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PERMIIC > F VB AZ T T, B E T
BRI B LR 2 £ O FF s BB L FEREMEA
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RETHEISEBEAERTHD L ERLE
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B CR DB FREILNTOET,
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TEBRGERE BT 8B I 21—
ayuEGELE (K1), UL, #iEN
IREER T D X D R AEAE RIS
NTWERA,

ZZ T, Fexld MgBe 3820 /N K (=X R) & a2 R (BN
> R) 122\ T Bogoliubov-de Gennes 523 & Maxwell 52 HWT, &
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2T =R EWMY ARSI, BT ANEEZEE LIy RERGE
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2., intracband BELIZOWTIEE LA — AL EZNEND/NN RNETOE
74 ) UMEAEM % 2, inter-band BELIZ DWW TILE T & AR — /LS RHEBK,
XHERRT 28T« 74/ HAEEMEBE L GHRLEZ (KM2),
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MgB. (%2001 FICRREN-BIZEAKTHD.

FOBICEEBEETIXT.=39KIZHZEL,
H R UL YS RBEERICR CELEE
BEEZTRIHEGEYMEL LTRWIIEEZE
H-[1]. FDEROHEIZL Y, £4EE THRIGESY
Yoy THRWz, sEOBEERXRTHZZ &2,
o\ REmNY FOBBEEX vy TOKREIN
RKECERLSTWD I ERBIHENBALMIZHE-
f=. BIZ2 DDV FTRELERL - -BIEE
Xyry TEHEIOBEGEREIAYMEL DO TDIHR
E£ThHY, ELOWEEFEDOEKEKZES|L V.
MgB, IE7 4+ / VEENET HBIEEARD G
TlX, SFETHLATLAYPEOHFTRILIEL
T.#T9. £BEERKRZHKOHTE MgB, &KW E
BV EEZ T MEXFRILYSREEE
AREBERZBBBEERLNZLEL, BAD
By EBETHY, SERRIEENTLAL
EWSFIEMND, [CADEEMIS EHALHE
NIThhTWb. BT IL—TTIE "B &dn
HFORREEFAL, £BAERF MgB, &
HFRHEFORAFICRYBATLSME]. Tl
NIZHLBEERORAFEY, FFLERALEER
ItZ BT —EZOHENTHRTULVS. HHAmM
IZRBBITITSEDIZIIREFRBRLARILTISY
FeREMNAKROOMNS. FBEICHATEELGRY T, A
=<, HBELEMNEFLL. —BIZTIEE2FS
YILEELEETEINASDEENZLLALL
TN UVADNENSEDEEFIND. MgB;
IEAF v IILEERNE~AORYMBAAEIINE
TICYBERELLZREZZHAEHLE:
HPCVD[5]1%* B 2EFE—LIZKYEBT 59

FRIES X —(MBE)ABINBESNTLNS.

¥(4lEk B ORBICERIX—FEVEILK &
JL)E ALz MBE JEIC& Y MgB, DFIRIER(C
MYEHATLS.

2. PFHRIEFIXI—&
MgB, EED & (F MBE iZFRAWLTiTo 1.
AREBOEZEFH 7x107 Pa THY, Mg, B

LR R DZEBRMORFFIZEESE, ML
HIRET MgB, EOBEZ1To1=. ZBEREL
TIEMg, BEIZKEJILZAWN=. BIZD2W\T
IEEKEILZEZFERAL, 1870°CEEEEXTHE
TREICKDIEEET2I-. BREKEILIZELES
B m#EBEIL, BaRMBEDHEATHY, HHOI L
— TN K BHEFEN. K EILERAVDE, &
WAERETLRHMEFELREMICHIETES.
H4lE 0.05 Alsec REDWD < Y & LI-pE
REFZEHTE. —RICKEREZFE L HIE
FYEBWNEECTERZIEAX v IILERSHE
5T EMNHEES Mg IEIEBHTEVERREEZED
=8, EIRETOBFREMNMEI S BERETEK
DNERETHICHADED Mg ZHKT S0
ELHIHH, BEREEFZELMRZSANE, £
DAREITERRELMZA S EMNEEKD. £,
—RICIEETRBE LE-ANEREOTFBMEXR
EINBTENPEFEIND.
BRIIBFLREATIEEZHF O I 74 vE
WD c @ERALT MgB, BIEDREXIT o 1=
EWEE(X 250°C~300°C, B & Mg M#&EBE&E
FEDLIE mol tET 1:7~11 FBEDEHETITLY,
60 nm B2EDEHD MgB, ElE%151-. F1-,
HEFICERFAEREFREIHT(RHEED)IZ & 5
BEREDZDIGERAETo1-.

3. BWRLEER

112 MgB, [0 RHEED D#ER %R
ARy FITIEH DD, BROEIFEFTRLCR
ATWBHDH NS BROEHZERS & %M
REGEEMN ST NIEEICRKRY FHATRNATLY

1 MgB. &EM RHEED .



5. CORRMND, EREOFHEEEFULA,
IEFAFDYILERELTELY, ¢ BEMRE
THAHENFREINS.

g
10° |
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[nlcnﬁit}' {eps)

PO, (009) J ".

H} B
HJ' 200 30 4[] ‘~U 60 70 I“SIZ] UU 1040

200 (deg.)
2 MgB, RO EM AR TH X FREH.

RIZEMBARTO X BREFOFEREZR 2 TR
T. I 74 VYERDE—I LS, MgB; D
(001) & (002) RET AN T LV D. ZH LIS DA
%t VIIEBRBEOHGFEATHER I TG

LY. (0NRHFDHMNBERTNEZ EAD, SE
#/onf- MgB, EIR(X, V7 Ed cEfizmL
TWB T EhHMD. F£f- MgB, (002)E—4 (=

DVWTCAYFUITA—TDREEIT-&ET 5,

ZTOHEREIH4ELHY, EEEILEHE
LY.

150

MgB, /Al,0,
(102)

Intensity (cps)

li] Q0 180 270 360
& (deg)

3 MgB, EED(102)REFT TDOR F v .

ERDAGIZDONTYH, ZOEREMEEHESR

H1=BIZ(102)RFIZDNTHORF v U EITo 1.

ORF Y UTIE, EFXBOASEERITEER
B, cEh SHELRET (2 2 TIX(102)R41)
EFRHET S CORECEREZEE#EY IS
360 EEEEES. CDEE, EIHRECIEE
NOERAMENRBEINS. AARTHD MgB,

DEEIEEAND 6 BIxFitEE KL, oM EIHTSE
HE{=9 6 hFAFEIFICE—OMARBRNBIET T
HbH. EZAN, BIITRTELIICTRTODA
ETREREORTEENEON. ZDZ L
TEARICERENEN. EFRLTNS.
RHEED, mfE X ffEITDO#EREEHE T, HA
MMESLLT- MgB, BlE (L c SHECRE TH D &6
RTES.

RICBCEEHMEZARNS=H, ERERED
BIEZ1To1=. B4I1TRENDESICEHEBELEB
ZEEFRERL, EETEOERNLENE-. £
@%@mrﬁrmw 33.7K, T.O™'=335K &,
HEE LTINS <, TOERIEAT, LAT,
=02K LB S ¥ —THERERT

il
- 400 a
3 MgB,/AlLO,
= 39 nm
< 20t f -
| L]
{JA : :
30 35 40
k)
4 MgB, DERIENME. HABRLGBEERR
BERY.
4. F&OH

<X MBE &% ALV T MgB, BBin&EEED &
[ExiTo1-. IEE 60 nm E2ET cehfem L=
DEHIZHEI L. F-ZORIIEOERETR
L, T.=345K, AT, =02K ¢&, HELELTIX
LB R IF R BEEEFEE R LT

SE Xk

[1] J. Nagamatsu et al., Nature 410 (2001) 63.
[2] S.L. Bud’ko et al., Phys. Rev. Lett. 86 (2001)
1877.

[B]A. Y. Liu et al., Phys. Rev. Lett. 87 (2001)
087005.
MEEEAN etal,
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[5] X. Zeng et al., Nat. Mat. 1 (2002) 35.

[6] K. Ueda and M. Naito, App. Phys. Lett. 79
(2001) 2046, A. J. M. Van Erven et al., App.
Phys. Lett. 81 (2002) 4982.
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1. [FL&HIC

EROMESTIL—TTlIE. EBRBEENK
TEREDEEGEGZEET. = 39 K&FHFD
MgBy[1]Z2 BT, 4 KTEIET SMeB, Bz E
b FIREFORRBEEH-ICHBLIZ2]. #%
RIGE(ZE>TRAMIZO—/—x A ERIES
N O—N\—BENEILTHIIELEFIRAT S,
MgB, 1 D ''BESER A S FREEL 1=t F AN
L. BMRIGERITRICRRISENREET S,
BRIGEIZEY I —/—5t ) —ER AN EEf F &
BYRRIND, COMEIZLDEE AT I3
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CEMTELDTH S, BIoBEBIHRTFAT
5EKEDKELEVTIKEESOIEERTEE
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ZRFILICKDE N EEREFAA—DUY
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EEITBRET CEBTETHANEL S, AT
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—H—BHEBRTERADIRETIER/NMT
RBERNA VA VAV REIZEDICESFHZRN.
BHBRDO4IKEEE O THERELT=.

2. BMEIREE

2TFDEHHAF VAV ARLIE, J—1—5=t
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3. EEBKER

K2l%. A EHRNTS KIZHESN=MgB,
RFITNNILAL——FMELIzEE &AL
EICEEEDHRBEETHD, REFIE. 4
KTEMEL., ISEEE(X. 3 nsémEHELT
WA ERDI D, Tz /NILAL—H—IE,
ETVEREXYZRT—YICBEHINTEY. L
—H—RARYNEEETHENTED, 2D
ZRTEBEBM T, L—F—RRyrE R/
0.5 umDRATY T THIFL. RFDOEBRIZH
(T BIEEMIZDONWTEIRANT, 3. EEIC
FAW-MgB, R FTH D, TTFIL. 200 umA
T. R umD AT Z A KITIMIENT
W5, B3.(b)Hh4 KTL—H—RARYrEER
LIzEZDEBEDRHTHD, 1/LAHTY
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FIF300 pATHD. TTFEARDBEENBHS
NTEY . RFLEAETEMEL TSI ENFEER
T&T1=,

4. F&&H

AR THLOEMEREZIREL-RHSH
(X, AK CENMESE A EITHRIILI-, - L
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Abstract

A b RVEABSE (STM: Scanning Tunneling Microscope) & #8{n 8 &+ T-# %+ (SQUID:

Superconducting Quantum Interference Device) % filA& 172 STM-SQUID BHKSE 4 BAFE L. @i/ ffne CREMAS B
DG BDOREZAT > T2, MBEHMROMKR T 0 —7 2T, ¥ 7 VORI %2 SQUID ITEEL, S
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Nonlinear terahertz metamaterial using superconducting NbN film

Caihong Zhang,1 Biaobing Jin,2 Iwao Kawayama,1 Hiro Murakami,1 Jingbo Wu,2 Lin
Kang,? Jian Chen,” Peiheng Wu,” Jiaguang Han,'” and Masayoshi Tonouchi'

"Institute of Laser Engineering, Osaka University, 2-6 Yamadaoka, Suita, Osaka 565-0871, Japan
?Research Institute of Superconductor Electronics, Nanjing University, Nanjing
210093, China
I Center for Terahertz Waves and College of Precision Instrument and Optoelectronics Engineering,
Tianjin University, Tianjin 300072, China

Metamaterials (MMs) made from elements of artificial metallic structures have demonstrated
exotic electromagnetic phenomena, such as artificial magnetism, negative refractive index, super
focusing and extraordinary transmission, etc. Such phenomena can be obtained with simple
linear metamaterials, where it has been implicitly assumed that the metamaterials interact with
electromagnetic waves only through linear processes. However, the notation of metamaterials
can actually be extended to the nonlinear regime if the element is formed from or contains
nonlinear components whose permittivity and susceptibility are dependent on the intensity of
light. A nonlinear metamaterial is no doubt to open the way to the possibility of exploiting
nonlinear optical phenomena and further developing new applications. The recent development
of high-field terahertz sources makes it possible for one to exploit nonlinear effects in
conventional matter, such as semiconductors, quantum wells, ferroelectrics, metal oxides, etc,
have been observed. In this letter, we explore the nonlinear response of a superconducting
metamaterial in the terahertz regime, which is comprised of an array of subwavelength split-ring
resonators (SRRs) made from superconducting niobium nitride (NbN) film on MgO substrate
and the nonlinear response lies in the suppression of the superconductivity of NbN by the intense
terahertz wave. As the variation of the incident intense terahertz field alters the intrinsic
conductivity in the NbN, a consequent giant amplitude modulation is observed due to the strong
nonlinearities. Increasing or decreasing the incident terahertz field strength, one can creates a
sharper “off” or “on” transmission of the chosen SC metamaterial at the resonance frequency.

The metamaterial is a planar array of superconducting NbN SRRs periodically printed on a 1
mm-thick MgO substrate. The geometry and the notations of the dimensions of the ELC
structure are shown in Fig. 1(b). Here, g=¢=5 pm, w= 10 pm, and a = 50 pm. As shown in Fig.
1 (a), each piece of the metamaterial is a square array of SRR resonators with a square lattice of
period p = 60 um. The metamaterial was prepared following two steps. First, a 50 nm-thick NbN
film was deposited on Imm-thick MgO substrate using RF magnetron sputtering. The
superconducting transition temperature (7¢) of the NbN film is about 15.4 K. Second, it was then
patterned with standard photolithograph and reactive ion etching (RIE) method to make the ELC
structure.

For the nonlinear transmission measurements, high-field terahertz experiments were
performed. The intense single-cycle terahertz radiation was generated by optical rectification in a
LiNDbO; crystal using tilted pulse-front excitation. The experimental setup consists of a 100-fs Ti:
Sapphire regenerative amplifier (Spitfire, Spectra-Physics) operating at 800 nm with a repetition
of 1 kHz, and a conventional terahertz detection system based on the electro-optical sampling
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technique. The terahertz beam was tightly focused onto the cryogenically cooled samples over a
temperature range from 4.2 to 300 K. Using a pyroelectric detector (SPI-A-62, Spectrum
Detector Inc.), we estimated the peak terahertz field strength of approximately £¢=30 kV/cm on
the sample. The incident terahertz field strength Ej, could be varied fast from about 1 to 30
kV/cm by using a pair of terahertz wire grid polarizers driven by an electric motor.

The proposed superconducting NbN metamaterial offers a highly efficient playground for a
strongly enhanced nonlinearity and also provides a new and straightforward way for switching
light in the terahertz regime. The switchable functionality is achieved due to the nonlinear
response of the lumped superconducting NbN elements in the metamaterial structure, where as
the incident terahertz field strength is varied, the conductivity of NbN will be changed and thus a
rise or fall in transmission of the metamaterial would be obtained. The presented nonlinear SC
metamaterial exemplifies a highly functional approach with extreme sensitivity to the external
stimuli to observe and exploit nonlinear phenomena in the terahertz regime, and strong and fast
nonlinearities with far low losses are unique and useful to realize novel devices with integrated
lumped nonlinear superconducting components.

P

Fig. 1 (a) Schematic diagram of the superconducting metamaterial structure with
geometrical parameters: g = ¢ =5 pm, w = 10 pm, ¢ = 50 um, and p = 60 um. (b)
Microscopy image of the superconducting terahertz metamaterial sample, where E and
H represent the electric field and magnetic field.
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TABLET Specifications of the magnet system

Diameter of the RT bore | ¢ 514 mm with iron shims
Field strength 3T
. . Baxial:5.0 T Bradial:3.6 T
Maximum Field strength .
at #1,5coil
. . 5 ppm
Field homogeneity )
in r250 mm X z200 mm
Maximum operation
20K
temperature
lop/Ic @ 20 K 0.77
Total tape length 44.6km
Stored energy 2.3M]
Operation system Driven mode
. Conduction cooled
Cooling system
by a 10 K G-M cryocooler
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Fig.1. The upper photograph is of the coil after winding
and the lower photograph is of the finished 3T MRI

magnet.
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Fig. 2. Spin echo images of a Macaca brain (a), scanned
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HTS Shield

Former Cu Shield
Fig. 1 Structure of the 66 kV / 5 kA, 3-in—One HTS cable

Table.1 Required specifications of the GdBCO tape.

Loy | | P e |l
{1 core)

1% 18 m 15 330

Conductor| 2™ | 4mm | 18m | 15 345
(4 layers) | 3 19m 15 365
4" [ 2mm | 21m | 27 370

Shield | 1% gl 19m 24 330
(2 layers) | gnd 18m 26 285
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Fig. 2 Structure and production process of the coated
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