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Application: Promising material for interconnects

Coppper line
resistivity vs wire
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Application: Promising material for interconnects

ELECTRONIC MATERIALS

Shrinking interconnects beyond copper
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Electron transport in an elemental metal
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D. Hirai, et al., JPSJ 90, 094708 (2021) Editor’s choice
D. Hirai et a/, J. Phys.: Condens. Matter, 35, 405503 (2023)
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Topological configurations formed by nodal lines

Dirac point '
2 <0 @ S

Nodal chain Nodal knot Nodal link
C.-J.Yi et al, Phys. Rev. B. 97, 201107(R) (2018)

> [

Dirac, Wyle SM (0D)

|

B -ReO0, (space group Pbcn)

Nodal line R | U | K
2 el | . —
| = )_’Ify L Y
k| X S

Nodal line SM (1D)

Nodal chain along 4,

J. Hu et al, Annu. Rev. Mater. Res. 49, 207 (2019) S.-S. Wang et al,, Nat. Commun. 8, 1844 (2017)



L =7 LBt O R EREET

Hf [Ta| W |Re[Os | Ir | Pt | Au
e 73 P! Fis Fis ir 78 749

ReO;(Reb) ReO, (Re’*)

Photo by Dr. Hamane
Home made pure raw material for pure samples

Re,0; sublimation
purification

.......

5 T 7 o sy e oy ey

Highly hydroscopic



tHBHiR B -ReO, Bt RO MTE

T T

= b0 years ;
- ago ]
10-35_ _E 10
- - 10”
’ fook/ rizk =8 . fookl Fok =
161 2 &/ 1000
- B i
'-IJ - . /
%1655_ E 107 = 160T(K; 200 300
. .
- -
- . WOE =
IO-E_— a REGE —
= ¢ MoQp :
* 0s0p ;
" IrQa -
; s+ RuO, .
-T 1 ] ] | 1 i
'©6 50 100 150 200 250 300
- T(°K) .

J——

D. B. Rogers et al., Inorg. Chem. 8, 841 (1969) D. Hirai et a/,, JPSJ 90, 094708 (2021)



Extremely large magnetoresistance
D. Hirai et a/, JPSJ 90, 094708 (2021)
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Experimental determination of Fermi surface

103 electron

dHvVA oscillations in magnetic torque
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Experimental determination of Fermi surface
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Small electron pocket & Nodal chain

Shape of 103 electron
estimated from QOs
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Y. Muramatsu, D. Hirai et a/., APL Materials, 13, 011119 (2025)
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Other transition-metal dioxides




Crystal structure of TMO,

Distorted rutile

Cr | Mn | Fe | Co
Mo | Tc | Ru | Rh
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Other transition-metal dioxides




Other transition-metal dioxides

Crystal structure of TMO, rutile-type TMO, are predicted to be nodal line semimetals
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Y. Sun et al, Phys. Rev. B 95, 235104 (2017).



Extremely large magnetoresistance
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Extremely large magnetoresistance
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Dirac electrons in WO,

Conductivity 2%+ I PEFIL
Ot T T T R e IR o, (MESIERE f—
Q Ss ae BIEID) IIWT274vT47
10
5 . Oy = Nty /(1> B?)-nu*/(1+p*B)
=9 14 - \ . . \
a > E&Tn=n, (n/n=0.8) F v 7 DfHE
< 10’ -
’ ® 5K @ 25K ® 50K > ERRICE TR —LBEHEINEX
10’ 75K ® 100K - > 26,000 cm?V-1lst@5 K Weyl#&EMoTe,WTe, & R DB
0 2 Boom 2 8 BeZHEx v U T7OFE
(c) ._'_ l- v || ] I . 1 . I
| '\. -
. L p,
> ™~
r.g 103 —D\D\D\\lx _HE._
107 F T O——0——9
5 1019 @ ny, -
= O n,
I'Ula L 1 L 1 " 1 2 1 N
0 20 40 60 80 100

7 (K) Y. Muramatsu, D. Hirai et a/, APL Materials, 13, 011119 (2025)



Dirac electrons in WO,

Conduchvny
®)
10°
g
29 ad -
<)
< 10’ !
i @ 5K ® 25K @ 50K
10° 75K ® 100K -
0 2 4 6 8
B (T)
(C) | | ' I 1 1

j(em™V s
[ |
| o

-1

-

5 1019 . @ n, i
= ~O—n
I(]la 1 1 1 1
0 20 40 60 80 100

2% ¥ YT7ETIL
F—IVEEE o,
EIELND) |

(Henss

AR & R — L
ﬁ?%74v?4y7

Oy = Myt (1+14,2B2)-n gt (14112 B?)

> EEICES
» 26,000 cm? V!

BEZFgExFy U7

Theory

=n, (n/n,=08) ¥+ 17

R—ILVEEEIIEK
st@bh K

Weyl+&E
DIFFE

\,,,\

Dirac pomts

DfE1E

MoTe,*?WTe, & E&E D&

: 0 ;
ke (A1)
Dirac Nodal line
Y. Muramatsu, D. Hirai et a/, APL Materials, 13, 011119 (2025)



Extremely large magnetoresistance
: RuO2

OSOz

70J"'I'"'|""|""|""|"''|""l""|""|""|""|"'|: 35: i 14 E
. = 604 :(I)OTT—; 3.0F 12 zéof—
: 13,200 % : ; 34,000 % = | - 1‘8) 19,000 %: :;
E 30 % 19 6 e 0T
= 20 1 b 4
10 N
o W @ s w1 0 20 40 60 80 100 120
E TIK] T[K] TIK]
XMR for all the compounds Dirac electrons everywhere?
Distorted rutile rutile

* ; . : | - /J. ] \. \
| : Dimerization of TM L :
b - b '

Monoclinic P2,/c Tetragonal Ph,/mnm

=HE



RuO, Surface state
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Y. Sun et al, Phys. Rev. B 95, 235104 (2017). T.Osumi et al, Phys. Rev. B. 113, 085116 (2026)

Topological surface states originating form Dirac nodal line were observed in RuO,
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