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Bi films
d < d. Insulator R, = 6.45 kO

d > d. Superconductor

Fan-shaped curves

The onset of superconductivity in homogeneous ultrathin films is found to occur when their normal-
state sheet resistance falls below a value close to h/4e?, the quantum resistance for pairs. The data fur-
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FIG. 2. Evolution for Bi films of the electrical conductance G
in units of 4e?/h as a function of temperature 7. The
thicknesses of a few selected films are indicated. Note that con-
ductance and conductivity are identical in two dimensions.
Only some of the data of the sequence of films is shown to avoid
too high a density of data points.
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FIG. 6. Conductance G vs InT of last ten insulating Bi films.
(The 22nd to 3lst films of the Bi sequence.) The temperature S IVI I T
dependences of the conductances are approximately logarith-
mic. Notice that in the low-temperature limit, the slope of the

logarithm decreases as the onset of superconductivity is ap-
proached.
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Figure 1(a) illustrates the temperature dependence of the
sheet resistance R(7) in B=0 for ten selected films. Films
with R (10 K) smaller than 1.8 k{) (films 1-4) achieve glo-
bal superconductivity, while those with R, (10 K) larger than
2.5 k€) (films 5-10) behave like an insulator, showing an
increase mn R at low temperatures.

SMIT
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FIG. 1. The resistance is measured at B=0 with a dc current in
the range 1—10 nA that is within the linear response regime. The
thicknesses of the films are, from the top, 1.9, 2.0, 2.1, 2.3, 2.5, 2.8,
31,34, 37, 40, 45, and 5.5 nm. The dashed lines are for the
insulating phase and the solid lines are for the superconducting

Ta films
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or
additional study
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IS heeded

phase. Inset: x-ray diffraction patterns of 15, 10, 5 nm thick Ta
films, and a bare Si substrate.
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FIG. 2. Evolution of the temperature dependence of the resistance of
a-In,O, films in zero magnetic field after different treatments. Film No. [:
states a (initial)—e, fitm No. 2: states a’ (initial) and a”. A part of the
dependence R(T) for the as-grown film from the inset of Fig. 1 is also
plotted.
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FIG. 1. Curves of film sheet resistance as a function of tem-
perature measured on one film section following a series of de-
position steps to increase film thickness. For curves from top
to bottom, we label them as Film #1 to Film #10, respectively.
The thickness for these films changed from 4.6 to 15.5 A.
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Experiment
ENI

‘/TiN films were formed by atomic layer chemical

vapor deposition onto a Si/SiO, substrate.

5 nm

d =



Electron transmission micrographs and diffraction patterns
revealed a polycrystalline structure, the interfaces
separating densely-packed crystallites being 1-2 atomic
layers thick.
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Suppression of Superconductivity by Disorder

SMIT or SIT

The search for a disorder-driven superconductor-insulator
transition has included many materials, e.g.,

Bi, MoSi, Ta, InO,, Be, TiN.

The immediate onset of exponential femperature dependence
of the resistance, which conclusively evidences
the direct transition into an insulator,

was found so far only in InOx , Be, and T IN films.

For Bi, MOSi, and Ta-compounds a weak logarithmic

temperature dependence of the resistance was observed
on the nonsuperconducting side in the vicinity of the transition.

v" This possibly indicates an intermediate metallic phase
v More studies at even lower temperatures are needed
to obtaine conclusive evidences on which films fall
into a superconducting state and which become insulating state



Suppression of Superconductivity by Disorder

SIT

The immediate onset of exponential temperature dependence
of the resistance, which conclusively evidences
the direct transition into an insulator,

was found so far only in InOx , Be, and VIN films.

Insulating side of the transition
InO,, Be, and TiN films
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At low temperatures we observe an Arrhenius behavior of the resistance
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Fig. 1 Selected curves of R versus 1/T'* for one Be film section following deposition
steps to increase film thickness (from top to bottom). The thickness for these films
changed from 4.6 A to about 10 A. The straight lines are draw as a guide for eye,
showing that in the high-T regime all the curves follow straight lines that converge to
about 10 k€2/0 in the T— o0 limit. The films for bottom curve is superconducting at low

temperatures.
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FIG. 2. Resistivity vs temperature of a typical batch of
indium-oxide samples measured between 1.3 and 4.11 K. The
upper curve is for the as-deposited film. The lower curves de-
pict the R (T) of the same sample after thermal annealing. The
solid lines for the top two curves are fits to an Arrhenius behav-
ior from which the various T, values were extracted. k[ values
of these samples are 0.177 (O), 0.21 (O ), and 0.272 (A). The
sample thickness is 2000 A and n =4 X 102"
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Fig. 1. The temperature dependence of the resistance for
a 200A thick sample in the range 1.4K-200K. Below 4.1K
simple activation is observed with Tg=15K. Inset: The
same data plotted against T!/4 exhibits 3D VRH above
10K. The localization length determined from the slope and
the known density of electrons is 12A.
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Insulating side of the transition
InO,, Be, and TiN films

< at low temperatures

» activation law

R = Ryexp(Ty/T)

<+ at temperatures higher than T,

InO, films Be and TiN films

\/

% 3D Mott's VRH “ the ES hopping
R = Riexp(T,/T)"4 R = Riexp(T,/T)¥?
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The saturation occurs at aresistance

near the quantum resistance
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by varying the value of |23 for each curve , we can linearize

over a large range of B
with T-independent slope !!!

In(1/R,, - 1/R,,

Gso(T.BI=1/Ryy(T,B)] =1/R1 (T) - B(T) exp(-B/B*)
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Field-induced superconductor — insulator transition
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Figure 2 Low-temperature magnetoresistance. The figure shows the resistance in units
of h/e? as a function of magnetic field Hat 7 = 40 mK, for samples B57 (circles) and B55

(triangles). We note the saturation at A = h/e?. Inset, linear behaviour after subtracting a
saturation resistance of 0.85 h/e?, AR = R—0.85. The solid lines are guides to the eye.
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The insulating state above the crossing point becomes
even more dramatic in the films with higher F,. At low
temperature and moderately high field these films reveal
a new, extremely strong tendency towards the imsulating
phase, shown in Figures 4b and 4e. The resistance at
the crossing point of bhoth plots 18 comparable to that
of the first film. We note, however, that the position of
the crossing point shifts to lower field as the msulator
strength increases. |On the high field side of the peak the
1sotherms all decay to resizstances < 20 kf1/0O, above the
normal resistance iy, at the highest accessible fields.
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schematic phase diagram

InO,, Be, and TiN films

SIT Quantum metallicity
- at a high-field side of SIT

Magnetic-field-tuned
superconductor-insulator
quantum phase fransition

Disorder-driven
superconductor-insulator
quantum phase transition




TiN fllms

schematic phase diagram

B 1

T [\ M

R (Q)

S

9 9

Critical Region of the Disorder-Driven
Superconductor-Insulator
quantum phase transition

00 05 10
T.I. Baturina et al., cond-mat/0705.1602 T(K)



Magnetoresistance

| T T T T T I
150 4 35: ............... i
1 ~ a9 I1: 700 mK
2 / ;
| 251 ;
o 151: 650 mK -
100 - ] 1
& - I1: 250 mK 20-://\ -
= - V s2: 625 mK .
g / T Sl S —
4 . 0 4 8 12 16]
50 - B (T) _
l S1: 180 mK S~
' S2: 180 mK
U 1 | 8 T T | T T
0 4 8 12 16
B (T)

In all samples, including the insulating films,
R(B) varies non-monotonously with B, starting

a positive magnetoresistance (PMR) at low fields,
then reaching a maximum, followed first

by a rapid drop and eventually saturating at

higher magnetic fields




PMR and activated behavior
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F1G. 3: (a) Sheet resistance of sample 11 as a function of the
magnetic field at some temperatures listed. (b) R versus 1/T
at B = 0 (open circles), 0.2 (triangles), 0.3 (filled circles), and
0.5T (squares). The dashed lines are given by Eq. (1). (c) Tg
(left axis), calculated from fits to Eq. (1), and the threshold
voltage Vo (right axis) as a function of B.
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Collective insulating state:
Threshold behavior of dI/dV vs V.

» B=09T |
7 103 E
2 _
510" i 2
S T >
10-2_: i 70 mK {3
3] ]
107°9@) |20 mk
128 4 0 4 8 12
vV, (mV)
104
- B=0T

di/dV (uS)

The threshold voltage
changes nonmonotonically
upon magnetic field



schematic phase diagram ——
Magnetic-field-induced
insulating phase

SIT

InO, films

9 9



Magnetic-field-induced insulating phase :
InO, films
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PRL 92, 107005 (2004).

for sample Nalc at 7 = 0.07, 0.16, 0.35, 0.62, and 1.00 K.
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FIG. 3. Inset: p versus T~ at B=16 (squares), 9 (circles),

and 12 T (triangles) for sample Nalc. The solids lines are fits to
Eq. (1). The lowest T data points do not fit to the Arrhenius
behavior. The main figure shows 7/, calculated from the fits to
Eq. (1), as a function of B. T, has a peak at 9 T. T; estimates for
4T>B > 14 T suffer from large errors since the low-7" p
value 1s not high enough to ensure activated behavior The
vertical arrow marks B, ( = 0.45 T). where T; = 0. The dashed
line is a guide to the eye.

InO, films

G. Sambandamurthy,
L.W. Engel,

A. Johansson,

and D. Shahar,

PRL 92, 107005 (2004).

0 0.5 1.0 1.5
I I I
| (b) Nalc

2.0




Magnetic-field-induced insulating phase )
InO, films
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FIG. 2. Comparison of the current-voltage characteristics of
the B-driven insulating phase at two T7s (0.15 and 0.01 K). The
traces show the two-terminal differential conductance measured
at B = 2 T as a function of dc voltage. The ac excitation voltage
applied 1s 10 V. The sample used 1s Ja5 with B, = 0.4 T. V;
marks the threshold voltage for conduction at 7= 0.01 K.



Magnetic-field-induced insulating phase

InO, films
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FIG. 4 (color). Two-dimensional map of the dI/dV values in
the B — V,. plane. For the sample of Fig. 2 (Ja5), we have
measured dI/dV traces as a function of V,. at B intervals of
0.2 Tand at T = 0.01 K. The color scale legend on the right-
hand side shows the various colors used to represent the values of
dI/dV. The horizontal dashed line denotes B, ( = 0.4 T) of this
sample.



InO, film
Sc at B=0

Collective insulating state:
Threshold behavior
Of dI/dV VS Vdc

B (T)

RS (@) (o] —
-

(,T5 00D AP/IP

-

<

O | I

5 0,
Vdc (10- V)

5

TiN film
Ins. at B=0

di/dV (uS)

10



Critical Region of the Disorder-Driven
Superconductor-Insulator
quantum phase transition

Aggregate of Experimental Features

v'thermally activated behavior of the conductivity

v'positive magnetoresistance at low magnetic field

v'negative magnetoresistance with a saturation near h/e?
in high magnetic fields

v'threshold behavior in the I-V characteristics

in the vicinity of the D-SIT,

the response to applied magnetic and/or electric fields, is
the same irrespectively of whether the underlaying ground
state is superconducting or insulating



