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Aluminum (Al) and titanium (Ti) are superconducting materials but their superconducting
transition temperatures (7;) are quite low as 1.20 and 0.39 K, respectively, while magnesium
(Mg) never exhibits superconductivity. In this study, we explored new superconductors with
higher T, in the Al-Mg-Ti ternary system, along with the prediction using machine learning.
High-pressure torsion (HPT) is utilized to produce the superconducting states. While performing
AC magnetization measurements, we found, for the first time, superconducting states with T, =
4.0 and 7.3 K for a composition of AL:Ti = 1:2. The magnetic anomalies appeared more sharply
when the sample was processed by HPT at 573 K than at room temperature, and the anomalies
exhibited DC magnetic field dependence characteristic of superconductivity. Magnetic anomalies
also appeared at ~55 K and ~93 K, being supported by the prediction using the machine learning
for the Al-Ti-O system, and this suggests that Al-Ti oxides play an important role in the advent of

such anomalies but that the addition of Mg could be less effective.

I. INTRODUCTION

Among the elements in the periodic table, 29 elements
act as superconductors at ambient pressure. In addi-
tion, 24 elements become superconductors at high pres-
sures [1, 2]. If a superconductor with a high supercon-
ducting (SC) transition temperature (7,) could be ob-
tained using only light metals such as Al, Ti, Mg and
their alloys, the industrial impact would be significan-
t because they are ubiquitous, eco-friendly and rather
cheap metals and can be easily drawn into wires.

Al and Ti become superconductors at ambient pressure
with T, of 1.20 K and 0.39 K, respectively [3]. Howev-
er, Mg does not become a superconductor even at high
pressure. Any of the Al-Ti alloys does not have a T
exceeding 1.20 K [3, 4], as seen in Table I. Most of Tt
for the Al-Mg alloys are also lower than 1.20 K [3, 5—
7] except for the two alloys of which T, are 1.5 and 1.7
K [6, 8]. The Ti-oxides have T of less than 2.3 K [9], and
most of them have T; of less than 1.0 K [9-11]. Howev-
er, in thin films on substrates, some of 7. exceed the
liquid helium temperature (4.2 K) [12, 13]. This sug-
gests that there should be a positive effect of structural
strain on increasing 7.. The oxide compositions are dif-
ferent from 1:2 of familiar TiO» [12-14]. For reference,
the superconductivity with 7, = 4.5 K was also observed
in the Mg spinel compounds including Ti,O,, MgTisO4
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on substrate SrTi;Oz [15], and it can be considered as
strain-induced superconductivity.

Machine learning based on the relating database may
be useful to confirm T, for actual superconductors [16]
and should be helpful in exploring new superconduc-
tors [17, 18]. In this study, we explore potential super-
conductors using Al, Ti, and Mg with the help of the
prediction by machine learning.

Let us state the first law of thermodynamics as a prin-
ciple law:

AU = AQ + AW, (1)

where AU, AQ, and AW are the deviations in the inter-
nal energy, heat, and work, respectively. The microstruc-
ture of a material in stable and quasi-stable states is gen-
erally controlled by heat treatment through AQ and by
plastic deformation through AW. In this study, we used
the process of high-pressure torsion (HPT) [19, 20], which
inputs significant AW to the materials. The operation
of HPT was carried out at an elevated temperature to
provide additional energy AQ.

It should be noted that this HPT process is applicable
to high-strength and less ductile materials [21], includ-
ing ceramics [22] and semiconductors to improve their
prpoperties [23]. The HPT process was also employed to
enhance T, in several metallic materials, as document-
ed in recent review papers [24, 25]. Moreover, the HPT
process can consolidate powders [26, 27] and can be s-
caled up for the production of wires [28], large sheets,
and rods [29].



TABLE I: T, of Ti, Ti oxides, Al, Al-Ti alloys, Al-Mg al-
loys, Mg-Ti oxides, and Al-Ti oxide including sample states,
references and years in publication.

chemical film Te Ref. year
formula or not K]
T 0.39 B 1963
TiO 2.3 [9] 1968
TiO1.07 1.0 [10] 1972
TiO1.06 0.54 [10] 1972
TiOo.95 0.80 [10] 1972
TiO 0.64 [10] 1972
TiO 1.06 [11] 1972
TiOo.02 0.72 [11] 1972
TiOo.s6 0.47 [11] 1972
TiOo.01 0.70 [11] 1972
TiO film 7.4 [12] 2017
4-Tis0s film 7.1 [13] 2017
TisO- film 3.0 [13] 2017
TisO- film 2.32 [14] 2019
Al 1.20 B 1963
Alig.029Ti0.971 0.65 [4] 2000
Alio.053Tio.947 0.70 [4] 2000
Alig.102Tio.s9s 0.73 [4] 2000
Alo.2sMgo.18 0.84 [6] 1974
Alo.30Mgo.61 1.5 [6] 1974
Alo.6Mgo.4 1.7 [8] 1973
Alo.61Mgo.39 0.84 [6] 1974
AlisTi 1.02 3] 1963
Al Mg» 0.84 [5] 1973
Al;Mg> 0.84 3] 1963
Al; Mg, 0.87 7] 2007
MgTi>04 film 15 [15] 2020

II. MACHINE LEARNING CALCULATION

First, based on the educational materials in the
database on metallic superconductors confirmed exper-
imentally [30], ten runs of machine learning were con-
ducted. The same dataset has already been used in an-
other study [16]. It should be noted that the dataset on
Ti includes NbTi with T, = 9.5 K [31] and the one on
Mg includes MgB, with T. = 39 K [32]. Figure 1 shows
the T, mapping for the ternary Al-Ti-Mg system predict-
ed by 10-fold cross-validation, based on the metallic su-
perconductor dataset. The orange-red colors, represent-
ing T. > 7.5 K, can be seen in the region surrounding
AlTi3, which is a stable intermetallic compound. Fur-
thermore, the area inside the three-element triangle po-
tentially represents 7. > 6.0 K. Here, the present 13 tar-
geted compositions, except pure Al, Ti, and Mg, are cir-
cled in red in Fig. 1. Second, preliminary machine learn-
ing was also conducted for the Al-Ti-O system based on
about 14,000 superconductor dataset of experimentally
confirmed superconductors including cuprate and iron-
based superconductors [30]. There, in order to avoid
overfitting by machine learning, the dataset was supple-
mented with about 500 non-superconductors reported by
Hosono et al. [33].
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FIG. 1: (Color online) Mapping of T in an Al-Ti-Mg triangle,
predicted by machine learning based on the metallic super-
conductor dataset [30]. The arrows indicate the compositions
corresponding to the stable compounds (phases). The red cir-
cles represent samples prepared via the HPT processing. The
observed T is displayed with the corresponding colors, and
the magnitude of the SC shielding effects is represented by
the size of the circle.

III. MATERIALS AND METHODS

Mixtures of Al, Ti and Mg powders with the purities of
99.99, 99.9, and 99.5%, respectively, were hand-pressed
to disks with 10mm diameters. HPT was then conduct-
ed for the disks at room temperature under a pressure
of P = 2 or 6 GPa for revolutions in the range of N
= 10-1000 with a rotation speed of w = 1 rpm. HPT
was also performed at 573 K under P = 6 GPa for N =
10 with w = 0.2 rpm (hereafter called “hot-slow HPT”).
After the HPT processing, disk specimens with 4mm di-
ameters and 0.7mm thicknesses were prepared for mag-
netic measurements. To examine the superconducting
properties of a specimen consisting of small grains, this
study used contactless magnetic measurements because
they are more convenient and reliable than contact-type
electrical resistance measurements especially when the
specimen is superconducting. The in-phase of AC mag-
netization (Mac') was observed as a function of temper-
ature (T') and DC magnetic field (Hpc) using a commer-
cial superconducting quantum interference device mag-
netometer under an AC magnetic field Hac of 0.4 mT
and 10 Hz (or 100 Hz). To find a diamagnetic signal a-
long with a magnetization due to a magnetic impurity,
observing Mag' induced by Hac at zero Hpg is better
than observing the DC magnetization at large Hpc. The
SC nature of the diamagnetic signal was verified via the
Hpo dependence of Mac'.

The HPT-processed samples were characterized by X-
ray diffraction (XRD) analysis using monochromatic X-
rays at the BLO4B1 beamline of SPring-8 in JASRI. The
area of the X-ray illumination was selected at 4.0 mm



away from the center of the HPT- processed disks with
a size of 0.2 x 0.2 mm?. X-ray diffraction images were
recorded for a duration of 1 min with a CCD (Charge-
Coupled Device) detector and were integrated and cor-
rected for distortions using the IPAnalyzer and PDIn-
dexer software. Details of the XRD analyses in SPring-8
were described in Ref. [34].

High resolution transmission electron microscopy
(HRTEM) observations were carried out using a JEOL
JEM-2100 operated at 200 kV. The microscope for this
HRTEM is equipped with a JEOL 60 mm? silicon drift
type energy dispersive X- ray detector (EDS) for chemi-
cal analysis. Thin samples for the HRTEM were prepared
by mechanical thinning followed by Ar ion milling (Gatan
PIPS-II) with liquid nitrogen cooling.

IV. EXPERIMENTAL RESULTS
A. XRD

Figure 2 shows the XRD pattern for the sample with
the composition of Al:Ti:Mg = 1:2:0 after processing by
HPT for N = 100 and 500 revolutions. All of identifiable
peaks are due to the original ingredients, Al and a-Ti.
No peaks are visible from intermetallics and other com-
pounds within the resolution attained in this study. It
should be noted that the Al peak is fairly low in com-
parison with the peaks of a-Ti. This indicates that the
dissolution of Al in Ti proceeded due to high energy in-
troduced by the HPT process. It is suggested that the
energy state is higher than the equilibrium in consistent
with earlier reports [35, 36].
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FIG. 2: (Color online) XRD pattern for Al:Ti:Mg = 1:2:0
subjected to room-temperature HPT for N = 100 and 500
under P = 6 GPa with w = 1.0 rpm. The peak positions for
Al and a-Ti are marked with symbols of diamond and inverse
triangle, respectively.

B. HRTEM

HRTEM images are shown in Fig. 3 from two separate
regions in the HPT processed Al:Ti:Mg = 1:2:0 sample
(N = 500). Although the dominant phase of the sam-
ple was a-Ti with dissolved Al according to the XRD
analysis in Fig. 2, Fast Fourier Transform (FFT) analy-
sis revealed that the diffractgrams from the square areas
in Fig. 3(a) and (b) were identified to be AlTiz and AlTi
intermetallics phases, respectively. This observation is
consistent with the Al-Ti binary phase diagram that the
composition of Al:Ti:Mg = 1:2:0 lies in the AlTi; and
AlTi two-phase region. It is considered that a solid-state
reaction occurred due to a high energy state produced by
the HPT process as reported earlier [26, 27]. It should
be noted that such intermetallics are not superconduct-
ing (SC) according to the literatures in Table I. Thus, as
discussed later, the SC state found in this alloy should
be attributed to some other phases that were are not
detected in the present XRD and HRTEM analyses.

FIG. 3: (Color online) HRTEM images and diffractgrams for
Al:Ti:Mg = 1:2:0 subjected to room-temperature HPT for N
= 500 under P = 6 GPa with w = 1.0 rpm. The intermetallics
phases of AlTi; and AlTi are identified in the square areas in
(a) and (b), respectively.



C. Magnetic Measurements

Figure 4 shows the T dependence of M’ for the sam-
ple of ALTi:Mg = 1:2:0 subjected to HPT processing
through N = 500 at room temperature. The result of
N = 100 is included in the inset for comparison. For N
= 500, two diamagnetic signals appear at ~10 K and at
~55 K and this is reproducible using two AC measure-
ments with 10 and 100 Hz. These diamagnetic signals
disappears by applying Hpc as shown in Fig. 5, and the
onset temperature in the higher temperature side shows
the Hpc dependence as seen in the inset of Fig. 5. The
results suggest the possibility of superconductivity. In
the sample after N = 100, the diamagnetic signal below
~10 K exhibits a double-step anomaly at 3-4 K and ~8
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FIG. 4: (Color online) T' dependence of Mac' for Al:Ti:Mg =
1:2:0 subjected to room-temperature HPT for N = 500 under
P = 6 GPa with w = 1.0 rpm. The inset shows the results
for N = 100.
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FIG. 5: (Color online) T dependence of Mac' for Al:Ti:Mg
= 1:2:0 subjected to room-temperature HPT for N = 500
under P = 6 GPa with w = 1.0 rpm. Arrows indicate onset
temperatures T;. The inset shows the Hpc dependence of
T., where the best fit line is drawn by Hpc = Hc(0){1 —
[T/T.(0)]*} with H.(0) = 160 mT and T.(0) = 60 K.

Figure 6(a) shows the T' dependence of Mac’ for the

composition of Al:Ti:Mg = 1:2:0 after processing by “hot-
slow HPT” under P = 6 GPa through N = 10, where
the processing temperature was elevated to 573 K and
the processing speed was lowered to 0.2 rpm. The T' de-
pendence of M¢’ includes a background with linear T
gradient delineated in red. Thus, the background is sub-
tracted from Mac' and the resultant quantity, AMac' is
also presented as a function of T in blue in Fig. 6(a). The
inset in Fig. 6(a) shows enlargement of AMa¢' for the T
range from 10 to 200 K. The AMuc' below 10 K under
several selected values of Hpc are presented in Fig. 6(b).
Now, the triple-step diamagnetic signal of AMua¢' below
10 K, seen at NV = 100 in the inset of Fig. 4, becomes
much clearer with this hot-slow HPT processing. The
anomalies sharply appear at 3, 4, and 7 K and all exhibit
the Hpc dependence of the onset temperature, which is
characteristic of the SC state. Here, we define the onset
temperature in AMac' as the SC transition tempera-
ture (T.). Moreover, as seen in the inset of Fig. 6(a),
the anomaly observed at ~55 K after N = 500 in Fig. 4
shifted to a higher T side as at ~93 K in the hot-slow H-
PT. Figure 7 shows the Hpc dependence of T,.'s, and the
three curves are drawn for Hpe = H.(0){1—[T/T.(0)]*}
with T.(0) and H.(0) values as (a) (7.3 K, 81 mT), (b)
(4.0 K, 24 mT), and (c) (2.8 K, 10 mT). Their analyses
thus demonstrate that at least two individual SC states
with T, = 4.0 and 7.3 K are newly stabilized in the disk
processed by the hot-slow HPT.
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FIG. 6: (Color online) (a) T dependence of Ma¢' for AL:Ti:Mg
= 1:2:0 after processing by HPT at 573 K for NV = 10 under
P = 6 GPa with w = 0.2 rpm. AMac’ is the difference after
subtracting a linear slope from th total. (b) T' dependence of
AMac' at several Hpc up to 80 mT.
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FIG. 7: (Color ounline) Hpc dependence of Tt for Al:Ti:Mg =
1:2:0 subjected to hot-slow HPT. The three curves represent
Hpc = H.(0){1 — [T/Te(0)]*}. From the high T side, the
T.(0) and H.(0) values are (a) (7.3 K, 81 mT), (b) (4.0 K, 24
mT), and (c) (2.8 K, 10 mT).

V. DISCUSSION

We observed that the pure Ti powder (99.9%) exhibits
a weak diamagnetic signal at 3 K as shown in Fig. 8(a).
This suggests that the Ti powder originally includes a
small amount of an SC domain. As shown in the inset
of Fig. 8(b), the magnitude of the SC signal is reduced
after annealing. The Hpc dependence is described by
Hpo = He(0){1 — [T/T.(0)]*} with T,(0) = 3.05 K and
H.(0) = 100 mT as seen in Fig. 8(b). We confirmed the
absence of this SC signal when a pure Ti ingot in a bulk
form was examined at the same condition. It is generally
known that the efficiency of physisorption of oxygen in-
creases with the surface area. It is probable that the SC
signal originates from any Ti-oxides except TiOy on Ti
powders. Based on a quantitative analysis considering a
Ti density of 4.506 g/cm? as a standard reference data,
the volume fraction of the Ti oxide is estimated to be
0.014 %. Indeed, the fraction is so small that it is quite
difficult to determine the SC composition through the X-
ray structural analysis. According to Ref. [13], it is most
plausible that the Ti-oxide present in the pure Ti pow-
der and the SC signal would be a Magnéli phase with a
composition of TiyO7. The H.(0) value for the anomaly
with T¢(0) = 2.8 K in Fig. 7 is much smaller than that
for the 3 K anomaly in Fig. 8. However, we consider that
the anomaly with T.(0) = 2.8 K in Fig. 7 is intrinsically
the same as the 3 K anomaly in Fig. 8, and the difference
of the H.(0) value would originate from the difference in
the grain size.

In this study, the inclusion of an SC Ti-oxide could
not be avoided. Nevertheless, this provides an importan-
t indication for the formation of a new compound with
an SC state if a magnetic anomaly would be observed
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FIG. 8: (Color online) (a) T dependence of Mac¢' for pure
Ti powder (99.9%) and the ones annealed at 373 K and
573 K. (b) Hq. dependence of T.. Solid curve represents
Hpc = He(0){1—[T/T.(0)]*} with T.(0) = 3.05 K and H(0)
= 100 mT. Inset indicates difference between Mac'(T.) and
Mac'(1.8 K) with respect to annealing temperature (Tonn)-

above 3 K. Specifically, it is suggested that we should in-
clude the effect of oxygen on the superconductivity other
than the elements of Al, Ti and Mg. Our recent study
showed that the composition of AL:Ti:Mg = 1:1:1 led to
the formation of several intermetallic phases after HPT
processing [27] but the diamagnetic measurement showed
the 3 K anomaly. However, the composition of Al:Ti:Mg
= 1:2:0 investigated in this study clearly exhibited new
diamagnetic signals at 4.0 and 7.3 K which are different
from the aforementioned 3 K anomaly. The total mag-
nitude of diamagnetic signals per unit mass is almost
consistent with that of the 3 K anomaly.

In Fig. 1, the values of T, determined experimentally
are marked at the compositions with colors correspond-
ing to the color code for the prediction mapping by the
machine learning. Although the experimental values of
T, are slightly lower than the predicted using the ma-
chine learning, the overall trend is well consistent. The
diamagnetic signal at 3 K was already observed in the
original Ti powders. The results for the HPT processed
Al-Ti-Mg suggest that new SC states exist in the region
around AL:Ti = 1:2. Regarding the temperatures above
20 K, a weak diamagnetic signal at 40-50 K was also ob-
served in the compositions of Al:Ti:Mg = 1:2:0 and 1:1:1.



Although all of the AlTi-oxides such as AlTi,O5 [37] have
been reported to be semiconductors, preliminary machine
learning for Al-Ti-O based on about 14,000 superconduc-
tor dataset [30], including cuprate and iron-based super-
conductors, predicted high-T. superconductors with high
O concentrations as shown in Fig. 9. In order to avoid
overfitting, the data of about 500 non-superconductors
reported by Hosono et al. [33] have been added to this
T. prediction. In the region with T, = 20-30 K, there
are quasi stable phases with the Al:Ti ratio of 1:1 such
as AlTiO3 and Al TisO7 [38]. Indeed, in the present ex-
periment, the high T, was observed in the Al:Ti ratio of

1:2.
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FIG. 9: (Color online) Mapping of T in Al-Ti-O ternary sys-
tem, predicted by machine learning based on about 14,000
superconductor dataset, including cuprate and iron-based su-
perconductors. In order to avoid overfitting by machine

learning, the dataset was supplemented with about 500 non-
superconductors reported by Hosono et al. [33].

It is reasonable to consider that the most promising
candidates for the SC states should be the Al-Ti-oxides
but their volume fractions must be small in the present
HPT-processed samples. The oxides may be in the for-
m of small grains with the sizes of 100 nm or less as
the HRTEM analysis in Fig. 3 and as in our earlier re-
port [27]. Alternatively, the oxides may be in a form
of thin layers which would be preferentially formed dur-
ing mechanical contact between Al- and Ti-rich regions.
In any forms, the SC regions would be buried in aggre-
gates composed with the non-SC grains. Indeed, their
verification by XRD and TEM has not been successful-
ly conducted. Furthermore, it should be noted that the
measurements by electrical resistance and/or heat capac-
ity are not applicable to the present samples because the
SC magnetic signal is so small that the overlap by param-
agnetic signals at the DC magnetic field makes it difficult
to detect the the SC signal. Thus, the standard physi-
cal approaches are not useful for the verification of the
SC states, and this is why the present study employed
the AC magnetization measurement under small AC field
which is more suitable than the DC measurement. For

reference, it should be also noted that an SC signal was
not detected when a mixture of TiO, and Al,O3 was di-
rectly processed by HPT. This suggests that the Al-Ti
oxides for the SC states should not be synthesized by
a dynamical reaction between TiO, and AlyO3 but re-
quires a condition where Al and Ti are highly strained
in mutual contact by HPT processing under an oxygen
atmosphere.

Herein, we deduce that the superconductor in the
present HPT-processed material would be a non-
stoichiometric phase like a Magnéli phase characterized
as TinOsn—1 (n = 3-10). The Magnéli phase is a non-
stoichiometric phase with the O/Ti ratio of more than
1.6 [39], and it is constructed by inserting Tio O3 to TiO,.
Recently in the sulfur hydride with T, of above 200 K,
the importance of Magnéli phase has theoretically been
suggested [40]. Indeed, TisO; discussed in association
with Fig. 8 also belongs to the Magnéli phase [41]. In
the present Al-Ti-O superconductor, the valence of Ti
would deviate from +4. For instance, Ti of AlTi,Os5
has the non-formal valence of +3.5 that is the same as
the situation in the Magnéli compound TigsO7. Gener-
ally, the stabilization of the Magnéli phase requires the
delicate condition of temperature and oxide pressure [42—
45]. Thus, it is difficult to produce the non-stoichiometric
SC oxides in the Al-Ti-O system by thermal energy AQ
alone. Therefore, the input of mechanical energy AW
by HPT process becomes important. We emphasize that
the HPT processing could be effective to produce a non-
stoichiometric charge state. The key approach to increase
the volume fraction of the SC oxides is to optimize the
conditions of the HPT processing such as temperature,
pressure, and imposed strain as well as the conditions of
starting materials as powder sizes and total composition-
S.

The stabilization of the Magnéli-like compound is e-
quivalent to the condition that the electrons are doped
into the Ti-oxide. If the antiferromagnetic correlation
would develop in the AlTi oxide like cuprate supercon-
ductors, the phenomenological situation became similar
to the electron-doped cuprate superconductors.

Finally, we should comment another scenario for
the origin of the diamagnetic signal at around 50-60
and 90 K. If the Al-Ti-O material would be a low-
dimensional magnetic oxide, there could occur the spin-
dimerization accompanying the structural change as re-
ported in CuGeOj3 [46, 47] and NaV,Oj [48], for example.
However, the present Al:'Ti = 1:2 specimen exhibits no
broad hump characteristic of the antiferromagnetic short-
range order. It is not reasonable to consider the present
Al:Ti = 1:2 specimen as any magnetic system. Conse-
quently, as only a possible scenario, there remains only
the possibility of magnetic shielding effect characteristic
of superconductivity.



VI. CONCLUSIONS

In this study, we successfully synthesized new super-
conductors based on the prediction by machine learning
for three lightweight metallic elements—Al, Ti and Mg—
and by consolidating powder mixtures using the HPT
process. AC magnetic anomalies clearly appeared at 4.0
and 7.3 K with magnetic shielding effects when the HPT
processing was performed at 573 K on a powder mixture
of Al:'Ti = 1:2. The magnetic anomalies also appeared
at ~55 K and ~93 K, and this is consistent with the
machine learning-based predictions, which included the
effect of oxygen. This suggests that Al-Ti oxides play
an important role in the advent of such anomalies. The
addition of Mg could be less effective to stabilize a su-
perconducting state.
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