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With the giant magnetoresistance (GMR) effect serving as a vital component
in modern spintronic technologies, researchers are dedicating significant
efforts to improve the performance of GMR devices through material
exploration and design optimization. However, traditional GMR measurement
approaches are inefficient for comprehensive material and device
optimization. This study proposes a high-throughput current-in-plane GMR
measurement technique based on thermal imaging of Joule heating utilizing
lock-in thermography (LIT). This LIT-based technique is advantageous for
efficiently evaluating films with varying compositions and thickness gradients,
which is crucial for ongoing material exploration and design optimization to
enhance the GMR ratio. First, it is demonstrated that using CoFe/Cu
multilayers, the simple Joule heating measurement based on LIT enables
quantitative estimation of the GMR ratio. Then, to confirm the usefulness of
the proposed method in high-throughput material screening, a case study is
shown to investigate the GMR of CoCu-based granular films with a
composition gradient. These techniques allow to determine the optimum
composition with maximum GMR ratio using the single composition-gradient
film and reveal Co,,Cu,; as the optimal composition, yielding the largest
GMR ratio among the reported polycrystalline CoCu-based granular films.
This demonstration accelerates the material and structural optimization of
GMR devices.

1. Introduction

nonmagnetic (NM) layers, changes de-
pending on the magnetization direc-
tion of each FM layer. Later, GMR was
found also in several bi-metallic or multi-
metallic layers containing FM and anti-
ferromagnetic or NM metals, as well as
single-layer granular materials.[>7] Since
its discovery, GMR has been the sub-
ject of extensive research to understand
the underlying physics and exploit its
vast technical applications. Over past
decades, the applications of GMR con-
cepts have extended across diverse do-
mains, from revolutionizing read/write
heads in hard disk drives(®! to automotive
sensors,’! biomedical sensors,!1% flexible
strain sensors,'! non-destructive materi-
als testing,!'2] and beyond.

In recent years, current-in-plane
(CIP) GMR devices have attracted re-
newed interest due to their structural
simplicity and ease of fabrication,
making them promising candidates
for high-sensitivity magnetic field
sensors,*1#l biosensors,['>1%] emerging
spin-orbit torque devices,!'”! and flexible
electronics.['#19] However, the CIP-GMR
ratios in conventional materials are often

lower compared to tunneling magnetoresistancel?2* and

The giant magnetoresistance (GMR) effect, discovered in Fe/Cr
superlattices in 1988,11?] is a phenomenon where the resistance
of a metallic multilayer, consisting of ferromagnetic (FM) and

current-perpendicular-to-plane GMR,[728] limiting their sensi-
tivity in these emerging applications. Therefore, research is
ongoing to optimize material and device design for improved
CIP-GMR performance. Researchers actively explore material
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Figure 1. Joule heating in materials with GMR. Schematic of the change in Joule heating due to current-in-plane GMR in a ferromagnetic metal
(FM)/nonmagnetic metal (NM) multilayer. With a parallel (antiparallel) magnetization configuration of the FM layers, the multilayer has a low (high)
electrical resistance, which results in small (large) Joule heating when a charge current ] is passed. The same situation occurs in a magnetic granular

material when it exhibits GMR.

compositions, layer structures, and fabrication techniques, seek-
ing higher GMR ratios and improved stability. Various ap-
proaches have been adopted for this purpose. The systematic tun-
ing of FM layer composition and thickness,[2°-31) NM spacer layer
thickness,**?] and seed layer composition and thickness!**=°] are
a few popular methods for improving the GMR response.

Despite these efforts, the complexity and time-consuming
nature of systematic GMR measurements for uniform films
with various compositions/thicknesses remain significant bar-
riers to high-throughput material screening, which is crucial
for effectively identifying promising materials with desirable
GMR properties. In recent years, researchers have used wedge-
shaped films to determine the optimal thickness for spacer layers
effectively.337] However, this method requires the formation of
microstructured devices and subsequent GMR measurements in
each device. The limited number of devices achievable along the
composition gradient during microfabrication restricts the min-
imum difference in composition that can be investigated. This,
coupled with the time-consuming process of measuring GMR
for each device individually, significantly limits the utility of this
approach for high-throughput material screening. Also, the dis-
crete data points from individual microfabricated devices may re-
sult in overlooking the optimum condition for the best GMR ra-
tio. Therefore, it is necessary to develop an alternative measure-
ment approach that overcomes these limitations and expedites
the screening and optimization of GMR materials.

This study addresses this need by introducing and validating
a simple and effective CIP-GMR measurement method based on
thermal imaging of Joule heating, utilizing the lock-in thermog-
raphy (LIT) technique.?**!] The resistance R of a material ex-
hibiting the GMR effect experiences significant variations con-
current with the changes in its magnetization configuration due
to the influence of the external magnetic field H. The GMR ra-
tio is determined as AR/R, where AR is the change in resistance
between parallel and antiparallel magnetization states (between
high-H and zero-H conditions) in multilayer (granular) film.
When a charge current |, is applied to the material to measure
the GMR effect, Joule heating Q also appears, where Q  J”R.
Given the direct proportionality between Joule heating and R, the
relationship to quantify GMR can also be expressed as AQ/Q,
where AQ is the change in the heat release due to Joule heating
between parallel and antiparallel magnetization state (between
high-H and zero-H conditions) in a multilayer (granular) film
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(Figure 1), suggesting a possibility of quantifying the GMR ra-
tio through the Joule-heating measurement.

Building upon this foundational understanding, we employed
the LIT technique to measure the temperature modulation in-
duced by Joule heating in a conductor for GMR estimation.
The LIT method allows for highly sensitive Joule-heating mea-
surements and also suppression of parasitic effects due to ther-
mal diffusion by measuring the temperature modulation at a
high lock-in frequency.?**%l This study shows the precise es-
timation of the CIP-GMR ratio from thermal images of Joule
heating for a CoFe/Cu multilayer film, demonstrating the ac-
curacy of this method. Then, a comprehensive case study on
CoCu-based granular films is presented. This study showcases
the ability of the proposed techniques to simultaneously estimate
composition-dependent GMR, thereby highlighting its utility for
high-throughput GMR material investigation. The experiments
also unveil the optimal composition of the granular film to be
Co,,Cuyg, achieving a large room-temperature GMR ratio exceed-
ing 8% at u, H = 0.9 T, where 1, denotes the vacuum permeability,
and a saturation GMR ratio of ~28% at 4 K, record-high values for
polycrystalline CoCu-based single-layer granular materials.[*2-4]
These results emphasize the accuracy and versatility of the LIT-
based method and demonstrate its potential to drive advance-
ments in material exploration and device optimization in spin-
tronics.

2. Results and Discussion

2.1. Validation of LIT-Based GMR Measurement Method

To validate the reliability of the proposed LIT-based GMR mea-
surement method, we conducted experiments using a uniform
reference material: the epitaxial CoFe/Cu multilayer film. This
film is known to exhibit a very large CIP-GMR ratio at room
temperature.?*#%] The film was structured into a strip geometry
with a width of 0.2 mm and a length of 6.0 mm for the mea-
surement. The temperature modulation due to Joule heating was
recorded using the LIT technique while an ON/OFF-modulated
AC charge current with an ON-state current magnitude of . and
frequency f was applied to the sample along the length direc-
tion. The experimental configuration for the LIT measurements
is shown in Figure 2a. Using an infrared camera, we recorded
thermal images of the surface of the CoFe/Cu multilayer film and
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Figure 2. Thermal imaging of Joule heating using LIT. a) Schematics of the CoFe/Cu multilayer film structure used in the present study and the exper-
imental setup for measuring the change in Joule-heating-induced temperature modulation due to GMR when J_ is applied to the film. During the LIT
measurements, an ON/OFF-modulated AC charge current with an ON-state current magnitude J. and frequency f was applied to the sample. Under
these conditions, the output Joule heating oscillates with the same fas the applied current, as illustrated in the input and output time charts. b) Lock-in
amplitude (A) and phase (¢) signals produced by Joule heating in the CoFe/Cu multilayer film, acquired atJ. = 60 mA and f = 25.0 Hz, and applied mag-
netic fields of yyH = +0.3 and 0.0 T. 11y denotes the vacuum permeability. Axge and @aee represent the signals produced by the anomalous Ettingshausen
effect (AEE) for the film at |ugH| = 0.3 T. During the AEE measurement, J. = 60 mA, f = 25 Hz, and zero DC offset was applied to the sample.[48-32]
c) H dependence of the A signal obtained from the Joule heating measurements on the CoFe/Cu multilayer film, recorded at discrete magnetic field
values during the incremental and decremental sweeps of H. The A values were obtained by averaging the raw signals in an area of 0.1 x 0.9 mm?
on the sample, as represented by the dashed rectangular box in b). The error bars represent the standard deviations of the data in the corresponding
rectangular box. The solid curves represent the H dependence of the electrical resistance R of the film measured by the four-probe method by applying

a 60 mA direct current.

extracted the charge-current-induced temperature change oscil-
lating at the same f as the J. through Fourier analysis. The ob-
tained thermal images were transformed into lock-in amplitude
A and phase ¢ images, where A represents the magnitude of the
charge-current-induced temperature change and ¢ indicate the
sign and time delay of the temperature change. We coated the
sample surface with a thin layer of insulating black ink. This
ink has a very high infrared emissivity of > 0.94, guaranteeing
a strong and consistent infrared emission signal regardless of
the inherent emissivity of the material and improving the signal-
to-noise ratio in the measured data. Consequently, the black ink
coating in this measurement broadens the scope of materials that
can be studied. All measurements were performed at room tem-
perature and atmospheric pressure.

To evaluate the GMR-induced change in Joule heating, we
recorded the u, H dependence of A and ¢ images of the CoFe/Cu
multilayer film at J. = 60 mA and f= 25.0 Hz, with H applied
along the width direction. The measurements were performed
at the maximum available lock-in frequency of the system to
disregard the effects of heat convection on the environment.!*’]
Figure 2b displays the representative A and ¢ images recorded
at yyH = +0.3 and 0.0 T. It is important to note that the LIT im-
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ages obtained at a finite H may encompass signals arising from
the anomalous Ettingshausen effect (AEE).[**-2] However, for the
present CoFe/Cu multilayer film, the AEE signals are smaller
than the noise level of the Joule-heating contribution (Figure 2b).
This implies that the observed LIT images predominantly reflect
Joule heating effects, allowing us to disregard AEE contribution
in A for our GMR estimation. The u, H dependence of A, obtained
by averaging the region indicated by the dashed rectangular box
in Figure 2b covering an area of 0.1 X 0.9 mm?, is presented
in Figure 2c as discrete data points. In this figure, we compare
the u,H dependence of A with that of R of the sample, repre-
sented by solid lines. The yy,H dependence of R was measured
by continuously sweeping u,H from +0.3 to —0.3 T in forward
and reverse directions and recording R using the conventional
four-probe method. The results indicate that the magnitude of A
follows the same H dependence as R, suggesting that the rela-
tive variations in R can be determined from the LIT images, pro-
viding a means of calculating the GMR ratio based on the rela-
tion AQ/Q = AR/R. For the LIT images of the present CoFe/Cu
multilayer film, AQ/Q can be rewritten as AA/A = (A—A)/A,.
Here, A, (A,) represents the Joule-heating-induced A signal at
the parallel (antiparallel) magnetization state at high (zero) H.3¢!
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Figure 3. Estimation of GMR ratio from thermal imaging of Joule heat-
ing. a) J. dependence of the magnetic-field-induced change ratio of the
Joule heating amplitude AA/A= (A o3 71—Ag0T)/AooT (black squares) ac-
quired at f = 25.0 Hz. Here, A 531 and Ayqt represent the A values at
toH = +0.3 and 0.0 T, respectively. Gray circles represent the GMR ra-
tio AR/R = (Ry937—Ro.07)/RooT Where R o351 and Ryt are the resis-
tances of the film at yyH = +0.3 and 0.0 T, respectively, estimated by the
conventional four-probe method. b) f dependence of AA/A, acquired at
Jo = 60 mA. The gray line represents the AR/R value estimated by the
conventional four-probe method.

It is noteworthy that if the AEE contribution is substantial and
the samples exhibit small or no hysteresis, the AEE contribu-
tion can be eliminated for the GMR estimation by calculating
the H-even-dependent component of A (i.e., A, ) using LIT im-
ages recorded at +H and replacing Ay with A, because the
AEE signal exhibits the H-odd dependence.[*-52] However, for
the present CoFe/Cu multilayer film with tiny AEE and substan-
tial hysteresis, we focus on raw LIT images.

Now, we present the quantitative determination of the CIP-
GMR ratio for the CoFe/Cu multilayer film utilizing the LIT
images. Figure 3a represents AA/A = (A, 31—Aoot1)/Aoor 3S 2
function of J_ with discrete black squares. Here, A, ;1 and Ay ¢
denote the averaged A values acquired at yyH = +0.3 and 0.0 T, re-
spectively. The data show the J. independence of AA/A, which is
consistent with the nature of GMR. To compare AA/A with the
conventional GMR ratio AR/R of the film, we further assessed
the J.-dependent AR/R through conventional four-probe GMR
measurements, as represented by gray circles in Figure 3a. Ad-
ditionally, we compared AA/A obtained using fdependent LIT
measurements with AR/ R obtained using the four-probe method
in Figure 3b. The results confirm that the AA/A values estimated
using the LIT technique agree with the GMR ratio AR/ R obtained
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via the conventional four-probe measurements, thereby validat-
ing the proposed LIT-based GMR measurement method. These
findings confirm that the GMR ratio can be accurately estimated
using the LIT-based thermal images of Joule heating. It is impor-
tant to note that the observed A due to Joule heating strongly de-
pends on the thermal conductivity of the substrate through heat
conduction. As the thermal conductivity increases, heat transfer
from the film to the substrate increases, leading to a decrease in
measured A.351 However, because the rate of heat transfer to
the substrate is independent of the positions, the relative change
of the A signal at each H is not affected by the substrate species.
Thus, the GMR can be estimated from the Joule heating images
regardless of the substrate choice. Nevertheless, films on sub-
strates with lower thermal conductivities will provide larger A sig-
nals, resulting in a better signal-to-noise ratio compared to those
on substrates with high thermal conductivities substrate for the
same charge current value.

2.2. Demonstration of High-Throughput Magnetoresistance
Material Screening

To demonstrate the utility of the proposed LIT-based GMR mea-
surement method for high-throughput material screening, we
present a case study involving CoCu-based granular single-layer
films. The observation of the GMR effect using the LIT method
is possible not only for the FM/NM multilayers but also for vari-
ous phase-separated granular films (e.g., Co-Cu, Co—Ag).[>¢3354]
The GMR properties of Coyy, ,Cu, granular films have been ex-
tensively investigated across various composition regions by di-
verse research groups over several decades.l>®42#5456] Within
the scope of these studies, the composition range of 70 < g < 90
at.% is expected to exhibit large GMR ratios. However, exist-
ing studies have primarily focused on selecting film composi-
tions, resulting in a lack of systematic information for compo-
sitional variations. The present study addresses this research gap
by utilizing the proposed technique to systematically explore the
composition-dependent GMR behavior of the Co,, ,Cu, granu-
lar films.

Employing a combinatorial deposition technique,>~° we
fabricated two 100 nm-thick Coyy,Cu, films with varying
compositions from g = 65.0 to 100.0 at.% on single quartz glass
substrates at room temperature. One of the films was used in the
as-deposited state, while the other film was annealed at 573 K
for 10 min after the deposition to boost the formation of the
granular structure. These films have linear composition gradi-
ents spanning a length of 7.0 mm on a single substrate of a
10.0 x 10.0 mm? dimension (Figure 4a). The distribution of
the film composition was confirmed by position-dependent com-
position measurements using an electron probe microanalyzer
with a spot size of 5 um in diameter, as shown in Figure 4b.
Figure 4c,d shows the 2D image profiles of out-of-plane X-ray
diffraction (XRD) measurements for the as-deposited and 573
K-annealed Co, ,Cu, composition-gradient films, respectively,
measured at different positions along the composition gradient.
In all composition regions for both films, the 2D XRD scans re-
vealed an fcc diffraction pattern, similar to that of a pure Cu film,
indicating that the Co is dispersed in the fcc-Cu matrix. However,
as the Co concentration increased, the diffraction peak position
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Figure 4. Fabrication of CoCu-based composition-gradient granular films. a) Schematic of the Co399.,Cu, composition-gradient film structure, where a
uniform Cu layer and wedge-shaped Co and Cu layers were alternately deposited on a quartz glass substrate using a linear moving shutter and a sample
holder rotator. b) Position y dependence of the film composition measured by thermal emission electron probe microanalyzer. ¢,d) 2D XRD profiles
for the as-deposited c) and 573 K-annealed d) Coyo.,Cu, composition-gradient films measured at 1 mm intervals along the composition gradient. The
compositions written on the 2D profile were estimated from the y-dependent composition data.

shifted to a higher angle of 20 due to a decrease in lattice pa-
rameters. The ring-shaped diffraction pattern observed in the 2D
images indicates the polycrystalline nature of the films.

We estimated the composition dependence of GMR for the
as-deposited and 573 K-annealed Coyy, ,Cu, films utilizing LIT
images. We fabricated wire-shaped structures from both films
having a width of 1.0 mm and a length of 8.0 mm, with the
composition gradient along the length direction. During the
LIT measurements, the wires from the as-deposited and 573 K-
annealed films were electrically connected, forming a U-shaped
configuration with charge currents flowing in opposite direc-
tions along the length (composition gradient) direction, as il-
lustrated in Figure 5a. For the GMR estimation, we collected A
and ¢ images induced by an ON/OFF-modulated charge current
with J.= 60 mA and f= 25.0 Hz at yyH = +0.9 and 0.0 T. It
should be noted that the LIT measurements at a high lock-in fre-
quency are important to suppress the effect of thermal diffusion
for composition-gradient film.>*#") H was applied in a direction
perpendicular to the composition gradient. Following the previ-
ously described procedure, we extracted AA (= A,y q1—Ag, 1) Uti-
lizing the A images acquired at yyH = 4+0.9 and 0.0 T, as shown
in Figure 5b. Here, we neglect the AEE contribution to the mea-
sured A images at yyH = +0.9 T due to its negligibly small value
as compared to the Joule heating contribution. Subsequently, we
estimated composition-dependent AA/A, utilizing the line pro-
files for the AA image and the A image at u,H = 0.0 T obtained
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by averaging data points over 0.6 mm along the width direction
represented by the white dashed region in Figure 5b. Figure 5c
shows the g dependence of AA/A for the as-deposited and 573 K-
annealed Co,y ,Cu, films. The data reveal that the AA/A, repre-
senting the GMR ratio for the film, gradually increases beyond g
> 65 at.%, reaching a peak near g = 78 at.% for the 573 K-annealed
film and g = 80 at.% for the as-deposited film, and then gradually
decreases to zero for pure Cu (q = 100 at.%). This observed trend
in the g-dependence of the GMR ratio for the Coy4,,Cu, films
aligns well with previous findings reported in the literature.*?!
The outcomes distinctly identify the optimal compositions for
large room-temperature GMR for both films simultaneously, all
obtained through the single LIT measurement. Additionally, the
composition resolution achieved with the LIT-based GMR mea-
surement is significantly higher compared to conventional GMR
measurement methods. For instance, each data point in Figure 5c¢
(corresponding to a pixel in the LIT image of Figure 5b) repre-
sents a composition change of ~0.075 at.%, which can be fur-
ther improved by decreasing the composition gradient. Although
the actual special resolution is worse than the pixel size due to
the temperature broadening in the black ink layer, the composi-
tion resolution is still sufficiently excellent to accelerate the GMR
studies. Interestingly, the data in Figure Sc reveal that the opti-
mal compositions for maximum GMR at room temperature dif-
fer between as-deposited and 573 K-annealed Co, ,Cu, films.
This difference can be attributed to the formation of Co precip-
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Figure 5. LIT-based high-throughput measurement of composition-dependent GMR for CoCu-based granular films. a) Schematic of the experimental
setup designed for the concurrent measurement of GMR in the as-deposited and 573 K-annealed Coqoq.,Cu, composition-gradient films. b) A, ¢,
AA, and ¢, 5 images resulting from Joule heating of the films, acquired at J. = 60 mA, f = 25.0Hz, and uyH of +0.9 and 0.0 T and Apgr and ¢aee
images resulting from AEE of the films, acquired at |ugH| = 0.9 T. Here, AA represents A, gq71—AggT With A_gg1 and Ay respectively being the A
values at tgH = +0.9 and 0.0 T and ¢, 4 represents the lock-in phase of AA. In the inset graph, ¢, 4, ~200° signifies Agot > A gg7. During the AEE
measurement, /. = 60 mA, f= 25 Hz, and zero DC offset was applied to the sample. c) g dependence of AA/A for the as-deposited and 573 K-annealed
Co1gp.4Cuy composition-gradient films, simultaneously estimated using the proposed LIT-based GMR measurement technique. The black and red strips
represent the q values exhibiting the largest —~AA/A value for as-deposited and 573 K-annealed Coygg.,Cu, composition-gradient films, respectively. d)
H dependence of R for the 573 K-annealed Coygg.,Cu, composition gradient film near the optimum composition (Co,,Cuyg) at 300 K. The maximum
GMR ratio AR/R = (R, 997—Ro.07)/Ro.0T for the optimum composition at room temperature was determined to be ~8.1% for tgH = +0.9 T, which is
consistent with the GMR ratio obtained by the LIT-based GMR measurement technique. R, g1 and Ry 1 represent the resistances at uyH = +0.9 and
0.0 T, respectively. e) H dependence of R at 4 K for the optimum composition. The saturation GMR ratio for the film was determined using the relation

AR/R = (RH_Rmax)/Rmaxv where Rmax

itates due to phase decomposition during the annealing treat-
ment at 573 K, as reported in the literature.l®®) While a detailed
microstructural analysis of the films is beyond the scope of this
work, the present study successfully demonstrates the effective-
ness of the proposed LIT-based GMR measurement method for
investigating composition-dependent GMR behaviors.

This high-throughput and systematic GMR measurement re-
veals that Co,,Cuyg in the 573 K-annealed film exhibits a large
GMR ratio (—AR/R = —AA/A) of ~8.8 + 0.9% at yyH=+09 T
and room temperature. This GMR ratio is the highest recorded
among polycrystalline CoCu-based single-layer granular films of
any composition.[*?#! Notably, a larger saturated GMR ratio of
20% has been reported for (111)-oriented epitaxial Co—Cu films
in a previous study at room temperature.l>*] However, in the same
research, a much smaller saturated GMR ratio of 7% was ob-
served at room temperature for (001)-oriented epitaxial Co-Cu
films, 54 reflecting the high dependency of GMR on crystal orien-
tation for epitaxial Co—Cu films. We note that the previous study
defined the saturated GMR ratio differently, using the maximum
change in R over the measurement H range divided by the R at
high H. Following the same approach for our current film yields
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and Ry represent the maximum and minimum resistances of the film near zero and at ugH = +5.0 T, respectively.

a GMR ratio of 9.6 + 0.8% at yyH = +0.9 T and room tempera-
ture. While larger GMR ratios can be achieved in epitaxial films
on single-crystalline substrates, their use in commercial applica-
tions is limited due to the complexity of film fabrication and the
high cost of single-crystalline substrates. Therefore, the observa-
tion of a large GMR ratio in polycrystalline CoCu-based single-
layer granular films at room temperature is crucial.

To confirm the best GMR value obtained from the LIT-based
high-throughput screening, we conducted conventional four-
probe GMR measurements for the same film near the optimal
composition region. For the measurement, we used the 573 K-
annealed Co,y,Cu, composition-gradient film patterned into
parallel wire shapes perpendicular to the direction of the compo-
sition gradient. Each wire had a width of 0.4 mm and a spacing
of 0.4 mm. It is important to note that we can neglect the compo-
sitional variation along the width direction for these wires, which
is #2.0%. Figure 5d shows the H dependence of R for the wire
near the optimum composition of Co,,Cu,, recorded at 300 K.
Utilizing the relation AR/R = (R g91—Roo1)/Roo1> Where R o1
and R, , 1 respectively represent the resistances at y, H=+0.9 and
0.0 T, we determined the GMR ratio for the film composition to
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be 8.1% which is consistent with the results obtained from the
LIT-based measurements. In Figure 5e, we present the H depen-
dence of R for the same film at 4 K. The data reflect the saturation
behavior of the R of the film with minimum R at high H and a
maximum R at finite + H, which can be correlated with the coer-
civity field of the film.l% Since the maximum R occurs at finite
+H, not at zero, we use (Ry;—R,..,)/R.., instead of (R;—R,)/R,
to determine the saturation GMR ratio for the film at 4 K, where
R... and R, represent the maximum and minimum resistance
values of the film, respectively (Figure 5e). The saturation GMR
ratio obtained using the above relation was observed to be 28.0%.
In comparison, for a previously reported Co,,Cug, single-layer
granular film, fabricated by magnetron sputtering onto a quartz
glass substrate, a maximum GMR ratio of 16.5% was achieved at
5 K at ypH = 5.0 TI6)

This demonstration clearly illustrates the effectiveness of the
LIT-based GMR measurement method in accelerating the opti-
mization of materials and devices, presenting clear advantages
over traditional GMR measurements. This method eliminates
the need to fabricate many films or numerous Hall bars, which
are often required for conventional GMR measurements, mak-
ing the process time-consuming and laborious. Furthermore,
the LIT-based method utilizing composition-gradient and wedge-
shaped films significantly enhances composition and thickness
resolution, respectively, overcoming inherent limitations in con-
ventional GMR measurement techniques that might lead to
overlooking optimal compositions and layer thicknesses. No-
tably, for multilayers consisting of two-dimensional composi-
tion/thickness gradients, the method demonstrated here is ef-
fective for determining not only the optimum composition but
also the optimal thickness of each layer. The utilization of the
proposed LIT-based GMR measurement method with such two-
dimensional multilayers to simultaneously assess multiple film
parameters will further boost the optimization process of GMR
materials and devices.

3. Conclusion

We proposed and demonstrated a high-throughput screening
method for assessing the GMR properties of materials by utiliz-
ing thermal imaging of Joule heating measured by the LIT tech-
nique. By utilizing the CoFe/Cu multilayer film, we confirmed
the accurate and reliable estimation of the GMR ratio using this
proposed method. Furthermore, the usefulness of this approach
was demonstrated through its application to the composition-
gradient CoCu-based magnetic granular films. The demonstra-
tion utilizing multiple composition-gradient films simultane-
ously highlighted the practicality of the proposed method for
high-throughput optimization of film composition with preci-
sion. Furthermore, the high-throughput investigation revealed a
previously unexplored CoCu-based granular composition with a
GMR ratio exceeding 8% at u, H = 0.9 T at room temperature, and
a saturation GMR ratio of ~28% at 4 K, setting new record high
values for polycrystalline CoCu-based single-layer granular ma-
terials. This advancement holds great promise for significantly
improving the efficiency of material screening and design opti-
mization processes for spintronics technology.
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4. Experimental Section

Fabrication of CoFe/Cu Multilayer Film: The CoFe/Cu multi-
layer film used in this study possessed the following structure:
CosoFeso(3.0 nm)/[Cu(1.6 nm)/CosgFesq (3.0 nm)]s3, where the numbers
in the parentheses denote the thicknesses of the layers and the subscript
33 denotes the number of the repeated depositions. This film was de-
posited on a single-crystalline MgO (001) substrate at room temperature
using magnetron sputtering. A 5 nm-thick Al layer was deposited on the
multilayer without breaking the vacuum to prevent sample oxidation. The
as-deposited film was post-annealed at 523 K in a vacuum while applying
an in-plane magnetic field of 0.3 T for 1 h. This film is identical to that
utilized in the previous study,!*®! where comprehensive details regarding
its fabrication conditions are available.

Fabrication of Coqp4Cu, Composition-Gradient Granular Film: The
Co199.4Cu, composition-gradient films with a thickness of 100 nm were
fabricated on 10 x 10 mm? quartz glass substrates using a magnetron
sputtering system (Comet, Inc., CMS-3200). Before deposition, the cham-
ber was evacuated at a base pressure of < 6.0 x 107 Pa using a cry-
opump. Then, the films were deposited at a process Ar gas pressure of
0.4 Pa at ambient temperature using DC power sources. The previously
established layer-by-layer wedge-shaped deposition process was followed
to achieve a composition variation of 65 < g < 100 at.% over a length
of 7.0 mm on a single substrate.’’=>°] This process involved three con-
secutive steps: 1) initial deposition of a uniform Cu layer, followed by the
deposition of a wedge-shaped Cu layer using a linear moving shutter over
a length of 7.0 mm, 11) 180° rotation of the substrate, and 1) subsequent
deposition of a wedge-shaped Co layer. After completing the steps (I)—
(1), the total thickness was designed to be 0.5 nm. This sequence was
repeated 200 times to obtain the 100 nm-thick composition-gradient film.
The deposition rates of the Cu and Co layers were maintained at 0.023 and
0.025 nms™, respectively. The deposition duration at each step was opti-
mized to obtain the desired composition. A 2 nm-thick Al layer was applied
as a cap to prevent oxidation. One of the room-temperature-deposited
films was annealed at 573 K for 10 min in a vacuum atmosphere to boost
the formation of the granular structure.
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