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Fig. 1. (a) R-T curves of LaAlO;/SrTiO; (001) heterointer-
face in zero magnetic field. Inset in upper left corner is an
enlarged view of R-T curve in high temperature region.
Inset in lower right corner shows dependency relationship
between temperature-dependent upper critical fields HC520%
and T/T¢; (b) R-T curves in different perpendicular mag-

netic fields.

K 2 B7E T = 50 mK AR Y -V ith
. HEW T, IV INEAFE—A2 20 pA 1
FEHL (Lo =20 pA), FRHILEFE G TS5,
FE R V2 Jm s R B, & B i K+
20 mT WREZAT, -V IIZRTE 2.5 pA IR 3%
PR BRI 1. T ) R SR S P B A T I 2K
PERLG, ULRH A A7 — > [ A 9 B LB 3 ol

M -V 2R S < i AR R 55— Rk 16:27),
LELR R, BEE WG K, LaAlO;/SrTiO,
(001) S5 5 i - A PR T i B A

8

V/mV

0 10 20 30 40
I/pA

Bl 2 T =50 mK M, RIS TR -V, ik

S SRR R P, G T R (0 S R N R R 2 M

Fig. 2. I-V curves in different perpendicular magnetic fields

at T'= 50 mK. Inset is a magnification, black lines are lin-

ear fitting.
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Fig. 3. (a) Arrhenius curves in different magnetic fields; (b) magnification of Arrhenius curves in high temperature region in the

different magnetic fields (Color lines are linear fitting by Eq. (2)); (c) relationship between activation energy U/kg and In H (Red

line is empirical fit by Eq. (3)).
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Fig. 4. (a) R,,-H curves at different temperatures, and inset is MR curves; (b) lgR-1g(H-H,) curves at different temperatures. Black

lines are fitting curves by Eq. (4), and inset shows 2vg vs. T.
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Fig. 5. (a) Hall resistance R, as a function of magnetic field
at T = 50 mK, and inset is a magnification of low magnet-
ic field; (b) longitudinal resistance R,, as a function of mag-
netic field at 7" = 50 mK, and inset is a magnification of
low magnetic field.
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Fig. 6. H-T phase diagram of LaAlO3/SrTiO; (001) system,
and the background is a 2D color plot of R-T curves at dif-
ferential magnetic field. Abbreviations indicate that sample
is in SC, superconducting state; AM, anomalous metal
state; NORMAL, normal state; TAFF, thermally activated

flux flow regime.
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Abstract

Since the discovery of two-dimensional electron gas with high mobility at the LaAlO3/SrTiO4
heterointerface, many physical properties such as two-dimensional superconductivity, magnetism and spin-orbit
coupling have been widely studied. The origin of the transition from quantum superconductor to metal at zero
temperature in two-dimensional superconductor is still an open problem, which has been discussed intensely.
According to the conventional theory, when the temperature is close to zero, the superconductor-insulator
transition can be observed by applying a magnetic field or magnetic field effect of disorder, and the ground state
should be superconducting or insulating.

However, when Jaeger et al. (Jaeger H M, Haviland D B, Orr B G, Goldman A M 1989 Phys. Rev. B 40
182) studied the relationship between superconductivity evolution and thickness and temperature in a
superconducting granular film, they found that there exists an intermediate metal state that can destroy the
direct transition between superconducting and insulating. The intermediate metal state is characterized by the
existence of saturation resistance at superconducting transition temperature, and the corresponding ground
state is called anomalous metallic state. In addition to the saturation of resistance at low temperature, the
characteristics of an anomalous metallic state also include the linear current-voltage (I-V) characteristics in the
low current range, the giant positive magnetoresistance (MR), the vanishing of Hall resistance (R,,), and the
tuning capability adjusted by changing a variety of parameters including degree of disorder, gate voltage and
magnetic field.

In this work, we systematically investigate the electrical transport properties of LaAlO;/SrTiO5 (001)
heterointerface in a perpendicular magnetic field at low temperature. The R-T curves and the I-V
characteristics in zero magnetic field show that LaAlO3;/SrTiO3; (001) heterointerface is in a superconducting
state. However, after a small magnetic field is applied, the LaAlO3/SrTiO5 (001) heterointerface has the
characteristics of resistance saturation at low temperature, linear I-V characteristics, giant positive MR,
abnormal Hall response, indicating the clear characteristics of an anomalous metallic state. The sample
undergoes a transition from quantum superconductor to metal at temperatures approaching to zero.

In addition, we observe that the anomalous metallic state in an unusually large region under the action of
magnetic field, and our main observations are summarized in the H-T phase diagram. By analyzing the
relationship between the resistance of the anomalous metallic regime and the magnetic field, and the vanish of
Hall resistance, we infer that the anomalous metallic state observed in LaAlO3/SrTiO; (001) heterointerface can
be explained by Bose metal model. According to our findings, the magnetic field regulated LaAlO;/SrTiO5 (001)
heterointerface appears as a special platform to study the details of anomalous metallic state in a controllable
way.

Keywords: LaAlO;/SrTiO; heterointerface, anomalous metallic state, saturation resistance, Bose metal
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