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Typical structure of a granular metal: d=50-200A

Coupling between the grains
can vary: possibility of both
macroscopically metallic and
insulating states.

F""!-?' "!-V"'!-F“!-V
h. = L -Ai:l-. Jiil. L

1
-
7 K7 NN K

Nanoscience with numerous
applications!




Experimental puzzles:

1. Strong coupling between the grains

o=—g, +ailnT

2. Weak coupling between the grains

O":aexp(—b/\/?)

The dimensionality of the array does not seem to play
any important role for both 1) and 2)!

Metal-Insulator transition?

If so, what 1s the reason for such a behavior?




Some experimental curves (after A. Gerber et al, PRL (1997))
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FIG. 1. Resistance of sample 1 measured at zero (triangles)

and 100 kOe field (circles) as a function of the inverse square
root of the temperature. Sample 1 room temperature resistance
is2 % 10° (.
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FIG. 2. Resistance of sample 2 measured at zero (crosses)
and 100 kOe field (open circles) as a function of the inverse
square root of the temperature. Open circles indicate resistance
measured with a constant dc current [ = 107¢ A, Solid
squares are zero bias resistances approximated from [-V
measurements.  Sample 2 room temperature resistance is
800 (2.

The weak coupling limit (insulator)
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FIG. 3. Resistance of sample 3 as a function of temperature
on a log-log scale, as measured at (zero) () and 100 kOe field
{open circles). Open cireles indicate resistance measured with
a constant de current I = 1077 A. Solid squares are zero bias
resistances approximated from [-V measurements. Sample 3
room temperature resistance is 500 ).
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FIG. 5. The resistance normalized to the room-temperature
value vs InT for two different superconducting samples. The
graph on the left is for a sample with R (300 K)=2000 €1 /0],
while that on the right is for R4(300 K )= 100 0 /0. The lines
are guides to the eye.

R=AT""

or

R=A(1l—-—alnT)

a=0.117

R.W. Simon ef al,
Phys. Rev. B (1987)

Strong coupling
limit. Metal?




ol High resistivity sample again.
; Both 1) and 2) are typical for
£ many experiments!
Why?
U e It 1s always so!
]]i;e\;‘iljeﬁ;i iad c:il;itﬁrc (e); ;.he nonsuperconducting samples. The

How to describe the granular metals?

Coulomb interaction plays a crucial role!
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E . -charging energy

Other energies in the system:

O=WV)™ -mean level spacing in a grain

£ O-tunneling energy between the grains

g-tunneling conductance

The Hamiltonian
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Z; tunnehng amplitude
from 2 grain to grain, C,
-capacitance matrix



Methods of calculation:
1. Bosonization
2. Perturbation theory in the limitg?2 |

(strong coupling between the grains).

Bosonization
Study of Coulomb interaction via bosonization 1s well

known in superconductors where A,(T) =exp(2@(T))
@(T) is the phase.
One can reduce the electron Hamiltonian to an

effective phase Hamiltonian H,, (Efetov (1980))
Heﬁ‘ = Z [Bijpipj - Jz'j COS(Z(@ - qoj))]

ij

Where O, = —id/ a(p,. (eigenvalues are integers)

How can one “bosonize” a normal metal?



Scheme of the bosonization:

1. Hubbard-Stratonovich transformation

exp (——Z N C‘ o\ ) = [exp (—'JZ [ ('i‘;"l‘* (ri.7) v (ry, 7)dry — P:'T) Vi(7) d’T)

X exp (— 53 Z /da ey f,—]) % (2

2. Gauge transformation

U (rgr) — e BT (gL T) @i (1) = Vi(7)

However, one should satisfy the fermionic boundary condition:
v(r, 7)) = — (11i: T+ ). 0= l_fT

This is possible in the limit 77 > J==)Integration over the phases @(7)

—

¢ (1) = & (1) + 27Tk, | Kk, are integers
(winding numbers)

where —o0 < 03 (T7) << o<, ¢ (0) = ¢ (F) .



Final action:
S_1s the charging energy

S-S +58,

S, describes the tunneling
between the grains

1 B
N, = — E 75
‘ :F_)E"E " -/ll i .
1] :

des (7) doy (7)

dT dT

Sy = Ty Z / dTe

[i-j|=a
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where| o (1)

= T2 (Re (sin (7T'7 + id)) "

0D limait for a
single grain!

) g =

Qmﬁe’.fj

This form 1s analogous to the Ambegaokar, Eckern and Schon
(1982) action written to describe quantum dissipation.

However, it is applicable only for 7 = max(0, go)

§

No quantum dissipation and no dephasing at T=0!




The phase functional can be studied without difficulties
in the limits g =1 and g<I1

g =1 One can use renormalization group integrating over
fast variations of £

. : g _— 2 2-d
RG Equation: ”‘ff;“ = —% g=eg(T)a
Result: | o(T) =g -5—n f‘; Valid as long as g =1
g<1  Expansionin g. BUE, -is the energy of the

lowest excitation
Result: o =20,exp(-B/T)

At T=E, onehas O =0,
10



Perturbation theory 1n the limit
Rglevant diagrams:

a) Classical conductivity

b-¢) The “bosonic’ contribution

g =1 (applicable for any low

d-e) Altshuler-Aronov contribution

Result:

T = gy + oad; + das

oon ___ 1 grEc
To 2rdgr max(T, grd)
o T —
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2 1 a
; == _Ehl g%_ D=2
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T an \f Tgr D=1

Altshuler-Aronov corrections, the
same as in a homogeneous metal.
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Both 00, and 00, can be important (weak localization
corrections are assumed to be killed by a magnetic field,
which is of an experimental relevance).

Density of states

S 1 21n* 2zfc T > gré, D
vo  16grm® | M 2% 4o B T < gré.
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Hall resistivity

1. Classical picture of the Hall resistivity of the
granular material.

R-longitudinal resistivity:

information about intergrain tunneling

EE,;E

R = (ezg(T)az_“’)_1 g = 2wyl

Q. What kind of information can one extract from the Hall
resistivity?

A. Carrier density inside the grains (no dependence on
the tunneling!)
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Most important formula: g =__—»

Results of an explicit calculation:

o, 01 o 0Ot

§

R, does not depend on Z;; !

The contribution to 0, comes
from the diffuson D with non-zero
space harmonics (in contrast to 7, !)

5
DA
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L, n*:An

Classical Hall resistivity: R!) =
n*ec

A-numerical coefficient, depending on the geometry of the
grains (A=1 for cubic grains, 4 = 77/4 for spherical grains)

2) Effect of the Coulomb interaction:
Again, logarithmic in temperature corrections OR,,

éRH:: Cq EgrE L
RY g, "HT F

in the region g,0<T<g,E,
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Insulating regime, g, <1

Activation law: clear explanation in terms of
electron hopping from grain to grain.

How to explain exp(—a/ \/T/) law?

Beloborodov et al (2005): elastic and inelastic co-tunneling through
many grains and random fluctuation of the Fermi energy in the

grains due to charged imp‘ Efros and Shklovskii
mechanism
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Are underdoped or optimally doped high- 7" cuprates
granular?

VOLUME 75, NUMBER 25 PHYSICAL REVIEW LETTERS 18 DECEMBER 1995

Logarithmic Divergence of both In-Plane and Out-of-Plane Normal-State Resistivities
of Superconducting L.a;_,Sr,CuQy in the Zero-Temperature Limit

Yoichi Ando.* G.S. Boebinger, and A. Passner
AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974

Tsuyoshi Kimura and Kohji Kishio

Department of Applied Chemistry, University of Tokye, Hongo, Bunkyo-ku, Tokyo 113, Japan
(Received 18 August 1995)

The low-temperature normal-state resistivities of underdoped La; _ Sr,CuOy crystals with T. of 20
and 35 K were studied by suppressing the superconductivity with pulsed magnetic fields of 61 T.
Both in-plane resistivity p,, and out-of-plane resistivity p. are found to diverge logarithmically as
T/T. — 0. Logarithmic divergence is accompanied by a nearly constant anisotropy ratio, p./pus.
suggesting an unusual three-dimensional insulator.

VOLUME 85, NUMBER 3 PHYSICAL REVIEW LETTERS 17 JuLy 2000

Metal-to-Insulator Crossover in the Low-Temperature Normal State of Bi;Sr>_, La,CuQOgy5

S. Ono.! Yoichi Ando.!>* T. Murayama.'>" E F. Balakirev.? I.B. Betts.? and G.S. Boebinger?
YCentral Research Institute of Electric Power Indusiry, Komae, Tokvo 201-8311, Japan
2Department of Physics, Science University of Tokvo, Shinjuku-ku, Tokvo 162-8601, Japan
INHMFL, Los Alamos National Laboratory, Los Alamos, New Mexico 87545
(Received 18 February 2000)

We measure the normal-state in-plane resistivity of BizSra-,La,CuQOgy 5 single crystals at low tem-
peratures by suppressing superconductivity with 60 T pulsed magnetic fields. With decreasing hole
doping, we observe a crossover from a metallic to an insulating behavior in the low-temperature normal
state. This crossover is estimated to occur near 1/8 doping. well inside the underdoped regime, and not
at optimum doping as reported for other cuprates. The insulating regime is marked by a logarithmic
temperature dependence of the resistivity over two decades of temperature, suggesting that a peculiar
charge localization is common to the cuprates.

17



1.2 T T "'1!; T T T llllll T 1T rrrr
0.7 F Dﬂ'—ﬂﬁ 2.2
o o LSCO -2 .
O BSLCO 12
1.0k ¢ ]
0.6 .
1.6
0.5 _ 0.8f ]
| § 1.4‘5‘
g
04k E i @
I 8 0.6} S
= [a 109
- AL U |
03F 4 %
= 2
L 0.4} 0.8 &
0.2 - ! 0.6
0.73 T
0 0.2 wwes ..-D;l;uj 0.4
A
a I?D oo o 0.2
'0'22" bl 1
ool 00 ; =2] SIS S 0.0

FIG. 3. Logarithmic plot of p,,(T) for BSLCO erystals in0 T
(solid lines) and in 60 T (filled circles). labeled by La concen-
tration, x. The straight line emphasizes the log(1/7T) behavior
in the x = 0.84 sample and open circles are 30 T data from the
long-pulse magnet. LSCO data in 0 T (dashed lines) and in
60 T (open squares), labeled by Sr concentration, y, are from
Ref. [3]. All data are vertically scaled to directly compare the
resistivity per CuQ;, layer in units of (kpl) 1.
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Results of the fitting

For La, Sr,CuO,

d=2.3 at y=0.08 and
d=1.08 at y=0.15

For Bi,Sr,_.La CuO,,s :

d=4.5 at x=0.84 and
d=3.57 at x=0.76
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Imaging the granular structure
of high-T, superconductivity in
underdoped Bi,Sr,CaCu,03, ;

K. M. Lang’, V. Madhavan*, J. E. Hotfman*, E. W. Hudson® 1, H. Elsalds|,
5. Uchidas & J. C. Davis*

* Dragrairrment of Frgews, Uheverarny of Caluoon, Beddey, Califorain 29720
UsA

T Depatrnent af Physies, Massichuserns Instiure of Tedmalagy, CambBrdpe,
Missachuserns 62 1 39-4301, U84

F Mareriads Soence Division, Lavwrena: Bakeley Natnonal Laboratary, Bakeley
[llflfélrl.ll}l w70 UsA

G Depairtrent of Supercamduanary, Universmy of Tekpo, Kipod

21 0- 16 Bunkyak, Toakyo §13-8656 lapan

| Dyprairnnent of Apphed Physic, Sueford Usoiversity, Stanfornd,

Califorma S205-4060, U5A

Granular superconductivity ooccurs when microscopic supercon-
ducting grains are sepamted by non-superconducting regions;
Josephson tunnelling between the grins establishes the macro-
scopic superconducting state'. Although crystals of the copper
oxide high-transition-temperature (high-T,) superconductors are
not granular in a structorl sense, theory suggests that at
low levels of hole doping the holes can become concentrated
at certain locations resulting in  hole-rich superconducting
domains’™". Granular superconductivity arising from tunnelling
between such domains would represent a new view of the under-
doped copper oxide superconductors. Here we report scanning
tunnelling microscope studies of u nderdoped Bi S CaCuy Oy 5 that
reveal an apparent segregation of the electronic structure into
superoonducting domains that are —3nm in size (and locl
energy gap <50meV), located in an electronically distinct back-
ground. We used scattering resonances at Ni impurity atoms® as
‘markers’ for local superconductivity’™; no Ni resonances were
detected in any region where the local encrgy gap A = 50+
25 meV. These observations suggest that underdoped BiySriCa-

T e o i bore of tuen different chor-toronoes electoonde neclere

Nature, 415, 414 (2002)
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Conclusions:

1. Bosonization and diagrammatic schemes are developed to
study granular metals.

2. A crossover from the logarithmic to the exponential
dependence of the conductivity on temperatures 1s found
at not very low temperatures.

3. Hall resistivity gives information about the carrier density
inside the grains and has also logarithmic in temperature
corrections.

4. Logarithmic dependence of the conductivity observed in
many granular materials 1s explained.

5.High 7', superconducting cuprates may be granular, too.
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