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MIT	Quantum	Cri0cality?

Metal Insulator

DisorderQCP

T

Can’t decide 
(quantum critical region)



Friend or Foe???
Sir Neville Mott: 

(whatever) interaction

Mechanisms for Localization?

Egap 

P. W. Anderson: 
disorder



Theoretical Approaches

Standard critical points: 

Spontaneous symmetry breaking 

Order parameter, Landau-Ginzburg 
  
Renormalization group, field theory 

Metal-Insulator Transitions: 

NO symmetry breaking! 

Landau theory, upper critical dimension ??? 

Spatial 
dimension d

Landau theory

Upper critical 
dimension duc

dlc

Lower critical 
dimension 

4 - ε expansion 
(Wilson-Fisher)

???d=3

2 + ε expansion 
(Finkel’stein)

“Forced” to use 2 + ε expansion 
Problems:  
weak-coupling, convergence in ε (Murthy) 



What I remember from college:

T

⇢

impurity  
(elastic)  

scattering

          vs disorder in metals⇢(T )

Matthiessen's rule
1

⌧
=

1

⌧ph
+

1

⌧dis

phonon scattering

� =
ne2⌧

m⇤
1

⌧
/ hX2i / kBT ) ⇢ / T

e-e interactions T2, 
Bloch T5 law…

✓D
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Experimental puzzles I: Mott limit and Mooij Correlation                                 

(                                                                                      )

A15 compounds: Effect of disorder by ion radiation  
(Dynes et al., 1981)

“Mott-Ioffe-Rege (MIR) limit”  
(kFl ~ O(1))

Mooij (1973) correlation???

Good metal: phonons

Bad conductor: disorder+phonons???

Breakdown of Mathiessen’s rule:
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FIG. 2: a) Fits of the TypDOS data for � = 0.05 to a linear form ⇢(T ) = ⇢0 + AT , in the intermediate temperature region
0.01 < T < 0.07; b) Fits � = 0.3, for 0.01 < T < 0.07; c) Fits � = 0.5, for 0.05 < T < 0.1; d) Mooij correlations. Note that
the resistivity unit is by definition of the order of the MIR value, ⇢MIR, which corresponds to the semi-classical resistivity
when by Im⌃ ⇠ D.7; e) same, compared to the experimental data of Tsuei. Physical units are D = 15000K, T0 = 300K and
⇢u = 50µ⌦cm; f) data of Dynes (D = 4400K, T0 = 300K and ⇢u = 130µ⌦cm) This way of replotting the data highlights the
linear nature of Mooij correlations.

0.5. Here the fluctuations due to W are much larger
than those due to the phonons (the amount of disorder
needed to reach the flat resistivity is larger, while the
variation with temperature is very small owing to the
weak lambda). The window of ⇢0 that needs to be de-
scribed upon varying W is very wide, and the fits do not
work well at the lowest values of W . The value of ⇢c0 itself
is slightly larger than for � = 0.3: it goes from ⇢c0 = 2.25
to ⇢c0 = 3.6 at � = 0.05 . Still, the coe�cient of the slope
in Fig. 2 at very large ⇢0, i.e. where the TCR is negative,
seems comparable to the one of moderate �.

Our TMT-DMFT results show that the resistivity obeys

linear Mooij correlations with the same slope from weak

to strong disorder. Therefore a weak disorder theory can

be used to evaluate the slope, which is done below.

D. Matthiessen vs inverse Matthiessen

Our results obviously recover the result that the usual
Matthiessen rule holds for weak electron-phonon cou-
pling and weak disorder, where the two scattering mech-
anisms are additive. This is best seen by plotting
⇢(T ) � ⇢W=0(T ), (not shown here). The di↵erence is
flat, as it should. Approximately flat regions can also
be identified at larger � but only at moderate W and
su�ciently high temperatures.

The inverse Matthiessen rule fails everywhere (also not
shown). The breakdown of Matthiessen rule therefore
does not imply that it should be replaced by its inverse.

FIG. 3: Verification of Matthiessen’s rule.

II. A TMT-DMFT APPROACH TO MOOIJ
CORRELATIONS

A. Analytical results in CPA-DMFT

1. DOS reduction and resistivity saturation

In a pioneering work, Millis and collaborators4 studied
the problem of resistivity saturation (i.e. the existence of
a large intercept, the small TCR and the non Matthiessen
behavior upon irradiation) based on the DMFT solution
of the disordered Holstein model in the limit of classi-
cal phonons. They explored three possible causes for
the non-standard metallic behavior: (1) phonon anhar-
monicity at high temperatures, (2) failure of 2nd order
perturbation theory for the calculation of the electron
self-energy (scattering rate) and (3) failure of Boltzmann
theory in relating the resistivity to the scattering rate.
The origin of resistivity saturation was identified as (2).
Here we pursue these arguments further and draw some
interesting analytical conclusions.
It can be shown that the relation

⌃(!) = s2G(!) (6)

with s2 = �DT proportional to hX2i is valid well
beyond perturbation theory11 (note that we set here
� = 2g2/!0). In the weak coupling limit, s ⌧ D,

CPA+DMFT; λ=0.3

(all cross at T = 1/A)
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Table 18. Electrical Resistivity of Non-Simple Metallic Glasses at High Temperatures. 

T~ P~oo~ TCR Temp. 
Alloy System Group Form (K) (/~-cm) ( x 10- S/K) Range Ref. 

311 FesoB2o 
FeaoBtsSi2 
FeaoBa 3Si4C3 
Fe7aSiloB12 
Fe68CoaoSiloB12 
Fe63.5Co t 5.6Si10B12 
Fea9Coa9SiloB12 
Fe7.sCo~o.ESiloB12 
Co7aSiloB12 
COTo.2NiT.sSiloB12 
Co54.6Ni23.4Sil oB12 
Co39NiagSitoB12 
COl L6Ni62.4SiloB12 
Co10Ni6sSiloB12 
Ni78SiloBt2 
Fe4oNi4oP14B6 (2826) 
Fe32Ni3sCrl 5P12B6 

(2826A) 
Fe29Ni49P14B6Si2 (2826B) 
FesoPa6C3B1 (2615) 
F%oB2o (2605) 
FevsMo2B2o (2605A) 
FesoP14B6 
FeboNi2oP14B6 
Fe4oNi4oPl,~B6 
Fe3oNisoP14B6 
Fe2oNi6oPlaB6 
NisoPx4B6 
Fe2oNi6oP14B6 
Fe3oNisoP14B6 
Fe4oNi4oP14B6 
Fe6oNi2oP14B6 
FeToNiloP14B6 
FeloNiToB19Si2 
FelaNi6~B19Sil 
Fe16Ni64B19Sil 
Fe2oNi6oB2o 
Fe4oNi4oB2o 
FesoB2o (2605) 
Fe4oNi4oPlaB~ (2826) 
Fe32Ni36Cr~4P~2B6 

(2826A) 
Fez9NiagP~4B6Si2 (2826B) 
FesoB~o (2605) 
Ti~oBe4oZr~o (2204) 
Co76P24 
NiTaP26 
Co92Sm8 
FesoB2o 
Fe6oNi2oB2o 
F%oNi3oB2o 
Fe4oNi,,oB2o 
Fe3oNisoB2o 
FezoNi6oB2o 

R 137.6 + 0.1 (OK) 8 
R 153.6 + 0. ! (0 K) 6 
R 162.7 + 0.1 (OK) 5 
R 120.3 (4.2 K) 
R 123.8 (4.2 K) 
R 118.5 (4.2 K) 
R 114.4 (4.2 K) 
R 105.1 (4.2 K) 
R 104 (4.2 K) 
R 103 (4.2 K) 
R 105.7 (4.2 K) 
R 101.4 (4.2 K) 
R 97.5 (4.2 K) 
R 95.2 (4.2 K) 
R 86.9 (4.2 K) 
R 537 211 + 3 

R 250 183 + 3 
R 408 173 + 3 
R 565 168 + 3 
R 647 139 _ 3 
R 595 163 __+ 3 
R 617 138 (OK) + 
R 619 140 (0 K) + 
R 537 138 (OK) + 
R 445 137 (OK) + 
R 234 136 (0 K) + 
R 98 (0 K) + 
R 95.8 (0 K) 22.6 
R 95.7 (0 K) 10.4 
R 84.7 (0 K) 15.7 
R 98.0 (0 K) 4.9 
R 98.1 (OK) 4.7 
R 85.4 (0 K) 65.5 
R 87.2 (0 K) 57.0 
R 88.9 (0 K) 52.4 
R 88.9 (0 K) 46.0 
R 99.3 (0 K) 17.0 
R 97.5 (0 K) 98.0 
R 537 143 + 7 23 (200K) 

R 249 180 -2 .5  (200 K) 
R 408 180 23 (200 K) 
R 670 125 __+ 6 10 (200 K) 
R 300 - 20 (200 K) 
E 550+50  100+15  I I (200K)  
E 100 + 10 11 (200K) 
S 300 70 _ I0 12 (200 K) 
R 118 (4.2 K) 13.5 
R 114 (4.2 K) 25.4 
R 114 (4.2 K) 30.7 
R 109 (4.2 K) 39.4 
R 103 (4.2 K) 50.4 
R 98 (4.2 K) 

20-300 
20-300 
20-300 

21 

1.5-800 268 

1.5-800 
1.5-800 
1.5-800 
1.5-800 
1.5-800 

50- 22 
50- 
50- 
50- 
50- 
50- 

4.2 500 46 
4.2-500 
4.2-500 
4.2-500 
4.2-500 
4.2-500 
4.2-500 
4.2-500 
4.2-500 
4.2-500 
4.2-500 
0.5-300 64, 67 

0.5-300 
0.5-300 
0.5-300 
0.5-300 
0.5-300 
0.5-300 
0.5-300 
1.5-470 
1.5-470 
1.5-470 
1.5-470 
1.5-470 
1.5-4 70 
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Table 18. Electrical Resistivity of Non-Simple Metallic Glasses at High Temperatures. 

T~ P~oo~ TCR Temp. 
Alloy System Group Form (K) (/~-cm) ( x 10- S/K) Range Ref. 

311 FesoB2o 
FeaoBtsSi2 
FeaoBa 3Si4C3 
Fe7aSiloB12 
Fe68CoaoSiloB12 
Fe63.5Co t 5.6Si10B12 
Fea9Coa9SiloB12 
Fe7.sCo~o.ESiloB12 
Co7aSiloB12 
COTo.2NiT.sSiloB12 
Co54.6Ni23.4Sil oB12 
Co39NiagSitoB12 
COl L6Ni62.4SiloB12 
Co10Ni6sSiloB12 
Ni78SiloBt2 
Fe4oNi4oP14B6 (2826) 
Fe32Ni3sCrl 5P12B6 

(2826A) 
Fe29Ni49P14B6Si2 (2826B) 
FesoPa6C3B1 (2615) 
F%oB2o (2605) 
FevsMo2B2o (2605A) 
FesoP14B6 
FeboNi2oP14B6 
Fe4oNi4oPl,~B6 
Fe3oNisoP14B6 
Fe2oNi6oPlaB6 
NisoPx4B6 
Fe2oNi6oP14B6 
Fe3oNisoP14B6 
Fe4oNi4oP14B6 
Fe6oNi2oP14B6 
FeToNiloP14B6 
FeloNiToB19Si2 
FelaNi6~B19Sil 
Fe16Ni64B19Sil 
Fe2oNi6oB2o 
Fe4oNi4oB2o 
FesoB2o (2605) 
Fe4oNi4oPlaB~ (2826) 
Fe32Ni36Cr~4P~2B6 

(2826A) 
Fez9NiagP~4B6Si2 (2826B) 
FesoB~o (2605) 
Ti~oBe4oZr~o (2204) 
Co76P24 
NiTaP26 
Co92Sm8 
FesoB2o 
Fe6oNi2oB2o 
F%oNi3oB2o 
Fe4oNi,,oB2o 
Fe3oNisoB2o 
FezoNi6oB2o 

R 137.6 + 0.1 (OK) 8 
R 153.6 + 0. ! (0 K) 6 
R 162.7 + 0.1 (OK) 5 
R 120.3 (4.2 K) 
R 123.8 (4.2 K) 
R 118.5 (4.2 K) 
R 114.4 (4.2 K) 
R 105.1 (4.2 K) 
R 104 (4.2 K) 
R 103 (4.2 K) 
R 105.7 (4.2 K) 
R 101.4 (4.2 K) 
R 97.5 (4.2 K) 
R 95.2 (4.2 K) 
R 86.9 (4.2 K) 
R 537 211 + 3 

R 250 183 + 3 
R 408 173 + 3 
R 565 168 + 3 
R 647 139 _ 3 
R 595 163 __+ 3 
R 617 138 (OK) + 
R 619 140 (0 K) + 
R 537 138 (OK) + 
R 445 137 (OK) + 
R 234 136 (0 K) + 
R 98 (0 K) + 
R 95.8 (0 K) 22.6 
R 95.7 (0 K) 10.4 
R 84.7 (0 K) 15.7 
R 98.0 (0 K) 4.9 
R 98.1 (OK) 4.7 
R 85.4 (0 K) 65.5 
R 87.2 (0 K) 57.0 
R 88.9 (0 K) 52.4 
R 88.9 (0 K) 46.0 
R 99.3 (0 K) 17.0 
R 97.5 (0 K) 98.0 
R 537 143 + 7 23 (200K) 

R 249 180 -2 .5  (200 K) 
R 408 180 23 (200 K) 
R 670 125 __+ 6 10 (200 K) 
R 300 - 20 (200 K) 
E 550+50  100+15  I I (200K)  
E 100 + 10 11 (200K) 
S 300 70 _ I0 12 (200 K) 
R 118 (4.2 K) 13.5 
R 114 (4.2 K) 25.4 
R 114 (4.2 K) 30.7 
R 109 (4.2 K) 39.4 
R 103 (4.2 K) 50.4 
R 98 (4.2 K) 

20-300 
20-300 
20-300 

21 

1.5-800 268 

1.5-800 
1.5-800 
1.5-800 
1.5-800 
1.5-800 

50- 22 
50- 
50- 
50- 
50- 
50- 

4.2 500 46 
4.2-500 
4.2-500 
4.2-500 
4.2-500 
4.2-500 
4.2-500 
4.2-500 
4.2-500 
4.2-500 
4.2-500 
0.5-300 64, 67 

0.5-300 
0.5-300 
0.5-300 
0.5-300 
0.5-300 
0.5-300 
0.5-300 
1.5-470 
1.5-470 
1.5-470 
1.5-470 
1.5-470 
1.5-4 70 
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Table 18.---continued. 

T~ P3oo~ TCR Temp. 
Alloy System Group Form (K) (/tfl-cm) ( x 10- S/K) Range Ref. 

FesoP,4B6 
Fe6oNi2oP14B6 
Fe4oNiaoPl4B6 
Fe3oNisoPlaB6 
Fe2oNi6oPl 4B6 
FeloNiToP14B6 
NisoP,4B6 
FesoB2o (2605) 
Fe7sMo2B2o (2605A) 
FesoPl6C3Bl (2615) 
Fe4oNi4oPa,B6 (2826) 
Fe4oNi3sBl 8Mo4 

(2826MB) 
Fe32Ni36Crl~Pl 2B6 

(2826A) 
Fe29Ni49P14B6Siz (2826B) 
Fe4oNi4oP14B6 (2826) 
Fe32Ni36Crt,P12B6 

(2826A) 
Fe29Ni,tgP14B6 (2826B) 
FesoB2o (2605) 
FeTsMo2B2o (2605A) 
TisoBe4oZrlo (2204) 
Fe4oNi4oP14B6 (2826) 
Fea2Nia6Cr14P12B6 

(2826A) 
FesoB2o (2605) 
FeTsMo2B2o (2605A) 
Fes2Si6B12 (2605S) 
CusoZrso 
FesoBzo 
Fe6oNizoB2o 
FesoNi3oB2o 
Fe4oNi4oB2o 
Fe3oNisoB~o 
FeToNiloP14B6 
Fe6oNi2oP:4B6 
Fe4oNi4oPl~B6 
Fe3oNisoP14B6 
Fe2oNi6oP14B6 
FeloNiToPl,,B6 
Fe,,oNi,toPl,tB6 (2826) 
Fe29Ni,t9P1,tB6Si2 (2826B) 
Fe,toNi4oP14B6 (2826) 
Fe29Ni,,9P1,tB6Si2 (2826B) 
FesoP13C~ 
FegoAu t o 
FessB12 
Fes2B1s 
Fe6sB32 
Fe63B~7 
Fes~.TP~4.3 

Fes,,.~P~s.9 
Fes~.oP16.o 

1 
I 
I 
1 
1 
1 
4 
1 
1 
1 
1 

1 

1 
1 
I 

1 
1 
1 
1 
4 
1 

R 140 (4.2 K) 10.7 1.5-470 
R 140 (4.2 K) 15.7 1.5-470 
R 138 (4.2 K) 19.5 1.5-470 
R 136 (4.2 K) 20.6 1.5-470 
R 138 (4.2 K) 8.7 1.5-470 
R 135 (4.2 K) 4.4 1.5-470 
R 98 (4.2 K) I 1.2 1.5-470 
R 670 118__+4 14__+I 
R 510 130+5 44-1 
R 560 145 4- 5 10 4- 1 
R 510 165 4- 5 18 4- 2 

R 610 155_5  11 + 2  

R 255 175 4- 10 - 8  4- 1 (100K) 
R 385 155 4- 15 21 4- 2 
R 180 23 (200 K) 

R 180 -2 .5  (2OO K) 
R 180 23 (200 K) 
R 140 10 (200 K) 
R 120 10 (200 K) 
R 300 - 20 (200 K) 
R 537 145 4- 15 

R 250 155 + 15 
R 647 130 4- 15 
R 595 120 4- 15 
R 1 4 0  4- 15 
R 210 4- 20 
R 647 122 
R 738 121 
R 725 121 
R 660 118 
R 573 116 
R 628 141 
R 619 143 
R 533 143 
R 444 143 
R 234 143 
R 60 136 
R 500 193 8.8 70 inK-60 
R 375 178 14.9 70 mK-60 
R 500 154 
R 375 138 
F 180 7-25 4.2-300 
T 80 0 4.2-300 
S 113 12.9 4.2-300 
S 141 5 4.2-300 
S 141 -4.35 4.2-300 
S 151.2 - 5.96 4.2-300 
E 139.4 (0 K) 4.2-80 
E 133.5 (0 K) 4.2-80 
E 130.7 (0 K) 4.2-80 
E 133.5 (OK) 4.2-80 

185 

26 

30 

189 

266 

265 

180 
40 

289 

181 

194 P R O G R E S S  I N  M A T E R I A L S  S C I E N C E  

Table 18.---continued. 

T~ P3oo~ TCR Temp. 
Alloy System Group Form (K) (/tfl-cm) ( x 10- S/K) Range Ref. 

FesoP,4B6 
Fe6oNi2oP14B6 
Fe4oNiaoPl4B6 
Fe3oNisoPlaB6 
Fe2oNi6oPl 4B6 
FeloNiToP14B6 
NisoP,4B6 
FesoB2o (2605) 
Fe7sMo2B2o (2605A) 
FesoPl6C3Bl (2615) 
Fe4oNi4oPa,B6 (2826) 
Fe4oNi3sBl 8Mo4 

(2826MB) 
Fe32Ni36Crl~Pl 2B6 

(2826A) 
Fe29Ni49P14B6Siz (2826B) 
Fe4oNi4oP14B6 (2826) 
Fe32Ni36Crt,P12B6 

(2826A) 
Fe29Ni,tgP14B6 (2826B) 
FesoB2o (2605) 
FeTsMo2B2o (2605A) 
TisoBe4oZrlo (2204) 
Fe4oNi4oP14B6 (2826) 
Fea2Nia6Cr14P12B6 

(2826A) 
FesoB2o (2605) 
FeTsMo2B2o (2605A) 
Fes2Si6B12 (2605S) 
CusoZrso 
FesoBzo 
Fe6oNizoB2o 
FesoNi3oB2o 
Fe4oNi4oB2o 
Fe3oNisoB~o 
FeToNiloP14B6 
Fe6oNi2oP:4B6 
Fe4oNi4oPl~B6 
Fe3oNisoP14B6 
Fe2oNi6oP14B6 
FeloNiToPl,,B6 
Fe,,oNi,toPl,tB6 (2826) 
Fe29Ni,t9P1,tB6Si2 (2826B) 
Fe,toNi4oP14B6 (2826) 
Fe29Ni,,9P1,tB6Si2 (2826B) 
FesoP13C~ 
FegoAu t o 
FessB12 
Fes2B1s 
Fe6sB32 
Fe63B~7 
Fes~.TP~4.3 

Fes,,.~P~s.9 
Fes~.oP16.o 

1 
I 
I 
1 
1 
1 
4 
1 
1 
1 
1 

1 

1 
1 
I 

1 
1 
1 
1 
4 
1 

R 140 (4.2 K) 10.7 1.5-470 
R 140 (4.2 K) 15.7 1.5-470 
R 138 (4.2 K) 19.5 1.5-470 
R 136 (4.2 K) 20.6 1.5-470 
R 138 (4.2 K) 8.7 1.5-470 
R 135 (4.2 K) 4.4 1.5-470 
R 98 (4.2 K) I 1.2 1.5-470 
R 670 118__+4 14__+I 
R 510 130+5 44-1 
R 560 145 4- 5 10 4- 1 
R 510 165 4- 5 18 4- 2 

R 610 155_5  11 + 2  

R 255 175 4- 10 - 8  4- 1 (100K) 
R 385 155 4- 15 21 4- 2 
R 180 23 (200 K) 

R 180 -2 .5  (2OO K) 
R 180 23 (200 K) 
R 140 10 (200 K) 
R 120 10 (200 K) 
R 300 - 20 (200 K) 
R 537 145 4- 15 

R 250 155 + 15 
R 647 130 4- 15 
R 595 120 4- 15 
R 1 4 0  4- 15 
R 210 4- 20 
R 647 122 
R 738 121 
R 725 121 
R 660 118 
R 573 116 
R 628 141 
R 619 143 
R 533 143 
R 444 143 
R 234 143 
R 60 136 
R 500 193 8.8 70 inK-60 
R 375 178 14.9 70 mK-60 
R 500 154 
R 375 138 
F 180 7-25 4.2-300 
T 80 0 4.2-300 
S 113 12.9 4.2-300 
S 141 5 4.2-300 
S 141 -4.35 4.2-300 
S 151.2 - 5.96 4.2-300 
E 139.4 (0 K) 4.2-80 
E 133.5 (0 K) 4.2-80 
E 130.7 (0 K) 4.2-80 
E 133.5 (OK) 4.2-80 

185 

26 

30 

189 

266 

265 

180 
40 

289 

181 
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Table 18.---continued. 

195 

T~ PaooK TCR Temp. 
Alloy System Group Form (K) (p~-cm) ( x 10- S/K) Range Ref. 

Fea2,oPls.o 1 E 144.4 (0 K) 4.2-80 
Fesl.6Pls.4 1 E 157.5 (OK) 4.2-80 
Feso.6P19.4 1 E 158.9 (0 K) 4.2-80 
FeTs.4P21.6 1 E 173.0 (OK) 4.2-80 
Nis4.sP15.5 1 E 180 88.9 1-100 43 
Nis3.42P16.ss 1 E 160 81.7 1-100 
Nisa.sPlv.s 1 E 120 106.7 1-100 
Nisl.s4Pls.16 1 E 70 105.1 1-100 
Ni79.9P2o.l 3 E 110.2 1-100 
NissP15 E I00 18 4%300 71 
NisoP2o E 130 6 4%300 
Ni~6P24 E 160 0 4%300 
NiT~.sP2s.5 E 175 - 4  4%300 
Nd65Coa5 3 R 31.7" 188.3 2.28 4.2-300 42 
Sm65Co35 3 R 57.8* 329.8 2.60 4.2-300 
Tb65Co35 3 R 90.4* 232.6 - 4 . 1 2  4.2-300 
Dy6sCoas 3 R 43* 385.9 - 1.37 4.2-300 
Er65Co35 3 R 10.3" 239.8 - 4 . 0 0  4.2-300 
(Nio.2Pto.s)75P25 4 F 185 + 15 - 4 . 9  4.2-420 284 
(Nio.3Pto.7)7sP25 4 F 183 _ 15 - 4 . 7  4.2-420 
(Nio.4Pto.6)75P25 4 F 166 __+ 15 - 3 . 9  4.2-420 
(Nio.4sPto.ss)~sP25 4 F 173 _+ 15 - 3 . 4  4.2-420 
(Nio.sPto.~)75P25 4 F 164 _+ 15 - 1.4 4.2-420 
(Nio.6oPto.4o)75P2s 4 F 170 __+ 15 0.4 4.2-420 
(Nio.sPdo.5)asP15 4 F 138 _+ 16 13.5 __+ 1.2 47 
(Nio.sPdo.s)a4P16 4 F 114 11.6 
(Nio.sPdo.s)saP17 4 F 141 _+ 16 10.2 _+ 1.2 
(Nio.sPdo.5)s2Pls 4 F 130 9.7 
(Nio.sPdo.5)aoP2o 4 F 133 _+ 14 7.3 _+ 1.4 
(Nio.sPdo.5)v7P23 4 F 165 0.9 
(Nio.sPdo.5)76P24 4 F 169 _+ 20 - 0 . 3  _+ 2.0 
(Nio.sPdo.5)75P25 4 F 195 __ 26 - 0 . 6  _+ 2.4 
(Nio.sPdo.5)7a.sP26.5 4 F 226 _ 26 -6 .1  _+ 2.6 
(Nio.sPdo.5)~2.sP27.5 4 F 264 - 7 . 0  
(Pdo.gCuo. l)aoP2o 4 ? 150 7.0 298 
(Pdo.sCuo.s)aoP2o 4 ? 260 - 8 . 0  4.2-550 
(Moo.6Ruo.*)9oBto 4 F 7.15t 135 ___ 20 0.0 1.5?-300 154 
(Moo.6Ruo.4)saBt2 4 F 7.00t 120 + 20 - 0 . 5  1.5?-300 
(Moo.6Ruo.4)s6Bl4 4 F 6.25t 120 ___ 20 0.0 1.5?-300 
(Moo.6Ruo.4)s4B16 4 F 6.40t 125 +_ 20 0.0 1.5?-300 
(Moo.6Ruo.4)a2B~a 4 F 6.05t 150 _ 20 - 1.2 1.5?-300 
(Moo.6Ruo.,)aoB:o 4 F 5.75"t" 205 + 20 - 5 , 3  1.5?-300 
(Moo.6Ruo.~)~sB~2 4 F 5.40"1" 220 _ 20 - 5 . 9  1.5?-300 
(Moo.6Ruo.4)76B24 4 F 5.05"t 255 _+ 20 - 6 . 0  1.57-300 
(Moo.~RUo.~)s~Si~a 4 F 5.40"1" 220 +_ 20 - 3 . 4  1.5?-300 
(Moo.6Ruo.#)soSi2o 4 F 5.00"t" 215 +_ 20 - 2 . 5  1.5%300 
(Moo.6Ruo.4).-aSi22 4 F 4.75t 245 +_ 20 - 2 . 5  1.57-300 
(Moo.6Ruo.4)'r6Si2a 4 F 4.45"I" 230 :t: 20 - 2 . 6  1.5?-300 
(Moo.6Ruo.4)74Si26 4 F 4.05t 205 _+ 20 - 2 . 4  1.5?-300 
(Moo.6Ruo.4)72Si2a 4 F 3.60t 230 _+ 20 - 3 . 0  1.5%300 
(Moo.6Ruo.4)7oSi3o 4 F 3.20t 210 -I- 20 -2 .1  1.5%300 
(Moo.6Ruo.~)a4P~6 4 F 6.60~" 200 +__ 20 - 0 . 5  1.5%300 
(Moo.6Ruo.a)aoP2o 4 F 6.00~" 280 -I- 20 - 1.4 1.5%300 
(Wo.sRuo.~)aoB2o 4 F 3.50t 295 ___ 20 - 1.0 1.5%300 
(Wo.~Ruo.s)soP2o 4 F 4.55~" 325 ___ 20 - 2 . 4  1.5%300 
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Table 18.---continued. 
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T~ PaooK TCR Temp. 
Alloy System Group Form (K) (p~-cm) ( x 10- S/K) Range Ref. 

Fea2,oPls.o 1 E 144.4 (0 K) 4.2-80 
Fesl.6Pls.4 1 E 157.5 (OK) 4.2-80 
Feso.6P19.4 1 E 158.9 (0 K) 4.2-80 
FeTs.4P21.6 1 E 173.0 (OK) 4.2-80 
Nis4.sP15.5 1 E 180 88.9 1-100 43 
Nis3.42P16.ss 1 E 160 81.7 1-100 
Nisa.sPlv.s 1 E 120 106.7 1-100 
Nisl.s4Pls.16 1 E 70 105.1 1-100 
Ni79.9P2o.l 3 E 110.2 1-100 
NissP15 E I00 18 4%300 71 
NisoP2o E 130 6 4%300 
Ni~6P24 E 160 0 4%300 
NiT~.sP2s.5 E 175 - 4  4%300 
Nd65Coa5 3 R 31.7" 188.3 2.28 4.2-300 42 
Sm65Co35 3 R 57.8* 329.8 2.60 4.2-300 
Tb65Co35 3 R 90.4* 232.6 - 4 . 1 2  4.2-300 
Dy6sCoas 3 R 43* 385.9 - 1.37 4.2-300 
Er65Co35 3 R 10.3" 239.8 - 4 . 0 0  4.2-300 
(Nio.2Pto.s)75P25 4 F 185 + 15 - 4 . 9  4.2-420 284 
(Nio.3Pto.7)7sP25 4 F 183 _ 15 - 4 . 7  4.2-420 
(Nio.4Pto.6)75P25 4 F 166 __+ 15 - 3 . 9  4.2-420 
(Nio.4sPto.ss)~sP25 4 F 173 _+ 15 - 3 . 4  4.2-420 
(Nio.sPto.~)75P25 4 F 164 _+ 15 - 1.4 4.2-420 
(Nio.6oPto.4o)75P2s 4 F 170 __+ 15 0.4 4.2-420 
(Nio.sPdo.5)asP15 4 F 138 _+ 16 13.5 __+ 1.2 47 
(Nio.sPdo.s)a4P16 4 F 114 11.6 
(Nio.sPdo.s)saP17 4 F 141 _+ 16 10.2 _+ 1.2 
(Nio.sPdo.5)s2Pls 4 F 130 9.7 
(Nio.sPdo.5)aoP2o 4 F 133 _+ 14 7.3 _+ 1.4 
(Nio.sPdo.5)v7P23 4 F 165 0.9 
(Nio.sPdo.5)76P24 4 F 169 _+ 20 - 0 . 3  _+ 2.0 
(Nio.sPdo.5)75P25 4 F 195 __ 26 - 0 . 6  _+ 2.4 
(Nio.sPdo.5)7a.sP26.5 4 F 226 _ 26 -6 .1  _+ 2.6 
(Nio.sPdo.5)~2.sP27.5 4 F 264 - 7 . 0  
(Pdo.gCuo. l)aoP2o 4 ? 150 7.0 298 
(Pdo.sCuo.s)aoP2o 4 ? 260 - 8 . 0  4.2-550 
(Moo.6Ruo.*)9oBto 4 F 7.15t 135 ___ 20 0.0 1.5?-300 154 
(Moo.6Ruo.4)saBt2 4 F 7.00t 120 + 20 - 0 . 5  1.5?-300 
(Moo.6Ruo.4)s6Bl4 4 F 6.25t 120 ___ 20 0.0 1.5?-300 
(Moo.6Ruo.4)s4B16 4 F 6.40t 125 +_ 20 0.0 1.5?-300 
(Moo.6Ruo.4)a2B~a 4 F 6.05t 150 _ 20 - 1.2 1.5?-300 
(Moo.6Ruo.,)aoB:o 4 F 5.75"t" 205 + 20 - 5 , 3  1.5?-300 
(Moo.6Ruo.~)~sB~2 4 F 5.40"1" 220 _ 20 - 5 . 9  1.5?-300 
(Moo.6Ruo.4)76B24 4 F 5.05"t 255 _+ 20 - 6 . 0  1.57-300 
(Moo.~RUo.~)s~Si~a 4 F 5.40"1" 220 +_ 20 - 3 . 4  1.5?-300 
(Moo.6Ruo.#)soSi2o 4 F 5.00"t" 215 +_ 20 - 2 . 5  1.5%300 
(Moo.6Ruo.4).-aSi22 4 F 4.75t 245 +_ 20 - 2 . 5  1.57-300 
(Moo.6Ruo.4)'r6Si2a 4 F 4.45"I" 230 :t: 20 - 2 . 6  1.5?-300 
(Moo.6Ruo.4)74Si26 4 F 4.05t 205 _+ 20 - 2 . 4  1.5?-300 
(Moo.6Ruo.4)72Si2a 4 F 3.60t 230 _+ 20 - 3 . 0  1.5%300 
(Moo.6Ruo.4)7oSi3o 4 F 3.20t 210 -I- 20 -2 .1  1.5%300 
(Moo.6Ruo.~)a4P~6 4 F 6.60~" 200 +__ 20 - 0 . 5  1.5%300 
(Moo.6Ruo.a)aoP2o 4 F 6.00~" 280 -I- 20 - 1.4 1.5%300 
(Wo.sRuo.~)aoB2o 4 F 3.50t 295 ___ 20 - 1.0 1.5%300 
(Wo.~Ruo.s)soP2o 4 F 4.55~" 325 ___ 20 - 2 . 4  1.5%300 
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Table 18.---continued 

Tc P300K TCR Temp. 
Alloy System Group Form (K) (p~-cm) (×  10 5/K) Range Ref. 

Zr4oCu6o 4 R 195 -6 .3  232 

Pd37Zr6a, PdaaZr67, 
Pd3oZrTo F 300 - 3-300 113 

ZrToCo3o 4 R 3.3t 200 - 12.5 267 
Z, r7oNl3o 4 R 2.87t 200 - 12.7 
Zr7oPdao 4 R 2.37t 200 - 11.7 
Zr6sCu35 4 R 2.001" 200 - 10.7 
ZrsoCuso 4 R 0.807 200 -9 .47  
ZrasCu6s 4 R 0.01"1" 200 -6 .28  
ZrTsNi22 4 R 164.0 - 7.0 1.5-300 23 
Zr76Ni24 4 R 169.0 - 9 . 0  1.5-300 
Zrv2Ni28 4 R 171.5 - 10.0 1.5-300 
Zr66.4Nia3.3 4 R 180.7 - 10.8 1.5-300 
Zr65Nia5 4 R 182.5 - 11.0 1.5-300 
Zr62Ni3s 4 R 182.0 - 12.0 1.5-300 
Zr33Ni67 4 R 175.0 - 5 . 0  1.5-300 
ZratCo19 4 R 168.0 - I 1.0 1.5-300 
ZrsoCo2o 4 R 170.0 - 10.8 1.5-300 
ZrvsCo22 4 R 172.0 - 11.5 1.5-300 
Zr75Co2s 4 R 177.5 - 12.2 1.5-300 
Zr66.7Co33.3 4 R 184.5 - 13.5 1.5-300 
Zr64.sCo35.5 4 R 190.0 -20 .0  1.5-300 
Zr73Cu27 4 R 159.0 - 5 . 0  1.5-300 
Zr76.TCU33.3 4 R 167.0 - 12.5 1.5-300 
Zr4oCu6o 4 R 182.0 - 8 . 0  1.5-300 
Zr76Fe24 4 R 179.0 - 13.0 1.5-300 
Zr4oCu6o 4 R 179 _+ 3 - 15 77, 103 
ZrsoCuso 4 R 177 +_ 3 103 
ZrssCu45 4 R 173 +_ 3 - 11 77, 103 
Zr'12.sCu27.5 4 R 159 + 3 - 12 77, 103 

Ti34Cu66 4 R 183 __+ 3 103 
Ti~sCus5 4 R 195 _+ 6 103 
Ti~7Cuaa 4 R 188 + 3 - 11 77, 103 
Hf4oCu6o 4 R 190 + 7 103 
Zra6Ni64 4 R 170 + 3 103 
Zr63Ni37 4 R 176 4- 5 - 1 7  77, 103 
Zre6Ni24 4 R 158 4- 7 103 
Ni66Nb34 4 R 160 ___ 5 103 
Ni6sNb35 4 R 160 ___ 5 103 
Ni6oNb46 4 R 151 + 5 103 
Nia6Zr64 4 R - 13 259 
Ni~oZr6o 4 R - 11 
Ni6oZr4o 4 R - I0 
Ni6sZr3s 4 R 0 
Las4Ga16 4 F 3.94? 123 + 283 
LasoGa2o 4 F 3.84~" 168 - 
LavsGa22 4 F 3.64I" 200 - 
La76Ga24 4 F 3.62~" 219 - 
La72Ga2s 4 F 3.09~" 193 - 
TisoBe4oZrlo 4 R 280 _ 20 - 4-600 234 

Note: T~ refers to the Curie temperature, unless otherwise stated. 
*Spin-freezing temperature. 
tSuperconducting transition temperature. 
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Table 18.---continued 

Tc P300K TCR Temp. 
Alloy System Group Form (K) (p~-cm) (×  10 5/K) Range Ref. 
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Zr66.4Nia3.3 4 R 180.7 - 10.8 1.5-300 
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ZrsoCo2o 4 R 170.0 - 10.8 1.5-300 
ZrvsCo22 4 R 172.0 - 11.5 1.5-300 
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Zr76.TCU33.3 4 R 167.0 - 12.5 1.5-300 
Zr4oCu6o 4 R 182.0 - 8 . 0  1.5-300 
Zr76Fe24 4 R 179.0 - 13.0 1.5-300 
Zr4oCu6o 4 R 179 _+ 3 - 15 77, 103 
ZrsoCuso 4 R 177 +_ 3 103 
ZrssCu45 4 R 173 +_ 3 - 11 77, 103 
Zr'12.sCu27.5 4 R 159 + 3 - 12 77, 103 

Ti34Cu66 4 R 183 __+ 3 103 
Ti~sCus5 4 R 195 _+ 6 103 
Ti~7Cuaa 4 R 188 + 3 - 11 77, 103 
Hf4oCu6o 4 R 190 + 7 103 
Zra6Ni64 4 R 170 + 3 103 
Zr63Ni37 4 R 176 4- 5 - 1 7  77, 103 
Zre6Ni24 4 R 158 4- 7 103 
Ni66Nb34 4 R 160 ___ 5 103 
Ni6sNb35 4 R 160 ___ 5 103 
Ni6oNb46 4 R 151 + 5 103 
Nia6Zr64 4 R - 13 259 
Ni~oZr6o 4 R - 11 
Ni6oZr4o 4 R - I0 
Ni6sZr3s 4 R 0 
Las4Ga16 4 F 3.94? 123 + 283 
LasoGa2o 4 F 3.84~" 168 - 
LavsGa22 4 F 3.64I" 200 - 
La76Ga24 4 F 3.62~" 219 - 
La72Ga2s 4 F 3.09~" 193 - 
TisoBe4oZrlo 4 R 280 _ 20 - 4-600 234 

Note: T~ refers to the Curie temperature, unless otherwise stated. 
*Spin-freezing temperature. 
tSuperconducting transition temperature. 
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Table I
Results for the measured resistivities. p. temperature coefficient of resistivity. r*. thermopowers,.5. and Hall coetticients. R . of non-magnetic

amorphous alloys based on transition metals

Allos p( p~lcm) cx (10 K ) S (p.V K ) R(l0 m~C

liquid Zr 141 [13]
Cu,,Zr~. 158114]. 151 15] 1.05 [18]
Cu.. ,Zr,, . 159 [16] — 2.52 [16] - 5.41201
Cu0Zr. l62]ll[. [16],159[15] —-l.02[19[ 2.40[17].2.55]l2] 1-6.6121]
Cu~,Zr,, 166114], 167[l5] .1)7 1191

17014]. 173 115] —11)3 1181 2.4)) [17].2.35 [27] + 6.1 [21]
Cu~Zr~, 172114]. 173 [15] ‘-0.8 [17] 2.3017]. 2.73116] *65121)1
Cu,Zr~,, l77[l4]. 178[15[ —0.95 [19]. 1.061191 2.25 ]17].2.61 [12] =71)121]
Cu~,Zr~. 181(1141. [15] -~((.8 [17] 2.17117]
Cu,Zr~ 183[14]. 181 1151 —0.961181 2.26117].2.40[l6] -1—6.3 [20].-1-6.1121]
Cu,Zr~~ 177115]. 182117] —((.63118]. [19] 2.4))]17[
Cu.Zr~, 175 [IS]. 178 117] —((.62 181 2.70 [17].3(8)] 12] ~4.6[20]
Cu~Zr1 5.1 [20]
liquid CU* 21.1 [22] 17.7122] 9.25 [23]

liquid TU 67 (24]

Cu~,Ti,~ 9.7128!, 12 [21]
176 [25] —1.34 ]32[ 9.8 [28]

Cu4~Ti~. 1881(61 —11.9116] 1.44 [16] 9.5 [20]
Cu4Ti. 1.8))
Cu,Ti, 204[32] —1.1)3132] 1.341121. 1.23127] ((1(28]. II [21].13[27]
Cu~~Ti4, 1.8(1
Cu~Ti~, 195 [16] 9.7 [28]
Cu,~Ti4( 193 [25j —((.77 [32] 1.6 [26]
Cu~~Ti 183116] 1.9126] 8.6 [28]
Cu~Ti, 6.5 128]
Cu~~Ti~, 1.9126] ((.3 [28]

Be4,Zr1Ti~ 28(1 [29] —21)30] 1.7129]. [30],1.98112] (([311

Cu,Hf~ 3.46[12] ~4J) [28]
Cu~Hf0 191)116] -- 1.2116] -i-4.b 120]
Cu~Hi~ +2.2128]
CuHf1 4.24 [12] —5.2 [28]

Au~Zr~ 71) [21]
Pd~1Zr~ 180133] 1.9 [27] 4.461211.4.41271
Pt~Zr-, 5.3 [21]

Ni,Zr~ 160 [14] —0.9 [35] 1.551351 3.51 [39]
Ni..Zr~ 153 134], 155 [44] —0.7 [34]
Ni.~Zr_ 166 [14].158 [341.[161 —1.035]. —0.91341 4.1(1121. 143]. 3.5 [21]
Ni~Zr~, 168 [44] 1.721351
Ni.~Zr-~ 169 [141,162 351 —1.2 [341.—1.0 [35] 2.22 [35] 2.39 [39].3.41431
Ni~~~Zr~ 168 [44] —1.1 [34],—1.31191 2.7 [21]
Ni~Zr~ 168]l4], 171 1341 —1.3 [341—1.1[35] 2.22 [35] 1.27 [39],2.2 ]43]
Ni3~Zr~ 173 [14],172 134] —1.3 134]. —1.11351 2.34 [121 1.6120]. 1.9 [43]
Ni4~Zr~} 176 [14],1731341 —1.4 [34].—1.2135] 2.32 135] 0.67 139]. 1.41431
Ni4,Zr,, 185 [14] —1.4 [34] 2.48 [39]
Ni,Zr~ 184114] —1.4 [34] 2.24 [35] —2.8 [391
Ni~,Zr+, 180114] —1.0134!
Ni6Zr~ 176 [14! —(1.72(34] 1.75 [35] —4.5 [43]
Ni~5Zr~ 172 [161 —0.47 [34] 1.20 [35]
Ni54Zr~, 170 [14] —0.65 [34],—0.5 [35] 0.77 [12] —4.6 [21]
Ni ~Zr,, ((.461351 3.339]
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Table 1 (contd.)

Alloy p(pulcm) a (10~~K~”) S (~iVK~’) R~(10~°m2 C’)

Ni
67Zr33 168 [14],[34] —0.57 [34]

Ni69Zr31 —0.08 [35] —3.2 [39]
Ni70Zr30 164(35] —0.30(34] —0.32 [35]
Ni92Zr8 71[36] +4.4(36]
liquid Ni*) 831371 —38 [38] —11.5 [37]

Ni24Ti76 149 [40]
Ni30Ti70 152140]
Ni5, Ti55 198 [40]
Ni40Ti60 280 [40]
Ni,8Ti42 225(40]
Ni62Ti38 213 [40]
Ni64Ti55 184 [40]

Ni69Hf11 78(41]

Ni75Nb,, 176 [40] +0.06 [40] 2.52 [40]
Ni65Nb3, 160 [16] —1.9
Ni6Nb40 182 [40] +0.04 [40] 2.48 [40] —0.9
Ni60Nb40 151 [16] 0.5 [16]
Ni,0Nb,0 195 [40] —0.08 [40] 0.5 [42],2.50[401
Ni46Nb,4 193 [40] —0.10 [40] 2.02 [40]
Ni40Nb65 198 [40] —0.28 [40] 2.10 [40]
Ni36Nb64 202 [40J —0.38 (~Ol 2.28 [40]

Co15Zr85 +4.5 [43~
Co19Zr81 162[34] —1.10[34] +2.7[43]
Co20Zr80 162 (34], [14] —1.08 [34] +2.5 [43]
Co22Zr78 163 [34] —1.15 (34] +2.1 [12]
Co25Zr7, 164 [14],169 [34] —1.22 [34] +1.9 [43]
Co28Zr72 170 [44]
Co50Zr70 173 [14] —1.25 [19] +1.2 [21]
Co33Zr67 175 [34],176 [14] —1.35 [34] —0.3 [43]
Co35Zr5, 175 [14],180(34] —2.00 [34] —0.4 [43]
Co40Zr60 180(14]
Co45Zr,, 184 [14]
Co47Zr,5 177 [14]
liquid Co 115 [37] —0.78 [37] —16.2 (371
Fe20Zr80 162 [14] —1.3[45]
Fe24Zr76 165 [14] —1.3 [34],[45] + 1.34 [45], +1.56 [12] +4.4 l43L [12]
Fe25Zr7, 166 [14]
Fe27Zr73 167(14]
Fe28Zr72 167[14] —1.19(45]
Fe29Zr71 168 [45] —1.19 [45] + 1.27 [45] +4.2 [21]
Fe33Zr67 168 [45] —1.03 (45] + 1.20(45] +6.9 [43]
Fe35Zr65 169 [45] —0.98 [45] +1.10 [45]
Fe38Zr62 169 [45] +0.76 [45]
Fe40Zr50 170(45] +0.30[45]
Fe43Zr,7 +0.10(45]

Fe90Zr10 —4.2 [47]
Fe91Zr9 —0.3(46] —4.2 [47]
liquid Fe*) 135 [37] +2.0 [37] —0.78 [37] +36 (37]

liquid La 135 [37] —4.5 [37] +6.2 [37]
La82Al18 150 [48] 0[48] —1.24 [49]
La80Al25 165 [48] —1.1 (48] —1.29 [49],—1.24(58]
La78A122 168 [48] —1.5 [481
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Fe38Zr62 169 [45] +0.76 [45]
Fe40Zr50 170(45] +0.30[45]
Fe43Zr,7 +0.10(45]

Fe90Zr10 —4.2 [47]
Fe91Zr9 —0.3(46] —4.2 [47]
liquid Fe*) 135 [37] +2.0 [37] —0.78 [37] +36 (37]

liquid La 135 [37] —4.5 [37] +6.2 [37]
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Alloy p(p.fl cm) a (iO~K I) S (~cVK ‘) R~1(10 m
7 C I)

La,
5A1,4 —1.48 [12]

La,,AI,, 175 [48] —1.7 [48] —1.56 [49]
La,3A1.- 175 [48] —1.7 [48]
La7,AL, —1.71 [49]
La,7Al,8 192 [48] —1.66(48] + 9.650]
La95AI,, 195 (48] —1.65 [48]
La~Alcx 194(48] 1.66[48]
liquid Al* 24 [37] —2.3 [37] —3.937]

La95Ga, 220 [51] —0.41 [51]
La54Ga5 123 [52] +4.5 [54]
La53Ga. 290(51] —1.73 [51]
La5,Ga5 —((.51 [53]
La90Ga,7 230 [51],168 [52] —1.03 [51] +9.(J [54]
La,5Ga,, 200(52] —0 [53] — 1.5(53]. —1.6 [12] + 12.0(54]
La,~Ga,4 219 [52]
La,,Ga,, 240(51] —0.8 [51] + 11.5 [54]
La,,Ga,~ 193 [52]
La,9Ga9, 230 [51] —0.41 [51]

Ca90AI,5 135 [55] —0.7 [55] ~0.93 [56], 0.85 [57] --10.9 [59]
Ca,,AL, 180(54] —1.5 (55] + 1.02(56] —11.8(59]
Ca75A13 27055] —3.0 [55] + 1.74 [56]
Ca~,Al5, 320 [55] —4.1 [55] +3.33 [56] —12.0 [59]
Ca59Al~9 380 [55] —4.6 [55] +4.89(56] — 11.5(59]
Ca,,Al4, 375 [55] —4.8 [55] +5.25 [56]

Pd5, ,Si, , 85(7] 1.8(71 — —11.6(60]
Pd52Si5 91(7] 0.9(7] — 10.5[60]
Pd59Si,9 102 [7] 0.7 [7] (1.46 ]61], 0.9 [62] —7.2(60]
Pd,9Si, 106(7] 0.5 [7] — —7.6 [60]
Pd75Si,, 117(7] 0.5 [7] — —6.8(60]
Pd7, ,Si5 ,Cu, 78 [63] — —0.7 [64]
Pd59Ge,1 101 [65] 1.87 [65] +0.31(66], —1.2(65]
Pd,. ~Ge,, 126(65] 1.1)9(65] +0.36(66], —0.01(65]

Ni9, ,P9 10() [67] 1.8(67] —1.4 [67]
Ni8,P, 100(68] 1.8(68]
Ni8, 5P, , 102 [67] 1.7 [67] —0.7 [67]
Ni5,,P, , 106 [67] 1.5(67] (((67]
Ni8 5P8 108(67] 1.7 [67] +0.8(67]
Ni99 4P95 110 (67] 1.2 [67] 4-1.2 [67]
N~gP2(J 130(68] 0.6(68]
Ni79 5P,. 113 [67] (1.95 (67] +2.07 [67]
Ni,8 ,P, 118 (67] 0.8(67] +2.7 [67]
Ni78 P,8 128 [67] 0.6(67] +3.15 [67]
Ni,6P,4 160(68] 0(68] +3.9(69]
Ni7, ,P,, 165 [67] —0.7 [67] +4.1 [67]
Ni,4 ,P,~, 175 [68] —0.4 [68]

(Ni,9Pd,5)85P, 138 [70] 1.35(70]
(Ni50Pd,9 )84P6 114(70] 1.16(70]
(Ni,0Pd,9)83P, 141 [70] 1.02(70]
(Ni,0Pd,)52P19 130(70] 0.97 [70]
(Ni,0Pd,9)8P, 133 [70] 0.73 [70]
(Ni,9Pd,0),7P,3 165 [70] 0.09 [70]
(Ni,0Pd,0),5P,4 169(70] —0.03 [70]
(Ni,9Pd,),,P,, 195 (70] —0.06(70]
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Alloy p(p.fl cm) a (iO~K I) S (~cVK ‘) R~1(10 m
7 C I)
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(Ni,0Pd,9)83P, 141 [70] 1.02(70]
(Ni,0Pd,)52P19 130(70] 0.97 [70]
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Alloy p(ii.flcm) a (10~~K_i) S (piV K~’) R~(
10_li m

2 C_i)

(Ni
50Pd50)735P26 226(70] —6.1 [701

(Ni50Pd50)725P,7, 264(70] —7.0(70]

(Ni,0Pt80)75P,, 185(71] —4.9 [71] 2.16(71]
(Ni30Pt70)75P,, 183 [71] —4.7 [71] 2.28(71]
(Ni40P060)75P,, 166 [71] —3.9 [71] 1.97 [71]
(Ni45Pt55)75P,, 173 (71] —3.4(71] 1.90 [71]
(Ni50Pt50)75P,, 164(71] —1.4 [71] 2.54(71]
(Ni60Pt48)75P,5 17071] 0.4 [711 2.50(71]

(PdwCuio)soP,o 150 [72] 0.7 (72]
(Pd50Cu50)80P,0 260(72] —0.8 [721

s)Value at the melting point.

3. Theories of electron transport

3.1. Nearly free electron models

3.1.1. The Ziman model
In the model first proposed by Ziman [4] for liquid simple metals the current is considered to be

carried by an unmodified free electron s-band. The scattering of these electrons from the ion cores is
considered to be weak so that the potential can be replaced by an appropriate pseudopotential and
perturbation methods used. Use of the Boltzmann equation then leads to

3~re~~.fJV(q)~2S(q)4(q/2k~)3d(qI2k~), (3.1)mUf
7 o

where V( q) is the pseudopotential, N/fl is the number of atoms per unit volume and S( q) is the
structure factor.
This is a diffraction model in which the scattered intensity for a given scattering vector, q, between

an initial state, k, and final state, k’, is given as a product of the atomic form factor, V(q)1
2, and the

structure factor, S(q). The resistivity is then calculated from the integral over possible scattering vectors
weighted towards 2kF, at which value it is assumed to have a sharp cut-off. It is useful to state the
assumptions of this model; they are:
(i) that the electrons can be described by plane wave states, i.e., that k is a quite good quantum

number, and in particular that the Fermi surface is well defined;
(ii) that the scattering potential seen by the electrons is weak enough to be treated by first order

perturbation theory, i.e., that the Born approximation is valid;
(iii) that we may neglect multiple scattering, which will depend on the nature of the short range

order, and consider the structure of the metal to enter only via the structure factor S(q), i.e., we only
take account of the interference between waves from pairs of atoms;
(iv) that a mean free path exists, i.e., kFl> 1, and Boltzmann’s equation is applicable.
These assumptions are perfectly reasonable for liquid and amorphous simple metals and for these
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Table 8--cont inued 

Temp. Range 
T~ P T C R t  Studied T,§ 

Alloy System Form* (K) (#f~-cm) (10 -4 K ~) (K) 2kt;/Kp~. (K) Ref. 

Ag71Pb29 T 260 122.3 - 0 . 0 8  ~<160 3.1 169 
Au~oPbso T 290 164.2 - 0.42 ~< 160 169 
CusoSn2o T 360 112.0 - 1.26 ~< 80 2.0 168 
Cu61Sn39 T 270 91,0 - 1 . 0 4  ~<80 0 .9)  168 
CusoSnso T 240 75.0 - 0 .61  ~<80 3.01 168 
Cu4oSn6o T 210 66.2 - 0 . 1 5  ~<80 4.7 168 
Cu25Sn7 s T 190 65.0 1.44 ~< 80 6.0 168 
Cu16Sna4 T 180 45.5 1.84 ~<80 6.2 168 
CuloZn9o T 40 52.1 1.97 ~<80 7.2 168 
Au41Ges9 T 149.4 - 2 . 1 0  ~<250 2.2 168 
AglsBiss  T 190.2 - 1 . 1 6  ~<70 5.3 168 
AusoSn2o T 270 86.4 - 0 . 4 6  at 70K ~<350 1.9 45 
Au6oSnao T 290 99.3 - 1 . 4 0  at 70 K ~< 150 2.0 45 
AusoSnso T 230 98.0 - 1.53 at 70 K ~< 350 45 
Au2sSn75 T 250 75.4 - 1.72 at 70 K ~< 150 3.5 45 
Au2oSnao T 210 66.2 - 1.35 at 70 K ~< 150 5.1 45 
AulsSna5 T 190 60.1 - 0 . 8 3  at 70K ~< 150 5.5 45 
AuloSn9o T 60 54.7 0.9 at 15 K ~<35 6.25 45 
AusoGaso T 106.9 -2 .71  at 7 0 K  ~<150 2.4 45 
Au~Ins~ T 77.4 - 2.0 at 70 K ~< 150 1.9 45 
Cu6oA14o T 381.3 156 - 2.0 1.2-400 175 
Cu49Alsl T 378 147 - 2 . 7  1.2-400 1.36 175 
Cu4tAls9 T 365 100 - 2 . 3  1.2-400 2.23 175 
Cu29A]71 T 337.5 86 0.0 1.2-400 2.66 175 
AgsoCuso T 359± 5  12.6 + 0.2 3.14 78-600 0.90 224 
Ag45Cu45Mglo T 377 21.5 ___ 0.3 1.76 78-600 0.92 224 
Ag,,oCu4oMgzo T 408 29.1 ± 0.5 0.84 78-600 0.96 224 
Ag35Cu3sMg3o T 425 38.4 ± 0.6 0.0 78-600 0.98 224 
Ag3oCu3oMg4o T 411 46.9 + 0.8 - 0 . 5 8  78-600 1.01 224 
AgzsCu2sMgso T 373 51.7 ± 0.8 - 1.05 78-600 1.03 224 
Ag2oCu2oMg6o T 393 55.7 ± 0.3 - 1.53 78-600 1.04 224 
AglsCulsMg7o  T 413 56.4 ± 0.8 - 1.67 78-600 1.06 224 
AgloCuloMgso T 404 52.3 ± 0.5 - 1.55 78-600 1.06 224 
Ag4~.sCu,,~.sAls T 349 26.4 ± 0.7 1.34 78-600 0.97 224 
Ag,,sCu4sAllo T 338 39.9 + 1.0 0.15 78-600 0.99 224 
Ag42.sCu42.sAI15 T 340 53.4 ± 1.4 - 0 . 4 0  78-600 1.01 224 
Ag,~oCu4oAl2o T 360 75.8 + 1.9 - 1.04 78-600 1.02 224 
Ag37.sCuav.sA12s T 420 92.6 ___ 2.3 - 1.44 78-600 1.03 224 
Ag3sCu35A13o T 440 108.0 + 2.7 - 1.73 78-600 1.05 224 
Ag~oCu3oA14o T 443 113.6 + 2.9 - 1.87 78-600 1.08 224 
Ag2sCuzsAlso T 402 108.0 __+ 2.7 - 1.91 78-600 1.11 224 
Ag2oCu2oAl6o T 353 89.9 + 2.3 - 2 . 1 4  78-600 1.15 224 
AglsCulsA17o T 323 63.9 + 1.6 -2 .21  78 600 1.16 224 
Ag47.sCu47.sGes T 328 37.5 + 0.6 0.66 78-600 0.94 224 
Ag45Cu45Gelo T 335 61.1 + 0.9 - 0 . 2 5  78-600 0.98 224 
Aga2.sCu42.sGe15 T 348 80.8 ± 0.9 - 0 . 7 4  78-600 1.02 224 
Ag4oCugoGe2o T 388 113 _+ 1 - 1.30 78-600 1.05 224 
Aga~.sCuaT.sGe25 T 396 148 _ 1 - 1.63 78-600 1.06 224 
Ag3sCu35Ge3o T 401 165 _ 3 - 1.94 78 600 1.09 224 
Ag32.sCu32.sGe35 T 407 213 + 3 - 2 . 1 8  78-600 224 
Ag3oCuaoGe,~o T 412 223 + 6 - 2 . 5 6  78-600 224 
AgzsCu2sGeso T 416 308 + 5 - 2 . 9 0  78-600 224 
Ag2oCuzoGe6o T 420 377 + 24 - 3 . 3 0  78-600 224 
Ag~oCuloGe8o T 450 1433 ___ 45 - 10.2 78-600 224 

Continued on next page 
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AgloCuloMgso T 404 52.3 ± 0.5 - 1.55 78-600 1.06 224 
Ag4~.sCu,,~.sAls T 349 26.4 ± 0.7 1.34 78-600 0.97 224 
Ag,,sCu4sAllo T 338 39.9 + 1.0 0.15 78-600 0.99 224 
Ag42.sCu42.sAI15 T 340 53.4 ± 1.4 - 0 . 4 0  78-600 1.01 224 
Ag,~oCu4oAl2o T 360 75.8 + 1.9 - 1.04 78-600 1.02 224 
Ag37.sCuav.sA12s T 420 92.6 ___ 2.3 - 1.44 78-600 1.03 224 
Ag3sCu35A13o T 440 108.0 + 2.7 - 1.73 78-600 1.05 224 
Ag~oCu3oA14o T 443 113.6 + 2.9 - 1.87 78-600 1.08 224 
Ag2sCuzsAlso T 402 108.0 __+ 2.7 - 1.91 78-600 1.11 224 
Ag2oCu2oAl6o T 353 89.9 + 2.3 - 2 . 1 4  78-600 1.15 224 
AglsCulsA17o T 323 63.9 + 1.6 -2 .21  78 600 1.16 224 
Ag47.sCu47.sGes T 328 37.5 + 0.6 0.66 78-600 0.94 224 
Ag45Cu45Gelo T 335 61.1 + 0.9 - 0 . 2 5  78-600 0.98 224 
Aga2.sCu42.sGe15 T 348 80.8 ± 0.9 - 0 . 7 4  78-600 1.02 224 
Ag4oCugoGe2o T 388 113 _+ 1 - 1.30 78-600 1.05 224 
Aga~.sCuaT.sGe25 T 396 148 _ 1 - 1.63 78-600 1.06 224 
Ag3sCu35Ge3o T 401 165 _ 3 - 1.94 78 600 1.09 224 
Ag32.sCu32.sGe35 T 407 213 + 3 - 2 . 1 8  78-600 224 
Ag3oCuaoGe,~o T 412 223 + 6 - 2 . 5 6  78-600 224 
AgzsCu2sGeso T 416 308 + 5 - 2 . 9 0  78-600 224 
Ag2oCuzoGe6o T 420 377 + 24 - 3 . 3 0  78-600 224 
Ag~oCuloGe8o T 450 1433 ___ 45 - 10.2 78-600 224 

Continued on next page 

How common are Mooij correlations?                                 

VoLUME 57, NUM@BR 15 PHYSICAL REVIEW LETTERS 13 OerosER 1986

Nonnniversality of the Mooij Correlation the Temperature Coefficient
of Electrical Resistivity of Disordered Metals

C. C. Tsuei
IBM Thomas J. H atson Research Center, Yorkto~n Heights, See York 10598

(Received 27 August 1986)

By using compiled, updated experimental data, we have demonstrated that the correlation
between the temperature coefficient of electrical resistivity 0, and the resistivity p for disordered
metals at room temperature is not universal. The origin of the nonuniversality of the Mooij corre-
lation stems mostly from a competition between the quantum mechanical effects of incipient locali-
zation and thc classical Boltzmann electron transport. Results of a numerical analysis based on lo-
calization indicate that there is a unique and monotonic correlation between o, and p for a specific
disordered metallic system, in accord with the essential features of our new Mooij (a vs p) plot.

PACS numbers: 72.15.Eb, 71.55.Jv

More than a decade ago, Mooij found that, at room
temperature, the sign and the size of the temperature
coefficient of electrical resistivity [TCR=—o.(p) =p
x t1p/t) T) correlate well with the magnitude of the re-
sistivity (p) in many disordered metallic systems. '
Furthermore, Mooij observed that n changes sign in a
relatively narrow range of resistivity (i.e., the critical
resistivity for which o. =0, p, ~100-150p, A cm). In
the literature, a resistivity value of 150 p, A cm has
often been given fundamental signiTicance in the sense
that it serves as a universal boundary which divides the
positive and negative TCR's. In this Letter, I will
demonstrate that p, is not universal and, in fact, it can
have values ranging from 30 to as high as 400 p, A cm
and above (Fig. 1). Also, I will use the concept of
electron localization to understand the nonuniversality
of Mooij correlation. I will also show that there is a
unique and monotonic correlation between a and p for
a specific disordered metallic system. This correlation
may be very useful in extracting valuable information
about various inelastic electron scattering processes,
the electron-phonon mean free path, for example.
The data collected in the original Mooij (a vs p)

plot were mostly for crystalline disordered metallic sys-
tems (122 points), and there were only 11 data points
for amorphous metals. In this work, I have compiled
more than 500 data points collected from the litera-
ture. 2 The results for —5.0~ a» +4.0 (in units of
10 4 K ') as a function of p are presented in Fig. l.
For comparison, solid lines outline the region where
the original Mooij data points were distributed. Sever-
al salient features emerge from Fig. 1. Many data
points lie outside of the Mooij region which suggests
that the original, approximately linear correlation
between a and p is not an accurate summary of the ex-
perimental data. The magnitude of the critical resis-
tivity p, depends very much on the individual materi-
al, and can vary from 30 to 400 p, A cm. Clearly, the
data show that no fundamental significance should be
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FIG. 1. TCR vs electrical resistivity for various crystalline
disordered metallic conductors (open boxes) and amorphous
metals (open circles) at room temperature. The solid lines
were used to outline the region where the original Mooij
data points were distributed.

attached to the resistivity value of 150 p, A cm. For
metals with room-temperature resistivity p ( 200 p, A
cm, it appears that there is no tangible correlation
between n and p. The fact that many relatively low-
resistivity (p—50 p. A cm) amorphous metals are
characterized by relatively large negative TCR's shows
that resistivity alone cannot determine the sign of TCR
in metals. For p & 200 p, A cm, the TCR tends to be
more negative with increasing p. The data presented
in Fig. 1 encompass those of a wide variety of disor-
dered metals. The negative TCR can be found in the
crystalline as well as in the amorphous state, in bulk
samples as well as in thin films. Apparently, no partic-
ular kind of disorder favors the occurrence of negative
TCR's. In short, the experimental data compiled in
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FIG. 2: a) Fits of the TypDOS data for � = 0.05 to a linear form ⇢(T ) = ⇢0 + AT , in the intermediate temperature region
0.01 < T < 0.07; b) Fits � = 0.3, for 0.01 < T < 0.07; c) Fits � = 0.5, for 0.05 < T < 0.1; d) Mooij correlations. Note that
the resistivity unit is by definition of the order of the MIR value, ⇢MIR, which corresponds to the semi-classical resistivity
when by Im⌃ ⇠ D.7; e) same, compared to the experimental data of Tsuei. Physical units are D = 15000K, T0 = 300K and
⇢u = 50µ⌦cm; f) data of Dynes (D = 4400K, T0 = 300K and ⇢u = 130µ⌦cm) This way of replotting the data highlights the
linear nature of Mooij correlations.

0.5. Here the fluctuations due to W are much larger
than those due to the phonons (the amount of disorder
needed to reach the flat resistivity is larger, while the
variation with temperature is very small owing to the
weak lambda). The window of ⇢0 that needs to be de-
scribed upon varying W is very wide, and the fits do not
work well at the lowest values of W . The value of ⇢c0 itself
is slightly larger than for � = 0.3: it goes from ⇢c0 = 2.25
to ⇢c0 = 3.6 at � = 0.05 . Still, the coe�cient of the slope
in Fig. 2 at very large ⇢0, i.e. where the TCR is negative,
seems comparable to the one of moderate �.

Our TMT-DMFT results show that the resistivity obeys

linear Mooij correlations with the same slope from weak

to strong disorder. Therefore a weak disorder theory can

be used to evaluate the slope, which is done below.

D. Matthiessen vs inverse Matthiessen

Our results obviously recover the result that the usual
Matthiessen rule holds for weak electron-phonon cou-
pling and weak disorder, where the two scattering mech-
anisms are additive. This is best seen by plotting
⇢(T ) � ⇢W=0(T ), (not shown here). The di↵erence is
flat, as it should. Approximately flat regions can also
be identified at larger � but only at moderate W and
su�ciently high temperatures.

The inverse Matthiessen rule fails everywhere (also not
shown). The breakdown of Matthiessen rule therefore
does not imply that it should be replaced by its inverse.

FIG. 3: Verification of Matthiessen’s rule.

II. A TMT-DMFT APPROACH TO MOOIJ
CORRELATIONS

A. Analytical results in CPA-DMFT

1. DOS reduction and resistivity saturation

In a pioneering work, Millis and collaborators4 studied
the problem of resistivity saturation (i.e. the existence of
a large intercept, the small TCR and the non Matthiessen
behavior upon irradiation) based on the DMFT solution
of the disordered Holstein model in the limit of classi-
cal phonons. They explored three possible causes for
the non-standard metallic behavior: (1) phonon anhar-
monicity at high temperatures, (2) failure of 2nd order
perturbation theory for the calculation of the electron
self-energy (scattering rate) and (3) failure of Boltzmann
theory in relating the resistivity to the scattering rate.
The origin of resistivity saturation was identified as (2).
Here we pursue these arguments further and draw some
interesting analytical conclusions.
It can be shown that the relation

⌃(!) = s2G(!) (6)

with s2 = �DT proportional to hX2i is valid well
beyond perturbation theory11 (note that we set here
� = 2g2/!0). In the weak coupling limit, s ⌧ D,

CPA-DMFT; λ=0.3
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Paalanen and Bhatt, 1991

Ravin Bhatt

Experimental puzzles II: Robust Low-T Transport                                 

(Hertel et al. 1982)

Landau-like (?) critical behavior:      σ ~ (n-nc)µ

Huge range of parameters:   (n-nc)/nc ~ O(1)

Anderson localization:

Percolation:

µ = 1.6 >> 1

µ = 2 >> 1

Anderson  
localization

µ = 1



�9

Experimental puzzles III: Pseudogap at criticality (STM)                               

Ali Yazdani 
SCIENCE, 2010

Vidya Madhavan 
PNAS, 2018

Milan Allen 
Nat. Phys. 2016

STM: LDOS statistics and spatial correlations at criticality?



Strong disorder in a Deformable “Medium”

Early ideas: Anderson, Nature 1972

© 1972 Nature Publishing Group

noninteracting

E

position

W

with electron-phonon interaction 
E

position

WGap! 

Polaronic  
self-trapping

Similar also for: (1) Magnetic polarons, (2) Electronic polarons (Efros-Shklovskii),…??



Toy Model: Anderson-Holstein Model                                

Epot=g2/ω0 He�ph = g

X

i

c
†
i ci(ai + a

†
i ) � = 2EP /D

tight-binding half bandwidth D half-filled band

H = Hel +Hph +He�ph +Hdis

Einstein phonons, frequency ω0

Clean limit: polaron effects at (un-physically) strong coupling ~ O(1) 

boson (any?)



Local Perspective: Dynamical Mean-Field Theory

Gabi Kotliar

Paul Cezanne

Non-perturbative treatment of interactions and disorder 
(Anderson-Yu, 1984) 

Small polaron  formation at strong disorder (Millis et al.) 

TWO VERSIONS: 

1. TMT-DMFT (with Anderson localization) 

2. CPA-DMFT (no Anderson localization) 

Exact in d=inf., new saddle-point for field theory 

vlad
Rectangle



Anderson-Holstein Transition: Disorder-Induced Polarons                            

Qualitatively different critical behavior:  gap opening at Fermi energy

In clean systems polaron formation occurs only at very
strong coupling, uncharacteristic of typical metals. We find
that the situation is dramatically different in the presence of
sufficient disorder. Here, very pronounced disorder-
induced lattice deformations arise in the vicinity of the
MIT even in the most common cases of weak or moderate
electron-phonon coupling, dominating most observables. It
is precisely on such an experimentally relevant region that
we concentrate below.
Model and methods.—We study the following disordered

Holstein model:

H ¼ −t
X

hiji
c†i cj þ

X

i

ϵic
†
i ci − g

X

i

c†i ciXi þHph; ð1Þ

where c†i (ci) are creation (annihilation) operators for
electrons moving on a lattice of sites i with transfer integral
t. The site energies ϵi are randomly chosen from a uniform
distribution of width 2W, P0ðϵiÞ ¼ θðW2 − ϵ2i Þ=ð2WÞ. In
addition to the random potential, the electrons interact
locally with dispersionless phonons of frequency ω0 ¼ffiffiffiffiffiffiffiffiffiffiffi
K=M

p
described by Hph¼

P
i½ðKX2

i Þ=ð2ÞþðP2
i Þ=ð2MÞ&.

The strength of the electron-phonon coupling is measured
by the dimensionless parameter λ ¼ g2=ð2KDÞ, with D the
half bandwidth. As our focus is on metals where electron
correlations do not play a major role, we ignore the spin
degree of freedom and consider a half-filled band with a
semicircular density of states (DOS).
In DMFT for spatially homogeneous systems, the lattice

problem Eq. (1) is mapped onto a single impurity which is
coupled to the rest of the system via a dynamical Weiss
field G−1

0 [4]. The latter is determined self-consistently by
spatially averaging the local Green’s functionG over all the
equivalent sites of the lattice. While this theory (which in
the noninteracting limit is known as the coherent potential
approximation, or CPA) can describe certain properties of
disordered electron systems on the average [24,25] it does
not account for the large and nonnormal fluctuations that
cause Anderson localization of the electronic carriers. To
this aim an alternative mean-field description can be
introduced that focuses on the most probable, or typical
quantities: the typical density of states (TDOS) is defined as
the geometric average of the local DOS over sites with
random energy ϵ as ρtypðωÞ ¼ exp ½

R
dϵP0ðϵÞ ln ρðω; ϵÞ&.

According to the Fermi golden rule, the escape rate from a
given site can be estimated as τ−1esc ≃ t2ρðω; ϵÞ [1]; the
typical escape rate is therefore proportional to the TDOS,
which represents the density of mobile states at a given
energy. The region in the band where ρtypðωÞ vanishes
identifies the mobility edge, and its value ρtypð0Þ at the
Fermi energy serves as an order parameter for the Anderson
transition [16].
Solving the full model Eq. (1) involves the calculation of

Σe-phðω; ϵÞ, the local electron-phonon self-energy in the

presence of site disorder. To this aim we first apply the
formulation of Refs. [22,23] where the phonons are
represented by a classical field that responds self-
consistently to the electrons. The advantage of this method,
which is valid in the adiabatic limit ω0=D → 0, is that the
lattice randomness and the deformations are treated on the
same footing, for any value of λ. The effects of phonon
quantum fluctuations for ω0 ≠ 0 are subsequently included
via a diagrammatic noncrossing approximation (NCA)
valid in the weak and moderate electron-phonon coupling
regimes [26–28].
Disorder-induced polaron transition and mobility

gap.—Figure 1(a) shows the phase diagram obtained from
the solution of the TMT-DMFTequations. In the absence of
electron-phonon interactions λ ¼ 0, the theory reduces to
that of Ref. [16]: a transition from a metal to an Anderson
insulator occurs at a critical disorder strength Wð0Þ

c ¼
e=2≃ 1.36, identified by ρtypð0Þ ¼ 0 (all states are local-
ized). Turning the electron-phonon coupling on stabilizes
the Anderson insulator, decreasing Wc: as anticipated, the
effect is opposite to that of repulsive Coulomb interactions
[29] that instead screen out the effects of disorder. As we
proceed to show, polaron states characteristic of the strong
coupling limit exist all the way down to λ → 0, reflecting
the positive interplay of disorder and electron-phonon
coupling [27,30].
To illustrate the evolution of the electronic properties

across the transition, we report in Figs. 2(a)–2(d) both the
average DOS and the TDOS, providing, respectively, the
spectrum of electronic states and their conductive character.
Both quantities, calculated here in the classical phonon
limit (Fig. 1 inset), are accessible experimentally through
local spectroscopic probes [31]. For strong electron-
phonon interactions and weak disorder [panels (a)–(b)], as
the electron-phonon coupling strength reaches the critical
value λc, a mobility gap opens at ω ¼ 0 indicating the

FIG. 1. Phase diagram.—Metal-insulator transition (MIT) at
T ¼ 0 calculated for quantum phonons in the adiabatic regime
(ω0 ¼ 0.05). The shaded area corresponds to the “bad insulator”
behavior seen in transport (see text). The dashed line is a sketch
of the expected behavior approaching the clean limit. The inset
shows the effect of increasing phonon quantum fluctuations.

PRL 118, 036602 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

20 JANUARY 2017

036602-2

d⇢

dT
< 0

e-ph coupling strength λ

D
is

or
de

r W

Insulator 
(localized polarons)

R

MIR limit

TMT-DMFT 
(w/localization)

CPA-DMFT 
(no-localization)

Pseudogap opens in disorder distribution

Mechanism “survives” removing localization in d=inf. (CPA-DMFT)

ρc(ω) ~ ω1/3 σ(T=0) ~ (Wc -W)

µ = 1Universal behavior at arbitrary band-filling, finite compressibility



MIR 
limit

A15 - experiment (Dynes) CPA-DMFT theory

MIT

“Separatrix”= MIR Limit 
             kFl ~ O(1)

⇢ = ⇢0 +AT
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FIG. 2: a) Fits of the TypDOS data for � = 0.05 to a linear form ⇢(T ) = ⇢0 + AT , in the intermediate temperature region
0.01 < T < 0.07; b) Fits � = 0.3, for 0.01 < T < 0.07; c) Fits � = 0.5, for 0.05 < T < 0.1; d) Mooij correlations. Note that
the resistivity unit is by definition of the order of the MIR value, ⇢MIR, which corresponds to the semi-classical resistivity
when by Im⌃ ⇠ D.7; e) same, compared to the experimental data of Tsuei. Physical units are D = 15000K, T0 = 300K and
⇢u = 50µ⌦cm; f) data of Dynes (D = 4400K, T0 = 300K and ⇢u = 130µ⌦cm) This way of replotting the data highlights the
linear nature of Mooij correlations.

0.5. Here the fluctuations due to W are much larger
than those due to the phonons (the amount of disorder
needed to reach the flat resistivity is larger, while the
variation with temperature is very small owing to the
weak lambda). The window of ⇢0 that needs to be de-
scribed upon varying W is very wide, and the fits do not
work well at the lowest values of W . The value of ⇢c0 itself
is slightly larger than for � = 0.3: it goes from ⇢c0 = 2.25
to ⇢c0 = 3.6 at � = 0.05 . Still, the coe�cient of the slope
in Fig. 2 at very large ⇢0, i.e. where the TCR is negative,
seems comparable to the one of moderate �.

Our TMT-DMFT results show that the resistivity obeys

linear Mooij correlations with the same slope from weak

to strong disorder. Therefore a weak disorder theory can

be used to evaluate the slope, which is done below.

D. Matthiessen vs inverse Matthiessen

Our results obviously recover the result that the usual
Matthiessen rule holds for weak electron-phonon cou-
pling and weak disorder, where the two scattering mech-
anisms are additive. This is best seen by plotting
⇢(T ) � ⇢W=0(T ), (not shown here). The di↵erence is
flat, as it should. Approximately flat regions can also
be identified at larger � but only at moderate W and
su�ciently high temperatures.

The inverse Matthiessen rule fails everywhere (also not
shown). The breakdown of Matthiessen rule therefore
does not imply that it should be replaced by its inverse.

FIG. 3: Verification of Matthiessen’s rule.

II. A TMT-DMFT APPROACH TO MOOIJ
CORRELATIONS

A. Analytical results in CPA-DMFT

1. DOS reduction and resistivity saturation

In a pioneering work, Millis and collaborators4 studied
the problem of resistivity saturation (i.e. the existence of
a large intercept, the small TCR and the non Matthiessen
behavior upon irradiation) based on the DMFT solution
of the disordered Holstein model in the limit of classi-
cal phonons. They explored three possible causes for
the non-standard metallic behavior: (1) phonon anhar-
monicity at high temperatures, (2) failure of 2nd order
perturbation theory for the calculation of the electron
self-energy (scattering rate) and (3) failure of Boltzmann
theory in relating the resistivity to the scattering rate.
The origin of resistivity saturation was identified as (2).
Here we pursue these arguments further and draw some
interesting analytical conclusions.
It can be shown that the relation

⌃(!) = s2G(!) (6)

with s2 = �DT proportional to hX2i is valid well
beyond perturbation theory11 (note that we set here
� = 2g2/!0). In the weak coupling limit, s ⌧ D,

CPA-DMFT; λ=0.3
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Breakdown of Mathiessen’s rule:



Beyond DMFT: Field Theory Formulation

Wegner’s “gauge invariant” model of disorder:

Average over disorder (replicas):

Introduce Q-fields:

local effective action (DMFT) (fluctuating) cavity field



DMFT as Saddle-Point

CPA- DMFT as saddle-point: (exact in d=inf):

Local density of states as order-parameter

Fluctuations about saddle-point: LG functional: 

Spatial correlations:



LDOS Spatial Fluctuations/Correlations Ali Yazdani 
SCIENCE, 2010

Agreement with LG theory: ~ 1/R  (d=3)

Probing only “modest” length scales  a < ζ < 3a - Landau theory (mean-field) regime! 

ζmax ~ 3a

ζmin ~ a 
(Mg radius)



Perspectives and challenges

• Dominant disorder modification due to correlations (CPA+DMFT) 

• Quantitative description Mooij correlation at MIR limit 

• Robust low-T critical transport of Landau-like critical behavior! 

• Landau-Ginzburg MIT theory explains pseudogap at criticality (STM) 

• Other interaction effect: magnetic polarons, “electronic polarons”,…? 

• Long-distance processes: “weak localization”, “interaction-localization”? 

• Metastability and glassy behavior? 

• Beyond Landau: ε - expansion  


