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Fig. 1. LAO/STO interface superconductivity®®. (a) The resistance-temperature dependence of 8 uc (unit cells, uc) and 15 uc thick-
ness samples (upper), and the resistance-temperature dependence of the two samples under the vertical interface magnetic field
(lower). (b) The resistance of 8 uc thick samples is temperature-dependent when the vertical interface magnetic field is applied.
(¢) V-I relation curve in logarithmic coordinates. The two long black lines correspond to V = RI and V~ I3 The number repres-
ents the temperature measured by the V-I curve, and the unit is mK. We can obtain 187 mK < Tyxr < 190 mK, Where Ty is
the BKT phase transition temperature. (d) The temperature dependence of the power exponent a obtained from the (c) diagram
temperature, where a is the power exponent of V~ I% (e) The R-T curve of the 8 uc sample under the [dln(R)/dT]?? coordinate,
the solid line is the fitted BKT phase transition temperature, Tt = 190 mK.
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Fig. 2. LAO/ATO interface insulation-superconducting phase transition®®.. (a) Blue curve: the adjustable curve of dielectric with
different capacitance measured at 1.5 K, and the capacitance C-V curve applies 1 V DC voltage. Red curve: grid voltage regulated
streamer concentration curve. The dashed lines indicate the region where the quantum critical behavior is observed. Note that in
this region dnypocdV. (b) Schematic diagram of field effect device. (¢) Left: Ry~ T dependence curve of different grid voltage ap-
plied in semi-logarithmic coordinates. The dotted line is the resistance quantum Rg. Right: Ry~ T dependence curve of different
grid voltage applied in linear coordinates. (d) The phase diagram of LAO/STO interface superconductivity is regulated by voltage.
The right coordinate axis and blue point are the changes of BKT phase transition temperature Tgxr with grid voltage, revealing the
phase diagram of superconducting region. The left coordinate axis and the red triangle are the normal state curve of 400 mK versus
grid voltage, and the solid line is based on the scale relationship Tggr o< (V — VC)Z’j. The obtained quantum critical point, where
z0 = 2/3.
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Fig. 3. LTO/STO interface quasi-two-dimensional superconduction-insulator phase transition®): (a) Sheet resistance Rg as a func-
tion of temperature for different magnetic fields, where the inset shows T, and Gy = 1/Rg as a function of the gate voltage V;
(b) relation diagram of B, By (left coordinate), T, (right coordinate) and regulated voltage; (c) at two transitions, zv in relation to
Vi, Bc is the low temperature region and By is the high temperature region, where By increases with V; and then saturates to a value By.
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Fig. 4. Transport test of LAO/STO heterointerface constructed on different orientation STO. (a) The interface superconductivity
on (110) oriented STO is controlled by a resistance-temperature dependence parallel to the interface magnetic field, and the sample
thickness is 14 MLs (monolayers, MLs), corresponding to 3.8 nmP4. (b) (001) oriented STO interface superconductivity is con-
trolled by a resistance-temperature dependence parallel to the interface magnetic field, and the sample thickness is 10 MLs, corres-
ponding to 3.8 nmP*. (c¢) Schematic diagram of LAO/STO heterointerface energy band on different orientation STO. Above: for
STO with (001) orientation, d,,/d,, orbital energy is higher than d,, orbital energy; Below: for the (110) oriented STO, the d,,/d,,
orbital energy is lower than the d,, orbital energy®!. (d) Above: the dependence of SOC term on regulated voltage; Below: Kohler
Ag and inelastic B (Illustration) dependence on regulated voltagel®. (e) The resistance-temperature dependence under 30 V grid
voltage of LAO/STO (111) heterointerface. Illustrated: R-T curvel. (f) Curve of parameter a with temperature of LAO/STO (111)
heterointerface obtained by fitting V-I relationship with V~ I3, (g) The out-of-plane and in-plane upper critical field-temperature
dependence of LAO/STO(111) heterointerface, and the dotted line corresponds to the Pauli limit magnetic field sizel*.
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Fig. 5. Changes of different parameters on LAO/STO(111) heterostructure under gate voltage regulation”: (a) Resistance-temper-

ature dependence at different grid voltages; (b) T,, Rg (350 mK), inverse Hall coefficient 1/|eRy| change curve with grid voltage;
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Fig. 6. Transport test of LAO/STO heterointerface under top gate controll*®: (a) Resistance-temperature dependence of LAO/STO
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and the two peak positions are defined as temperature Tp and Ty, respectively; (c) the phase diagram of top grid control obtained

according to panel (a), (b).
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Fig. 7. Transport test and phase diagram of LAO/STO heterointerface under back gate controll*: (a) Left figure shows resistance-
temperature dependence under different back-gate voltages; right shows that the second order differential is performed on the curve
of left figure, and the two peak positions are defined as temperature Tp and Ty respectively; (b) the phase diagram of back gate reg-
ulation obtained according to panel (a); (c) the phase diagram of top gate and back gate regulation and the schematic diagram of

different ground states in the phase diagram.
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Fig. 8. EuO/KTO (111) heterostructure superconductivity*l. (a) Ry-T curves of several samples on the KTO (111) substrate, differ-
ent materials and carrier concentrations show superconductivity. (b) STEM diagrams of EuO (upper) and LAO (lower) are grown
on the KTO (111) substrate. The area shown by the green line is near the interface. (c¢) Left: the R-T dependence of EuO/KTO
samples under a magnetic field perpendicular to the interface; Middle: the R-T dependence of EuO/KTO samples under the
magnetic field parallel to the interface; Right: the in-plane and out-of-plane critical field-temperature dependence obtained from the
first two figures. (d) Left: EuO/KTO sample I-V curve; Middle: I-V curve of EuO/KTO sample in logarithmic coordinates; Right:
below zero resistance temperature T, I-V hysteresis occurs near the critical current. (e) R-T dependence of current in different

directions.
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Fig. 10. Conductivity and critical thickness of LAO/KTO (111) heterointerfaceP!: (a) The relationship between LAO thickness and
interface conductivity in LAO/KTO (111) heterointerface is measured at room temperature (~ 300 K); (b) in situ transport test
results of LAO deposited on samples with thickness of 1 nm at room temperature. The number of laser pulses is indicated by the

red arrow.
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Fig. 11. LAO/KTO (111) heterostructure superconductivity regulated by electric field. (a) Resistance-temperature dependence of
LAO/KTO (111) heterostructure at different control voltages; (b) the relationship between T, and gate voltage under different
DC current drives®); (c) diagram of the relationship between gate voltage and carrier concentration and mobility®?. (d) EuO/KTO
(111) heterointerface T, versus carrier concentration®; (e) the relationship between EuO/KTO (111) T, and carrier concentration

under the control of electric field; the illustration shows relation curve between carrier concentration and regulated voltagel®!l.

097401-12



) 32 % 3R Acta Phys. Sin. Vol. 72, No. 9 (2023) 097401

El 11(c)), X Ui “ T, oc nyp” X — BRI A E T
A S A, R R —E e BRYE, (BAEIRER
2DEG M-S m T, Wil firh, % IE« T, oc nyp” ik —
TR, J5R 2 —FRAT I (1 JEL %

STO K &M KTO & R A1 2DEG #8547
B ZAHIZ A, Hhan s zs i, BB DL K SOC 1
Horp R R T EEAE . A H o AR £ 2
S, X BB BN £ 4 STO & & /) 5t 2DEG
S, (001) AmEA RN T, BXF KTO &
RFH 2DEG #H%, H (001) FHEAS#REA L
P T A7 A . P i A S G B 5 ok A A AT
2DEG H TR iE &, R4 H AT A E 2DEG #
SR BN, (BRI LIET STO #
KTO Wbk il 5 5t 2DEG Y8 5 OGN
— B i XHARBERHY STO #7282, 8l
XF STO FE#EATH R, W] LR 2T, Jf
H 7.5 STO & &1 2DEG F 1 4 5 A iz [55:56],
{EX]T KTO, fb#5 781 KTO (R #HkH FIfFoR &
P, SRS T HUBUZ (electric double
layer, EDL) A% ¥, 76 KTO(001) 2 1# 15 2
T. 7€ 50 mK Z£ 47 (9 48 5 7)) [] sl 1) R 5 7 R 1
(ionic liquid, IL) ¥ 4% £ R 78 KTO(111) & & Al
KTO(110) R 5HE T T. o8 2 K M1 K A4
()85 P8 X 5 KTO (R R 1) 2DEG A1 #8 1
T. 43T, 3 STO Al KTO M F i#E S5 STO Al
KTO & & 1) 2DEG Ft 18 5 2 [a] & 7 A& 7] — ik
P U T 5 R A T X7 XA 2
EE SIS F B 0E. IR KTO (R R R EHE S
B B R SR OCGHER, IRTE KTO(001) S |
TR AT et A7 AE S H R S, BLBTBCAE KTO(001) FHi
AR RR A I T RE R TR TR E A
BRGNS 2 IR ARSI = A A
T B SIS W 55 )2, B FE KTO(001)
S AR R . R B Rk T 5 2DEG
S RIS AR EAR Z 4, (A i T I AER
WEFE R B 25 & T 112 IR, 42
4ok, B 2DEG 31 T, B4 LAO/STO 1
0.2 K78 7 EuO/KTO Y 2.2 K, 523 1 %k
PSR, SO A — 2 WF 5T RN FH B A T A

3 WAMNWE_ERLT
B ELAL R S Rt TR T, 1%

PRLIKAE ) 5288 A5 B AT T T bR A S ik
A P S E 0 ] 4202 AR AR T Y R A I 2
(4825 )2) 4Rk, FoH S &AM 22 L. H 8 e
T A A ) B AR — P AR IS G e 2 A O, T L ok
2 Z S IR R AR FANIIE Ry v A R E7 (5 i1
HE— RN, BRI R, ORNE A ORI IR,
AN T X Sk B 45 2% AR AL S — AN S TR, X T4
FALYIB SR E, T, AR T PN A A T2 4L
S IEARSC OO i HLAR 280 AL SR Y T, i
 BCS HE s 21 22 5K BR, Ir LA —fk
S A AR T AR F U SR [ Ak
5 B R X X B AN 2 R A s U
Bext, BB BL 32 B 12 W02 dye— o BT 61, B
2DEG HEM T T, fem HA 2.2 K A4, it
T4 E ALY A, WFSE DL A o SRR i S i
Y A ol S B I R S — Y
J7 1l T HAS SR 4R AL e, AT
o iR S e A LB L AR R T, WA
BE, XA S S AR L

T AT 4] 28 A 33 TR S P 9 LS L
2DEG Fm#E S E R, BAE 1994 4, Norton 55 62
#LTE SrCu0,/BaCu0, (SCO/BCO) # fi#s k&
BT T, %531k 70 K kS, Hrh SCO 1 BCO A8
IR LE LR, Gk R TCRR RS54, Fh i EUZ AL
JEJZ UL TCBRIZ S5 F 1A TS R i S\
TR, (HR LSS R % (SCO),/(BCO),,
A RS S, S — e B A AR S5 4G
1) 23 RV S AL R S AR AR B, T DA SR AR
BCO £ kg 1 IF A & TCBR 2= 454, i & CuO-
BaO %544, Wk 1T &\ RS54, dEmi=E T
S (LT AR A R R 2 AR, T, xR AR
A5 Al WL (SCO),,/(BCO),, #8 Stk 8 53k i
HURAEAERAS SCO/BCO Hi I, (SCO),/(BCO),,
A AR R IR — B T A . BRI,
B S AL R S L R REAATE I A TR A S5 |
TARZWF AT 24 HK. 1998 4F, Balestrino 45 (03]
RIAE (BCO)y/(CaCu0,),, (CCO) &5 i £ 7E
T, &3k 80 K SR . SE56 b3 L 21 i &
i o CCO ZEWm, T, &% L F-FRAL, i
KAEBAE m = 2, 34k, W 12(a) Bz, 24 CCO
JZHE 3 2R, T, Kb CCO JZ 50 fin i 2y [
fi%. WF5E#INHR (BCO),/(CCO),, #5 &4 B A
JE BCO MR 245 4E % AtaE, Ao w Al

097401-13



) 32 Z 3R Acta Phys. Sin. Vol. 72, No. 9 (2023)

097401

W BaCuOy s &5 #, I 4 — 1M ER. i T
BaCuO,, s WZEfAE, T LB I 25 7 6
HoE—E W, Hor el h. i CCo
JEHOENN, B AR AR AR AR, A TG
BB R N KB A, NI T, 2356 EFHE T RE.
{HEXT T4 T M m = 2, 3 WIENL, B4
TUHE N AL 3—4 AN ST, X T — AR A A
JR, T, BOZAE 100 K PLE, (HRSCFR FIFEA S
2|, Horp i PR Z i — 2D WT5E.

AN T ICRR 2 S5 AA A SE A 0 A, R4 4
A 4t 5 A o T 4T A G A 266 25 1k 75 >4 vl e P22 J2 oK
PTG TR R R S, oA .
2012 4, Di Castro 55 64 & BL1E (CCO),/(STO),,
S TAETE T, e 40 K B985, Wil 12(b) fr
718, T EL AT D3 5 A o A A R AT s
A T,, i 12(c) Bias. TTRIZE5H1) CCO
H R ZAR, He CuO, T BE Ca 5+ HI T
R, TSN T AT LU, TR E4S

¥R CCO FIESERH 25491 STO W A T Z5 AN ],
STO R e AE] CCO H, Mkt CuO, F
T 728 7B, 4. 78 (CCO),,/(STO),,
A%, B E A S TR, S8 CuO,
TR LS o T, HE A R e S LA
U 2 BH e AR A K R i mT DA n AT 4
MTTF3 CCO B2, 7= A 7 109), 783 Fhif A Ak
Yy /AE i S AL P 1 S I R T e A e AT
HL 2 )25 | TET A2l S5 P DA 37 ek A, s mT
308 3 ) AN [ 2L ) 2 A 85 ) SR F 5 il A8 A 0 v
TR AR A SHLEE. ER] (CCO),/(STO),,
7K 28 S0 i M, 2015 4E Salvato 2§ (6667 LT
(CCO),/(STO),, #imt&, i 1 (CCO),/(STO),,
S I S, R P Az I 5 e B T PN R TSR Y
TG FSH EA RS S (B 13(a) FIE 13(b)).
WANRE TSR CCO 200 BKT MR 3%
A BRI, X BKT A 5 S N CCO
MJZETEK (K 13(c)). TEXARTHE T4 B3 E

L (a) (b)
80 ,_m-ﬂlﬂ\ 400+ | 30
AY 1y
e |
60F . \ 20l
~
< A Y
& 40 ~
Ris \ 10}
e N 300 F \
20} ~~. .
[l N 0 .
S0 100
o L— . S
1 2 3 4 5 6 7 ] e
CaCuOy layers & 200} h
— 1.0
60 1) :
s
[ g0
40 & L
K ° g, : 100
g 0 50 100 150 200
=~ Y Temperature/K el
20 | rY @
0k m L 1 1 L 1 L 0 i 1 1
0 5 10 15 20 0 50 100 150 200
CaCuOs, layer thickness (unit cells) Temperature/K

& 12

(BCO),/(CCO),, i it i 7

(a) (BCO),/(CCO),, # 5k CCO ZBm 5 T, KBER, &N m > 3884 CuO, L

AR T B2 LB T, FEAR O (b) CCO-STO B A% AN 7] Az 1 5 1 Bl - At B G 3. i R R m IR R A G
LR RAR AR, AR 2L RN AR A, i R T 3 D S e A I A K I 04, (¢) (CCO),,/(STO), i i
T T, 5 CCO JREARMOCH, Ko T, Ay BHLEL A8 (9 v A 4 K R ) CCO R 1 (CCO),,/ (STO), 8 % I — 1 14y FiL BHL- R L

A AR O

Fig. 12. (BCO),/(CCO),, superlattice superconductivity. (a) The number of CCO layers m in the (BCO),/(CCO),, superlattice is
dependent on 7,. When the dotted line is m > 3, the effective carrier doping on a single CuO, decreases, resulting in the decrease of

T.%3. (b) The temperature-resistance dependence of CCO-STO superlattice under different growth conditions. Dash line shows low

oxygen pressure growth; dot line shows low oxygen pressure growth, high oxygen pressure quenching; red line shows high oxygen

pressure growth, high oxygen pressure quenching. Illustration shows enlarged view of superconducting transition region®!. (c) .., in

(CCO),/(STO), superlattice depends on the thickness of CCO, where T, defined as the midpoint of the resistive transitions. Illus-

tration shows normalized resistance-temperature dependence of (CCO),/(STO), superlattices with different CCO thicknesses(®.
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Fig. 13. (CCO),/(STO),, heterointerface transport test!. (a) For (CCO),/(STO),, samples with n = 58 and m = 50, the normal-
ized resistance-temperature dependence of the magnetic field perpendicular to the interface direction is applied. Illustration shows

the normalized resistance-temperature dependence of magnetic field applied parallel to the interface direction. (b) The upper critic-

al field-temperature dependence of the vertical (closed symbol) and parallel (asterisk) interfaces of all samples. (¢) The normalized

resistance-temperature dependence of samples with different compositions, the solid line is the fitting BKT phase transformation
expression: R (T) = Rye™4/VX(1)=1 Where Ry is the resistance of the heterointerface at 60 K, X(T) = (T, Tyxr) T/(To-T) Ters

A and Tgyr are the fitting parameters.
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Fig. 14. LCO-LSCO heterostructure superconductivity. (a) The resistance-temperature dependence of LCO and La, 545t 44CuO,4 and
the normalized resistance-temperature dependence of different heterointerface. For I-M heterointerface, T, ~ 15 K, M-I heterointer-
face, T,~ 30 K, M-S heterointerface, T,~ 50 K. (b) For the M-S heterointerface with a thickness of 6 uc, the schematic diagram
of 6-doped Zn atoms (above). The effect of different é-doping positions of doped Zn atoms on the superconductivity transition (be-
low). The superconductivity transition temperature will decrease sharply only when doped Zn is in the second layer. (c) Above: Sr
atom concentration (hollow circle) and carrier concentration (solid block) at different positions in the M-I heterostructure with a
thickness of 6 uc. Below: LCO superconducting phase diagram, it can be seen that the carrier concentration of the second layer cor-

responds to the highest T, in the heterointerfacel®.
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SPECIAL TOPIC—Novel physical properties of functional oxide thin films

Quasi-two-dimensional superconductivity
. *
at oxide heterostructures
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Abstract

Oxide interfaces manifest many fascinating phenomena with synergetic correlations among multiple degrees
of freedom, including the interplay of broken symmetry, lattice mismatch, charge transfer, spatial confinement.
In particular, the interface superconductivity in oxide heterostructure has attracted extensive attention due to
the rich underlying physical connotations. The interfaces not only provide alternative research platforms with
respect to the bulk material counterpart for exploring new superconductors and investigating superconducting
mechanisms, but also create new opportunities for applying superconductors to future electronic devices. In
recent years, owing to the rapid development of heteroepitaxial techniques and accurate characterization
methods, researchers have found quasi-two-dimensional interface superconductivity in various oxide
heterostructures and revealed numerous novel quantum phenomena associated with interface superconductivity,
which not only promotes the development of condensed matter physics, but also lays important foundation for
the practical application of interface superconductivity. In this brief review, we mainly focus on the quasi-two-
dimensional superconductivity at oxide interface. Taking the typical quasi-two-dimensional superconductivity at
the LaAlO3/SrTiO; interface and copper oxides such as La,CuO,/La; 565 44,CuO, for example, we summarize
and examine some novel physical phenomena with interface superconductivity in complex oxide hetero-
structures. Then we address the related problems that remain to be solved, and finally we prospect the possible

future development of the interface superconductivity.
Keywords: oxide, interface superconductivity, cuprate superconductor, two-dimensional electron gas
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