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Many approaches to higher-T_ superconductors

1) Carrier-doped CuO, planes

- Unidentified Superconducting Objects -
- Extremely large energy gap observed by STM -

2) Cu-oxides having a different crystal structure

-Ladders-
-Lieb model- etc...

3) Metal superconductors including
light elements (boron, carbon etc...)

4) Carrier-doped clusters / nanotubes

Aoyama-Gakuin
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Intrinsic inhomogeneity in CuO, plane
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Extremely large SC gap was observed by STM.

By J.C. Davis and S. Uchida @ﬂoyama-(}al{yin
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‘Qnidentiﬁed Superconducting Obijects
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Many approaches to higher-T_ superconductors

1) Carrier-doped CuO, planes
- Unidentified Superconducting Objects —
- Extremely large energy gap observed by STM -

2) Cu-oxides having a different crystal structure

-Ladders-
-Lieb model- etc...

3) Metal superconductors including
light elements (boron, carbon etc...)

4) Carrier-doped clusters / nanotubes
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CuQ, 2D-plane is essential for
high-T_ superconductivity or not ?

CuO, 2D plane 2-leg ladder

By M. Takano et al. (Kyoto) @ﬂoyama-gaﬁuin

University




Theoretical Prediction of Superconductivity
in LLadder Compounds

Superconductivity in ladders and
coupled planes

D T.M. Rice et al.’ _7IFITTII1IFIIIIIIIT]_
Europhys. Lett. 23 (1993) 445. AS/J a2 x4

o E. Dagotto et al., >0 B
Phys. Rev. B 45 (1992) 5744. i
o Superconductivity appears and spin gap still 2o .
exists in an even number-leg ladder. ]
% ol b
J’,t’ :
e ¢ S > TR TR TIT

J,t 1/1
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‘ Digression

-’gw /7&% e

Matthias Law B.T. Matthias

» 15t law: To find materials with large N(0)

» 2" law: Do not believe theorist's prediction

> Akimitsu Law: Pretend to believe
theorist's prediction

Picture: National Academy of Sciences @ Aoyama-GaKyin
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Ladder-system

Telephone number compound 14 - 24 - 41

1D-chain layer 2-leg ladder layer
(CuOy,) (Cu,0,)

) Aoyama-Gakuin
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Decrease of the resistivity by Ca-doping
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M. Uehara et al., J. Phys. Soc. Jpn. 65 (1996) 2764 ﬁoyama-gaﬁuin
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Superconductivity in 2-leg ladder compound
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Electron doping to ladder compound

= FLEX calc. -
0 Hole-type 005}
N TC~12K 0.04} i
o Electron-type L/t; 0.03 |
002l Hole :
= Tc~600K(!) [ ! Electron
n:cm ._/ | y=74 88 102

= Trial for electron-doping
a Sr14_xLaXCU24O41 TC/t| - 0001
0 SryyNA,CU»,0y,

0.9 1.0 1.1 1.2 1.3
n

K. Kuroki et al., Phys. Rev. B 72, 212509 (2005)
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La, N
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= Lattice constant b is decreased by La, Nd-doping.
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‘ Temperature dependence of resistivity

Resistivity ( Q cm )

0 100 200 300 0 100 200 300

Temperature ( K )

= (Sr,La,Nd),,Cu,,0,, system shows a metal-insulator
transition.

o No sign of superconductivity.

Aoyama-Gakuin
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Temperature dependence of susceptlblhty
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The magnetic ground state of composition between x = 6
and 9 has an antiferromagnetic ordering state.
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Temperature dependence of thermopower
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CuQ, plane, ladder, Lieb model
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Flat band dispersion in high-T_ cuprates (ARPES)
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@ University



‘ Candidate for flat dispersion -lLieb model-

J)
Cu
) . D Jr . . ‘ _. { _.
ar OF f { co,

Theoretically suggested by Imada and Nagaosa @ﬂoyama-gaﬁyin
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Superconductive signal in Ca-Cu-O-(CO,) system
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unpublished, H. Ozaki, T. Suzuki, K. Horigane, Y. Zenitani and J. Akimitsu
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Many approaches to higher-T_ superconductors

1) Carrier-doped CuO, planes
- Unidentified Superconducting Objects —
- Extremely large energy gap observed by STM -

2) Cu-oxides having a different crystal structure

- Ladders -
- Lieb model - etc...

3) Metal superconductors including
light elements (boron, carbon etc...)

4) Carrier-doped clusters / nanotubes
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Are there any new metal high-T _ superconductors ?

Discovery of superconductivity in MgB,
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‘ Crystal structure of MgB,

Characteristic 2D structure (honeycomb lattice)

J. Nagamatsu et al., Nature 410 (2001) 63 @ﬂoyama-ga@in

University



Genie in a bottle

Robert). Cava

news and views

An overlooked campaund has a surprise in stare far physicists, It becames
supercanducting at a much higher temperature than any other stable

metallic compound,

Tfefield of superconductivity has been
rocked by 3 startling announcement.
For fifteen years, ressarchers have been
debing ino the mysteriows and comples
world of high-tempersture supercondudt-
ing materiak W virtually ignoring simple
rretallic compounds because they super-
@nductatvery lowtemperatures. But now
SLkimitsu and colleagues have discovered
superconductivity 3t anamazing39dagrees
above abeolue zero in the simple come
pound megnesium boride (MgBy. They
report their disoovery on page & of this
sue', in what must be one of the shortest
@mmunications published in Nature in
fecent Memory.

Superconduciors are maerals that loss
their resistance to ekctrial current flow
belaaa certain critical temperature{ T ). In
the idml case, this zero-resktane stte b
atsolute Il electrors flowing in 3 continu
s loop of superconducting wire below T,
uld thecretically flow for the 302 of the
Universa and never bose any energy. Butin
the real workd thereare losses from micro
soopic inbornogenedties, for exarrple, and
the ideal b nevertruly cbtained

Norethekss, devices rede with super-
@nducting materiak have resistanes that
are orders of magnitude loser than thase
of civices rade with the best cornentional
@nductors. This low resistance to current
flowmears that lrgecur rents {on theorder
of 10*arrperes per squarecentimetre cfwire
cross- section) can be pessed without sig
nificant heating The negrets in magnetic
resorance ineging irstruments now in
@ommon uss, for example are ede from
rretal-alloy superamnducting wires. Thee
regnets arecookd belovthe T of the metal
alloy by immersioninliquid beliumata 2 K.
Ome can sometimes see trucks cklvering
beliurn to hospital loeding docks for that
purpose.

Alrost exactly 15 wears 309 physicks
were stunned by theannouncerent that 3
@ramic ompossdof barium yttriun, cop-
per and cuygen could bemme superon-
ductingattermnperatures above thatof liquid
nitrogen {77 Ki2 T his dsaovery, basedona
modification of a formubs first announced
by Badnarzand Miller who lzer won the
Mobel Prize for physics, sparked an explo
sion incondereed natter physics and net-
eriak-science resea rch andtheechocanstill
be heard. Itis difficulttodescribethe feding

NATURE SOL 410 1 MARCH 2001 vwwerchara oan

Figre1Theravl yd d

ubbad thelamplhrd found fiat

that we had for the infinie

qanttesfrom auppliasof i repnic chemi "’mmy)ﬂrs. inally
boride asparcend. ing 29K (ref. 1).
rephaoe caki ith magnesiunn which is
promised by thatdisoovery. Inegineaworld  directlyaboseitinthe periodictable. O neof
theirstarti fals wes thesimplecorn

with per petualengines, trairsthat megneti
cally Roatlabove the tracks and ultrafast
computers. For the pecple in the thick of
it, itwes almostinnpossibletos kepfor years
aferwarcs W every minue spentskeping
wes another minute missed in trying to
figure out the implicatiors of 3 whok
resywey of thinkingaboutthe wor ld. Sorme
of the promisss of those early days have
been fulfilled and the legecy of the discow
ery of high-temperture supercondudtivity
hes been to change forever the culture of
roultidisciplinary ressarch in the physical
scienes.

S kimitsuapparently announced the dis-
covery of superconductivity in Mok (ref. 1)
at a corference in Sendai, lapan, in early
Jnuary. The story came to ry attention a
fay weeks fter, through what must have
been acomoluted pathofe- reik andwaord
of mouth. The wholke prooes is leuntingy
reriniscent ofthe way such sories @me to

pound Mgk, which has been knownsinoe
1953 and b aailabkinkilogram-s e bottes
fromsuppliers of inorgenic chericaks (Fig.
.M gB;isoneofthecornon reagents used
in rretathesis reactiors {in which com-
pounds exchange partrers)’, and egne
siurn boeides are wsed in some cormmercial
preparatiors ofelerental boron. & pparent-
by, thestuffthey oot cut of the bottle beame
superconductingat 39 K 16 K higher than
any ather sinmple metallic ompound. T hat

rust have beenquitea shock.
Butwhy theexciternent? b fter all, aitical
for the high op-

peratides haverisen 10160 K over theyears,
four times thevalue for MaB, T herearetwo
rezsors foe the fuss. First, early indications®
are that this material appears 1o become
superconducting by what & known as the
BCS rrechanism{ narned after its discover-
ers, Bardeen, Cooper and Schrigfhry’, in

light in the early days of high-terps
superconductivity N under the gquse of 3
narrathve seemingly 100 fantastic tobe true,
and yet 3t the sanne tine, 100 fantastic to be
entirelyfake

Thestory | heardwes that & kimituand
his groupwereattermnpti ngto rake a chemi-
cal analogue of CaB, Nl a semiconducting
meterial that surprisingly becomes ferro
megretic {like ion) when doped with a
small amount of electrors*. They tried to

M 2001 Macmillan Magazines Ltd

which thei tio lectrors
thatgive rise © superconductivity are rredi-
ated by thermal vibratiors of the atoms in
the underlying crystal lattioe. 5q unlike the
highrterrperature copper oxide supercon-
ducors, Mgk is likel to bea @omentional®
superconductar W the rules of physics do
not need to be bent for superconductivityto
oxur. MgB: has the highest T. known for a
cherrically stable, bulk corpound of this
kind. Ths holds tremendous promise for

23

“Genie in a bottle”

MgB, is a commercial

product !!

Aoyama-Gakuin
University



‘MBZ—type Borides

BeB,

MgB,

-’éw /ZL#A{...?..., ]

Bernd Theodor Matthias

' |AIB,

ScB,| TiB, | VB, | CrB,|MnB,

LuB CrB, T, =86K (J.Castaing et all. J.Phys.Chem.Solids (1972) Vol.33 533)
ub; MnB, T, =143 K (L.Andersson et all. Solid State Communications Vol.4 77 (1966))
TaB, T,=042K
UB, | PuB, NbB, T,=0.62 K (L.Leyarovska et all. J.Less-common Metals 67 (1979) 249)

T.=2.2-9.4 K (A. Yamamoto et al., H. Takagiwa et al.)

Picture: National Academy of Sciences @ Aoyama-GaKyin
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Hole-like surface

Green and Blue cylinder (p,, bands)

Blue tubular network (p, bands)

Electron—like surface

Red tubular network (p, band)

Energy (eV)

o band place at near E.
degenerate at I'-A line

J. Kortus et al., PRL 86 (2001) 4656

&
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The MEM charge density in MgB,

T=15K

(1) B atoms form 2D network

@ Mg atoms are isolated

E. Nishibori et al., Bonding Nature in MgB,, JPSJ 70 (2001) 2252 ,qoyama-ga@in

University



‘ Summary of MgB,

» The superconductivity can be basically explained by BCS theory
» conventional superconductor

= The strong electron-phonon interaction due to the Ilattice
vibration (E,, phonon) in a boron-plane

» strongly connected with the band

» The 2-gap superconductor

» strong and weak coupling pairing A=
In the o, © band o —

o The ”text book material” for 2-gap _\C’ )Q
superconductors

Aoyama-Gakuin
University



‘ The energy gaps of MgB, observed by

Photoemission Spectroscopy

I/t/ensity (arb. units)

> S-wave symmetry

_ 0 band (B) \

- MgB,

surface ban

~ T band (A)

v A,=6.5meV, A =15 meV

(T,.=38 K)

A=6.510.5
| meV

N A=1.5+0.5

® 17K
® 45K meV
—— simulation

30 20 10 Ep -10

-20

» Surface band is strongl £
influenced by o band. i RIRKng EHEeEiEnoe
v gap value is close to A_ _
(proximity effect ?) SC gap includes two gaps.

S. Souma et al., Nature 423 (2003) 65

Aoyama-Gakuin
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‘ Application of MgB,

MRI (Magnetic Resonance Imaging) LINEAR EXPRESS
Kumakura’s Group Okada’s Group
Superconducting Material Center Hitachi Research Laboratory
National Institute for Materials Science Hitachi, Ltd.

Aoyama-Gakuin
University



‘Applied fields for superconductors Versus

]. (engmeermg) ~10* A/cm? lines

’ 00 Je (engmeermg) ~104 Acm2
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J. Shimoyama et al.
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Trial for enhancement of | in MgB,

add. Be(2%) @5K
|

Nb-Ti wire

/

1065--'|"'|'

Bi-2223(20K) -
In-situ tape | Adding small amount

(add. SiC) 1 of Be
) 3.0x10%A/cm?

£ 10°L | @5K, 4T
< F In-situ tape '
N (add.SiC @20K) /
103} _ | The highest level Jc in the
: 4.2K Ex-situ tape In-situ tape : _
(no heated) no add.) ! world was achieved.

, radd. Be(1%) @5K

0 2 4 6 8 10 12
Field (Tesla)

We are trying to achieve enhancement of J. in high field region.

) Aoyama-Gakuin
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‘ 10m class wire of MgB,

Successfully processed MgB, coll at the first time in the world !!

Ni, Stainless-Steel

B4 X . BEX03mm 182.7mm

Establishment of processing is near completion.

Hitachi Research Laboratory, Hitachi Ltd. Aoyama-Gakyin
National Institute for Materials Science University




‘ Trial product of small magnet using MgB,

1st machine 2"d machine

Diameter: 48mm
Field: 0.5T(4.2K, OT)

Diameter: 43mm
Field: 0.13T(4.2K,0T)

We succeeded in fabricating the SC magnet
by MgB, at the first time in the world !!

Accomplishment to develop 1.5T magnet
at 16t September, 2005.

Hitachi Research Laboratory, Hitachi Ltd. Aoyama-Gakyin
National Institute for Materials Science University



Recent progress in MgB, film (I)

- as-grown MgB, film -

Tc,onset:29'1 K J

160 |

80 ma

Resistivity [uQcm]

T

c,offset

, 289K

Livoo| ommmimmmmenbonnee 10000 ly0ileynilenn,
O0 15 20 25 30 35 40 45 50
Temperature [K]

(0001) sapphire substrate
at 250°C

1SKU X20.000 S 1¥m 110224

SEM image

Osaka Prefecture University T. Ishida et al. @ﬂoyama-ga@in

University



Nano-tfabrication of MgB,

(00) BORALAARRE RN R LS LN R LA
”
IS °
< —
g S
2
s 80
== 2
& °
Spm 118711
Tc,oﬁset
o =289K

%0 15 20 25 30 35 40 45 50
Temperature [K]

Development toward neutron-detector

Osaka Prefecture University T. Ishida et al. @ﬂoyama-ga@in

University



‘ Recent progress in MgB, film (1I)

A black MgB, thin film was
successfully synthesized
where electrolyte touches a
graphite cathode.

SEM image of MgB, thin film
fabricated by Galvanization method

Aoyama-Gakuin
University

National Institute for Materials Science H. Abe et al.
Japan Atomic Energy Research Institute @



Summary on recent progress in thin film

As a result of homogenization of the electrolyte by mechanical stirring:

Fe Stainless steel
T.(0T) (K) 37 37
J. (0T, 5K) (A/lcm?) 2 3*105 2 4*10%
J, (0T, 20 K) (Alcm?) 1.4*10° 7*10°
J, (LT, 5K) (Alcm?) 1.4*105 1.3*10*

The highest J_ has been achieved in MgB, / Fe.

) Aoyama-GaKuin
University



Merits of Application in MgB,

@  Highest-T, in the intermetallic
superconductors

Starting materials are light and not
expensive.

Its T, Is a sweet spot for refrigerator.
No-weak-link between grains.
Using cheap sheath-material is feasible.

Heat treatment is unnecessary. or
treatment at low temperature and short time
Is feasible.

@  Good performance for bending.

®

®© © ® ©

Good cost performance

Aoyama-Gakuin
University



Superconductivity in Y,C,
-Collaborators-

= S. Akutagawa '@'

= MEM/Rietveld analysis
o K. Osaka, K. Kato and M. Takata (SPring-8)
_ SPring..8
= Microwave measurement @
a T. Ohashi, H. Kitano, A. Maeda (Univ. of Tokyo)
= NMR S - N
o A. Harada, H. Mukuda, Y. Kitaoka (Osaka Univ.)

C_’ THE UsivERSITY OF TORNO

Aoyama-Gakuin
University



Susceptibility & Resistivity of Y,C;

Susceptibility [10%emu/g]

0.0
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g . H =10 Oe
,...-.. ZERO FIELD COOLING PROCESS

5

10 15 20

Temperature [K]
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i d
ST S T—

T
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We successfully synthesized high quality Y,C; samples.

T. Is controllable by synthesis condition.

Aoyama-Gakuin
University



Rietveld analysis of Y,C; - high-T_ (18 K)

Crystallographic parameters

a [A] 8.187099

Y 0.049705
0.049705
0.049705

0.995977
0.441354

WQ N< X

0.294788
0
0.25
0.866852
0.937075

Aoyama-GaRuin
University

Structure type : Pu,C; type

Space group : 143d

WO N X

Y atoms are aligned along the <111> direction
and C atoms form dimers.




Comparison between low-T_ and high-T,_
material in Y,C,

T [K]

Aa
2 A A
.
16 |
N
10 fo g
: BV v
0 s s S T -
A present work
vV Krupkaetal. | 3 3 3
oL

8.18 8.19 8.2 8.21 8.22 8.23 8.24 8.25 8.26

Lattice parameter a [ A ]

High-T, material
our work : 8.18~8.23A

Low-T,. material
Krupka’s work : 8.214~8.251A

The lattice constant, a, of
high-T, material is shorter
than that of low-T,
material.

) Aoyama-Gakuin
University



‘ Refined Structure Parameters

High-T. material
(our work)
dec: 1.3134 4
dy.c:2.4876 A
dyy: 3.5451 A

Low-T, material
(V.I. Novokshonov et al.)
dec: 1.5298 A
dyc:2.556 A
dyy : 3.5652 A

C-C distance of high-T. material is
shorter than that of low-T_ material.

Aoyama-Gakuin
University

View from [111] direction




Macroscopic parameters

T.vs.y
15.5 4.2
[ J

15.0 |

145 ALt
_ 14.0 | . 39
X 135" %ﬂ
- 13.0 - = 38

(9\]

125 ¢ 36

12.0 - d

11.5 ° w w 3.5 |

4.5 5.0 55 6.0 6.5 115 12

y [mJ/mol KZ]

T. depends on vy.

Sommerfeld constant : y = n?kg?D(Ep)/3

T, vs. 2A4,/kgT,

.0 125 13.0 135 14.0 145 15.0 155

T [K]

2A,/kT. increases with increasing T..

&
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Various parameters of Y,Cs
Comparison with various 1 phases

© (mJ/mol-K?) 4.7 6.0 6.3

toH,(0) (T) 22.7 24.7 26.8




Relationship between y and T,

102:""| T T TYIYTII : =TS T ""”T T T xrrrxnr :
—-——-e——— : -
LaSrCuO YBaCuO ]
M g BZ # ElOs £
Nb-Ga Nb3Ge T
MoC A 00 g0 NDsAl :
Y.C —f—b ® % . Nbssn® o oPbMocSs
2 3 101 — / © Nb fo) SI’lMOeSg =]
e ¢ Ba(PbBi)0; o CuMoeSs :
X B S oTa AgMogSs g
o i O n
&~ £ ]
°Tl LuNi,B,C i
Al © 4 h
100 E" 2 o Mo UB613 5 _lj
- o Cd 5 T UPtsg 115
L2 SeTiO, CeCu,Si; |
ik !
1071 o L e —— PR |
10° 10 10° 10°

7 (mJ/mol-K?)
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BC NMR Knight shift : singlet or triplet?

Temperature dependence of
Knight shift

Knight shift is decreased below T,. o«

& s
Spin singlet gowr
B 4
I 4

A. Harada et al., J. Phys. Soc. Jpn. 76(2) (2007) 023704/1-4. @ﬂoyama-galiyin

University



BC NMR 1/T, : Two-gap superconductor ?

10} Y2CG

. H=988T
T,T oc 1/N(E) o [ Te=t22K
~ ,
/T S i,
~ Em- e
= :
We observed two components SN -
- 0 1 2 3 4 5 6 7 8
in 1/T dependence. T
Dotted line shows ~T? (line node).
Two Isotropic gaps exit in Y,Cs. The inset shows a simple exponential
Large gap: 2A /KgT. =5 (a0 = 0.75) recovery curve of nuclear magnetizatio

Small gap: 2A,/KgT, =2 (B = 0.25)

A. Harada et al., J. Phys. Soc. Jpn. 76(2) (2007) 023704/1-4. @ﬂoyama-ga@m

University




Superconductivity in B-do

ped Diamond

—>—0GPa
1ol —+—2.8 GPa
——5.1 GPa

T.~4K,H,~3.5T
o Type-ll SC

Synthesis at 8-9GPa,
2500-2800K

B concentration
o 4-5x1021 /cm3

E.A.Ekimov et al., Nature 428, 542(2004)

) Aoyama-GaKuin
University



Difference of T_ between (100) & (111) films
ogrown by CVD method

. O [111] Te-onset H. Umezawa et al. | Poly Tc-0'Y. Takano et al.
= At same B-concentration : | & fioirconser imeaasta $ FoyTenER Elmaveta
bout 8 5xl021cm-3 B [100] Te-0 H. Umezawa et al. A [100] Tc E. Bustarretetal.
a :
12
o (111) :
&
10
= T.onset=11.5K ! "?111]
= T,zero=7.4K : i
/&
3 7 &
I_u 6 P iy / ® 0
4 i =
= T.onset=6.3K 7T o
e %
= T_.zero=3.2K NP oty 1100}
A;‘
0 I1 10

Boron Concentration [10°'/cm’]

Aoyama-Gakuin
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Superconductivity in B-doped Diamond

-Collaborators-

= T. Muranaka

= Preparation of Diamond films

o K. Kobashi (Electronics & Infomation Technology
Laboratory, Kobe Steel Ltd.)

KOBELCO

<o MENH

Aoyama-Gakuin
University



Superconductivity in B-doped diamond

Polycrystalline film
B-doped diamond

(111) Diamond _ thin film
thin film B doping
S [ >
30 h

Highly oriented film B-doped diamond

(111) Diamond

(like pyramid surface) thin film thin film
B doping
(100) highly B/C=2000 ppm
oriented thin film . ~
>t 30 h

(100) surface is appeared by B-doping.

) Aoyama-GaKuin
University



SEM images of diamond thin film

Polycrystalline
thin film
B-doping

B/C=2000 ppm

Highly oriented thin film
(like pyramid surface)

(100) surface is appeared by B-doping. @ﬂ"y“m@“@m

University



Resistance [Q2]

Resistance in B-doped diamond on highly oriented
diamond thin film

=
ol

|

0.5

1=10pA

| | | |
100 150 200 250
Temperature [K]

300

Resistance [Q]

=
ol

[

o
ol

| | |

4 6 8 10
Temperature [K]

= T (onset)=5.0K & T.(zero)=3.0K

Aoyama-Gakuin
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Resistance in a magnetic field & H_, in B-doped
diamond on highly oriented diamond thin film

B-dope diamond RT-No.1(B3-1600)

2 \ \ \ \ \ \ \
1=10pA
15+ -
S
3
s 1 I
Q2
1
o
05 + |
0 ! !
0 6 7 8

Temperature [K]

H,, [T]

19T

5.5T

from Tc(onset)

.from T (zero)

N
N
i
-
~

1 2 ¥ 4
Temperature [K]

= Hg,(inset) & H.,(zero) are estimated to be about 5.5T &1.9T.

&

Aoyama-Gakuin
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Phase diagram for T_and B-concentration

= Boron concentration of our | g iiepy e Q FovTeovTaEnatal
. [ [0o0) Te-onset H. Umezawa et al. € PolyTc-0 EA Ekimov et al.
Samples are estlmated to be B [100] Te-0 H. Umezawa et al. A [100] Tc E. Bustarret et al.
about 2-5x1021/cm3. 12 3
10 C
. . /
o Relatively under-doping . Pl A1)
region _ ‘e
¢’ 7z
:u 6 P |(Z / 4 0O
1 . . ’¢7
= We will be synthesizing by 4 ‘/";-, ¢
new method & condition. L AT
2 - [100] .« iy T—E100]
A/
a Chasing for higher-T, T 10

Boron Concentration [1021/cm3]

Aoyama-Gakuin
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Superconductivity in B-doped SiC

-Collaborators-

= Z.-A. Ren, J. Kato, T. Muranaka

= AC susceptibility
o M. Kriener, Y. Maeno (Kyoto Univ.)

Aoyama-Gakuin
University


http://www.kyoto-u.ac.jp/index.htm

Searching for new superconductivity in a wide gap
semiconductor with a diamond lattice structure

Crystal structure of 3C-SIC

= We try to dope B atom for carrier doping.

Aoyama-Gakuin
University



160}

Background |
Superconductivity in B-doped Si

B-doping to Si by UV laser

TC~ 0'35K1 Hc2~ O-4T o-—I Tk
o Type-lI SC Tamperature, T (0

Carrier (hole) density
o ~5+2x 1021 ¢cm3

H()

0.5

E. Bustarret et al., Nature 444, 465 (2006). ﬂoyama-ga@um

University



Temperature dependence of resistivity

0.6
—_ —m— Samplel: p
= —o— Sample2: p/10
c
£
2 0.3+
>
=
@
7p]
@

0.0}

1 7K 2
0 100 200 300

Temperature (K)

Superconductivity was observed at T.=1.4 K

Aoyama-GaRuin
University



Temperature dependence of AC susceptibility

1_
S |
=N I
Of
Or
= AT H,_=0.010e
©
~— | v = 3011 Hz
~ |
8 F - - - cooling
I —— warming
00 05 10 15 20

Temperature (K)

We observed the in-field hysteresis and the absence of a
hysteresis in zero field.

o Strong evidence for type-l superconductivity.

Aoyama-Gakuin
University



H-T phase diagram

= H (S—N)
100 F - e H (N—S)
8 r el “m, Normal State
O c\‘ -\!.
IU 50 B '\.\\ -\
L S|
e =
. (N %
Superconducting o
25+ ) )
State \o.i
ol
‘.
O ] ) ] ) ] K ]
0.0 0.4 0.8 1.2 1.6

Temperature (K)

We determined H,.(0) to be (83+5) Oe
o GL parameter k < 0.34 (type-|)

Aoyama-GaRuin
University



Problem in superconductivity in B-doped SiC

Crystal structure of 3C-SIC Crystal structure of 6H-SIC

Aoyama-Gakuin
University



Many approaches to higher-T_ superconductors

1) Carrier-doped CuO, planes
- Unidentified Superconducting Objects —
- Extremely large energy gap observed by STM -

2) Cu-oxides having a different crystal structure

- Ladders -
- Lieb model - etc...

3) Metal superconductors including
light elements (boron, carbon etc...)

4) Carrier-doped clusters / nanotubes

) Aoyama-GaKuin
University



‘ Network of elements in Boride, Carbide and
Silicide compounds
3 oYe) 3 Q-Q pairs
0o zigzag chains
W?p? branched chains

double chains

B,, cluster Si,, Cluster

= "--- ' \.
’w"w- L’,” .f‘.{,'.ﬁ" {, '4' \‘<‘ L 3
Stgeg ety 8g Rul'e:

‘ " ._..\ .f"l\. \I’ﬂ\ .} 4:1' ‘ -
Nt R T e DNl l,

Carbon nanotube

Aoyama-Gakuin
University

two-dimensional network Cq, Cluster




Superconducting signal in end-bonded
multiwalled carbon nanotubes

ores
PI Y

11 05
e @

=
o

=) =|=2

H=0T -1.0;"

! )
1 . _1'5:

2 0F P e

' f o] D'....l....l....l.%ﬂ' .........
O J.I.HJ.LH.[MM?ﬁIIIIlIIIIHIII ZFC o 5 W 1§ 20 28 30
| Tempularature[kﬂl

0 246 810121416 A T T 30
T (K 5 10 15 20 25

M, (T)-M, (T=30K) [x10 emu]

Temperature[K]

|. Takesue et al.,Phys. Rev. Lett. 96, 057001 (2006).
N. Murata et al., cond-mat/0703599.
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Clathrate-type silver-oxide: Ag,OgMX superconductor

-Collaborators-

= K. Kawashima and M. Ishii

(Aoyama Gakuin Univ.)

(Univ. of Kyoto)

Aoyama-Gakuin
University


http://www.kyoto-u.ac.jp/index.htm

Crystal structure of Ag;OsMX

The silver-oxide Ag;OgMX (M = cation, X = anion) has a clathrate-type
structure which consists of face sharing Ag;Og4 cage containing anion (X)

at its center.
Crystal system: Cubic

*Ag;OgAgNO; (T,=1.04 K) Space group: Fm3m

*AgsOzsAgBF, (T.=0.35 K) o O
*AgsOzAgHF, (T.=0.15~1.5 K) S Ag(l 1, 11 I)
*AgsOAgHSO :
o ‘ ® cation(M")
"Ag;OzAgHCO,
() anion (X°)
-AgsOzAgCIO, .1_’
[1] J. Selbin et al., J. Inorg. Nucl. Chem., 20 (1961) 91. .
[2] M. B. Robin et al., Phys. Rev. Lett. 17 (1966) 917. @ﬂoy“mﬁd@m
[3] M. Jansen et al., J. Alloys and Compounds 183 (1992) 45. University



In a previous repot

ex. AgzOzAgNO,

g
Ag;OsAgNO, shows multi phase-transitions
with decreasing temperature.

Robin and co-workers suggested that these
transitions were generated with the structural-
phase transitions.

FIG. 1. The temperature-resistivity curve for a
single crystal of Ag;0;NO,.

100 —

@
Q

o1}
=]

Ag;OzAgNO, shows superconductivity at 1.04 K

C/T (md/mole-°K2)

Ag70gNOy

o 368 Oe —
+ 245 Oe
o 123 Qe
& Zero Field

ey
o
T

| | |
ok
205 [ 2 3 3

T2('Kz)

[4] M. B. Robin et al., Phys. Rev. Lett. 17 (1966) 917. ﬁoyama-gaﬁuin
[5] M. M. Conway et al,. J. Phys. Chem. Sol. 31 (1970) 2673 University




Powder X-ray diffraction patterns of
Ag;O;AgX (X=NO,, HF,)

X-ray: CuKa

Ag 6OgAgHF2

—~
N
N
N
~

Single crystalline samples.

100)
(200)
(220)

Ag,O,AgNO,

Intensity ( arb. units )

(222)
(400)

~—(100)
-(200)
L (220)

J

5 10 20 30
20 ( degrees )

We succeeded in synthesizing single crystalline samples of AgsO;AgNO,

and Ag;OzAgHF,.
@ﬂoyama@a@in
University




Normal state of Ag;OsAgNO, and Ag,O;AgHF,

AgsOgAgNO;

Ag;OzAgNO4 shows phase
transitions near 90 K and 180 K.

180 K: Structural phase-transition
from Cubic to Tetragonal.

(We confirmed this transition using X-ray diffraction).

90 K:  Small phase transition:
stopping of NO;" ions rotation?

AgsOgAgHF,

Ag;OzAgHF, shows phase transition
near 110 K. We consider that this
transition is generated by stop of
HF2- ions spin like Ag;O;AgNO,
material.

Resistivity [ pQcm ]

C [ Jmol - K ]

Susceptibility [ 107 emu/g ]

350

300
250 |
200 L
150 |
100 |
50 |

400

300

200

100 -

3.0

25}

2.0

15

1.0
0

AgsOsAgNO,

1=1.0mA

e

H =50000 G

e

50 100 150 200 250 300
Temperature [ K ]

Resistivity ( puQcm )

Susceptibility [ 107 emu/g ] Heat capacity:C ( J/mol - K )

700

600 |-

500

400

300

200

100

AgsOzAgHF,

400 |

300 -

200

100 -

N w B [&;] (o2} ~ [ee] o
T T T T T

H =50000 G

0

50 100

150 200 250 300

Temperature [ K ]
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Superconducting state of Ag,O;AgNO, and Ag,O;AgHF,
AgsOsAgNO,

AgsOgAgNO; shows superconducting transition at 1.04 K as described in a previous report. We
determine a upper critical field: H_, to be 770 Oe and calculated coherence length:  to be 42.5

nm.
Resistivity & heat capacity. ac-susceptibility. / a0 | : ggsaitsfie;r;ta;ity \
1.0 0k
_ / M A ac-susceptibility (H sweep)
g 08} > 1o j-_’ M ¥ ac-susceptibility (T sweep )
% 06| = 208 " — Mmm ~ 600 t
2 04 f m A 8
—~ 100 \ I - I
i g0 [|==%0¢c j w 200
= 60 [ ’/‘J ‘Ikl‘.‘ ""M‘ ‘bmu
c ol T ol
g i / 0 0.2 04 0.6 0.8 1
04 05 06 07 08 09 1 11 12 Hraman il () ABERICIETY c
Temperature ( K )

AgsOgAgHF,

We confirmed superconducting transition at 1.5 K more clear than previous report and
performed some measurements to elucidate superconducting state in Ag;OsAgHF..

Aoyama-GaRuin
University



Summary

Electron doped (La, Nd-doping) 14-24-41 system

o M-I transition is observed in both system

o S~0is observed in Nd-doping

Two gap superconductivity in Y,C; (from NMR & SpHeat).
New type-| superconductivity in B-doped SiC.

First information for H-T phase diagram by single
crystalline Ag-clathrate system

With struggling, struggling,

T, Is getting decreased !!

) Aoyama-Gakuin
University



Finally, how T, Is determined ?

T. = (Luck) x (Spirit) x (Idea)

Aoyama-Gakuin
University
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Searching for New superconducting
intermetallic compounds

» Re,B, ( T. Muranaka, A. Kawano )

> Re,B ( T. Muranaka, A. Kawano )

» (W,Mo),Re5(B,C) (K. Kawashima, A. Kawano, T. Muranaka )

» W:Si, ( S. Akutagawa, Y. Kanai, T. Muranaka )

» Rh,Ga, ( K. Tanaka, S. Akutagawa )

» Ir,Gag ( K. Wakui, S. Akutagawa )

» NaAlSi ( S. Kuroiwa, H. Kawashima, H. Kinoshita )

) Aoyama-Gakuin
University



Susceptibility [ 10'3emu/g ]
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Physical properties of Re-B;
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) Aoyama-Gakuin
A. Kawano et al., JPSJ 72 (2003) 1724. University



Susceptibility [10°emu/g]

Physical properties of Re,;B

e

-+

) . 400 |-
. 5 ’
v TC =48K S a0 L
F.C. 3 — i
vvv _é\ L
vavvv vvvvv . % 200 }
& 2 , 100 |
o X [
e ast 100 TZ 50 |
ZF.C A/SHVEE . % T 5 10 1
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Temperature ‘ryRe Temperature [ K]
I S a ~ .
¥ a=2.890A
. b=9313 A
Orthorhombic .
" Aoyama-Gakuin
A. Kawano et al., JPSJ 72 (2003) 1724. University



Superconducting properties of Re;B,
Re- B,

Re;B Re-,B,
T.[K] 5.0 3.5
Ho, [ MT ] 8 6
Ho [T] 5.2 1.8
A [A] 2870 3310
¢ [A] 80 135

From Specific Heat measurement of Re;B
2Ny [ kg7T. = 3.53, AC [ yT.=1.92

Weak coupling s-wave superconductor

A. Kawano et al., JPSJ 72 (2003) 1724 @ﬂoyama-g‘a&um

University



Physical properties of (W,Mo)-Re,;(B,C)
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W-7Re,5C W,Re;,C :T,=73[K] V.F.=73%
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B M07Re13C Mo,Re;sC: T, = 8.0[K] V.F.=81%

Resistivity [ puQ -+ cm ]

350

300 |

250

200
150 ¢

100 ©

K. Kawashima et al., Physica B 378-380 (2006) 1118.
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Superconducting properties of

(WaM()) 7R€13 <B>C>

W-Re ;B W-Re;C Mo-Re,;B Mo-Re;C
T.[K] 7.2 7.3 8.3 8.1
He, [mMT] 7.7 4.0 3.0 3.1
H,[T] 11.4 12.6 15.4 14.8
A [A] 2925 4060 4684 4608
& [A] 54 51 46 47

From Specific Heat measurement of

W-Re5(B,C) and Mo,Re5(B,C)

20, | ks T. = 4.2, 4.0 and 4.4, 4.2

Strong-coupling-s-wave superconductors
K. Kawashima et al., JPSJ 74 (2005) 700.

) Aoyama-GaKuin
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‘ Physical properties ot W.Si,

<=
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. . . Acyama-Gakyi
S. Akutagawa et al., to be published in Physica C. @ ”“'Z“ngfﬁg



Superconducting properties of W.Si,

Calc. DoS
30
gt 28 7 = " =
Hcl mT] 15 ; ——Si1 Total
Ho [ T] 2.6 %
A [A] 5737 5
E[A 113 s
v [ md/mol K? ] 14.8 Z
Oy [ K] 66.6 A

Energy [eV]

Type-Il superconductor
DoS at EF is mainly contributed from W orbital.

) Aoyama-GaKuin
University



Physical properties of Rh,Ga,

0.5

@ Rh O :Ga

Susceptibility [ 10 emu/g ]

Temperature [K]

monoclinic

Space group : Pc

a=6.4164 A

b=6.4119 A

a c=8.78474
B=9339" [q]

Size of single crystal : 1.8mm X 1.5mm X 1.2mm

[1] M. Bostrom et al., Zeitschrift fuer Anorganische und Allgemeine Chemie 631(2-3) (2005) 534-541.

Aoyama-Gakuin
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Physical ies of
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Physical properties —
> 3 | FC E
of NaAlSi 5
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S. Kuroiwa et al., submitted to J. Phys. Soc. Jpn. @ﬂ"y‘m“'g“@m



