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Quantum superconductor-metal (insulator)
transitions take place at T=0 as functions of
external parameters



Theoretical possibilities

a. Quantum S-wave superconductor-metal
transition in an external magnetic field

b. Quantum S-wave superconductor-metal
transition as a function of disorder

c. Quantum D-wave superconductor-metal
transition as a function of disorder

d. If the electron-electron interaction constant
has random sign the system may exhibit
guantum superconductor-metal transition



Examples of experimental data



Experiments suggesting existence of quantum

superconductor-insulator transition
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Onset of Superconductivity in the Two-Dimensional Limit
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Bi layer on amorphous Ge.
Disorder is varied by changing film thickness.
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Experiments suggesting existence of quantum

superconductor-metal transition
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T=0 superconductor-metal transition in a perpendicular
magnetic field

N. Masson,
] A. Kapitulnik
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There are conductors whose T=0 conductance
Is four order of magnitude larger than the Drude value.



Superconductor — glass transition in a

magnetic field parallel to the film

W. Wu, P. Adams,
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FIG. 2. R versus time after H| was held constant when Ry/Ry
reached desired values during field-up sweeps. Arrows indicate
some of the avalanches. Note that the Ry/Ry = 5% curve

actually jumped above the Ry/Ry = 20% curve. The mean fleld theo ry
The phase transition is of first order.

There are long time (hours) relaxation processes
reflected in the time dependence of the resistance.



The magneto-resistance of quasi-one-dimensional

superconducting wires
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P. Xiong, A.V.Hertog, R.Dynes

The resistance of superconducting wires is much
smaller than the Drude value

The magneto-resistance is negative and giant
(more than a factor of 10)



A model:

Superconducting grains embedded into a normal metal

0
Effective action:
-3 afor 2 40 pfarar MO,

y (r-7')°
+ Zij J;(AA, +c.c)

a .
7., o =W, and S zA—' are random variables
0

V.= Lid isthe volumeof i, grain.

Does this action exhibit a superconductor-metal
or superconductor-insulator transition ?



Correlation function of the order parameter

of an individual grain

The case (y —7,)>0

Dynamics determined by the Cooper phenomenon
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Correlation function of the order parameter

of an individual grain

The case (y, —y)>1/T
| A |2:A20(7/i _7/)
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l Kosterlitz 1976
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Superconducting susceptibility of an individual grain

X cexplli(y —»)], I =VprA,



r- dependence of the Josephson coupling

J. o L > T (6,1, T)
|ri_rj|

Both in D-wave case and in the case when
superconductivity Is suppressed by the
magnetic field the exchange energy

has random sign (or phase)



Quantities r,and y; are randomly distributed

The distribution function of
_(7i—<7i>)2
22
F (i) ce

Criterion for superconductivity:

Jij)(i ocl

There is a superconductor-metal quantum phase
transition. It is of a quantum percolation type.

v.—(7)~ 2PNy, Rocexp(Z®B°Ay)
¥ BEAY >>1



R~ So eXp(Uachz)

oy, s the variance of the critical magnetic field on the grains

G is the conductance of the film
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OCe\/6

V4 , D=2 (Larkin Feigelman Skvortsov)

Our results are valid If

1 1
E<O'HC2 < 61/4




R ~ So e’ >> So
I ~vEdA, <G
|. 1s the critical elastic mean free path

C



A mean field approach

A(F) = A(F) [ dPK (7, F)A(F ) +a | A F A
. 1
K(F )= (@=2)
The parameters in the problem are:
grain radius R,

grain concentration N,
Interaction constants Ay <0, Ag >0.

If R< & there are no superconducting solutions in an
individual grain.

In this case a system of grains has a quantum (T=0)
superconductor-metal transition even in the
framework of mean field theory!




At T=0 in between the superconducting
and insulating phases there is a
metallic phase.



Properties of the exotic metal near the

gquantum metal-superconductor transition

a. Near the transition at T=0 the conductivity of
the “metal” is enhanced.

b. The Hall coefficient is suppressed.

c. The magnetic susceptibility is enhanced

In which sense such a metal is a Fermi liquid?
For example, what is the size of quasi-particles ?
Is electron focusing at work in such metals ?




Are such “exotic” metals localized in 2D?

There is a new length associated with the Andreev
scattering of electrons on the fluctuations of A
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This length is non-perturbative in the electron interaction
constant



Is It a superconductor-glass transition

In a parallel magnetic field?
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FIG. 2. R versus time after H was held constant when Ry /Ry

reached desired values during field-up sweeps. Arrows indicate

some of the avalanches. Note that the Ry/Ry = 5% curve
actually jumped above the Ry/Ry = 20% curve.



In the pure case the mean field T=0 transition as a function
of H, Is of first order.

At SH
e
- H.“

HC
In the absence of the spin-orbit scattering spatial fluctuations
of the critical magnetic field is entirely due to interference effects

In 2D arbitrarily disorder destroys the first order phase
transition. (Imry, Wortis).



Phase 1 A naive approach (H=H,).

IR _ B 2\1/2 _ A2
Phase 2 E. =27Roc - A((nR)°)"* =R(2no - Ax™")
L b. More sophisticated drawing:
\ n p g.

X 2
T~ OE, = XTG— A(XL)"?, x=L(A/0)*"*= 6, =-LA**’c¢"* =-Léo

oo = A*35Y3 is independent of the scale L
This actually means that

oo «—InL and o0 - 0 whenL — 0.

The surface energy vanishes and the first order phase transition
IS destroyed!



The critical current and the energy of SNS junctions with spin polarized
electrons changes its sign as a function of its thickness L
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Figure 4: Left : critical current 7. as function of

temperature for Cug as/Vip s2 junctions with Jdiffer-
ent F-layer thicknesses between 23 nm and 27 rrm as

indicated. Right : model calculations of the tem-
perature dependence of the critical current in an
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Does the hysteresis in a perpendicular magnetic field

log R [ €¥0O]

iIndicate glassiness of the problem ?
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Why Is the glassy nature more pronounced
In the case of parallel magnetic field?

Is this connected with the fact that in the
pure case the transition is second

order in perpendicular magnetic field
and first order in parallel field?



Do we know what is the resistance of an SNS
junction ?

S |\||S

The mini-gap in the N-region is of order &(¢)~D/L?

2
ds _(n)
dt T

g

oc(dp/dt)’r, cGV? = Gocr,

1. 1S the energy relaxation time



Conclusion:

In slightly disordered films there are
guantum superconductor-metal
transitions. Properties of the metallic
phase are affected by the superconducting
fluctuations



Superconductor-disordered ferromagnetic metal-superconductor junctions.

E :fdrdr'J(r, r')cos(e, (r)—@x(r")) S F S

Mean field theory (A.Larkin, Yu.Ovchinnikov, r i
L.Bulaevskii, Buzdin).

<J, >ocsin........ exp(——) L, =(D/1)"%
Here | Is the spin spllttmg energy in the ferromagnetic metal.

The quantity J(r,r’) exhibits Friedel oscillations. At L>>L, only mesoscopic

fluctuations survive.

<J%(r,r)>ocl/|r=r;(D=2) »> <17 >cl/L

In the case of junctions of small area the ground
state of the system corresponds to a nonzero sample \

specific phase difference 0< ¢, —¢p, <z . |, 1S NOL \/\
exponentially small and exhibits oscillations as a
function of temperature.




SFS junctions with large area

S |F
E = [ drdr'J(r, r')cos(p (1)~ e () + N, [drv? |

The situation is similar to the case of FNF layers, which has been
considered by Slonchevskii.

p(r) =< >+5¢p

The ground state of the system corresponds to
<@ -y >=7ml2




A qualitative picture.

n(r,r) =AY AP <n(rn(n, ) >=< Y AAAA >

ijki

The amplitudes of probabilities A; have random signs. Therefore,
after averaging of <AAAA> only blocks <A;>>~1/R survive.




Negative magneto-resistance in quasi-1D superconducting wires.

A model of tunneling junctions:

B

E e
poc [dicexp(-—9F (L) Ec=r.

At small T the resistance of the wire is determined by the rare segments with
small values of I .

. D :
|_ o A+Bexp(i—) |, ® =HS, @, isthe flux quanta.
)
0
The probability amplitudes of tunneling paths A and B are random quantities
uniformly distributed, say over an interval (-1,1).



Friedel oscillations in superconductors (mean field level):

A(r) = /der' K(r,r')A(r')+n.l. terms
K(r,r') :jdgGg(r, r')G_, (r,r')

The kernel\((x? \\.‘) IS expressed in terms of the normal metal Green functions
< . .y - . - .
Q@ (\\) and therefore it exhibits the Friedel oscillations.
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An explanation of experiments :
The probability for 1_to be small is suppressed by the magnetic
field. Consequently, the system exhibits giant magneto-resistance.

A problem: in the experiment G>> 1.

A guestion:

P(G)
e?/h




Negative magneto-resistance in 1D wires

P. Xiong, A.V.Hertog, R.Dynes
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FIG. 2. Evolution for Bi films of the electrical conductance G
in units of 4e?/kh 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
100 high a density of data points.
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FIG. 2. (a) Resistive transitions for a 520 A wide wire.
magnetoresistance. (b)) Three field sweeps at point .
points are 1.63, 2.90, 3.93, and 5.78 K, respectively.

dence of the negative MR on wire width is apparent; the
negative MR increases with decreasing wire width.

The evolution of the ncgative MR, with wire cross-—
sectional area and temperature as described above follows
the evolution of the zero-field excess broadening bevond
that predicted by the LLANMHM theory. There appears to

be a close correlation between the two effects. This
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FIG. 3. (a) Resistive transitions for a 580 A wide wire.

The symbols represent the points at which we measure the
magnctoresistance. (b)—{e) Magnectoresistance for the wire at
different thicknesses. The numbers indicate the temperature in
Kelvin.
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The symbols represent the points at which we measured the
{c) Magnetoresistance at points o — &. The temperatures at the four

correlation is further evidence that the excess broadening
is not due to edge roughness of the wires, but instead
is an intrinsic dimensional effect. It also suggests that
the negative MR is a manifestation of the suppression of
the superconducting fAuctuations by the magnetic field.
To summarize, we have observed an enhancement of
superconductivity and a suppression of superconducting
fluctuations by a perpendicular magnetic field in thin
homogenecous Pb wires, and the effect is a result of the
dimensional crossover from 2D to 1D,

Negative MR was observed close to T, in supercon-
ducting Sn stripes [11] and Al loops [12]. The neg-
ative MR was attributed to the noneqguilibrium charge
imbalance process [13] at normal-superconducting (IN-5)
boundaries, produced either intrinsically by spatially lo-
calized phase-slip centers due to high current density [11]
or artificially by ion damage [12]. The magnetic field
reduces the charge imbalance relaxation time and hence
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The case of large grains:

 There Is a nonzero mean field solution for the order para- meter
on a single grain: amplitude fluctuations can be neglected

» The effective action for a single tunnel junction contains a
dissipative term (Ambegaokar, Eckern and Schon, 1982)

g g sSin’ L (9(7)—9(7"))

5. [9(2)]=2G dz'gdz' 4

which reproduces theTact f Caldeird &mcF l)eggett (1981) as
a special case.

e The total action is

S=S" 1S + E cosé(7)dr
where IS the charging ener

gV



large grains

e The integral of the correlation function C(t)=("“"“),

converges due to the fact that at largest times  C(t) oc1/t*
* Notice:
If the time 7 during which the phase undergoes a
variation of 2 11 Is finite, the asymptotic behavior
of the corresponding retarded correlation function is

@ev(t) <e—(0(t)—6?(0))2/2> o e—t/r
C(t) c1/t°



The time during which the phase undergoes a
variation of 21, In the model of Feigelman and Larkin

T C (1),

. can be found e
estimating the limits of L/
validity of linearized (in
1/G, G>>1) RG equations
for the (inverse-square) X- :
Y model (Kosterlitz, ~7 1
1976).

f dt(e'"“V?ON '~ 7 ~exp(G)



large grain

The perturbation theory in the interaction between grains
J(taking @g@ppm%qg%gmp repifsien in the metal,

\ _hrealke down for

J = ( IOOO dt<ei(9(t)—6’(0))>o)—l ~ exp[-G]

JocN/INNY2/R)

(where )

As a result
— There Is a quantum shperconductor — metal transition;
— Critical concentration IS exponentially small in

dimensionless film conductance G



An alternative approach to the same
problem in the same limit R < &




Perturbation on the metallic side of the

transition R <&

The metallic state is stable with respect
to superconductivity If

>3 jdtP(t)<1,

where P(t) =< A(Q) A (t) >

R’ 1 _
Jjj oc r..2 e ZiJij<oo
i (1+2 v|A ||h|;)2




Quantum fluctuations of the order parameter

iIn an individual grain (T=0, R< )

The action describing the Cooper instability of a grain
: 1
S =vro[ (i |o]+>) | A0) fdo
T

E:RC_R’ Z_O:Az)l:é
T 7,R Ve

At R< R, the metallic state Is stable



ZJijxjdtP(t)<oo

At T=0 in between the superconducting and insulating
phases there is a metallic phase.

However, in the framework of this model the interval of
parameters where it exists is exponentially narrow.
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