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Magnetic ordering, thermodynamics, and anisotropic transport
of the van-der-Waals helimagnet DyTe;

IFRMER MEBEIFER ELDaANILT—HREE
K& bl arN)LA— IvIR, ITH— wNARXRF72, ILH &N

In van-der-Waals materials, monolayer or few-layer sheets and novel interfaces can be realized

to enable the development and design of next-generation optical and spintronics responses. Many

such layered materials are collinear ferromagnets or antiferromagnets, and there are rather few

materials with incommensurate helimagnetic orders. This is unfortunate, because helimagnets are

heavily sought after for the design of multiferroics platforms: they naturally couple charge polarization

and the magnetic texture. We use helium-temperature cryostats to reveal the phase diagram,

transport anisotropy, and magnetic structure of DyTes, whose layered crystal lattice has highly

metallic tellurium layers separated by dysprosium square net sheets. The characteristic behavior of

this helimagnet includes the opening of a charge gap at the Fermi energy when entering the ordered

magnetic phase.

1. Introduction

The discovery of magnetic ordering in
monolayer devices of Crls has led to a rapid
expansion of research into ferro- and
antiferromagnetism of layered materials, held
together by weak van-der-Waals interactions [1].
Helimagnetic layered systems have been rather
less explored. These helimagnetic structures
have a fixed, left- or right-handed rotation sense,
and when they are stacked in sheets, they may
host complex spin textures [2] and realize
controllable multiferroics platforms, with
tunability of magnetism by applied external
electric fields or charge currents [3]. It is thus a
problem that most van-der-Waals magnets are
commensurate ferro-, antiferro-, or ferrimagnets
[1,4]. As for the helimagnets that are available
in nature, almost always the magnetic
modulation runs perpendicular to the layers,
with a relatively simple spin arrangement in
individual layers (Table 1).

With the aim of realizing helimagnetism in a

(insulating)

M ] Dy/Te bilayer

@%@

Te square net
(metallic)

1. a, Crystal structure of DyTes with alternating Te
and DyTe layers. The magnetic Dy ion forms two types
of bonds: covalent bonding to Te-B and weak van-der-
Waals bonding to Te-A. b, the Dy ions form staggered
square net patterns, which ¢, appear like a zigzag chain
when seen along the a -axis. d, The helimagnetic texture

in DyTes determined from neutron scattering.



layered material, where sheets are weakly
connected by van-der-Waals bonds, we target

rare earth tritellurides KTes (& rare earth

element).

DyTes Gese ~ (0, 1, 0.207) M NCP
garm ~ (0, 1, 0.5)

FesxGeTes  +1/3:(1, 1, 3) M NCP
+3/10-(0, 0, 3)

AgCrSe; (0.037, 0.037, 3/2) I CP

Nilz (0.138, 0, 1.457) MIT CP

NiBre (0.027, 0.027, 3/2) I CP

Colz (1112, 1/12, 1/2) - CcP
(1/8, 0, 1/2)

MnlI; (0.181, 0, 0.439) I CP

CowsNbSz (0.5, 0, 0) M NCP

Co13TaSs 0.5, 0, 0) M NCP

CrusNbSz (0, 0, 0.025) M NCP

CrusTaS» (0,0, 0.081) M NCP

3% 1. Magnetic properties of van-der Waals systems with
complex magnetic order. Electrical transport properties
(Trans.) are categorized into metals (M), insulators (I),
and materials with metal-to-insulator transition (MIT),
and spin textures (Mag.) are classified into coplanar (CP)

and noncoplanar (NCP).

The interplay of correlations and topological
electronic states is being actively studied in
these compounds [5] and their structure can be
exfoliated down to the thickness of a few
RTes
bilayers and covalently bonded ATe slabs; both

monolayers. consist of tellurium Te2
these blocks have characteristic square net
motifs (Fig. 1a). Note that the tellurium 5p
electrons are localized in Tez bilayer sheets
(within the ac plane), forming dispersive bands
of high Fermi velocity wr [6]. Correlation
such two-

phenomena are enhanced by

dimensional electronic structures: for example,
(CDW)
superconductivity have both been observed in
RTes.

phenomena have been realized in KTes, their

charge density wave order and

Although many such correlation
magnetic properties are largely unknown; it has
proved challenging to develop a detailed spin-
structure model, due to the complex interplay of
layers structure, coupling of magnetism and a
Also,

experimental challenges like the rapid oxidation

charge-density  wave. there are
of KTes surfaces in air.

In this project [7], we investigate helimagnetic,
cone-type orders of DyTes using polarized elastic
neutron scattering, thermodynamic, and
transport experiments. We reveal the magnetic
texture in real space, probe its evolution with
temperature and magnetic field, and discuss its
relationship to CDW formation. In DyTes,
dysprosium moments are arranged in square net
bilayers, where each ion has neighbors within its
own layer, and within the respective other layer
(Fig. 1b). As all magnetic orders of DyTes
observed here are uniform along the
crystallographic a-axis, it is reasonable to
understand each square net bilayer as an
effective zigzag chain of magnetic rare earth ions
and to define magnetic interactions 1 and <& in
terms of nearest- and next-nearest neighbors on
the zigzag chain, respectively. On such chains,
our experiment shows that pairs of ions have
cones pointing along the same direction,
followed by a flip of the cone axis (Fig. 1d, which
illustrates half a magnetic unit cell). The
coupling between two DyTe bilayers, i.e.,
between two zigzag chains, is antiferromagnetic.

Despite this complex cone arrangement, the

magnetic structure defines a fixed sense of



rotation, or helicity. It is also notable that
helimagnetism of Dy rare earth moments with
419 magnetic shell emerges despite the naive
expectation of easy-axis or easy-plane
anisotropy for 25+17,; = 6 His2, with large orbital

angular momentum Z=5.

2. High quality single crystals

High quality single crystals were grown with
a tellurium self-flux method in an alumina
crucible enclosed in a quartz tube. The growth
takes about two weeks and, after centrifuging,
centimeter-sized plates with residual resistivity
ratio (RRR) as large as 100-300 were obtained.
Pristine crystals have a reddish orange sheen,
but oxidize in air within a few hours and turn
silvery or black. The red hue can be recovered by
peeling off a few layers from the surface of the
crystal with a razor blade (self-passivation). In
our department, we characterized these crystals
using energy-dispersive x-ray spectroscopy,
single crystal x-ray scattering, and powder x-ray
diffraction of crushed single crystals. Besides
small remnants of tellurium flux on the surface,
which can be removed by scratching, the crystals
were found to be single-phase with sharp x-ray
reflections of instrumental width. The high
temperature space group is orthorhombic Cmem,
up to a weak symmetry breaking due to charge
order, but the a and c-axes (Fig. 1) have nearly
the same length, and so, are difficult to
distinguish by Laue x-ray. To unambiguously
align the crystal axes, we had to use a single
crystal diffractometer and confirm the extinction
rule In momentum space, corresponding to
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2. Magnetic susceptibility of DyTes for two directions
of the magnetic field, as measured by a MPMS cryostat
at U Tokyo. The data indicate weak anisotropy. Inset:
anisotropy of the Curie-Weiss temperature and the
temperature of maximum susceptibility for three
directions of the field. b, Specific heat of DyTes across the

phase transition in zero field. A double-peak transition

occurs around 3.8 K.

3. Susceptibility and specific heat

We used a Quantum Design MPMS cryostat in
Building 6 of the School of Engineering to
measure the magnetic susceptibility for
different directions of the magnetic field (Fig. 2a).
At higher temperature, the slope of y "1 versus
temperature is isotropic, but there is a slight
offset between curves of various field directions
due to magnetic anisotropy of Dy3* with L =5
orbital angular momentum. The inset of Fig. 2a
shows the Curie-Weiss temperatures for various
Bdirections, suggesting the acbasal plane is the
magnetic easy plane of this system.

At low

temperatures, the strongest

enhancement of y occurs when the magnetic



field H is along the c¢ -axis, i.e., parallel to the
zigzag direction defined in Fig. 1d. We deduce
that the magnetic moments are aligned,
predominantly, along the a and baxes. All
susceptibility curves show maxima around 7% =
4.5 K, quite far above the onset of three-
dimensional, long-range magnetic order, as
detected by the specific heat (Fig. 2b).

The specific heat C(7') was measured using a
modified AC technique with a semiconducting
heater and a semiconducting thermometer
attached to the sample placed on an insulating
platform, in a PPMS cryostat at building 6. We
applied an oscillating voltage U to the heater of
resistance R at frequency A = 0.5 Hz using lock-
in amplifier 1 (LI1), so that the deposited power,
Pa = U2%/Rua, decreases at low temperature.
Further, we applied an oscillating voltage to the
thermometer, at £ = 549 Hz wvia LI2, and
measured the resulting current across the
thermometer by a current amplifier connected to
LI2. Again, this helps to suppress heating on the
semiconducting thermometer when moving to
low temperatures, and it is possible to conduct
temperature scans between 2.3 K and 15 K
without changing the voltage amplitudes, using
these settings. The output of LI2 is fed into LI1,
where it 1s referenced to the heater excitation at
second-harmonic setting (27). The addenda of
the chosen thermometers (KOA RuOx) are so
small at low temperatures that we can neglect
them as compared to the giant magnetic signal
of Dy3*. This was confirmed by comparing the
measured AC specific heat signal to reference
measurements in zero field using the relaxation

technique, also measured in the PPMS cryostat.

4. Magnetic phase diagram for B // (101)

In zero magnetic field, C'(7") of DyTes shows a
two-peak anomaly, sharply defining the
transitions from the paramagnetic regime to
Phase IT at 7&2 = 3.85 K and to Phase I at 7ki1=
3.6K. As

analogue LaTes, C (7") is much enhanced due to

compared to the non-magnetic
the presence of magnetic degrees of freedom. We
also detect a shoulder in the data around 4.2 K,

suggestive of short-range correlations, within a

single layer of the structure, at high
temperatures.
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3. a, Magnetic phase diagram of DyTes with field
applied in the basal plane, B // [101]. The colormap
indicates the magnetic susceptibility dAM/dH, and the
taken from heat and

data points are specific

magnetization measurements. b, Raw data of

magnetization as used to generate panel (a).

Using the AC specific heat method, we can
obtain a detailed phase diagram rapidly by
temperature scans at various magnetic fields
(Fig. 3a, addition,

magnetization measurements in high magnetic

white symbols). In

field were carried out by a MPMS magnetometer



at cryogenic temperatures, to obtain this phase
diagram. Indeed, a metamagnetic double-step-
transition is evident in the data. Figure 3b
further assigns various magnetic phases to
features in the M-H curve.

5. Magnetic structure from neutron
diffraction

To ultimately confirm the magnetic order in
the zero-field ground state and in the field-
induced phases, we prepared a large single
crystal for neutron diffraction at beamline
PONTA-5G of JRR-3. The crystal was set on an
Al plate and aligned carefully using the
abovementioned Cmem extinction rule. The
sample set in a sealed can in a helium gas
environment, to prevent oxidation of the crystal
Fig. 4 shows the
of
outgoing neutron beam k& and A, the separation
of spin-flipped (SF) and non-spin-flipped (NSF)

scattering

before the experiment.

experimental geometry incoming and

intensity in polarized neutron

scattering, and exemplary data for two
characteristic reflections in momentum space.
The of these

momentum space are located nearly at a 90

@ positions reflections in

degree angle with respect to each other (insets).

Therefore, the SF intensity detects the

magnetic moment components mp and m. for Fig.

4c, d, respectively. In a more thorough analysis

of many magnetic reflections, these two
components are found to be of nearly equal
weight. Combined with a second type of
reflection, antiferromagnetic gar = (0, 1, 0.5), the
magnetic order in Fig. 1d is obtained by careful

refinement of a magnetic structure model.
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4. Polarized neutron scattering of DyTes at beamline
PONTA-5G of JRR-3. a, Beam geometry, where the blue
plane, ki / kt, @, SF, NSF denote the scattering plane, the
incoming / outgoing beam wavevector, the momentum
non-spin-flip

scattering, and

b,

transfer,  spin-flip

scattering, respectively. sample mounted for
experiments. ¢,d Representative diffraction data at two
in momentum that probe different

points space

components of the magnetic moment (see text).

6. Coupled magnetism and charge order

In well-known strongly correlated materials,
various ground state orders are in competition
with each other. Copper oxide superconductors
are one famous example, where
antiferromagnetism, incommensurate magnetic
order, charge order, and superconductivity all
appear in the phase diagram. By chemical
alloying, pressure, temperature, or magnetic
field, one such phase can be transformed into a
competing order. In contrast to cuprates, the
RTe3

interconnected magnetic

present family  realizes  closely

and charge order
instabilities. The energy scale of the charge
order is large: Angle-resolved photoemission has
shown a charge gap of up to 400 meV. In contrast,

the energy scale of magnetic ordering is around



10 meV.

Our experiment reveals that helimagnetic
order appears at the same period as the charge
order, albeit at a much lower temperature. A
spin model with nearest and next-nearest
neighbor exchange, as defined in Fig.1, and local
distortions of the crystal electric fields due to
charge order, well explains the coupling of the

order parameters [7].

6. Charge gap from magnetic order

Transport experiments are suitable to detect
the interplay of the conduction electron gas and
the magnetic texture. The helimagnetic spin
pattern as in Fig. 1d is expected to promote
unidirectional, or nematic, electronic properties.

We carried out careful electronic transport

experiments at cryogenic temperatures to
10 100
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5. Measurement of transport anisotropy by

Montgomery method for single crystals of DyTes. a,
Sample mounted for measurement, with four electrical
contacts. b, Planar anisotropy of resistance over a wide

temperature window, and ¢, planar anisotropy at low

temperature with magnetic transitions around 3.8 K

investigate the conductivity anisotropy in DyTes.
Figure 5 shows a sample prepared for

resistivity measurements in the Montgomery

11

technique. Four gold wires are attached to a

square-shaped crystal and currents are
alternatingly applied along two neighboring
pairs of contacts (and voltage is measured on the
respective other pair). Processing this data, the
resistivity anisotropy of a single crystal can be
determined with a high precision. Figure 5b
shows the large enhancement of anisotropy by
charge density wave (CDW) order (7t = 320 K)
and its suppression below 30 K due to a
CDW

restores isotropic transport. Then, at the lowest

secondary instability, which largely
temperature, the magnetic order enhances the
resistivity for // cover that for J// a a signature
of partial gap opening at the Fermi surface.
Clearly, the interplay of charge and magnetic
order, and the effect of magnetic order on the

motion of conduction electrons in this material,

warrant further scrutiny.

7. Phase diagram in tilted field

In a magnetic field, antiferromagnetic order is
destabilized and a complex phase diagram
emerges as a function of magnetic field angle
and amplitude. Fig. 6 shows this phase diagram
for rotation of the field in the basal plane, where
B =1 T corresponds to the strength of the
antiferromagnetic exchange interaction (or to a
Zeeman energy on the order of 7k, for mpy = 10
mug). Above 1 Tesla, it is expected that DyTes
loses the antiferromagnetic coupling between
spins. A possible interpretation of the present
phases is that charge order couples to the
ferromagnetic spin component induced by the
field, and creates a longitudinal cone structure
for B// cand a transverse cone structure for B//
a. So far, we have only confirmed the hypothesis

for B// c using small-angle neutron scattering [7].



Many details of the complex phase diagram of
DyTes, and related rare earth ditellurides and
for future materials

tritellurides, remains

exploration.

[010] HIl [(3911(:1:

2 3 o

5
'Uoﬁin: (T e

K
6. Phase diagram of DyTes for in-plane tilted
magnetic field, from susceptibility measurements in
Building 6, School of Engineering. A variety of magnetic
phases are realized. Out of these, our neutron scattering

experiments detected a longitudinal cone structure in

phase VI.

8. Conclusion and summary
DyTes was found to be one of the first,
by

combination of magnetometry, AC calorimetry,

helimagnetic van-der-Waals metals a

transport measurements, and neutron
diffraction. Various specialized experimental
techniques were applied to combat the challenge
of rapid oxidation of single crystals for this
tritelluride material. Our research opens new
avenues in the exploration of van-der-Waals
heterostructures and devices, for example the
twisting of helimagnetic layers to realize
complex spin patterns in a controlled fashion [2],
and also suggests that RTes, KTes, RTes (B =
rare earth) compounds are an exciting target for
future materials exploration and search for
unconventional spin and charge textures.
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2. ¥ ~X0O= GroEL-GroES

A2 AVA iTp%\7?;F%ﬁﬂELb\¢ﬁ¢%L
I eleEqnT (Z4—T 47 L0 |
@T%%%%OOL#L\%@W@%%w@%T
HY, VRY =L THEINTZIENYDE XY
B AL R E) 1XELE o 7o SRS & TR
LIEVEELLEV T2 LIEILITEZ 5,
Ty Xn = TN TR 2 2 oo (RE
B URIE) BIEL 74— VT 4 T T HD%
Bid a2 o7 BEAEERTHY, ZOHTH KR
B D GroEL-GroES #HEKRN ZNE THRHIFELL
R ENTE 7, GroEL (K€ 7T &EDOY 7
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DOTHER S, TR X /7 E GroES &fES
THZEICEST, F v — (ZER) 2KT 5
(1), F¥ o N—OHFIZANVRALTERE 2 X
JEIL, D X7 E TIRAE S T2 AMAlOHE
NERENOIRBES N A Z LIk, ELW T +—
T 4IRS D, £7, GroEL X7 7/
U= vBATP A T T/ v ) U EE(ADP)
(K53 fR$ %5 ATPase IGtE#FFH, D=3 L
X—ZFH L T GroEL ® &Y > 7Z GroES ?
FEG S REET D 4 — A= N3G E 2 S,
ZODF v NN — DR TR BTG L TR
TH—NT AT HETIANREEINTND
LU, 2457 ® GroES M IRIFFIZHE A LT E AR
MU ESND AT v T HEETHD LHEHI SN T
B, ENNEDLIITHEINDLDONTIILE
TEELL oo T\ o Tz,

EZR //\7%

GroEL
TRiAXx2

=i dJf2as g
mm
mm

GroES
TR’EY S

1. GroEL-GroES ®# — . F—/,—

ELL7ZH=NT v
0% < &//\7%

,h



2 T BWEKEME O GroEL-GroES (255 H
LT, TNETRZ DT I 2h > RO G
x5 LE AL, £9. ABFEHIR
FED 52°CCTdh D Hpl #EHIK D GroEL-GroES #
HBHRD 7 T A A E MBI 2T o1, 774
BB O R TEHT CIX, I —AR U EBE S
BT ) v RO ETH VR IR ik 5

(F7iT@ IR v /T a X OIRAWR) TR
ICHET 2 Z Sk woKEE LTy 7 L2 i
L. TO®RICIEFERPCRE L TEBREEREDO H
HEZAETKET D, Hpl D GroEL-GroES
(ZHAR T ATP 2N A 72 4% ISR % &, 90%
Y Eoki 173, GroEL &Y 72 2 51D
GroES AXIFRICHE A L7e 7 » MAR— VB OEEIK
LTI (¥ 2 ), KEBEO GroEL-
GroES TIZKER DORLF725 GroEL | 71D
GroES 23 & A L 7 HALBIE SR & L’C@ﬁ%‘% ST
B, 7y bR ABEEERIT, KBRS AE
WERRHNTC 7 7 A AEBBAOFIETIL, ATP #EGHL
AR U 7o B BAR GroEL 2>, MK iR S fu7au
ATP OFEEMLEM E WD Z & TLBIHI ST
Wi no Tz, Hpl #£® GroEL-GroES @ ATPase
EMHEOREEE T 65°CTH Y | HIR TIXIEMEN
SUTIR T3 2720, ZBREZHWTIZEIRT
ATP #2252 L2k 7y NAR—NBEE KA
R TELLLEEZELTND

Cis

W) 2

Trans
) 7| .

Hb6#k FEXI R

Hp1#k

Hb6
7y bR—E MR 7y hR—IVE
X 2. /KEMED GroEL-GroES D
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Wiz, EBEBEREN T0CD Hb6 D %~
0= UEAERORE T Lo, UL, Hb6 B
X Hpl BRE D b AEBRENE L. €0 GroEL
ENEDRS mWN T2 D IZ, Hil T ATPase TH1%]
khfﬁﬁ?%&#otoiw\ﬁﬁﬁH%Hm)
GroEL & GroES ZiE& L TR L=¥ v 7 LT

BIWEZIToTE A, KiTDHH I —HiX
BEKREZEH L T D K HIZH A 7223, GroEL IZ
fii e L7z ATP 3R RIRAE T FEH IS LE 7248
ETHDHLIENH LI, 22T, 77U > FERK
AT NGRS & B FED ATP FLUA & it L= #E
. AMP-PNP GENUKSfEME ATP FUEK) 2 1R
MMUT 45 CTHRBY LR EHND Z &IT LT,
HORLTRHT OFEF, BLBRIRWZ L1, ZivE TH
B STV AR & B0 il 7
AR — VA I %2 T, GroEL @ i iZ
GroES A L TV B 03 52N FIERFROH
BEPFEL T (M2, f), BxliZonz
FHERFRT » A=A E AT LA R
EEbITHEERBEN L, FEFHT v hR—L
BEAERD S B, — 72 A R & D7
WEEFFOMDOY 7 (cis V7)) IZBWTIE, B
S & [FIERIC GroES M2 EICH < A LTz,
— 5T, ZOWHD trans U > 7 TlX, GroEL &
GroES 23 AAF ¥ 2 fHBAN 22 E 72 3E 0 b R &
SEYNTERY, EFICT LI TIAREETHD
Z o Te, Trans U 7 D GroES OTHAIZ
BT DEBITITHRIUC LR D &M NTE Y
7y%$w»@fﬁﬁF%4Vﬁ%éK@@k%
L ORI H T HMEEZ B> TWe, T7bb,

X7 v hAR— AT, BRI H D 1510
GroES A L CT7 » bR —/VEIZ 72 5 I OBk
BEHOLDLLTND EEX bILZ, GroES DA
B Z > TV AR Tl trans U > Z7NO T v >
N=DFMEIFIERT D, ZD LI, BHL 5T
D 5 K 9 72 GroES O AT, FE & o)
7 EDOWNFRIZ IR AR— At T& 5 L T4
ENd, TO%k, MBEDOT v FAR— VRIS



ICHEE AL L T BBETIZTF v v X —DEFE D
NI, TN F NI B2 T+ —I)VT 4
VT LM I E L TEIO TV D RN X
nod,

3. Rubisco DHFHLREDHEE

Y7 a—R1,5-BRA Y UEANKF VT —EF
X4 —18 (Rubisco) [T /L E -2 A
IZBWTIRBREESSIZREE T oME— DB R ThH
0. WA RT DIZHZ0, KEFD COz %
EE L CHEELAEMEZ LG T D008 LD
BERL LTE<MBbNTWD, Zi & ARG
NROFENEERL LTHI<HMONTEY, £
A D 7o
HER ECTROENZNF NI HELELTHLAT
%, Rubisco DZhHROIE I DJFIK & L Tid, CO:
TIEER < BHELST O BIET HAX T F—E
FOGRe, EDMOMES T2 s (R A7 74T
JR) AEITZENBTOND, IAT AT
I TEB DWW O DOILE W IE Rubisco DI
FRALIZHR <Al L CRERE LIC SWELEAIE LT
KiEZp|IEE T, TDRH, HERAEYMAL
FKEMAEMIT RIS L7z Rubisco & FiEMH LT A%
MALIKF (Rubisco activase, Rea) ##f-> T\ 5,
RKFME X CO Z[EE L THE—DRRTRUICTE D
MNLRBHEDOAEY TH Y . O BFET D aFKHI72
BREECARFEAMIL L TR F—JHICLTEBT
X572, Fx1X%E D Rubisco & Rea (ZHLBR A FF
B, HEIEEY FRIR I AT - 72 [5],

Hp6 #RIFEITTH) TCA A 7 v &0 D Kk R
AR CTEREE[E E 21T © 72912 Rubisco - FF7-72
WA, Hpl BRIZ A VB - R C IR R[] E
Z17\W, Form I EPEIID % A 7D Rubisco %
Ff->T\%, FormIRubisco (%8 73 DK~ =
=v h& 8T/ Ta=y MBREE L TERK
SNH~T 116 BRIKDERZRERETH D, £e,
Hpl #£® Rea 1X CbbQO % A 7 L MR IS & DT
[6]. ATPase ifitt: % 5> CbbQ @ 6 &KV » 7T

IAE) X R E D Rubisco Z1E->TEY .
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HERD CbbO e Lic~T v 7&Ky Ry
'HTd 5, Rubisco {Z Rea 2MEH L TV HIREE
I LT 74 ABBHCHIEA T 211X F
SERTRB/METCH -T2, £7. Rubisco DL
HREROBELATH VB2 EATH D 2-T /v
R¥LT7 7= bh—-1,5-£ 2 Y it (CABP) %
B LT, ZOREAN ATP 2N 7254+ T
Rubisco & CbbQ/CbbO Z &k L, &6 L7-#
Gl EYAXRI7a~ N7 F 7 4 —Il& o> ThH
BEL7ZERICZ Y v R ECREEE LY 7 v
T, FHEMHACREBOME 2155 2 LT Lz (X
3), CbbO (% CbbQ ® 6 &KV > 7 OHIZ—EFH N
FASITEY, KiEB5riE Rubisco IZB WSS
2 X LTHESHHAEEML Tz, CbbO DY
V1 — E T D571, Rubisco DIEMEIALIZ

ADIAATEY  EEENIC S22 LT D)
Z5lod 0 g & o RIIZ > Tz, CbbQ

X AAA+EFEND 7 7 I U —D X X7 ETh
0. ATP 23 6 BRIZENENAFIET DIGHEAL T
NEIZ ARSI D Z L2k, BT 25 L9 7
X aAERMT LR MbENTNS, CbbQ P
ATPase &1 CbbO 7% Rubisco D& MEERAL % B
KEVEEZEANT DO FLF—FIZ/ > TV
L EHERI S Tz,

Rubisco®
yE M BRAL

3. Hpl D Rubisco-CbbQ/CbbO # A At 1S



4. FLOH
ARAFFETIL, AFBVEKSE M 23RS 2 OB
RIEER S X7 EH, ATP DMK E
o TS RINTEERAT v T2 AT v 7
Ya vy hOXHIZEY Blo Talfifkd 2 Z & IThk
LT, 774 FEBIL, T E TOMEEDT

T & SO T & T2 X A ST & 1357220
SRR TR DRMFE2RETT 22 L1280,

ARS8 B 2T 2 O L7 Fik
TH D, LEENIZIIMIZ A2 B R 23ME
TEH ., AFEICE VAT DL < OBIRTR G
EDERMED T OND TH S D,

5. B

SPring-8 TO®EIHMEIZEI L Tix SPring-8 /&
PH = |- EAAHEE 1| Gerle Christoph & 12,
Chai Gopalasingam LD 1), Bhg &2 Wiz &
F L7z, KEK TOBBHIE IS THEK ML, 20
BOZ L, N AL, SFTRERE O )%
WelZE E LT, £, —880 7 U v FERk, EEE
TOARY ) —= 2 73ISR, IR B
-t NEFECHEE O AW E E L,
¥y = v OREIERRAT ISR R B S
ZTHE E Lo, KFMEOY 7 Lol LU
T A AT v a s TOSMBED AT EDORS
PR FrE s L A IEIREIR I I R
2720 £ L=, CABP OFHEARK CTITAILF
REO/NFREE L ) ISR BRI BRI e
0E LT, 20fh, 2 < OLFEFFEE DS 4 EiR
DY A =T 4 A NDFH 2 D %AED T
Rt L B ET,

Flo. TITHIN LY 74 BB
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T2 T2 X O X BRSBTS
ToTWET, ZOEDIZIE, VT LOHFER
6 KO 7 — & 2 AR 3 2 BRIt i 0D RS 55
HATOMERDH Y £3, Fx DERICBNT, K
Rt 2 —L RSN ZANTIARAI R THY |
Z AT TG L BT E T

SE X
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MAEMBERICE T SEHEOABRREICES TIREDHR
- BEEREZAVEEEICK A EDORA -
ESHHBARKARE ERFRLERTFARE)

el F¥F

LPREF. EFHMERRAICIIHY SBARMATROMRETHS. COWMERETEERE
BRERAWVESETFLAMEZITOTLD, ABTRHZD S 5EBEMEE (WO HHEL >~ M7
CERE)N L DREHEZEBRHEOREAICONTHENS,

1. #E

TS5 LB AR AF JE 2R, R SR B B
RO T CH Y . EREGRDD S L
> 7R CT, MRI e &) &Extg & Lizav
Vo — X BRI, BT O E WO TN ARG
JEFEIZONWTOREIT> TN D, A/ —(F
ERREL A 2 v 7 DIENHREpEA, T RFeE
BREGEOTHRATHY, FENRIEEZ HK
1o TN 5, 7eBARWFIEE & FE4 & O BRIZEHE
IR0, R CIE H # MRI O EE = o
NOBHNZER DT TN TWnbh E 2 A
Th D,

AHFIEE TIE S £ X EAMFIENE > T D
X 1)73,

Flow-based generative modelic & 2 E{RERK. BRI, HEMA

ERE&AT 7 v F 7+ — LCRCUSD S

774 sy —REREEEAL - ERARS. ER

BERTFANY—ItE B F 1 FRERAT—4<—2
®ZE&REAVEESRD > OERGHERE. AXFR

e R & B 2R (PETCT), FIRER (PETCT)

ZORDTARETIE, WM EEWbY D L
K7 U BE) DS OFEEIE O B B ORI D
WTHRIT T %,

(B L5585 Y ) ERERAD{ER

HIEBPETCTIC 35 (F 5 R E A (bayesian NN)
BEEMEE, EBcrics i 2 RER (Glow)
(BHEH Y ) EREHRADIER

FFEOBIEFMRIIC BT B LK — F HEMERE

REAIEROSZRAVEMEED S OEHR A

BRSHLEMNP)IC S BFERELF— FT— 2 O

EFELA— FABRH, LA FEBES
DHTEE AFET — 2 OfEnt

LYZAFL—>avicd 3 EREGKOARTELLE 2T A

BRAcTERICE 1T 5 FLEE IR H

SATEABEREAN LT SAAOBRETVORE

chaicPTTEMEIRABR A RHZ2HEMESRZEIr €5

1. ~"A7FA L,

2. BHx®

OB MG E X, MgE-CixoAR 7 ) —=7
FEELTHEETHD, L, WEHEMEEIC
F3UF 2 it i/ Mg D A R BE 13 X R CT 12 He~ T
KIBIARNZ ERM BN TS, ZAUTEM O
SHERZWENZE LT HA CThREETHY . R
alEZ TRR L] AT S, —FH T X#CTIE L
DIIES BL, R RIS TR EORIEN



b0, A7V —=2 T TRENEAT DO L
W, FERRIC, ROERIEEE 2 EDE Y X 7%
FCIE 72 WEERIC®E L T2 TlEs X #f CT %
{Tolcb MO THRNPLEESND & ) Gl
ITELN TR, D7), MR EM G E Tk
ikt 2T AIcarta—2 Y 7 =27 DX
BEETRELN ESET0WEWVWIERNEL D,

FATICIE, WM EIC BT D5 O A
IR OEFERI G L fe o TE 72, Ll
N5, ERTE FRE DR - FFREAZ/FOND K
NI > CE L DITFEE OIRIBZE BB L Th
LOZETHD, —DORETEEMEERITTD L
Li 5[1i%, Fx LFEL JSRT OF—% &~ +[2]
AW T, B H7 0 OBEEROE D
B OFEE O HE) nFP=0.2 1B\ TR O
MR 0.99 ARk L7z, Z VTR RHE O H
PERE(mFP=0.076 ® & Z A 0.77)[2] % Kig 2 # 2.
HETH D, bbb Z Ofi RIS ~L
) 13 IR oL ZEEG A W CREEifR O 72D D
FERETYEHETNVETFERSE, M Lo TR
Do
3. Fik
ZR72 0 R A B R 2 R D FIEIR.
Glow[3] &V 9 7o —_R— % RIERBERET V&
FIH L7z, 581% NIH OF — % _X— 2 D IEH 5| D
MR AL F = 2K 3 A e, AR ELE A
VT 131,072 BT EZ AR LTz,

IR ORE A 1 ETOEOIAATS, H
ALFIEIR, HATHEETFEFEZHNT, B
B E X G E TR L2356 O & WEilH
BIC R0k, Zhaaind o227 M Hili 5 52
HYIATe &) FiEE - T,

ZORETFT =2y NEAWT, WM E
BT BiEEMH 2 Unet [4lX—20 70 =) X
A TITole, 2L, MEBO TR E LT, %7 —
Xy MERKIRFIATE 5 X 51287 Dice
loss [4] 228 B L7z, LT B AUZ O\ TR 5,
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3-1.

FTH L ED Diceloss IZOWTiRRB, Zi
1% 3 R H (segmentation) FIEE TH WS S
BREAHTH D, BEAE ITHETE BT
w/MbSnoZ—0y NERDEOZETH D,

Dice loss IZLL FOXTERIND:

2 Yyea f(X) - t(X) + €
Yxea f(X) + Xyeat(®) +€
I CfIIERETEET AOM I L 22D LR,
HTIEMR 2 57 ~ VR, QIXER RO R D
A\ NS RIEDEFTH %, Dice loss [T EIEkAH
HIFTEIZ IV T, BN S < &b AR
BN TELHEREELE LTHOEND,

3-2. Negaive

Dice loss

Ipice (f' t) =— €9Y)

case max output

suppression (Necmos) loss
RIEEg T —Z > EFHICHNWD 9 X TH
LT NE 2L & LT, REHTH 0 IA 21 O
(positive [H[18) DI /2, HL 6 IA & |l O H {4
(negative RN HARIHELND LWV AR H D,
ZDOREFEIZAENT =9, Diceloss ICLL T D X
9 72 TH(Necmos loss) & B9 5,
Inecmos(f-) = max f_(x) (2)
7272 Lf 1% negative Bf§ 2 &g 74 €7 VIZ AT
L7c 2N ERDIBERBRTHDL, ThbDbH,
Necmos loss &%, negative EfEZ A L7- & &
D EE O (BRI )R KIETH D, Z
Naxs/MET 22 L2k 0 BEERE S MET
L@ Z E R EN S,
3-3. Normal-abnormal

contrastive (Nac)

loss
S BT, FEHEIHDIA SR OB % fE i R T T
b U CRHMii9 2IET&H 5 Nac loss ZE AT 5,
X
Inac(fr, ft) =

- min {1, (max . (9) - (max £-(9)} 3

ERIND, T Tfd positive HIf % g 5H
ETIWICASI LIz EDMT) & 72 5 RE B TH



%o FT2R = {x|t(x) = LHIHOIAF IO &
D 5 EIR(BFEES)TH D,

EJEAIIZ, Nac loss [T &IA F N7 FEHT O [T
TR E 72t (positive image & negative
image DM C)ZENHT-NZRHMEiT 588 TH 5,
JEY OREIEIZ X B9, TS O R HEE & ELEERE
flid2HTHDHELEVA D, 1 Tmin ZHl->TWD
HEZ, b EaHmBIA ~ A 2 DEIRK
WIS D AREER H D06 Th 5,

3-4. ¥

UL EOHEREESZ oMb T 5 2 £12 8D U-net

AORZEEIE 131072 xt&2 FVWTR Lz, 7r—
Fr— P& 2177,

FH U7 Unetid, JSRT 7—4%t v N2]CFE
Mz1T->7, JSRT ¥ —%t& v MIFEBEDOEED
BT EDOT —2 2y N THY | MHHEITT
T CT THERFEATHY ., MO ST — 21k
SINTWD, ZnaHWT, BB OEE
BT EREORELFM LI Z 7

(FROC 1 —7) &R LTz,

4. #B
FER AN 3 I1TRT,

FROC

>
i)
>
2 ——RetinaNet
b
—SSD
——Proposed
Proposed+FT
0
M LU N LWLwmwWmLwmwm—nN<T o0 O N < 0 O
@NNNNNNO — mMm O N WU
N0 mO s
S99 o
e 2o
o o

Number of false positives / case

3. fEH FROC Hif,

HETFEOKRE(RA)ITMEFETFETH D
RetinaNet, SSD (Zx%f L CIREFHEITIHA L NEH

\‘ R

. Dice loss D ‘
Positive image Positive image’s Answer label t(x)
1, (%) Likelihood map R = {x|t(x) = 1}
f+x)
Nac loss
—min {1, (rilea}?xﬁ, (X)) — (r)r(lea}?xf_ (x))}
U-net A
Corresponding Negative image’s Necmos loss
negative image likelihood map max f_(x)
XEQ
1_(x) -

X 2. BB FIEDOF

H7a—Fx—h,
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WEEZ R L2, Li B[O FED nFP=0.2 Tk
JE 99% 213 m e o 7203, KU nFP O/ SO
BT RIS SV EE 2150 LT E T,

PR F1E%4 X 51T leave one case out 5%
T JSRT 7 —#t v b TiBhN5E (fine tuning) L
TRERDEEOMBMTHL, ZOLETHLIHOD
FIEZEN DR o720, 1ZDOBEF D TFiE
[5][6] & EE_AUTIZIEREDOEREAHFDH Z & 2T
%Tﬁb\%ﬁiﬁwﬁ%%ﬁ%éhtkﬁzf
W2,

5. #Ewm

H s B G F6 1T D b EiR HH FIE 2 IR E LT,
FEEIRH IR OREICB W CEETHY, T
WCERbSNZY 7 by =7 b B LR, &6
IR DPEREN LS IRE S TV AR ETH D, A

RNZIICET 52 LML T D,

IR BAFI IR [T & L THREHFHONE
TH b,
SE
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S ITTFIANIVYBRRE NI EKOEEERIZEZZHED
NMR %2 & B4

KEPREFPRHRE EaBLFSE
Bk #®=

BUNRDEZEIFLHET DERS T FOILABE. BEU IR LA EHEEIL, KOFRT
DY EHABENRELLE, CAERYEIKMKEDBHNEHEERICEKYRESND, LD
Lo, 20N BEREDHKPELEDSTITEHTH Y . KIKDOEMBES MBS DR R
TILHERY—THAH, ChoZHREMADODEENICERAT S LEARETEHEL, KFRT
[F. KEF VRV EDEFNERMEICEVWTY I TINLYEARBTRAT S LICERBL. &
DN BEKBRIZH LTHITTINLYEARBOBHRERFA L-FEEER NMR EZZRNT
BILiz, . YITTIAULYVEORHFICLY., AEXFFUODEHT I FRLEKDOEDKRZK
]mAS, W—REREELREFENICRMD, FRMLGELEERTCEEZRE L, E6I2, YYF—
LMREKISEHL-ZRIC 1 BEEORKEZEN T TETT 2KMKEDOELLN, TTIAIL
YIRDOBSICEYMEESND I EZHLMNE Lz COESBEEFFIC) Y F—LOBKEDZE
ROEFEICHEEICRoNI=ZENG, Y TTIANLYRNMIBHAREEEICKT HKOBEEER
[CHEMITERALTWS ZENATHREN-, KMRZiHE#EE LT, KEX VAV EOHEEERNS
VIN)BEDHEEEREY AHEHEADERNRFESLLLIC, COLSBHEEERZEHKTEDT

B EICKHBRMBEDHECEEZ VAV EOHRLEE, WARM~ORAL TSNS,

1. R : KObhDE2 VRO E

G D% L 1L H 87 EX DNA, RNA %5
D EOAERRE S TICHEE L, 2O L X
ZMAT0 T 5 2 & T, WRADIRES
TEFEDIEUETF DN R A L T D, FEOFERY &
72 DR E Sy IR, R, MR b d K OV
Wi ERO T Ok % 25T nm L TRy, £
ZIDOBRBED 72 ) ClEA OAEDRREE - T 5,
AARE 3 F IS E DN D BREE AR 2 B D72 )
TH, WLBENPOEELRYWEN, B hOKD
60% Hitk% HDDHKTHD, AEKDT, Frlo¥ v
NRIBEORRRIL, KEOBBRAERLTEZSLZ
LixcERy, Uo7 EITE N OETEOT
R BBAEHRICEE SN TWETHY . B FTIE
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iﬁ%ﬁ%ﬁykv7/éﬁﬁ4ﬁyﬂ%&5%

ROFNIREEFHERE, oy TREAZE), & 5l
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1. REVY BRA—N—RE%ZFALIE=EES
BlIHEEE RT ZRREEHK

Fe¥' A A BTV (pz). &5
& 5 WX [HEY(SeCNW* &K - A % 7 — VIRETR
TP TS S®D 2 & T, REOR; {[Fe(u-pz)]
[Fe(MeOH),][Hg(u-ECN);(ECN),]}-2H,0 (E = S,
FeHgS, E = Se, FeHgSe) Z &k L 7=, Bk X Hifk

IERRAT DFER 5 SCN™ & SeCN 1 EH b ) Fell e
Hg"Z 248 L, pz 250 Fe"22UE+ 5 = & T,

FeHgS & FeHgSe |3 =kotDOx v MU — 7 G4
B L TnDZEEZHLMNT

L7z (K1), ks

// i

a $E|375>E59~71 FeHgS @?f* A
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FHICIIASEZ 2 50D Fe B+ (Fel, Fe2) M7
fEL. 5 OB EREIE[Fel(u-pz)2(u-NCE)] .
[Fe2(MeOH)a(u-pz)2(u-NCE),] T 5, — 5 C Hg W
A4 BT 1 FEE T, BEALERBR X [Hg(u-ECN);(ECN)]
Thbd, WEE 300K 205 90K IZ T &, HiL
FORINELS 72D, £72, Fel ¥4 MNEAD D
FEAENEL o TND Z EBbrol, ZOIR
FEEAGIC T B REAEOEIIL, Fe A FD A
v AA— =R L, Fel %A FOAHN
AL REE (HS) 22 HAR A B REE (LS)IZ A
BB LTINS Z AR LTS, FeHgS &
FeHgSe 737~ IR LR AT DN T BERUREM: &
FRMEOME O bR LT, Bl Sy
P:% Vienna Ab initio Simulation Package (VASP)IZ
L IR EHE O & il LTz,
FEWALE v OIRERFMEL Y . FeHgS &
FeHgSe \ "4, [Fel™S(S =2)—Fe2S(S =2)] &
[Fel“S(S = 0)—Fe2"S(§=2)]» &k 5 (24&Fe ¥+ b D
WNESPEBR L TEY, ZORAE VEBIREITE
H5 4 191 K Thovz, FeHgS I3 140-240 K O%j
PHIZFU T FeHgSe & HE~T XD FESMIZELL
THY, Fel VA MEADOEFEZIEN LV /SN
Licksrfahnsd, HHEFHEICE-TK
D IREEEE (DoS) & X 2 12T, 7 = /LI =)L
F—DETIZHD 300 K OffiEFH D iz
|2 FelfS, Fe2®, S, N, C, BX " Hg THER S
NTWBHDIZRL, 7=V IZRxLFXF—L0 kD
REH O TFEIL, N, C. Fel™ I8 X Fe2lS THE
ENTWD, 90 K TiX FelS MMl E 4 Dk E
HEBRT D Z EBHLNTRS T,

Ui B2 ZR AL SRS AT AR UL A~ 7 R LIz g0y
T, FeHgS T 379 nm & 510 nm, FeHgSe T 387 nm
ES10nm2 DO —ZRENEL LT, 5D
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E— 7 R DL DIE L A EIT 140-240 K OFIPH

TEID, HLBENPRKEWIEEIZR 191 KT
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—HFH LT3,
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b, BB IR R IFIEZ R L, BRI w(CaN) DO
i P
FHNRIL AR ML TG 22T RADEL S
191 KfHE TR b b REL< ol £z,
VI VVROEHIUFRINLIE—ZIZEHLTY
kDB 2R Uiz, IREZLICHE S IREIE— 72
DOEAIT, B RBRERE LV RO T2 RINEME S D
WX T~ R T ) = Rk o TR &
. EDOT7+ ) F— ROWL DOM0X Fel IZHUL
LTS C=N IZHKTHHDTH DI, Fel™

(ZIRE S DB CIIBEE Th o7z (K3),
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Phonon mode a-174
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DE—=7 ko THRR -T2, &
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PDFHBIESXS—ZZEHALV: GaAs(111)B EiRLIZFEELT- Fe-As

FROBERBES LUBIFE

1. HEOER

HHER BIZ = B R v LR ATRE 72 R b R
BeMEE L, FEERR—ZADAE S b= AT
NA RNZHBT D A LGB g~ DI H 23
Bt & T\ 5, Z O T Zinc-blende (ZB)%! FeAs
13, BEfF OB -8R & A — OfE i 2 7 b |
SEEEMEREBIC B W T N—T A Z L L% & TS
TWAH[1,2], Lo, [FIEEREHAR T ZB M FeAs
TIIAE T EBUT BAR 7 < ROTRIEME DS BRIk AR & 72
HETHENTND, ZDO7b/N—T X LD
B a2 &Pl &7z ZB B MnAs <° CrAs & (35
720 [3-8], ZB ! FeAs ORLEIIMIEIN T 72
Mol THEFY VT R—E U 7ICFIZE-T
TV a M E T p BT T LGS
WZORIEME & 72 2 RTREMEDS R S LTV D [9],

Nz IR B BNEE H8RBEERTIE, £
DFBEMED PRI, THER Fe-As fif A & Fi2JR
THEICHD EEZ LN TWDH[10], BEMOD FeAs 1t
A G Fe-As fis B O TS DV ANTHFZE &
NTWB[LL11], D7 Fe-As {LAWH DT E X
DR R Y SN SRR ON K S g
HZEDOEBEMENEE S TVD,

Fe-As @ fH X [12,13]1C & % & . Fe,As[l14].
FeAs[11,15,16]. FeAs[17]1% 800°C LA T DG AV VAL
RAIREHPHCHEE L, WIS BB Z Rz 7220,
FerAs |58 TIE )7 fl(P4/nmm), FeAs L 58
fgtk C LT il (Pnma), FeAs2 1S mEME TR DT o
(Pnnm) TdH 5, & 0 DIF FeAsy 1E. Fe/lll-V ~7
EAEIEICIIT D5 A E AR AR T S 5 2K
EBEZ BN TWAH[18], AHFFETIX, GaAs (111)B
b Bz, FEER LD B 72 DR 2 V), Ase/Fe O
7T v 7 Aty ZELEET Fe-As HFEE R E X
. Fe-As LA W% O ibEIE & BERURFME 2 RHERY
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(ZFR T2, BRI GaAs(001)FEA_F 12 572 25 15 TRk
e &H72 Fe-As HEOREMEERH O TN D
23, ERLBIAA OB ITHRE STV [19], Fe2As,
FeAs, FeAs2 [TV 1 d 3 [BIkIFMEZEFF-F, —
WAL B O (1) DK = R F— 03 /N T
D&MD, ORI EHEEDOREN SN,

2. VU AERFE

T RTOY T T B F % 2 —(MBE)
ZHOWTHRESE, Ga & Fe 37z X—&rkLn
DR L. As IV T[E T Ty X TIPS
L, ET As BAD 7 T v F o ZIREI
600°CIZIR B, As IE Asy DIZTHRFE Lz, T3TD
77 w7 AlX MBE EF ¥ o —NOY T
MrBlICHRE SN —AFE=X—|0 ko T, E—
LEAMES) (BEP) & LCTHIE L, 2 TOH
JUIX, semi-insulating justcut GaAs (111)B &k 12,
EX 100nm @ GaAs Ny 7 7 —J@% Ts=590C
OIMIRECTHE L, GaAs Ny 7 7 —Jgd kiz
Fe-As %A k% 72 Ass/Fe 77 v 7 Alk(y)T 250C
F72IE330C TR S W70, &%IT, Fe-As O
{BLEBi<izd, SamBEDOTENLT 7 A As &=
IR T LT, Table 1 I3z Liz¥ > 7LD Fe-
As IEORESRHEZFE DL DTHDH, Fe D
BEP (Pre)l. 5.0 X 107¢ Pa £7-1% 6.5 x 107 Pa
THUE L7z, Ass D BEP (Pas)ld, =— KL
I2X 120 x 107° Pa/® 1.2 X 10™* Pa D#ilH
THE L, 7 ofbi#EiL, CuKa (A=
1.542 AFRIEE FV 72 X RRIEIPTEEE K O A HRE
W MRS (STEM) & AW Ci~7z,



Sample Ts (*C) Py (Pa) P,,, (Pa) ¥ t (min) d (nm) Magnetic properties Crystal structures
A 330 6.5%107° 20x107° 0.3 60 28 FM, Te =400 K BCC

Bl 250 6.5x 107" 14x%107% 27 120 75 FM, Te> 400K Ni,In-type, DO,
B2 250 6.5% 107" 27 %1077 45 120 91 FM, Tc=400K NiIn-type, DO;
B3 330 50x107° 22%107° 44 60 38 FM, Tc=400K Ni,In-type, DO;
C 330 6.5%107° 6.1x107° 8.5 60 60 PM Hexagonal

D 330 6.5%107° 1L2x 107 15 60 PM Hexagonal, FeAs;

Table. 1. X-ray diffraction 6—20 scans for the Fe—As samples grown at a flux ratio (A) y=0.3, (B1) y=2.7, (B2) y=4.5, (B3) y=4.4, (C)

v=8.5, and (D) y=15.

3. EBRER

X #EHT (XRD) O 6 -2 6 HIEFE $ % Fig. 1 (R
T, INHDOE—=7DHHL BE—T(el)é B—7 (il
£ 12) N BEFID Fe & FeAsy ([ZE[D 4B Thnb,
Bt L ORE A D FEM & EKIEIZ DN T
& 3.1~33 Hi THIEICEHPTT 2,

1y L A EY

w, X-ray intensity / log. scale

20 (deg)
Fig. 1. X-ray diffraction 620 scans for the Fe—As samples
grown at a flux ratio (A) y=0.3, (B1) y=2.7, (B2) y=4.5, (B3)
v=4.4, (C) y=8.5, and (D) y=15.
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3.2. Sample group B
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(@) sample B2
1

112

(c)
Element *1 2 *3 *4 *5
Fe (at%) 68.3 624 60.9 626 81.7
As(at%) 305 364 378 364 376
Ga (at%) 1.2 12 1.2 1.0 07

Fig. 2. (a) Bright-field STEM image of sample B2 taken along
the ["110] axis. (b) Magnified HAADF-STEM image taken at
the location indicated by the black arrow in (a). The grown Fe—
As compound layer is divided into three crystallographic
regions marked by (I), (II), and (III). (c) Fe, As, and Ga atomic
compositions estimated by energy dispersive x-ray (EDX)
spectroscopy taken at five points marked by “*” in the STEM
image of (b)..
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Fig. 3. Cross-sectional scanning transmission electron
microscopy (STEM) lattice images, transmission
electron diffraction (TED) patterns, and corresponding
schematic crystal structures of each region of the Fe—
As thin film of sample B2. The lattice orientations are
indicated by arrows. (a) Cross-sectional STEM of
sample B2. White dots show the positions of the
magnified plots of each region (I, II, and IID) in Figs.
3(b), 3(d), and 3(g), respectively. (b) Magnified lattice
image of region (D). (c) Schematic crystal structure of
the corresponding Ni2In-type Fe—-As compound in
region (I). The left one is a projection along the electron
incident direction of the STEM measure- ments. (d)
STEM lattice image of region (II). (¢) TED pattern
taken in the same region (II). (f) Schematic crystal
structure of the corresponding DO3 Fe—As compound.
The left one is a projection along the electron incident
direction of the STEM measurements. (g) STEM lattice
image of region (III). (h) TED pattern taken in the
same region (III).
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Fig. 4. Magnetic properties of sample group B measured by
SQUID magnetometry. (a) Magnetization vs magnetic field (H
| GaAs [112]) curve measured at 300K. (b) Magnetization vs
magnetic field (H || GaAs [111]) curve measured at 300K. (c¢)
Magnetization vs temperature curve measured at 1000 Oe (H ||
GaAs [112]). The magnetization-per-unit-volume values were
estimated by dividing the magnetic moment by the entire Fe-As
film thickness and surface area of the chip measured.

3.3. Sample C and Sample D
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Figure 1 a) Schematic cross-sectional illustration of the LSMO/STO heterostructure and the additional Al layer
sputtered for lithography alignment used in this study. b) HAADF-STEM image of the LSMO/STO interface. c)
Schematic illustration of the planar spin-valve device with a nanolength insulating region (yellow) created by
the metal-seiconductor transition (MIT) of the LSMO layer. The crystallographic axes of LSMO and STO are also
shown. d) Ar ion irradiation method to induce the MIT in the designated region defined by the lithography
pattern. e) SEM image of the EB resist pattern defining the MIT region. f-h) SEM images and schematic
illustrations of the processed devices with a length of the designed MIT region of 10 nm (device A) (f), 20 nm
(device B) (g), and 30 nm (device C) (h). The yellow arrow indicates the location of the lithography pattern
defining the MIT region. The yellow line represents the region exposed to Ar-ion irradiation. The broken line in
device A indicates that the exposed region is not entirely transformed into an insulator, while the solid lines in
devices B and C indicate that the entire region becomes insulating. One can see melted Al in the SEM images
due to the annealing (white patterns on the electrodes), which is not crucial for the following measurements.
T. Endo et al., Adv. Mater. 35, 2300110 (2023). (Ref. 4).
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Figure 2 a—c) MR curves obtained at 3 K for device A with a bias voltage of 400 mV (a), device B with a bias
voltage of 10 mV (b), and device C with a bias voltage of 1100 mV (c). All results are obtained with the
magnetic field applied along the [100] direction of the STO substrate. d) Major and minor loops measured for
device B with a bias voltage of 80 mV and the magnetic field applied along the [100] direction in the film plane

at 3 K. e) Bias dependence of the MR ratio for device B.

The solid line expresses the MR ratio obtained using

the 1-V data in the parallel (P) and antiparallel (AP) magnetization states (inset). The dots represent the MR
ratios obtained from the MR curves for each bias voltage. T. Endo et al., Adv. Mater. 35, 2300110 (2023). (Ref.

4).
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DR EEHPL T KR TRy « T30 L 9 IR T 5, s 1T B T(KD & ZQ(W)iE10-6T*
DTz 20ERNH L EE5DTWH[2], 2F D, 30 mK TiX pW L~ THEL - ABZH
2T B, QITIERAIL T QMEBIICL DY = — 3, () HElE O @RS S
J— R A S L TRAT 228 (i) of 80 3 fliEH 5, HED of BT, FEF LV — N
MORDIBERNT VT T Lo T TH ALy MNANLEEKZSIEANTZY | ZORER
P EHRER N O O BARTERN 2 B2 T CREVT 2 Th D, T HITEREOREESCERIEE O
HMTHEDD O THEORRAE L <. —MRIIIFE Y — FRICEIRD 2 WIZRARAT —
IZa—/RAT 4 NFEFAT HRRBPHERE I N TWA(2], 7272, 7V v UhiEEZ2 A 2 THIK
PUBEAZAL L2V G o/NE ) THEATHE L (OxHR) . A CH Lz ik e v 2 8ETn
X (GDRR), v— 2T X 22 EE LR Th 2O BaEE U H1E 30 mK F2EE E CHIIE AT
HETH D, B, B IPINKIETE L% 100 kQZ B 5 LEFEOBIT HFHBIMAH L 250
T, Ty T EERTDHEXFIHE LIV,

AROBE 13D LAND D, & 20 D &R AN R of 7 4 VE BT 7
— (f WIUR) ZMAADIE, ZZ CTHEEEZHEN LIZRC A =D —0F v TIRBig &> T
10 mK LA FOFHAI G AIRE L 72 5 2 & A Fal s SnvCuw5(16],

4. BEL7T=Ru0, ERRRE L VY DOERE

HYEL 72 RuO2 IGFUHEE & v 2O EF AEEFHI L TR IE LR E2K 2 (@Ii2rT,
X 2 ONEZE DT —# 5RO TR TTIESE (T /R)|dR /AT | Td 5, ikt D FEREH ALPS #Hil 4700
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2. RuOz EFEHUIRE &V O @ EBLIEFLOBPERE R & 20 b RO 7= (b) R ST,
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DOIRFERGMEZ RT Z EDRHOLNTWS, R(2) Ta=1/4 1%, 7TE/NT 7 A EHERG O AL UENT
i1 hopping (& % Ftul 35 Mott @ variable range hopping (VRH) €7 L[181IZ%HET 5,
BHURE SR T OY%E ., RECBLE 0 % b D@ B 7 0S R ECLICH Y L, 7 =L IR
IEOREEEIZ - EEEZD, . Q) Ta=1/21F, KMk FOHE-RLXF—2EELT
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[1] HRERAHRER e o & — - RIRE 77 v F 7+ — A
https://www.crc.u-tokyo.ac.jp/FSI/ .

[2] F. Pobell, Matter and Methods at Low Temperatures, 3rd edn. (Springer, Berlin, 2007).

[3] H. Doi, Y. Narahara, Y. Oda, and H. Nagano, Proceedings of the 17th International
Conference on Low Temperature Physics LT-17, 405 (1984).

[4] HOEKY: - WGEAFIEE D = 7=
https'//park.itc.u-tokyo.ac.jp/kittakal/contents/others/thermo/ .

[5] RuO:2 thick-film chip resistor (470 Q), ALPS Electric Co., Ltd.; AZEF L1272 > TA LY.

[6] RuOg thick-film chip resistor, RK73B1ETTP202J (2 kQ, 0.1 W), KOA Corp.

[7] AT, BORCRY: - RINEAFZEE I —7 ¢ o VKGR (2013426 A 18 A)

[

[

8] Jun Usami, PhD thesis (Univ. of Tokyo, 2022).
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Do Bl A v X OIEIIE, B FOBEBBEEAE VSIS, 1um BRI LW,
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[13] BB ANTSCIR[10-12] D En o CTH LS, HARICITEBER N B2 T > TIROB b
THOEAKIZIEL GET031 U =2 &\ F v TR E &/ 7 4 A /LN THEKEIIZ Lo 20 [E
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21] Yosuke Matsumoto, PhD thesis (Univ. of Tokyo, 2004).

22] SCHR[23] ¢ & 4172 Ohmite Manufacturing -0 7 — &R ARbigs & 9 ClofbEH b Ik -
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b o, EFITEMWEERER BUERFAEHR) 725 Allen-Bradley £, Speer 1,
Matsushita fEOEFEH — R AP AR ZE-> CWEEERE L TCWDHO T, Bk H 5 513D
HRE W =TT & T2,

[23] N. Samkharadze, A. Kumar, and G. A. Csathy, J. Low Temp. Phys. 160, 246 (2010).
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