgO/CFA interface, while 34% of it is alloyed at CFA/Ta interface, while in
the case of Co, 16% of it is oxidized at MgO/CFA interface, and 32% is alloyed with Ta at
CFA/Ta interface. Thus, in the as-deposited multilayer, Fe preferentially gets mixed at both the
interface. Further, as the angle of incidence is varied, there is only a small variation in the
intensities of various peaks of Co, as compared to the observed behavior of various peaks in the
case of Fe. The implications of this can be understood as follows. For a given x-ray intensity
gradient across the CFA layer, the difference in the weight factor of the two interfaces will be
higher, higher the width of the depth-distribution of Fe or Co. This suggests that Fe atoms
diffuse deeper inside the MgO and Ta layers making the depth distribution of the Fe atoms much

wider as compared to that of Co atoms.



As shown in Table Ill, after annealing at 200°C there is significant redistribution of
intensities under different peaks. Following the arguments similar to those in the case of pristine
multilayer, following inference can be drawn: a) Annealing results in further oxidation of Fe at
MgO/CFA interface taking the fraction of oxidised Fe atoms from 20% to 26%. Also, the
average oxidation states of Fe increases. On the other hand at CFA/Ta interface, alloying of Fe
decreases. b) In contrast to Fe, the fraction of oxidized Co atoms decreases substantially after

annealing.

Since after annealing Fe concentration at the MgO/CFA interface becomes substantially
higher than that of Co, centroid of the Fe profile would be shifted towards MgO layer relative to
that of Co. In this context it is interesting to note that in a recent cross-sectional STEM study of
Cr/CozFeAl/MgO system, it was found that after annealing at 350°C the centroid of the
concentration profile of Fe gets shifted towards MgO layer by about 0.1 nm [54]. Present results
are in conformity with this behavior, and suggest that preferential oxidation of Fe at the interface
with MgO is the cause of such shift. Furthermore, in the present case, since x-ray measurements
are done non-destructively on the same area of the sample before and after annealing, the results

are more reliable.

5. CONCLUSIONS

In conclusion, structure of the interfaces of CozFeAl in a Ta/Coz2FeAl/ MgO trilayer have
been studied using hard x-ray photoelectron spectroscopy. Depth selectivity in the measurements
has been achieved using x-ray standing waves. Variation in the intensities of various peaks in
HAXPES spectra as a function of depth helps in getting exclusive information about the two

interfaces. It is found that on the average about 0.36 nm of the magnetic layer gets oxidized at



the interface with MgO, while at the interface with Ta, 0.66 nm of CFA gets alloyed with Ta.
Oxidation state of both Fe and Co decreases as one moves away from the MgO interface.
Further, Fe exhibits higher diffusion at the two interfaces as compared to Co. Thermal annealing
at 200°C for 1h results in further oxidation of Fe and at the same time partial reduction of Co.
Preferential diffusion of Fe at the MgO interface would cause a shift of the concentration profile
of Fe towards MgO interface, relative to Co. Present results are in conformity with some STEM
observations in Cr/Co2FeAl/Ta, in which Fe concentration profile was found to be shifted
towards MgO by ~0.1 nm relative to Co, and suggest that preferential affinity of Fe towards
oxygen is the cause of such shift. It may be noted that, in the present case, since x-ray
measurements are done non-destructively on the same part of the sample before and after

annealing, the results are more reliable.
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TABLE I. Results from the fitting of x-ray reflectivity of the complete multilayer sample. Typical

error bars in the determination of the thicknesses and roughnesses of different layers are + 0.1

Layer Thickness (nm) RO:?:SGSS

Ta 14 0.3
MgO 0.7 0.6
CFA 2.0 0.2

Ta 7.0 0.5
MgO 3.3 0.5

Si 4.1 0.6

Mo 2.6 0.4




TABLE II. Fitting parameters of Fe 2ps and Co 2ps» HAXPES spectra of the sample in
pristine state.

CFA CFA-Ta CFA-O
Element Angle Positior Area | Position Area | Position Area Position Area Position Area
O [ @] v @] v % V) ) @) (%)
Fe 0.63 707 42 707.9 23 709 5 710 19 711.3 11
0.73 707 46 707.9 31 709 8 710 11 711.3 4
0.82 707 49 707.9 33 709 7 710 9 711.3 2
1.02 707 44 707.9 24 709 7 710 13 711.3 12
Co 0.63 778.3 54 779 25 779.6 7 780.5 14
0.73 778.3 52 779 29 779.6 5 780.5 14
0.82 778.3 49 779 31 779.6 3 780.5 17
1.02 778.3 52 779 26 779.6 6 780.5 16




TABLE IIl. Fitting parameters of Fe 2pz» and Co 2p3» HAXPES spectra of the sample after

annealing at 200°C for 1h.

CFA CFA-Ta CFA-O
Element Angle Positior Area || Position Area | Position Area Position Area Position Area
) @) )] @) | V) @) V) (%) (V) (%
Fe 0.63 707 39 707.9 24 709 6 710 20 711.3 11
0.73 707 44 707.9 27 709 7 710 15 711.3 7
0.82 707 45 707.9 28 709 7 710 13 711.3 7
1.02 707 36 707.9 22 709 5 710 23 711.3 14
Co 063 7784 60 779.1 27 779.7 4 780.6 9
0.73 7784 60 779.1 27 779.7 4 780.6 9
0.82 7784 62 779.1 26 779.7 4 780.6 8
1.02 7784 58 779.1 26 779.7 5 780.6 11




FIGURE CAPTIONS

Figure 1. Schematic diagram of the sample structure.

Figure 2. X- ray reflectivity of a) Mo/Si multilayer before the deposition of the structure to be
studied, b) MgO/Ta/CFA/MgO/Ta deposited on the Si substrate, and c) the complete sample
structure. The continuous curves represent the best fit to experimental data.

Figure 3. a) Contour plot of the x-ray intensity as a function of depth and the grazing angle of
incidence a of x-rays with respect to the sample surface. Darker shade represents higher
intensity. Hatched area represents the position of CozFeAl layer. The four angles of incidence at
which HAXPES measurements have been done are marked by horizontal lines. b) Variation in
the intensity of the x-rays as a function of depth for the four angles of incidence at which
HAXPES measurements are done. One may note that, o = 0.63° and 1.02° correspond to a
situation in which the top interface has a higher x-ray intensity as compared to the bottom
interface, while for o = 0.82° the situation is reverse. For o = 0.73°, x-ray intensity is almost
uniform across the CFA layer

Figure 4. Fe 2p3» HAXPES spectra of pristine sample taken at different grazing angles of
incidence o, with best fitting of experimental data.

Figure 5. Relative intensities of the oxide, metallic Fe and Fe-Ta alloy components
corresponding to different angles of incidence in HAXPES spectra of Fe 2paz/..

Figure 6. Co 2p3» HAXPES spectra of pristine sample taken at different grazing angles of
incidence (o) with best fitting of experimental data.

Figure 7. Relative intensities of the oxide, metallic Co and Co-Ta alloy components

corresponding to different angles of incidence in XPS spectra of Co 2pazy.



Figure 8. Fe 2ps2 HAXPES spectra of the sample annealed at 200°C, taken at different grazing
angles of incidence (o), with best fitting of experimental data.

Figure 9. Co 2p32 HAXPES spectra of the sample annealed at 200°C, taken at different grazing
angles of incidence (o), with best fitting of experimental data.

Figure 10. Relative intensities of the oxide, metallic Fe and Fe-Ta alloy components
corresponding to different angles of incidence in XPS spectra of Fe 2ps/» after annealing.

Figure 11. Relative intensities of the oxide, metallic Co and Co-Ta alloy components

corresponding to different angles of incidence in XPS spectra of Co 2pz, after annealing.
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