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ABSTRACT
Magnetic Heusler alloys are highly attractive for spintronics; however, realizing their full potential requires high-temperature annealing, °
which is often incompatible with practical device fabrication. Excimer laser annealing (ELA) potentially addresses this temperature con- ?
straint by making use of the short annealing time and temperature gradient along the depth direction. We investigated the effect of ELA on
Co,Mn, sFe, sGe half-metallic Heusler-alloy thin films and demonstrated that ELA successfully induces crystallization and B2 atomic order- 8
ing. Optimized ELA condition using low fluence with a high number of laser irradiations achieved reduced resistivity and negative aniso- o
tropic magnetoresistance, indicating improved atomic ordering and high spin polarization, while maintaining flatness of the films. These ,
findings establish ELA as a viable annealing method for integrating high-performance Heusler alloys into the device structure with strict .
thermal budget. Moreover, ELA offers additional advantages such as enhanced throughput and selective area annealing, thereby broadening
the scope of Heusler-alloy applications in spintronic devices.
© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0304815
I. INTRODUCTION disorders are known to degrade the material properties, and anneal-
Heusler alloys exhibit intriguing properties such as high spin ing processes such as postdeposition furnace annealing or deposi-
N . . tion at an elevated temperature are generally employed to promote
polarization found in Co-based half-metallic Heusler alloys, such as tomic ordering. In th ¢ X dicular-to-pl ant
Co,Mny sFepsGe (CMFG),"™ Co,FeGaysGeys, " and others, ' atomic ordering. In the case of current-perpendicular-to-plane gian
; 13,14 magnetoresistance (CPP-GMR) devices, the magnetoresistance
and a large anomalous Hall effect found in Co,MnAl and . . . ;
> 6 . A . . . (MR) ratio shows an increasing trend with respect to the process
Co,MnGa, > ” making them highly attractive materials for spin- ¢ ¢ to 600 °C.° indicating the advant fthe i d
i lications."”'® One major challenge in implementin, emperature b 1o » Ecating e advantage of e mprove
tronic - applica - jor ¢ g P § atomic ordering at high process temperatures. However, practical
Heusler-alloy-based thin film devices is the process temperature applications impose temperature limitations. For example, in
required to achieve their full potential for the following reason. In CPP-GMR read heads for hard-disk-drives, one of the most exten-
many Co—b.ased He.usler all.oys,. denoted as Co,YZ, the L21—9rdered sively studied spintronic applications of Heusler alloys, the process
structure with atomic ordering in all the Co, Y, and X atoms is ener-  temperature is limited to 300 °C due to the temperature tolerance of
getically most stable in thermal equilibrium. Deposited thin films,  the soft magnetic shield layers fabricated near the CPP-GMR device
however, usually exhibit atomic disorder, leading to a B2 structure for improved spatial resolution.'” Similarly, in the case of magneto-
with disorder between Y and Z atoms, an A2 structure with disorder resistive random access memory, the process temperature of MR
among all constituent atoms, or an amorphous structure. Such memory cells fabricated in the back-end-of-line process is limited to
J. Appl. Phys. 139, 083903 (2026); doi: 10.1063/5.0304815 139, 083903-1
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400°C."”” In the case of spintronic devices on flexible substrates,
temperature limitation ranges from 200-450 °C depending on the
substrate materials. Currently, the implementation of the above
applications is sought mainly by using conventional CoFe-based
materials.'”'*~* To address the above temperature constraint of
Heusler alloys, research has been conducted to lower the required
temperature through optimizing materials and structures. For
example, the amorphization of CMFG by an amorphous seed
layer™ or alloying Co,FeSi with a small amount of Ag*>** was
reported effective to improve atomic ordering at relatively low
annealing temperatures. In addition, annealing Heusler-based films
at sufficient temperature on a high-temperature compatible structure
followed by transferring and bonding to the device structure has
been studied.”

Excimer laser annealing (ELA) is an alternative annealing
method that can overcome the temperature constraints. In ELA,
pulsed laser is applied to the sample to induce an annealing effect.
Because of the short pulse width typically in the nanosecond region,
ELA can prevent the sample from sustained exposure to high tem-
perature. Furthermore, laser absorption and heat generation occur
primarily near the surface, creating a temperature gradient along the
depth direction. Therefore, by optimizing the laser condition and
thermal design of devices, conducting ELA right after the deposition
of Heusler-based device films can allow the films to reach a suffi-
cient temperature, while keeping the underlying structures cooler
than the temperature limitation. ELA has been extensively studied
for the fabrication of low-temperature polysilicon thin films on glass
or flexible substrates, where amorphous Si layers are rapidly heated
to the melting point for crystallization before heat diffusion into the
substrate causes damage.””*® Moreover, the ELA application has
been explored for a wide variety of functional materials, with moti-
vations such as integrating the materials into devices with low
thermal budget or increasing heating and cooling rates.””* Laser
annealing also offers the advantage of selected-area annealing by
defining the irradiated area.”* This selected-area annealing enables
the local control of magnetization direction of the pinned layer in
spin-valve MR devices.” ™’ However, the use of ELA in ordered
alloys such as Heusler alloys remains unexplored.

In this study, we investigate the effect of ELA on sputter-
deposited CMFG Heusler-alloy thin films for spintronic applications.
Among half-metallic Co-based Heusler alloys, CMFG attracts atten-
tion owing to high atomic ordering obtained at relatively low anneal-
ing temperature. X-ray diffraction (XRD) measurements revealed
that the CMFG film was amorphous in the as-deposited state and
changed into a polycrystalline structure with B2 atomic ordering by
ELA. The fluence required for crystallization decreases with increas-
ing number of laser irradiation because the annealing effect is accu-
mulated by multiple laser irradiations. An excess increase in fluence
resulted in increased film roughness, being detrimental to practical
applications. The effect of ELA was examined also by measuring
anisotropic magnetoresistance (AMR) and resistivity. Based on the
comparison of the AMR and resistivity between the samples treated
with ELA and furnace annealing, ELA was found to induce the
annealing effect equivalent to a temperature of 300°C at which
CMFEG should show relatively good device performance.
Transmission electron microscopy (TEM) observation shows the film
after ELA has grain with a size of a few tens of nanometers without
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noticeable interdiffusion between seed and capping layers. These
results demonstrate the potential of ELA as a viable annealing tech-
nique, broadening the scope of Heusler alloy applications.

Il. EXPERIMENTAL

The samples were prepared by depositing Ta (2nm)/
CosgFesBioTas (1.5 nm)/CMFG (50 nm)/Ru (2 nm) on 2 cm x 2 cm
Si substrates with a 500 nm thermally oxidized layer by using mag-
netron sputtering. The order of the layers is from bottom to top.
The composition of the CMFG layer was Coyo,Mn;; gFeg3Gess
as measured by X-ray fluorescence analysis. ELA experiments were
conducted using a KrF excimer laser (Gigaphoton Inc.) with a
wavelength (1) of 248 nm and a pulse duration of 83 ns by varying
the following three ELA parameters: fluence, number, and fre-
quency of laser pulses. The pulsed laser was introduced to homoge-
nizing optics to form a uniform rectangular fluence profile with the
area of 0.4 x 1.2mm” on the samples. This size of the irradiation
area was chosen to allow the testing of various laser conditions
within a single substrate and can be adjusted depending on the
intended use in applications. The samples were placed in a
chamber with constant Ar flow at the atmospheric pressure to sup-
press the oxidation of the samples, and the laser was introduced
through the window of the chamber. By moving the sample
chamber, laser irradiation was conducted on the designated posi-
tion on the sample. Based on the complex refractive index of Ru
used as the surface layer (n=1.05 and k =2.75), the reflectance at
the surface defined by ((n — D2+ /((n+ 1)* + k2) is calculated

N
o

to be 0.64, and the penetration depth defined by A/4rxk is calculated €

to be 7.2 nm. The penetration depth is larger than the Ru thickness,
meaning that a substantial amount of laser penetrated into the
CMFG layer. Although the detailed optical constant of CMFG is
unknown, based on the fact that light penetration depth in metal in
the UV region is typically 10 nm or shorter, the laser was mostly
absorbed in the CMFG layer with little reaching the substrate. As a
reference, the samples with a size of 10 x 10 mm were also pro-
cessed with the conventional annealing in a vacuum furnace for
30 min at various post-annealing temperatures (T},) from 200 to
500 °C. During furnace annealing, the temperature was ramped
slowly from RT over the course of an hour to prevent overshoot.
Crystallization and atomic ordering were examined by XRD
measurements (Rigaku SmartLab) with Cu-K,, radiation with a
wavelength of 1.5406 A. 20—w scans were conducted using a two-
dimensional detector (Rigaku HyPix-3000) with an active area of
77.5x 38.5 mm? placed at a camera length of 150 mm. The XRD
profiles were obtained by integrating the ring pattern along the S
angle using the whole two-dimensional images except for the 26
range below 30° where the f range of 150°-210° was used. The S
angle corresponds to the angle of the Debye ring with 180° being
the perpendicular direction, and thus, the § angle dependence
serves similar to the rocking curve measurement. The § range of
179°-181° was excluded in the profiles to get rid of the strong sub-
strate peaks with Si 004 appearing approximately at 69°. The Si 004
peaks also appeared at 66° and 62° due to Cu-K and W-L,, ener-
gies contained in the source x ray, respectively, and the forbidden
Si 002 peak sometimes appeared at 33° due to multiple reflections.
Surface morphology was measured by atomic force microscopy
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(AFM) with a scan area of 1 x 1,um2 to estimate the average rough-
ness (R,). AMR and resistivity measurements were conducted by
applying a current of 1 mA to the strips with a width of 40 um and
length of 170 um and measuring the resistance by the four-terminal
method. The strips were patterned by Ar ion milling after ELA or
furnace annealing. AMR ratio is defined as (p,-p1)/p,, where p,,
and p, are the resistivity of films when the directions of the current
and magnetic fields are parallel and orthogonal, respectively.
According to theoretical and experimental studies, the cross-
sectional scanning transmission electron microscopy (STEM)
images, energy dispersive x-ray spectroscopy (EDS) elemental
maps, selected-area electron diffraction (SAED), and nanobeam
electron diffractions (NBED) were obtained for microstructure
analysis utilizing FEI Titan G2 80-200 TEM operating at 200 kV.

I1l. RESULTS AND DISCUSSION

A. Effect of ELA and furnace annealing on
crystallization, atomic ordering, and surface roughness

We first investigated the effect of conventional furnace anneal-
ing on the structure and morphology of the samples. Figure 1(a)
shows the XRD profiles for as-deposited and furnace-anneal
samples for T, = 200-500 °C. In the as-deposited state, a very broad
peak at around 26 = 44° appears originating from short-range local
atomic arrangements, which indicates the amorphous structure of
the film without long-range order. After annealing at 200 °C, funda-
mental 004 and 202 peaks and a superlattice 002 peak appear, indi-
cating that the CMFG layer changed to a poly-crystalline structure
with B2 atomic ordering. No significant change in the XRD profiles
was observed for T, =200-500°C. Figure 1(b) shows the 2D XRD
images of the T, =450°C sample obtained for 3 =0° and 45°. For
x =0° the ring patterns of 202 and 004 are observed, and the
former shows a higher intensity at the upper and lower edges of the
2D image, whereas the latter shows a higher intensity near the
center. On the other hand, only the 202 ring pattern is observed for
x =45° This angle dependence of the peak intensities is summa-
rized in the inset, where the center of the 004 peak appears in the
perpendicular direction and that of the 202 peak is tilted by 45°,
with the full width at half maximum of both peaks being approxi-
mately 30°. These results indicate a weak (001) texture of the CMFG
film, with the {110} planes naturally tilted by 45° from the
out-of-plane direction. The 002 peak is visible only in the profile
and not in the 2D image due to its small intensity. According to the
previous reports, L2, atomic ordering might exist at higher T, but
the 111 superlattice peak reflecting the L2; ordering was not
observed due to its small intensity. Note that all the furnace-anneal
samples show good surface specularity, indicating their flat surface.

We next conducted ELA on the as-deposited sample.
Figure 2(a) shows the photo image of the ELA sample for 10 Hz,
10 shots, and various fluences from 40 to 300 mJ/cm?. The position
marks were made by damaging the film with high fluence, denoted
by the red box, and the 2 mm wide area next to the position mark
is the ELA area made by sweeping the laser, denoted by the blue
box. When the fluence is 200 mJ/cm? or more, the surface specular-
ity was degraded, suggesting a change in the surface morphology.
Figure 2(b) shows the corresponding XRD profiles. For fluence up
to 100 mJ/cm?, the profiles are the same as that of the as-deposited
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FIG. 1. (a) Out-of-plane XRD profiles obtained for the furnace-anneal samples
at various post-annealing temperatures. Values shown to the right of the CMFG
004 peaks represent their integral width, with errors corresponding to the last
digit of the main value indicated in parentheses. (b) 2D XRD image obtained at
T, =450 °C for x =0° (top) and 45° (bottom). The inset shows the polar angle
profile of the peak intensities for 202 and 004 rings.

sample, indicating that the amorphous structure was unchanged.
Above 120 mJ/cm?, 004, 202, and 002 peaks appear, demonstrating
that the crystallization and atomic ordering of the CMFG layers
were successfully induced by ELA. At 260 mJ/cm?® the peaks
do not appear despite the visible change for unknown reasons.
Figures 2(c) and 2(d) show the results from the same measure-
ments when the shot number was increased to 1000. The degrada-
tion of surface specularity occurs from 160 mJ/cm? and severe
damage was observed at 300 mJ/cm’. XRD peaks appear from
100 mJ/cm?®. The peaks abruptly become sharp and intense from
200 mJ/cm®. These strong peaks suggest the growth of larger grains
by agglomeration, which can lead to the degradation of surface
specularity. The fluence values at which the XRD peaks appeared

6T :2€:90 9202 |!4dv 02

J. Appl. Phys. 139, 083903 (2026); doi: 10.1063/5.0304815
© Author(s) 2026

139, 083903-3


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

(a) 10 shot
40 mJ/cm? 60

ARTICLE pubs.aip.org/aip/jap

(c) 1000 shot
40 mJ/cm? 60 80

5 mm

100 120 140

160 200 220 260
o N o~ <
(b) = T S 1 . 1 (d) 8 1 4 1 S_.
G} N <+ Q o a’
Sy 2 = v .
o = G] © o o
—~~ - © w — —~~
= > =
g N~‘N&A~*"“hWM~w*A\wmnh‘&m_““~q“““:z*’“~h~ g 260
1 " 260 | "
. 1.45(5)° : )
2 L. 220 2 | 220
. 1.05(3) 500 S 0.67(2)° 200
= 2T 180 = 2401 150
2 1.32(4)°L @ | 1.08(3)° L
% w*“mvMNw~w*ww*/\““~v«w~N-M~m,ﬂlégga: 160 g whh“u~*~h~m~wd\~*‘"-wm~&~_“4Kiﬁ%gal 160
2 \\._,\‘“‘\. 140 £ N 140
1.78(7)°
S ~120 S () 120
o < 1.85(8)°
= | 100 = | 100
= =
80 80
| 60 | 60
] T T T T T T T T T 40 mJ/cm? 1 , i : . : i : - : r 40 mJ/cm?
30 40 50 60 70 30 40 50 60 70
26 (deg.) 26 (deg.)
FIG. 2. (a) Photo image of the ELA sample for 10 Hz, 10 shots, and various fluences. The red square indicates the position mark made by strong laser, and the blue
square indicates the ELA area for 40 mJjem?. (b) Corresponding out-of-plane XRD profiles. Values shown to the right of the CMFG 004 peaks represent their integral
width, with errors corresponding to the last digit of the main value indicated in parentheses. (c) and (d) Results from the same measurement for 10 Hz and 1000 shots. In
(), due to the experimental mistake, 220 mJ/cm? was conducted in a different position, and its image is copied as indicated by the black dashed square.

and the surface specularity degraded decreased by increasing the
shot number from 10 to 1000, indicating these effects of ELA accu-
mulate with a number of laser irradiations.

Figure 3(a) shows the out-of-plane lattice constants (c) as a
function of T}, and fluence, evaluated from the 004 peak positions
in the XRD results. In this analysis, the considered f angle range
was reduced to 170°-179° and 181°-190° in determining the peak
position to suppress the effect of change in lattice constants
between the out-of-plane and in-plane directions, while maintain-
ing a sufficient signal-to-noise ratio. The furnace-anneal sample
shows the ¢ values around 0.571 nm, which is slightly smaller than
the reported bulk value of 0.574nm. The ELA samples exhibit ¢
values below 0.57 nm, which are smaller than the furnace-anneal
sample, and exhibit a decreasing trend with fluence, suggesting that
lattice strain is induced in the ELA samples, presumably due to
much faster rate of temperature change. To evaluate the strain, the
in-plane lattice constant (a) of the furnace-anneal (T}, =450°C)
sample was calculated from the ¢ value and the 202 peak position
at x=45° with the B angle range of 130°-140° yielding
a=0.578 nm. For further confirmation, in-plane grazing-incidence
XRD with an incidence angle of 0.4° was also conducted to
measure the 400 peak position (data not shown), yielding

a=0.58 nm. These two a values are consistent and slightly larger
than the ¢ value, and the c/a ratio is estimated to be 0.98-0.99.
Similarly, the a value was evaluated to be 0.584 nm for the ELA
sample (10 shots and 180 mJ/cm?) using the two XRD scans at
x=0 and 45°. In-plane grazing-incidence XRD could not be per-
formed due to the small ELA area. The c/a ratio is estimated to be
0.96, confirming that ELA induces larger strain than furnace
annealing. The fluence dependence of the lattice constant changes
the trend at 200 mI/cm2 for 1000 shots, which can be attributed to
the relaxation of the lattice strain by agglomeration.

The integral width of the 004 peaks was also evaluated, as
shown in Figs. 1(a), 2(b), and 2(d). The furnace-anneal samples
exhibit width in the range of 0.7°-0.9°. The ELA samples generally
show a broader linewidth than the furnace-anneal samples, except
for high-fluence region above 200 mJ/cm® for 1000 shots. The
broader linewidth indicates that the ELA samples have a smaller
crystallite size, larger lattice strain, and/or higher number of
defects. In the high fluence range for 1000 shots, the linewidth
decreases, suggesting that increased atomic diffusion by high-
fluence laser resulted in strain relaxation and formation of larger
grains. In addition, for 220 m]/cm2 for 10 shots, where the a value
shows the minimum among all the samples, the 004 peak exhibits
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consisting of stacked nanometer-scale multilayers, where interface
quality is crucial to the device performance.

The effect of shot number is examined by extending its upper
range to 50 000. Figures 5(a) and 5(b) show the dependence of the
XRD profiles on the shot number and the corresponding R,,
respectively. Frequency of laser irradiation was set to 10 Hz for 10,
100, and 1000 shots and 1000 Hz for 10 000 and 50 000 shots. For
200 mJ/cm?, XRD peaks already appear for ten shots and intensify
with the shot number, which accompanies with an increase in the
roughness. On the other hand, for 100 mJ/cm?, the peaks appear
first for 1000 shots and intensify with the shot number, which
caused no roughness increase even at 50 000 shots. These results
indicate that, by limiting the fluence below a certain threshold,
crystallization and atomic ordering can be promoted by repeating
the laser irradiation without affecting the roughness. Figure 5(c)
shows the 2D XRD image obtained for 100 mJ/cm® and 50 000
shots, which exhibit the ring patterns of 004 and 202 similar to
that of the furnace-anneal sample.
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B. Effect of ELA and furnace annealing on resistivity
and AMR

We next investigate the effect of furnace annealing and ELA
on the electrical and magneto-transport properties. Figures 6(a)
and 6(b) show the T, dependence of the resistivity and AMR ratio
for as-deposited and furnace-anneal samples, respectively. Both
resistivity and AMR ratio decrease monotonically with T, up to
450 °C. By further increasing T}, to 500 °C, the resistivity increases,
whereas the AMR ratio continues to decrease. Resistivity generally
reflects the film structure, grain size, and atomic ordering.38
Considering that the surface flatness was maintained in the
furnace-anneal samples, the decrease in resistivity is likely due to
the promoted grain growth, reduced defects, and improved atomic
ordering induced by annealing. Consistent with this interpretation,
the linewidth of the XRD peaks in Fig. 1(a) shows overall narrow-
ing trend with T,. With regard to the AMR effect, its physical
origin has been theoretically understood by considering s—d scatter-
ing of conduction electrons.”” In particular, the model developed
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FIG. 6. T, dependence of (a) resistivity and (b) AMR ratio obtained for the furnace-anneal samples. Fluence dependence of (c) resistivity and (d) AMR ratio obtained for
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by Kokado et al. predicts half-metallic materials to exhibit negative
AMR, originating from the dominant s-d scattering of st — dt or
sl = d|."" This model has been experimentally validated in a
variety of Co-based Heusler alloys, where the magnitude of negative
AMR correlates with half-metallicity.*' ™ Based on these previous
findings, enhanced negative AMR observed at higher T, can be
attributed to improved half-metallicity as a result of improved
atomic ordering. Despite the indication of improved atomic order-
ing from the above discussion, the 002 superlattice peak XRD
results in Fig. 1(a) show little T}, dependence because XRD is insen-
sitive to change in the atomic ordering among atoms with close
atomic numbers such as Co, Fe, and Mn.

Figures 6(c) and 6(d) show the fluence dependence of the resis-
tivity and AMR ratio for the ELA samples with different shot
numbers, respectively. The frequency of laser irradiation was set to
10Hz for 10, 100, and 1000 shots and 1000 Hz for 5000, 10 000,
and 50000 shots. As will be discussed in detail later, changing fre-
quency from 10 to 1000 Hz affects the results due to increased heat
accumulation by fast repetition of laser irradiation. However, the
overall trend remains unchanged, and the fluence shift originating
from heat accumulation is typically around 50 mJ/cm?, confirming
that frequency does not affect the interpretation of data in Figs. 6(c)
and 6(d). Assuming all measurements were conducted at the same
frequency, the gap of the results for 1000 and 5000 shots would
shrink. In the case of ten shots, the resistivity is unchanged up to
140 mJ/cm?, gradually decreases to the minimum at 220 mJ/cm?,
and then slightly increases. The AMR ratio exhibits a similar trend.
Notably, the onset of resistivity reduction and negative AMR at
160 mJ/cm? coincides with the emergence of XRD peaks, indicating
that the decreases in resistivity and the enhancement in negative
AMR originate from the promoted crystallization and atomic order-
ing due to ELA. In the fluence range where the resistance decreases
and the negative AMR enhances, the XRD peak width shows an
overall narrowing trend, supporting that these changes partly origi-
nate from the grain growth and reduced defects. An increase in
resistivity after reaching the minimum can be attributed to increased
surface roughness, as supported by the AFM results. In addition,
interdiffusion among the layers may also contribute to the resistivity
increase. Regarding the horizontal axis, the position of both the
onset of the resistivity change and the minimum resistivity shifts to
the lower fluence side with the shot number. Regarding the vertical
axis, the minimum resistivity decreased with the shot number,
achieving 92 uQ cm for 10000 and 50 000 shots and the fluence
range of 100-140 mJ/cm’. The trend in the AMR ratio follows that
of the resistivity, with the largest negative AMR ratio being
—0.095%. Notably, this fluence range does not affect the roughness.

Comparison between ELA and furnace annealing results
reveals that the minimum resistivity achieved by ELA corresponds
to the values obtained at furnace annealing temperatures between
300 and 350 °C. Similarly, the maximum negative AMR ratio by
ELA corresponds to values between 250 and 300 °C, indicating that
the effect of ELA is equivalent to annealing at approximately
300 °C. However, the minimum resistivity and largest negative
AMR of the ELA samples under the tested conditions could not
reach those of the furnace-anneal samples at higher T, indicating
that the furnace annealing at higher T}, can achieve higher atomic
ordering and half-metallicity than ELA. Nevertheless, the studies
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on CPP-GMR devices with CMFG reported that furnace annealing
at 300 °C exhibited relatively good MR output, due to the improved
B2 ordering.>” Our findings suggest that CMFG films processed
with the optimal ELA condition can potentially exhibit good device
performance.

The total laser irradiation time for 50000 shots is 4.15ms
(83 nsx 50000 shots), and the total process time is 50s (50 000
shots/1000 Hz). These times are remarkably shorter than that of
the furnace annealing, which takes 30 min for the constant temper-
ature along with the additional 2h for heating and cooling the
system, suggesting that the ELA can enhance the throughput of the
annealing process.

We also investigated the effect of the frequency of laser irradi-
ation. Figures 7(a) and 7(b) show the fluence dependence of resis-
tivity and AMR ratio obtained for 1000 shot by setting the
frequency to 10, 1000, and 2000 Hz and for 50 000 shots by setting
the frequency to 1000 and 2000 Hz. In the case of 1000 shots, the
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FIG. 7. Fluence dependence of (a) resistivity and (b) AMR ratio obtained for
the ELA samples with different frequencies of laser irradiation.
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onset of decrease in the resistivity and AMR shifts to the lower
fluence side by increasing the frequency from 10 to 1000 Hz. This
shift can be attributed to heat accumulation by repeated laser irra-
diation. As the interval between laser irradiation shortens with fre-
quency, the heat from the prior laser irradiation remains, and the
resultant temperature increase enhances the annealing effect. The
results for 1000 and 2000 Hz also show a shift, although the shift is
small, indicating that the temperature change by the residual heat
is also small due to the small interval difference between 1000 and
2000 Hz.

C. Microstructure analysis by TEM

TEM analysis was conducted to investigate the microstruc-
ture and interface quality. Figures 8(a)-8(c) show the bright-field
(BF) STEM images and their corresponding diffraction patterns
for the as-deposited and two ELA samples with the following
conditions: 10 shots, 10Hz, 180 m]/cm2 and 50000 shots,
1000 Hz, 100 mJ/cm>. These two ELA conditions were selected to
represent the lowest and highest shot numbers, while maintaining

(a) As-deposited
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fluence below the threshold to affect surface roughness. The AMR
results of these three TEM samples are marked by the arrows in
Fig. 6(d) for ease of reference. The as-deposited sample exhibits
no distinct grain boundaries, and the SAED acquired in the same
area showed a clear halo feature superimposed with diffraction
spots, which confirmed that the structure is mostly amorphous
with some crystallization, consistent with the XRD results. In the
ELA samples, crystalline grains were observed, and the SAED pat-
terns exhibit rings of clear diffraction spots without a halo, indi-
cating their polycrystalline nature and absence of an amorphous
structure. Furthermore, the 002 superlattice spots confirm B2
atomic ordering in SAED or NBED taken from particular grains
along [110] zone axis, consistent with the XRD results. The weak
(001) texture observed in the XRD is not confirmed in the SAED
patterns due to the low counting statistics of the grains. The
structure of the Ta seed layer was amorphous regardless of the
ELA condition (data not shown). Grain size varies depending on
the laser conditions: the sample in (b) exhibits grains ranging
from 20-40 nm, while the sample in (c) exhibits larger grains
ranging from 30 to 60 nm. The sample in (b) was irradiated with
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FIG. 8. Cross-sectional STEM images and electron diffraction patterns for (a) the as-deposited sample and the two ELA samples (b) 10 shots, 10 Hz, and 180 mJ/cm
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and (c) 50 000 shots, 1000 Hz, and 100 mJ/cm?. Dashed and dotted rings in the SAED patterns represent the positions of fundamental and B2 superiattice reflections,
respectively. (d) EDS elemental map for the sample in (c) and corresponding compositional profile along the thickness direction.
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the higher-fluence laser, resulting in a higher peak temperature
and a faster ramping rate. Such annealing conditions are expected
to create a larger number of nucleation sites, leading to a fine-
grained structure. This difference in the grain size is consistent
with the resistivity measurements in which the sample in (b)
exhibited higher resistivity than the sample in (c). Figure 8(d)
shows the EDS elemental maps of the 50 000-shot sample in (c)
and the corresponding compositional profile along the thickness
direction. There is no noticeable interdiffusion among the seed,
CMEG, and cap layers. This suggests that ELA is applicable to
Heusler-based multilayer devices, where interdiffusion is prob-
lematic. STEM analysis revealed no clear non-uniformity, such as
grain size, along the depth direction. Although the actual temper-
ature profile was unmeasurable, these results suggest that the
effect of temperature gradient is not significant in these experi-
ments, which can be attributed to the thermal properties of our
samples. Because the sample structure consists of metallic seed,
CMEG, and cap layers with high thermal conductivity and a SiO,
underlayer with low thermal conductivity, the generated heat is
confined in the CMFG layer, contributing to the uniform temper-
ature. To actively make use of the steep temperature gradient,
designing the thermal and optical properties of samples and opti-
mizing ELA condition are required. For example, introducing a
thermal barrier layer with low thermal resistivity above a low
thermal-budget region and below Heusler-based device film can
enhance the temperature difference between them. Additionally,
incorporating a heat sink structure or reducing the laser pulse
width could be explored.

IV. CONCLUSIONS

We investigated the effect of ELA as a thermal treatment for
Heusler-alloy thin films because of its potential to address the tem-
perature constraint in practical applications due to the short
annealing time and temperature gradient. XRD analysis confirmed
that ELA successfully transformed the as-deposited amorphous
CMFG film into a polycrystalline structure with B2 atomic order-
ing, which is crucial to derive the material’s potential. Although
excess fluence resulted in increased surface roughness, we identified
a process window, where atomic ordering is induced without
increasing the roughness. Within this window, STEM and EDS
analyses revealed no noticeable interdiffusion between the CMFG
layer and the adjacent seed and capping layers. The high film flat-
ness without interdiffusion in the ELA samples indicates the appli-
cability of ELA for important applications using nanometer-scale
multilayers, such as MR devices. Analysis by resistivity and AMR
measurements revealed that combining a modest fluence laser with
a large number of laser irradiations realizes higher annealing
effects, and the optimized ELA process induced annealing effects
equivalent to conventional furnace annealing at approximately
300 °C. Although depth temperature profile remains unmeasured,
the nature of ELA suggests that underlying layers experience lower
temperatures than the CMFG layer, implying that, under the
present conditions, it is feasible to form a CMFG layer with proper-
ties equivalent to 300 °C furnace annealing on structures with low
thermal budget. Together with the established advantages of the
ELA process such as enhanced throughput and selective area
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annealing, these findings demonstrate that ELA is a promising
alternative annealing technique for Heusler alloys in spintronic
applications and can broaden their scope of use. However, furnace
annealing at higher temperatures was found more effective than
ELA under the conditions tested in this study, presumably due to
the limited kinetics in the nanosecond-scale ELA process. Future
work should focus on designing sample structures and materials
from thermal and optical perspectives and optimizing ELA condi-
tions to enhance the annealing effects and actively make use of the
thermal gradient.
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