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Magnetic refrigeration represents an environmentally friendly and promising technology for cooling applica-
tions, particularly in hydrogen liquefaction. Recent advancements have demonstrated a highly efficient cooling
protocol utilizing small magnetic-field oscillations near metamagnetic transitions, tested using pure holmium
metal. This study investigates ternary alloys substituted with erbium and cerium, specifically Hojgo...,Er,Ce,
(x < 100, y < 21), to further enhance the performance of the refrigerant. The control of magnetic entropy is
largely dependent on identifying variations in spin configurations. However, analyzing these variations in ternary
alloys through neutron diffractometry is time intensive. To address this challenge, a multisample neutron trans-
mission spectroscopy technique was developed and applied at beamline 22 RADEN at Japan Proton Accelerator
Research Complex (J-PARC). This approach enabled the simultaneous observation of transmission spectra for
25 different alloy compositions at cryogenic temperatures. The spectra revealed that cerium-doped, erbium-rich
alloys primarily exhibit ferromagnetic components, yielding a magnetocaloric effect that exceeds that of pure
holmium metal under a 5-T magnetic field. In other alloy compositions, the presence of antiferromagnetic
ordered states was indicated by satellite Bragg edges in the spectrum. The magnetocaloric effects associated
with metamagnetic transitions from these states tend to diminish as the transitions become more frequent or
diffuse due to the alloying. The insights gained from this spectroscopic technique contribute to our understanding
of the variations in magnetocaloric properties as a result of alloying. Moreover, the successful simultaneous
determination of spin configurations across numerous samples highlights the potential of this spectroscopic
approach for widespread use in magnetic property evaluation, particularly in the realm of big data-driven

research.
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I. INTRODUCTION

Liquid hydrogen is poised to become the primary energy
carrier; however, the gas compression cycle used for its lig-
uefaction results in significant operational costs. Magnetic
refrigeration offers an alternative liquefaction technique, uti-
lizing the entropy change associated with the phase transition
from the paramagnetic to the ferromagnetic state, which has
been the subject of extensive research [1-3]. Recent studies
have shown that magnetic ordering with complex internal spin
structures, such as antiferromagnetism, can produce substan-
tial magnetocaloric effects with a carefully designed cooling
protocol [4]. A highly efficient cooling protocol has been
developed, which involves a small oscillating magnetic field
superimposed on a static field at the metamagnetic transition
point. This method has proven effective, demonstrating the
transition from a helical to a conical spin structure in pure
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holmium (Ho) metal [5]. These results suggest that various
complex spin structures, previously overlooked as magnetic
refrigerants, can play significant roles in next-generation mag-
netic refrigeration technologies. For instance, while pure Ho
metal has been effective in demonstrating this protocol, it may
not be the optimal refrigerant, as additive elements can alter
the magnetic structure to enhance its suitability for magnetic
refrigeration applications. Although only 14 rare-earth ele-
ments are capable of significantly substituting Ho atoms [6],
transition metals such as zirconium can also be doped in small
quantities [7]. This opens up a broad range of possibilities for
this technology, especially considering alloys related to pure
Ho used in initial experiments.

In exploring holmium alloys, research has particularly
focused on the ternary alloy system Hojgp...,Er,Ce,. This
direction is supported by prior studies on binary alloys, which
have shown that substituting erbium (Er) [8,9] and cerium
(Ce) [10,11] can significantly alter the spin structure. In the
case of Er, substituting Ho with Er changes the magnetic
anisotropy from the easy-plane characteristic of Ho to the
easy-axis anisotropy due to a reversal in the Stevens factor.
This substitution results in a variety of spin structures in the
binary alloy system Hojgo—,Ery, including (001) basal-plane
helical, tilted helical, cycloidal, c-axis longitudinally mod-
ulated, and conical configurations, along with a disordered
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phase [9]. Conversely, substituting with lighter rare-earth
atoms such as Ce, which has a larger atomic radius, tends to
stabilize ferromagnetic structures [10], a change attributed to
alterations in the Fermi-surface topology [12,13]. The diverse
spin structures in Hojgo.,.yEr,Ce, are expected to exhibit en-
tropy change properties favorable for magnetic refrigeration
protocols.

Understanding these spin structures is crucial for manag-
ing the magnetic entropy changes associated with magnetic
transitions. Conventionally, these structures are determined
using neutron diffractometers. While high-intensity neutron
beams from nuclear reactors and accelerator facilities can
precisely clarify complex spin structures in selected samples,
this method is inefficient for quickly assessing spin structures
across numerous candidates. The inefficiency stems from the
fact that conventional diffractometers can only position one
sample at a time at the center of the detector array to measure
scattering intensity at each diffraction angle. If the entire pro-
cess of placing a single sample at the center, cooling it to the
boiling point of hydrogen, measuring the diffraction pattern,
warming it to room temperature, and then replacing the sam-
ple takes half a day, it would require a week of machine time
to measure a dozen samples. Given the limited availability
of machine time at large facilities, finding an alternative to
neutron diffractometry is crucial to efficiently screen the vast
array of holmium ternary alloys being investigated as potential
magnetic refrigerants.

In the fields of archaeology and metallurgy, neutron trans-
mission spectroscopy has emerged as a viable alternative to
neutron diffractometry [14,15]. This technique observes that
the intensity of transmitted neutrons decreases at wavelengths
corresponding to diffraction events. This phenomenon, known
as the Bragg edge, is analyzed in neutron transmission
spectra to nondestructively determine crystallographic infor-
mation within bulky objects [16]. Recent advancements have
shown that spin structures can also be evaluated by ana-
lyzing magnetic Bragg edges [17,18]. Notably, spectra from
parallel beams relate solely to diffractions along each path
to the detector, rather than the paths of diffracted neutrons.
This configuration allows for the simultaneous measure-
ment of spectra from multiple samples if a position-sensitive
detector is installed behind an array of samples exposed
to parallel neutron beams. This capability significantly en-
hances the utility of neutron transmission spectroscopy as
a multisample evaluation method, enabling high-throughput
assessment of spin configurations at the boiling point of
hydrogen.

In this study, a multisample neutron transmission spec-
troscopy technique was developed and applied to determine
the spin structures in 25 samples of the ternary alloy sys-
tem Hojgo.,Er;Ce,, utilizing the magnetic Bragg edges in
the spectra. The data obtained elucidated the relationship be-
tween magnetic entropy changes and the alterations in spin
structures resulting from the substitution of Er and Ce. This in-
sight into ternary alloys is invaluable for identifying magnetic
refrigerants optimized for hydrogen liquefaction protocols.
Furthermore, the effectiveness of multisample neutron trans-
mission spectroscopy has been demonstrated, positioning this
method as a robust tool for the high-throughput evaluation of
spin configurations in magnetic materials.

II. MULTISAMPLE NEUTRON TRANSMISSION
SPECTROSCOPY

Neutron transmission is characterized by an exponential
decay represented as Tr(A) = e~ 24 where (1) and f;
denote the attenuation coefficient and the effective thickness
of the i phase, respectively [19,20]. Typically, (1) can be
expressed as a sum of contributions from different scattering
mechanisms:

i) = i)+ Migion, i) + " () i (1),
where Mgkﬁ,i()‘)v Mierllgoh,i()")’ /Li“ela(k), and M;‘bs(k) denote
the contributions from coherent elastic scattering, incoher-
ent elastic one, inelastic one, and absorption, respectively.
For crystalline phases, 112 () arises primarily from Bragg
scattering, which involves  the periodic structures of the
nucleus and magnetic moments m. In randomly oriented
polycrystalline materials, nuclear Bragg scattering occurs at
wavelengths A that are less than twice the lattice interval,
diy = 271|th1|_1. This condition gives rise to an edgelike
feature in the transmission spectrum, known as the Bragg
edge, observed at 2dj; [20]. This characteristic can be
modeled using the Heaviside step function H,. Similarly,
the magnetic Bragg edge occurs at A = 2d;, where d,; =
271Q.|7" and Q, represents the propagation vector of the
spin structure. For unpolarized neutrons, the coherent elastic
attenuation coefficient &% (1) can be expressed as follows
[18,19]:
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where ny and ny represent the total numbers of crystalline
and magnetic unit cells per unit volume, respectively; vy and
vm are their respective unit-cell volumes and Fy (G ) and
Fu(Q,) denote the crystalline and magnetic structure factors,
respectively.

The analysis extends to typical spin structures such as
ferromagnet, where the periodicity of the magnetic struc-
ture corresponds to the crystalline structure, implying d, =
dpi;. The height of the magnetic Bragg edge is calculated

as |Fy (Qr)l2 = (%)%m sin ®)?, where ry, is the magnitude
factor (5.39 fm), f denotes the magnetic form factor, and
® is the angle between m to Gy [18,19]. Notably, neu-
trons can be scattered with m; = m sin ®, which corresponds
to the vector projection of m in the plane perpendicular
to the scattering vector, Gy. In cases involving antiferro-
magnetic modulation m, cos(Q, - rj) with a single Q, the
magnetic structure factor can be further considered as shown

below:
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FIG. 1. Schematic diagram of the multisample neutron transmission spectroscopy setup and the obtained time-of-flight (TOF) dependence
of neutron transmission for typical compositions, where the wavelength A is proportional to TOF. The main and satellite Bragg edges,
indicated by solid and dashed arrows, originate from the nuclear and ferromagnetic scattering, and long-periodic antiferromagnetic scattering,

respectively, and appear at A corresponding to their period.

The magnetic Bragg edge is affected by the spin struc-
ture, splitting into two satellites at 27 |Gy £ QT|_1. For a
(001) basal-plane helical antiferromagnetic structure, the edge

height |FM(QT)|2 is given by (%m)z(l + cos? ©)/4, where
® denotes the angle from Gy, to the axis perpendicular to the
basal plane.

III. EXPERIMENT

Twenty-five samples of the ternary alloy system
Hojpp.x-yEr,Cey (0 < x <100, and 0 <y < 21%) were
synthesized via arc melting of Ho (99.9%), Er (99.9%),
and Ce (99.95%) in an argon atmosphere. The resulting
button ingots were turned and remelted at least four times to
ensure compositional homogeneity. The phase composition
of the samples was characterized using x-ray diffractometry
with Cu Ka radiation. The AC susceptibility, x' + ix”, was
measured under an AC magnetic field hac sin(27ff) using
a mutual-induction based susceptometer (Quantum Design,
PPMS). The amplitude of hac was set to 0.8 kA/m, and the
frequency f varied from 56 to 1778 Hz. Additionally, a static
magnetic field (uoHpias) was isothermally superimposed
on the AC magnetic field at characteristic temperatures,
where o is the permeability of vacuum. Magnetization
M was recorded in magnetic fields (ugH) up to 5 T
using a superconducting quantum interference device
magnetometer (Quantum Design, MPMS3). The relaxation
of the zero-field-cooled magnetization (Mzgrc) was measured
in uoH = 0.01 T at T = 50 K after the alloys had undergone
aging in a zero magnetic field for a waiting period ¢, at the
same temperature. The relaxation rate of Mypc was calculated
as [(AMzgc)/A(In t)], where ¢ is the time elapsed after the
application of poH. The field-cooled magnetization Mpc
was monitored during cooling in poH starting from 150 K.

The magnetic entropy change (AS) was estimated using the
Maxwell relation:

A dMyc
AS ~ ,u,()f dH,
o dT

which remains applicable even for first-order phase transitions
with minimal hysteresis [21].

Neutron transmission spectra for the samples were
recorded at Beamline 22 (BL22) RADEN at J-PARC MLF
[22]. An event-recording-type micropixel chamber-based
two-dimensional neutron detector, boron-uNID, featuring a
boron-coated neutron converter and an effective detection
area of 100 x 100mm?, was employed. This detector was
positioned 18.6 m from the neutron source. Short-wavelength
neutrons (A< 4 A) were filtered out using a disk chopper and
a TO chopper. The neutron beam was shaped into a 50-mm
square using a beam collimator, and its flux was reduced to 6
Mcps using the rotary collimator of the RADEN beamline to
adjust for the count-rate capabilities of the boron-uNID detec-
tor. For the measurements, the beam was split into 25 parallel
beams, each with a diameter of 6 mm, using a Gd mask
positioned immediately in front of the samples, as shown in
Fig. 1. To align with the positions of the split beams, plates
from 25 samples, each 2.0 mm thick, were mounted on an
aluminum sample holder filled with helium exchange gas for
thermal management. Since the shapes of the sample plates
did not always correspond precisely to individual beam cells,
multiple plates were arranged in a single layer. This assembly
was placed in a 4 K cryostat located on the direct beamline
between the neutron source and the detector.

Neutron intensities transmitted through the 25 samples
were simultaneously measured as a function of time of flight
(TOF). Measurements were performed at temperatures of 5,
30, 60, and 150 K, achieving a TOF resolution of approxi-
mately 60 us (20.2%) at A ~ 5 A [22]. Each measurement

ey
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FIG. 2. X-ray-diffraction (XRD) pattern of a typical composition
of ErgyCey (a) and compositional dependence of the hexagonal
close-packed structure, determined from XRD patterns. Lattice con-
stants a, ¢, and their axial ratio c¢/a are plotted on the ternary-state
diagram in panels (b)—(d). The estimated Wigner-Seitz radii (rws)
are expressed in units of the Bohr radius (ag) in panels (e).

session lasted 10 h to ensure that the minimum signal am-
plitude in each bin with the time width of 100 us exceeded
100 000 counts, even for erbium-rich alloys, which are known
for their strong neutron absorption. Future improvements in
neutron-beam flux and detector count-rate capabilities are ex-
pected to significantly reduce measurement times.

IV. RESULTS AND DISCUSSION

A. Crystalline structure

Figure 2(a) presents the x-ray-diffraction (XRD) pattern of
a typical ErgyCeyy composition. (For XRD patterns of other
samples, see Ref. [23].) The observed peaks correspond to
diffractions from a hexagonal close-packed (hcp) structure
(P63/mmc). No impurity peaks were detected, confirming
that all alloys are single phased. The estimated lattice con-
stants exhibited a decrease with increasing Er content and an
increase with Ce content, as depicted in Fig. 2. For theoreti-
cal comparisons [12], the Wigner-Seitz radius (rws) and the
axial ratio (c/a) were calculated. As shown in Fig. 2(e), rws
decreases with increasing Er concentration, consistent with
the expected difference of 0.01ag in rws between Ho and Er,
where ag represents the Bohr radius (52.9 pm). Conversely,

the variation in rwg with Ce substitution was slightly larger
than anticipated for doping with Ce, which has an ryg of
3.81ap. This pattern aligns with previous studies of binary
alloys Hojo.,Ce, and Erjgq.,Ce, [24,25]. Figure 2(d) demon-
strates that the axial ratio (c/a) increases significantly with
Ce substitution in Ho-rich alloys, whereas the change in c/a
for Er-rich alloys is minimal in comparison. These trends
are consistent with earlier reports [24,25]. Comparing these
observations with theoretical predictions, which suggest that
ferromagnetism is stabilized in rare-earth alloys with larger
¢/a ratios and less-contracted lattices [12], it appears that
Ce-doped Ho-rich alloys most closely satisfy these conditions.

B. Magnetic entropy change

Let us now examine the magnetocaloric effects of the
ternary alloys. The magnetic entropy changes (AS) induced
by applying a magnetic field uoH at a given temperature 7
are depicted as contour maps in Fig. 3. These maps were
generated by calculating AS using the Maxwell relation for
Mgc(H, T). The contour maps typically exhibit complex land-
scapes, characterized by multiple valleys (indicated in red
color) and ridges (indicated in purple color), with the deepest
and highest points in each region marked by diamonds (¢) and
crosses (x), respectively. (No markings are provided when
the highest point occurs at zero magnetic field.) Figure 4(a)
illustrates typical cross sections of the valleys for the alloys
in the leftmost column, highlighting that the valleys deepen
with increasing magnetic-field strength. This trend is consis-
tent across all valleys in the AS landscapes shown in Fig. 3.
This phenomenon suggests that the application of a magnetic
field promotes uniform alignment of magnetic moments along
the field direction, transitioning the system from less-ordered
states and thereby decreasing magnetic entropy. Convention-
ally, these less-ordered states are considered paramagnetically
fluctuating. However, certain alloys show two distinct troughs,
observed prominently in the red-framed panels, corresponding
to the Ce-doped Ho-rich alloy group. The nature of the less-
ordered state at zero magnetic field on the low-temperature
side of these valleys remains unclear. Addressing this am-
biguity is crucial for a comprehensive understanding of the
magnetocaloric effects in ternary alloy systems.

Next, we explore the formation of ridges in the mag-
netic entropy landscape, which indicates an increase in
magnetic entropy with increasing magnetic-field strength—a
phenomenon referred to as the inverse magnetocaloric effect.
As shown in Fig. 3, the configuration and characteristics
of these ridges differ significantly across alloys of different
compositions, leading to the identification of four distinct
ridge types based on the locations of the highest points (x).
The first ridge type is observed in alloys with compositions
similar to pure Ho and pure Er, where the highest points
are located on the high-temperature, high-field side of the
ridges. A representative cross section for the Ho;sErys alloy is
presented in Fig. 4(b). It is well established that pure Ho and
pure Er exhibit paramagnetic-to-antiferromagnetic transitions
at higher temperatures. The observed inverse magnetocaloric
effects emerge when antiferromagnetic order is destabilized
by the application of a magnetic field. Therefore, the ridges
observed in alloys resembling the compositions of pure Ho

013233-4



EVALUATION OF Ho.,,Er,Ce, MAGNETIC ...

PHYSICAL REVIEW RESEARCH 7, 013233 (2025)

HoosEr,s . ETioo AS (JK-"kg)

5 p ' in main panels
4
o 0.5
3 0
b

=<

1

0

4Er7,Ces |

5 Vv N

~4
£3
)

<

1

0

5 Hox,ErgsCe g

!
3
0

o -10
0
Hoy;Ery;Ces

> -12
;4
-3
Ef 14
0 in insets
i 0.01
4
€3 0
)

< -0.01
OO 40 80 40 80 120 40 80 120 40 80 120 40 80 120 20.02

T (K)

7 (K)

7 (K)

T (K)

T(K)

FIG. 3. Contour maps of the magnetic entropy changes (AS) induced by applying a magnetic field poH at temperature 7. Symbols ({)
and (x) denote conditions where AS reaches its minimum and maximum, respectively. Red broken curves on the contour maps indicate the
magnetic fields (H,,) where the variation rate [(AS/A)(uoH )] peaks. These correspond to the deepest points in the valleys, the highest points
at the ridges, and the locations of the scarps in the AS landscapes, respectively. Colored frames categorize groups based on landscape features.

The insets are enlarged views of the low-field region.

and pure Er at higher temperatures can be attributed to this
mechanism.

Setting aside the well-established behavior of pure Ho and
Er metals, a second type of ridge is observed in the Ce-doped
Ho-rich alloy group, where the highest point lies in the mid-
dle of a gentle ridge. A representative cross section for the
HogsCe)s alloy at T = 54 K is depicted in Fig. 4(a). The third
type is a minor ridge in the low-field region, exemplified by
the HosgErsq alloy in Fig. 4(b) (see also insets in Fig. 3). A
similar anomaly observed in the HosgEr4;Ces alloy at T =
40 K suggests that this type of ridge is characteristic of the
HosgErsg base alloy group, outlined in orange frames. The
fourth ridge type emerges at very low temperatures, approxi-
mately 20 K, as observed in the Ho,sEr75 alloy in Fig. 4(b).

These ridges are characteristic of the HoysEr;s base alloy
group, highlighted in purple-framed panels. As described, the
latter three ridge types exhibit distinct features that differ from
those of pure Ho and Er, raising uncertainty as to whether they
are associated with similar antiferromagnetic behaviors. This
represents the second major issue requiring resolution.
Finally, it is important to note that the presence of a scarp is
generally observed between valleys and ridges, characterized
by a steep gradient (indicated by red dashed lines within
each panel of Fig. 3). For instance, in pure Ho metal, as
shown in Fig. 4(a), AS decreases gradually as the magnetic
field H increases from zero. The rate of decrease accelerates
sharply around poH,, = 0.5 T, before moderating at higher
fields. The magnitude of poH,, increases with 5% Ce doping
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FIG. 4. Typical cross-sectional views of the AS landscapes from
Fig. 3. (a) Cross sections of alloys in the leftmost column of
Fig. 3 at temperatures where [(AS/A)(uoH )] is maximized (and at
the temperature where AS for HogsCeys is positive and maximal);
(b) Cross sections of alloys in the top row of Fig. 3 at tempera-
tures where AS reaches a maximum (sections containing ridge peak
points), and at temperatures highlighting the multistage structure for
HoysEr;s. The arrows indicate the magnetic fields H,, where the
decreasing rates are maximal.

but decreases with further Ce substitution in the Ce-doped
Ho-rich alloy group. Conversely, for HosoErsy and Ho7sErs
alloys, AS exhibits two distinct magnetic-field ranges where
sharp decreases occur. These multistep structures are charac-
teristic of the HosoErsy and Ho,sEr7s base alloy groups, as
shown by multiple dashed lines in each panel. In contrast,
the Ce-doped Er-rich alloy group, marked by green-bordered
panels, displays a monotonous variation in AS without scarp
formations in the landscape. The third major issue to address
is to clarify the reason some alloys exhibit scarp formations
while others do not. In summary, beyond the well-documented
cases of pure Ho and Er metals, it is essential to understand
the origins of characteristic structures such as twin valleys,
various types of ridges, and the presence or absence of scarps
observed in the AS landscapes across different concentration
ranges. To this end, we begin by examining the macroscopic
magnetic responses to uncover the underlying mechanisms.

C. Macroscopic magnetic properties

Figure 5 illustrates the temperature dependence of field-
cooled magnetization (Mgc) for typical alloys in magnetic
fields of uoH values 0.01, 1.0, 4.2, and 5.0 T (data for all al-
loys at these fields can be found in Ref. [23]). In Fig. 5(a), xrc
at 0.01 T increases as the temperature decreases from 150 K.
This temperature dependence can be described by the formula
%H until cusps or broad humps manifest at a specific
temperature 7;; on Mpc(T). Here, n represents the atomic
density, mg is the effective magnetic moment, kp is the Boltz-
mann constant, and T, is the Weiss temperature (equivalent
to the paramagnetic Curie temperature), indicating the mean
amplitude of magnetic interactions. Both m.¢ and 7, decrease
with substitution, as depicted in Figs. 6(a) and 6(c). The trend
in meg parallels that of the saturation magnetization M when
Mg (5T, 2 K) is considered as Mg, given the minor difference
between Mgc (4.2 T, 2 K) and Mgc (5 T, 2 K), as shown in

0.00%
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~ 2 - TR HO—'
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FIG. 5. Temperature dependence of field-cooled magnetization
(Mgc) for typical alloys in magnetic fields puoH of 0.01, 1.0, 4.2,
and 5.0 T. Solid, dashed, and dotted arrows mark the characteristic
temperatures T;;, T, and T4 at which Mgc(T') exhibits a cusp or
broad hump, respectively. The inset provides an enlarged view of the
low-temperature range, displaying Mgc normalized by its magnitude
at 2 K for ease of comparison.

Fig. 5(c). The observed meg can be explained by the aver-

age value of ) calculated for isolated rare-earth ions

( Meale
with total angular momentum J, where mg,. is go/J (J + 1)
and g is the Land€ g factor [refer to Fig. 7(b)]. Conversely,
the observed variation in 7, aligns with the average value
of de Gennes’s factor G = (g—1)>J (J/ + 1), as convention-
ally expected for rare-earth alloys [26] [see Fig. 7(a)]. These
observations suggest that the magnetic properties above T
can be interpreted as a paramagnetic state with ferromagnetic
interactions on average.

Figure 6(d) presents the composition dependence of T
[regions where no cusps or humps were detected on Mpc(T)
are left blank]. It was observed that T, decreased alongside
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moment me, (b) saturation magnetization M,/nu,, (c) Weiss tem-
perature T,,, (d) the characteristic temperature 7;; at which Mgc(T')
shows a cusp or broad hump, and (e) the characteristic temperature
T.; at which the gradient of Mpc(T) becomes maximum, (f) out-of-
phase components of AC susceptibility x// at T, presented on the
ternary-state diagram. Blank areas indicate compositions where no
cusp or broad hump were distinguished in Mgc(T). Values of Ms are
normalized by atomic density n to facilitate comparison with other

measurements.
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axis) or root-mean-square (top axis) of the magnetic moment mig,.
calculated for isolated rare-earth ions.
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FIG. 8. Temperature dependencies for the in-phase and out-of-
phase components of AC susceptibility ' + ix” with Mgc/H for the
typical alloys Ho79Ce,; and ErgsCes.

T, as a result of substitution. Figure 7(a) depicts T.; as a
function of G. For alloys with constant Ce concentrations,
T can be scaled by G with a gradient similar to that of T,
while the variations in 7;; due to Ce substitution are steeper
than those in T,,. This pattern is consistent with previously
reported behaviors of light rare-earth doped—heavy rare-earth
binary alloys [11]. Conventionally, a cusp or hump in Mgc(T)
for heavy rare-earth based alloys has been associated with
antiferromagnetic ordering of magnetic moments [11]. How-
ever, the dynamic properties discussed below suggest that
antiferromagnetism may not necessarily be the origin of the
cusp/hump at 7;; in certain alloys.

Figure 8 presents the typical temperature dependencies of
the in-phase and out-of-phase components of AC suscepti-
bility x’ + ix” alongside Mgc/H for Ho79Ce,; and ErgsCes
(data for all alloys are provided in Ref. [23]). Near T, x” ex-
hibited frequency-dependent peaks for Ho79Ce,;, while such
peaks were negligible for ErgsCes in the temperature range
just below T.i. Notably, significant x” values below T, are
observed only in the Ce-doped Ho-rich alloy group, as shown
in Fig. 6(f). The relaxation rate of zero-field-cooled magne-
tization Mzgc, [(dMzrc))/d(In t)] for Ho79Cey; and ErgsCes
are shown in Fig. 9. At 50 K (<T,;), [(dMzpc)/d(Int)]
for Ho79Ce,; peaked when the elapsed time ¢ matched the
waiting period f,, before magnetic-field application. This be-
havior suggests that the spin configuration slowly stabilized
during #,, and as a result, departing from a deeper free-
energy minimum requires a longer response time. In contrast,
such behavior was not observed for ErgsCes, as shown in
Fig. 9(a). The frequency-dependent peak of x” and the 7, -
dependent relaxation are established characteristics of spin
glasses [27]. Based on this, we cannot disregard the possibility
that the peaks in Mpc(T') for the Ce-doped Ho-rich alloy
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FIG. 9. Relaxation rate of Mzgc, [(AMzrc/A)(In t)], for the typ-
ical alloys Ho79Ce,; and ErgsCes, measured after the application of
woH of 0.01 Tat T = 50 K, where the alloys were aged for a waiting
time #,, in zero magnetic field at the same temperature before the
application of H.

group originate from spin-glass ordering, whereas the peaks
for the Er-rich alloy group are likely associated with the onset
of antiferromagnetic ordering. Therefore, in addressing the
first issue, both antiferromagnetism and spin glass must be
considered as potential candidates for the less-ordered states
observed at lower temperatures.

In the discussion of the cusp/hump observed in Mgc(T), it
is important to note that secondary humps manifest near 7;,
when HosgErsg and HosgErs7Ces are cooled further from 7
at noH of 0.01 T [see dashed arrows in Fig. 5(a)]. Recently,
Cowley et al. investigated the presence of a new type of disor-
dered phase in this temperature range for the Hos7Er43 alloy
[9]. It would be interesting to determine whether such a novel
phase is associated with the low-field ridge identified in the
contour map for the HosoErs base alloy group. The phenom-
ena occurring at 7z and T, will be revisited in the discussion
of neutron transmission spectra, as macroscopic measure-
ments alone are insufficient to definitively distinguish between
spin-glass or novel-disordered phases and antiferromagnetic-
ordered states.

Next, we shift our focus to the lower-temperature range,
where all Mgc(T) measurements at uoH of 0.01 T show a
significant increase as the temperature decreases. The charac-
teristic temperature at which the gradient of Mgc(T') reaches
its maximum, designated as 73, is shown for various compo-
sitions in Fig. 6(e). The analysis reveals that 7.3 of Hojgo_Er,
(Ce: 0%) peaks at x ~ 50%. In the Er-rich region, 7,3 rises
with the substitution of Er by Ce, whereas in the Ho-rich
region, T;3 declines with Ce substitution. The compositional
dependence of T3 does not follow the scaling behavior of G
observed for T,,. This trend is consistent with prior reports on
the binary alloys Hojgg.,Ce,, and Er;g.,Ce, [11]. Typically,
the pronounced increase in Mpc(T') signifies the onset of fer-
romagnetic ordering. However, it remains uncertain whether
all such increases in Mgc(T) stem from conventional ferro-
magnetism. For the HoysEr;s base alloy group, xpc at 1 T
decreases as the temperature drops further from 7.4 below
T.3, as depicted in the inset of Fig. 5(b). This reduction in
Mprc is atypical for conventional ferromagnets, which typi-

cally exhibit a monotonous increase in Mpc as spontaneous
magnetization grows. Standard references note that Mpc de-
creases with decreasing temperature during spin reorientation
transitions [28] or upon reentering spin-glass states [29]. Con-
sequently, a second question arises: does the low-temperature
inverse magnetocaloric effect observed in the HoysEr;s base
alloy group result from a reorientation of ordered magnetic
moments, or does it stem from a disruption of the magnetic
order itself? Addressing this question requires microscopic
information. Thus, we turn our attention to the neutron trans-
mission spectra.

D. Neutron transmission spectra

Since the origins of the observed characteristic mag-
netocaloric effects cannot be definitively determined from
macroscopic measurements alone, the neutron transmission
spectra of the 25 ternary alloys were examined simultane-
ously. For the same sample, some variation in the transmission
was observed across individual pixels. This variability may
be attributed to the narrow gaps between the sample pieces
arranged on a single sheet. To reduce this effect, the trans-
mission was averaged over the pixels within the same sample
cell. The insets in Fig. 1 display the attenuation spectra
w(X) of unpolarized neutrons for representative compositions
Hojgo and ErgyCeyo (the spectra for all alloys are detailed
in Ref. [23]). Notably, each spectrum at 7 = 150 K exhibits
a sawtooth-shaped structure. The positions of these features,
indicated by solid arrows, correspond to twice the lattice in-
terval djo; of the {101} planes in the unit cell, as determined
by x-ray diffraction. These features are identified as {101}
Bragg edges, attributed to nuclear scattering, consistent with
the paramagnetic state of the alloys at 7 = 150 K.

At temperatures 7 = 5, 30, and 60 K, two additional edges
appear in u(Xx) for Hojgy (see the dashed arrows in the in-
sets of Fig. 1). These edges, positioned symmetrically on
either side of the original {101} Bragg edge, are identified
as satellite edges resulting from magnetic scattering by an-
tiferromagnetic structures with longer periodicity Q.. This
phenomenon is observed in all alloys that display a cusp or
hump in Mpc(T') at temperatures below approximately 0.8 T;;.
Consequently, it is reasonable to attribute the peaks or humps
in Mgc(T) at T to the initiation of long-range antiferromag-
netic periodic ordering, even though we could not confirm the
precise emergence of satellite edges at 7.;. This limitation
arises from the difficulty of analyzing edges smaller than
3 g, given the constraints of the signal-to-noise ratio with the
current uniform measurement time. Such limitations are an
inherent challenge of multisample transmission spectroscopy,
as it is not possible to adjust the measurement time for each
sample.

Figure 10(b) illustrates the compositional dependence of
these satellite-edge heights map normalized by the factor

2 2R . .
(g’%’;)1 / % m, as described previously, where ®;

is the angle from Gy, to the (001) axis. Blank areas in the
figure correspond to compositions where no satellite edges
are discernible. For basal-plane helical antiferromagnets, map
equals the magnitude of the magnetic moment m in the basal
plane. However, for general helical antiferromagnets, map
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FIG. 10. Compositional dependence of characteristics in neutron transmission spectra at various temperatures. (a) Propagation vector
length 7, estimated from intervals between satellite edges, (b) magnitude of the antiferromagnetic component map estimated from satellite
edge heights, and (c) magnitude of the ferromagnetic component my estimated from the main edge height.

deviates from m due to the difference in the vector projection
of m onto the plane perpendicular to Gyy;. Thus, it is not
feasible to determine whether the observed decrease in map
with substitution arises from a reduction in the length of the
ordered m or from the tilting of m from the basal plane. This
uncertainty must be accepted in this study, as data from a
single set of edges are insufficient to ascertain the orientation
of m. In the case of Hojqg, the estimated value of mag, 8.9 ug
at 5 K, closely aligns with the previously reported value for
the basal-plane component, 9.7 ug at 4 K, in single crystals of
Ho [8]. In the Ce-doped Ho-rich alloy group, the estimated
map values at 5 K are comparable with M;/nuy as shown
in Fig. 6(b). Conversely, the estimated mapr values for other
alloys with higher concentrations of Er at 5 K are significantly
smaller than M, /nuy. This discrepancy will be discussed later
in relation to the presence or absence of coexisting ferromag-
netic components.

Figure 10(a) illustrates the compositional dependence of
7, (c¢/27)0, = (0, 0, 1), estimated from the intervals of the
satellite edges under the assumption that Q, is parallel to the
c-axis, as typically observed in heavy rare-earth metals [26].
This suggests that the antiferromagnetic periodicity below
T, is incommensurate in ternary alloys, similar to what is
observed in binary alloys [8—11]. It is observed that the period
rz_' shortens as Ho is replaced by Er, while changes due to
Ce doping are minimal. Across all compositions, the peri-
ods lengthen as the temperature decreases. These results are
largely consistent with extrapolations from trends observed in
binary alloys [8-11].

The insights provided by neutron transmission spec-
troscopy address the first issue: the less-ordered states at low
temperatures in the Ce-doped Ho-rich alloy group are not
typical spin-glass states devoid of periodic spin order. Instead,
they represent antiferromagnetic spin states with incommen-
surate periodicity. The spin-glass-like dynamic properties
observed in these states can be attributed to a form of cluster-
glass behavior, characterized by medium-range correlations
among clusters with an antiferromagnetic internal structure.
This medium-range correlation is probably related to the sec-
ond type of ridge, where the highest point (x) in the contour
maps of AS (see Fig. 3) occurs at a much lower temperature

than 7;; in the Ce-doped Ho-rich alloy group. In other words,
the conditions for the maximum inverse magnetocaloric ef-
fect in these states differ from those in pure holmium and
erbium. However, given the 0.2% resolution of the current
spectrum, detailing variations in medium-range correlations
based on the width of the Bragg edge is challenging. Unlike
microscale ordering, medium-range correlations have little ef-
fect on entropy, leaving this aspect unresolved. In conclusion,
the observed twin valley structures can be attributed to the
higher magnetic entropy in both paramagnetic and antiferro-
magnetic states compared to that in the uniformly aligned state
under a high magnetic field.

Before concluding the discussion on satellite edges, it is
important to note the minor phase characterized by the hump
observed in the HosoErs( base alloy group at T;». In the spectra
for HosoErsg, mar increases from 4.6 ug at 60 K to 6.0 up at
30 K. Unfortunately, this temperature interval is too broad to
conclusively determine whether a disordered phase exists be-
tween T3 = 29 K and T, = 46 K. This limitation highlights
a significant drawback of multisample neutron transmission
spectroscopy, where all samples must be measured at the same
preset temperatures.

Shifting focus to the spectrum without satellite edges for
ErgoCey, as shown in the inset of Fig. 1, it is notable that the
height of the original edge at A = 2d|, significantly increases
with decreasing temperature from 60 to 5 K. The nuclear
scattering intensity for heavy rare-earth metals is expected
to remain approximately constant at cryogenic temperatures
below their Debye temperatures, even when accounting for the
Debye-Waller factor [30]. Therefore, the observed variation
in edge height can be attributed to the growth of ferromag-
netic components. Figure 10(c) illustrates the compositional
dependence of these height increments mp normalized by the
factor (%)\/%(m sin ®9;)%, where ©j; is the angle
from Go; to the (001) axis. In c-axis ferromagnets, mg rep-
resents the magnitude of the magnetic moment m along the
c-axis. However, as previously noted, the direction of m
cannot be determined solely from a single edge. Therefore,
the plotted mg can deviate from m due to the difference
in the vector projection of m onto the plane perpendicular
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to Gyg; for general ferromagnets with tilted easy axes. The
estimated magnitude of mg for ErgoCeyo, 4.3 up at 5 K, was
smaller than the previously reported value of 6.2 ug for the
c-axis component in single crystals of ErgyCeyo [31]. This
discrepancy warrants further discussion, particularly because
ErgoCeyy is known as a c-axis ferromagnet. One potential
explanation for this discrepancy is the extinction effect due
to multiple scattering [20], which was not considered in
this analysis. The extinction effect becomes significant when
ferromagnetic correlations grow to micrometer scales, as is
often the case for ferromagnetic domains. For the strongest
(101) reflection, particularly at a long neutron wavelength of
5.4 A, such effects cannot be ignored [20]. However, the
current data from a single edge are insufficient to evaluate
the exact magnitude of mg; therefore, we focus instead on
comparing the relative magnitudes of mp across various com-
positions and temperatures.

From Fig. 10(c), it is evident that mg becomes significant
as the temperature drops below T3 for all ternary alloys. This
observation supports the conclusion that 7.3 likely marks the
onset of the ferromagnetic component. Regarding composi-
tional dependence, the values of mp for Ce-doped Ho-rich al-
loys are relatively lower than those for other alloys at 5 K. This
suggests that the tilt angles of the magnetic moments from the
basal plane in the conical spin structures of the Ce-doped Ho-
rich alloy group are relatively small, consistent with earlier
findings for pure Ho metal [8]. Conversely, mg increases with
the substitution of Ho by Er, as shown in Fig. 10(c). This
increase is attributed to changes in the tilt angle of the cone
within the conical spin structures, consistent with discussions
of pure Ho and Er metals [8]. For the Ho,sEr;5 base alloy
group, mg at 5 K exceeds its value at 30 K, indicating that
ferromagnetic ordering persists at lower temperatures. This
finding conclusively resolves the earlier question concerning
the additional ridges observed at lower temperatures. Specifi-
cally, the inverse magnetocaloric effect observed in this group
at T4 (<T;3) is not due to a reentrant spin-glass transition.
Instead, it must be attributed to spin reorientation transitions.
However, the current temperature intervals and signal-to-noise
ratios of the spectral data are insufficient to fully analyze the
rotations of the ferromagnetic components.

Focusing on the Ce-doped Er-rich alloy group, the mag-
nitude of mp is substantial enough to draw comparisons with
pure Er metal, while satellite edges are absent from their spec-
tra. These findings suggest that alloys in this group behave
as simple ferromagnets. The emergence of ferromagnetism in
this group, characterized by larger c/a ratios and elongated
lattice parameters compared to pure Er metal, is consistent
with prior theoretical predictions [12]. However, given that
a basal-plane helical structure is retained in the Ce-doped
Ho-rich alloy group—despite even larger c¢/a ratios and lattice
constants—it is likely that magnetic anisotropy plays a cru-
cial role in the stabilization of ferromagnetism. This complex
relationship warrants further investigation. At this stage, let
us turn our attention to the relevance of the AS landscape
and the presence or absence of antiferromagnetic components.
A comparison of Fig. 10(b) with Fig. 3 reveals that alloys
lacking antiferromagnetic components do not exhibit scarp
structures in their AS landscapes. To further explore this con-
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FIG. 11. Responses to the application of a magnetic field for
typical alloys. (a) Magnetization curves, and (b) in-phase component
x' of AC susceptibility in the static magnetic- field Hy,. Solid and
dashed arrows indicate the characteristic fields H.; and H,, at which
X' (Hyias) exhibits peaks.

nection, the magnetization curves will be examined in the next
subsection.

E. Magnetic-field response

Figure 11(a) displays the magnetization curves for typ-
ical alloys (complete curves for all alloys are available in
Ref. [23]). For pure Ho metal, magnetization (M) increases
gradually with an increasing magnetic field (H) from zero at
temperatures between 7.3 and T, (40 K). At approximately
1 T, the increase in M accelerates abruptly, followed by a
return to a more gradual increase as H continues to rise. This
single, stepwise increase in M has been attributed to a meta-
magnetic transition from an antiferromagnetic ordering to a
ferromagnetic-like one in the previous study [26]. A similar
single stepwise increase is observed for the Ho;9Ce,; alloy,
as illustrated in Fig. 11(a). This characteristic is more clearly
evident in the Hy;,s dependence of x’, where a single peak
is observed around the step field uoHs; ~ 0.4 T, as shown in
Fig. 11(b). Such responses to magnetic fields are typical of
holmium-rich alloys (refer to MH curves in Ref. [23]).

In contrast, the HosgEr47Ces alloy exhibits steeper changes
in M at two distinct nonzero magnetic fields, resulting in
double peaks at poH,; ~ 0.2 T and poH,y ~ 2 T in the Hpiys
dependency. A similar double-step magnetization curve and
double peaks in x’ (Hy;,s) are also observed for the HopsEr7s
alloy. The magnetic fields H,; and H,, correspond to Hy,: the
locations of scarps in the AS landscape. Given that multistep
magnetization curves become more prevalent as the number
of Er substitutions approaches or exceeds approximately half,
it is plausible that these phenomena result from the interplay
between the easy-plane magnetic anisotropy of Ho and the
easy-axis magnetic anisotropy of Er. When competing mag-
netic forces are present, incommensurate antiferromagnetic
structures, such as those observed here, frequently undergo
successive phase transitions under an applied magnetic field.
Although further research is necessary to clarify these tran-
sitions in detail, it can be concluded that the scarp structures
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FIG. 12. Compositional dependence of (a) the maximum value
of the total variation AS at uoH =5 T (represented by the depth
of the valley at locations indicated by ¢ in the AS landscape from
Fig. 3), (b) maximum value of the variation rate [(AS/A)(uoH)]
(represented by the steepest slope in the AS landscape from Fig. 3).

in the AS landscapes arise from magnetic field-induced vari-
ations associated with antiferromagnetic components.

Conversely, the magnetization curves for the simple fer-
romagnets in the Ce-doped Er-rich alloy group are upwardly
convex and free of anomalies. Consequently, their AS land-
scapes are notably straightforward.

F. Performance as magnetic refrigerants

Finally, we evaluated the magnetocaloric effects depicted
in Fig. 3 from a practical perspective, incorporating our un-
derstanding of the magnetic structures. Recently, beyond the
conventional cooling protocol that involves applying or re-
moving a strong magnetic field of approximately 5 T, we
introduced a highly efficient cooling protocol that employs
a small oscillating magnetic field superimposed on a static
magnetic field at the transition point [5]. For the conventional
protocol, the total variation AS at uoH =35 T serves as a
crucial performance index. In contrast, the efficiency of this
protocol should be assessed based on the rate of change,
AS/A(noH).

Figure 12(a) illustrates the deepest valley depths in the
landscape, corresponding to the total variation in AS from
zero field to uoH =5 T. For the Ce-doped Ho-rich alloy
group, the deepest points are located in the high-temperature
valleys within the paramagnetic phase. In contrast, for other
alloys, the deepest points are associated with valleys corre-
sponding to the onset of ferromagnetic components (indicated
by open diamonds in Fig. 2). A general trend in Fig. 12(a)
is that the valley depth |AS| increases with Er substitution
for Ho, except in the Ce-doped Ho-rich alloy group. This
compositional dependence aligns with the behavior of the
ferromagnetic component at 5 K, as shown in Fig. 10(c). It
is reasonable to expect that the magnitude of the magnetic
field-induced entropy change correlates with the size of the
ferromagnetic component, although a detailed analysis of this
dependence is challenging. This difficulty arises because |AS]|
represents the cumulative entropy change from zero field to
5 T across a complex phase diagram, as previously discussed.
The best performance in terms of |AS| is observed in the Ce-
doped Er-rich alloy group. It is widely recognized that simple

ferromagnetism tends to maximize the magnetocaloric effect
at 5 T. The performance achieved, at —14J - K~ . Kg~!, is
not exceptionally superior to existing magnetic refrigerants
such as DyAl,, which achieves —20J - K~! . Kg~! [32]. How-
ever, ternary alloys with hexagonal structures are ductile,
making them advantageous for specific applications. Before
concluding, it is important to highlight the behavior of the
Ce-doped Ho-rich alloy group. In this group, the valley depth
on the paramagnetic side increases with higher Ce concentra-
tions, despite a reduction in m.g. The decrease in T, with Ce
doping is more pronounced than the reductions in G and ms,
as illustrated in Fig. 7. Assuming the magnetic couplings Jar
that form the antiferromagnetic structure are proportional to
T.1, and that AS(H) scales with meH /Jap as predicted by a
simple model [4], a larger AS(H) should occur at the same
H for a system with smaller Jag. This provides a plausible
explanation for why AS (5 T) increases with Ce concentration
in the Ce-doped Ho-rich alloy group.

Shifting focus to the variation rate AS/A(uoH) at
nonzero-bias magnetic field, the contour map in Fig. 12(b) il-
lustrates the compositional dependence of (AS/A(toH ))maxs
the maximum magnitude of AS/A(uoH). Data for the
Ce-doped Er-rich alloy group are absent, as in simple fer-
romagnets the maximum variation typically occurs at zero
magnetic field. Notably, [(AS/A)(uoH )], for all the ternary
alloys is smaller than that for pure Ho metal. According
to the Clausius-Clapeyron equation, the entropy change as-
sociated with a first-order phase transition is expressed as
wodM - (0H,,/0T), where SM is the change in magnetiza-
tion caused by the transition at H,,. For Er-rich alloys, such
as those in the HosoErsy and HopsEr;s base alloy groups,
the magnetization curves exhibit multistep structures. Conse-
quently, the §M of each step is smaller than the single-step
dM observed in pure Ho metal. This reduction in §M is
a significant factor contributing to the decreased efficiency
performance of [(AS/A)(uoH)] associated with erbium
substitution.

On the other hand, as Ce concentration increases, Mg
decreases, as observed in Fig. 6(a). This study demonstrated
that the magnetically ordered states at low temperatures re-
main largely consistent within the Ce-doped Ho-rich alloy
group. Therefore, 5M decreases alongside the reduction in
total magnetization, as indicated by meg or M;/nuy as shown
in Fig. 6. For example, the magnitude of §M for Ho79Ce,; is
smaller than that for pure Ho metal, as illustrated in Fig. 11(a).
Furthermore, it is important to recall that magnetic clusters
and inhomogeneities likely exist in this group of alloys, as dis-
cussed earlier. Figure 4(a) illustrates the field dependence of
AS around the locations where the efficiency [(AS/A)(uoH )]
is maximized, with AS normalized by AS (uoH = 5 T). The
data reveal that variations in AS/AS (uoH =5 T) with uoH
become more gradual around H,, as Ce concentration in-
creases. In other words, the magnetic transition broadens with
Ho substitution by Ce. This observation is consistent with
the well-documented phenomenon where prior short-range
orderings or inhomogeneities led to diffuse phase transitions
in dilute systems [33]. As discussed, the broadening of the
transition, along with the decrease in mig, contributes to
the performance degradation of the single-step magnetization
process in the Ce-doped Ho-rich alloy group.

max
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V. SUMMARY AND PROSPECTIVE

Er- and Ce-substituted ternary alloys Hojgo.,.,Er,Ce, (x <
100, y < 21) were examined to further optimize magnetic
refrigerants for the next generation of magnetic refrigera-
tion technologies. The observed magnetic entropy changes
in these alloys were complex, featuring twin valleys, various
types of ridges, and the presence or absence of scarps in
the AS landscapes across different concentration ranges. The
origins of these features could not be conclusively determined
through macroscopic measurements alone. To address this
challenge, we developed a multisample neutron transmission
spectroscopy technique and applied it to 25 different compo-
sitions of ternary alloys. The results allowed us to determine
the overall change in spin structure correlated with the sig-
nificant entropy changes. Specifically, the spectra revealed
the presence of ferromagnetic components in all samples at
lower temperatures, while the helical antiferromagnetic struc-
tures typical of pure heavy rare-earth metals were absent in
the Ce-doped Er-rich alloy group. For the group exhibiting
simple ferromagnetism, the magnetocaloric effect was notably
enhanced at higher magnetic fields. Alloys with a simple
hexagonal close-packed (hcp) structure, due to their enhanced
ductility, proved more advantageous than intermetallic com-
pounds, particularly when used as foil-shaped refrigerants
in traditional magnetic refrigeration systems operating under
high magnetic fields. Furthermore, heavy rare-earth alloys
have been tested for their workability and durability in room-
temperature magnetic refrigeration from Brown’s seminal
work [34] to recent prototypes [35], consistently meeting
these stringent requirements. In this context, the discovery
of a substantial magnetocaloric effect in ferromagnetic heavy
rare-earth alloys is significant.

On the other hand, substituting Er with an uniaxial
magnetic easy axis altered the metamagnetic transitions.
Additionally, substituting with Ce, which strengthens the fer-
romagnetic interaction, rendered the ordered phase glassy and
broadened the metamagnetic transition. Consequently, the rate
of magnetic entropy change at these transitions decreased.
This alloying approach did not directly improve the efficiency
of the magnetic refrigeration protocol, which uses a small
oscillating magnetic field superimposed on a static magnetic
field. However, we can now select substitution elements that
do not produce these effects from numerous candidates for
future developments. In this context, the knowledge we have
gained will be invaluable in guiding the design of future re-
frigerants for this refrigeration protocol.

The multisample neutron transmission spectroscopy
method developed in this study proved particularly useful
for roughly evaluating a large number of ternary alloy sam-
ples simultaneously. However, this method requires that all
samples be measured at the same temperature and for the
same duration, which limits the detailed analysis of individ-
ual samples. To address the remaining fundamental scientific
issues, such as the origin of the inverse magnetic calori-
metric effect observed in the HosgErsy base alloy group at
extremely low magnetic fields and the relationship between
the spin reorientation transition at low temperatures and the
inverse magnetocaloric effects in the Ho,sEr;s base alloy
group, further research using neutron diffractometry is nec-
essary. Neutron diffractometry can achieve higher precision
and more easily optimize experimental conditions. In this
context, the spectroscopy developed here serves as a broad,
high-throughput complement to neutron-diffraction methods,
which are precise but not well suited for screening large
sample volumes. This method, along with scanning neutron
diffractometry [36], facilitates the application of neutron anal-
ysis in industrial settings, including the discovery of materials
and the screening of material compositions. The develop-
ment of large data-driven materials research is emerging as a
trend in the field of magnetic materials. Although advances in
magnetic structure evaluation have not kept pace with other
innovations, such as combinatorial synthesis and machine-
learning based material design, this method holds promise as
a significant advancement in bridging this gap.
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