—n

il the
united nations

educational, scientific

abdus salam
uizion international centre for theoretical physics
&)
international atomic

energy agency

SMR.1320 - 3

SUMMER SCHOOL
on

LOW-DIMENSIONAL QUANTUM SYSTEMS:
Theory and Experiment
(16 - 27 JULY 2001)

PLUS

PRE-TUTORIAL SESSIONS
(11 - 13 JULY 2001)

DISORDER: BASIC CONCEPTS AND METHODOLOGY

V.E. KRAVTSOV

L.D. Landau Institute of Theoretical Physics
Ul. Kosygina 2
117940 Moscow
Russian Federation

and

the Abdus Salam ICTP
Strada Costiera 11
34014 Trieste
Italy

These are preliminary lecture notes, intended only for distribution to participants

strada costiera, | | - 34014 trieste italy - tel. +39 0402240111 fax +39 040224163 - sci_info@ictp.trieste.it - www.ictp.irieste.it






Disorder: Basic concepts and methodology.

V. E. Kravtsov, ICTP
July 14, 2001

1A



pahL T
MOM.S 0% c/%SOrdf@r

@  Twpur: otential

gl
LH = %;4-}— U(Y')
t.. Y‘Ona(om qu SCeoren %‘eu

Siveplest as:ump(-ions akoet U(r)
a "QgifU%’)dr

"') Gaussean distri@ution P(U) = £

i.i.) 2ero neean <U(‘L)> =0

iil) wlvﬂlé neise corrJa(-.’ow

k LVHYverHS> = % S(r-r') i

p—

ol mpur: tenticl .
RQ MF % lw IW{MW{ 4— a &'rq»&. {mlzqr.'}-?

U('L) = Z ulr-ry ) - <§ L((r-r':)>

dr: ;
<” ' > = S —\—/— =" I\,ah‘ fHowns a’f.
{w(’yum'@ W.C



@ son MM r(?ular vawedovet  ou-site
/}w’ppimg / euevg.en
.'.
H = -; ¢« g cte,
L5> :

Mode! on Hu d- dinmensional Lattice

d/Q,?Ou,af disorder -
OW«QQ, € As raudow

DiskriBution O(— €

| \
W2 \\ ~Y €,

W s ~Hu disorder shrewqy EL

basic k’””“’:_“_{ﬁ. d= {2 el stahes are Localized

d=2 M is te Auderson
Oocati zation — delocalizafio

CO‘QAMC‘HV;'%G- &Ya“py’)'-iovx_ at W = WC.

_w. P

Jfrauci\‘-io» YRgi0m 6 ~ IWW\'Zc)
(’-\ AS 'b(/—t cuhcal
zx,wme«/l- ok

degonds on  Hu

dAM%sqonaQu‘y d .




D

WULW(!Gz -@—‘

L

imws«mn@% couductanee awd ccali

2

C// dincee stoaless WL“"W

]//_—"‘ﬂ Hoporecche scueple o e sze L
| 6‘Ld- ) neokal — (Wew.)
8 i { e:L/LJ Qocalization (W>Wc_)

)

a————————

\ g = g*‘: wwyf'\ wh e homerbion

d-2 neeh-e L

{M«chl’ev
ML AS @ c@)»’u%w/\‘ corvelation
Qovud'bﬂ £ = w-we |~
v(d-2)

Mt aiieod et o @de - g%




Wﬁula@w‘g ef cm’wLica,( Vawé—-(%mchw

UIM e ‘I:Lw dvv'o«p,w»lvexs
& 9{.- wav L %n%’a«o (nsrdde
Hee Hocalizabiow wlunce
) wav e ikcal ,\,o«v'/m'f‘ 7

Wotizg %mcv[iw ave exlucded A Avregular

2

c:u‘nl-v'w[

J"IL% braun sihions

L. = systesss

¢“ize

\l Zrlq/(r)lz_n = _tia—n—(g:—:')

@ AS a /)U(' S’f- ’gvacx/w[, o(én&nsq‘ows
Wofnnj o h = Mwe-l-'dvac%wla,




Wew ¢ {unc vL\'OVll co—rnfa/(%ow(

lr=r/) >>/€ = ééaSoch ACD/H’Q/'V? &Mﬁ/ét

Tnedodor . { 4O 1400 >~ & 771/

Mokl - Clem | WO > = <WiEs s weak

correfatigne

O'c/)la‘caﬁ{{y (

L % ~2dn L \2(w-1) (@l )
WO T ™y « 157 (7))

L Su 2
g <lv~r/\> = <(W12M>

gh = Zn(dm-ol?_”) + d,, -2d "‘C(;

PN

/?ah.. s v il wa’é
related 4o frocetal obirceniored




Pole 9,{_ addi frouad %www/d""“

" = Z 'tr CtC)-\

There are M§X b@zuwf)a) W“%
| Mwee/u. rubblottica A aud B : HA&) Hea
No wakrix clowcerts Han |

\-—l ( @ \ H A—r5> P MOC M%'w
= — | £ Yepre o
Hea | O N

\Z;H > < -+ W s.- (A9




-}

Q,,u_cﬂ,;mawj coze (J.r.l)a«w«_ , PR 22 ,4334(475—3))
<D@S> &a«ucﬂ'la. 31» ’A/t‘a"%

| f
lkJ( ho cﬁ’&-ﬂrd—af

b
e AR
N\

with disorde,

l

|( —

E=0 ‘

Dicorder - inolucesl Cftnfwéa'/r‘/"(} .}

W: [WM, Snous | '
Nucl. Phys. BE62 445 (1199)]



Coglen_refprooudhuntor o7 _rerrecl et
roundid L o oeqercoedict

B%ﬂQW - Re Geunes Haveed Uow? e

Zru(v| A Weost inderedt
H = < - ( — wkz«, A=—0ng
A e)

¥




/V&/zz/ﬂ&/ wcodely
Quscnhized fild H

] oof elockiovo wh rotedom
/ ///- P

<pos)

A2 Laedae. Bacdl
/

Inlegw GH.
g




—AD .

Seueicla sei cal  picture

oel‘:'(Flw'Vt? fwroﬁ cle

(:unn @Zv'“a ‘é"‘t'dg/b

r< Yc',c(.

Ll Grnes Uz) = cowt

1 | |
\ Vi A \ cAulher -
B _ ) Codaling bone
4 R /2_ h M,v‘f-wﬂbtb
f T AR v
U4 S
] |

Same e%d/wfmé'a@ Cine (f/t) or
it can tunnel fo guoltes
ﬁz«x/cﬂ/eécléf'@é Liee ( fz )

‘TIAA; P/rowa% 48 desar bed @9 & 2K2 QC«J'AW'*%

MC’(A’?;X S = <S“ S"L ) lg” lL: I Se, ,1= T
‘ TW{W &M Sa; Sez lS\L(L=' ]SZ,) \L: R
k\ -ha;%,'\'a'h— OV{' T= Q24/2 &O«o«fou«. M 0,1,8 g‘ai@.




.

leeg,e/r Qe - Hatl sf%«y{ua ad
24 Dirac Hawildoniow

2x? wakyi ces § q neouwt Ao ﬁ{,c
lolel  Frateifr ne2Fix 7

W
[7¢ - ¢/

seecry r/Z o cet %(’/’"/& A ersees b eerora

b _
;M ~
L 7(;—: e ~ /-f- :'/4 \
[ nere crideabis 13wy
( ~ wm+ VvV Px —ipy 2d Diral
M = HW«’AOMQK,
P"*"PV ~m+V “twg-myr,ow‘- wrue,
\ ‘ < (ncowu'"—r a vl
P = 7 +A M@a—lng Linleg

<my = 0 ou B ceel (\Mn/(' CT’=”/2)

QW%: in A auses O(""““ yamclow. PQMQ‘.

th V CW!'??S frown rovedow = 0
peaquet
in M auses 'g’% ratvdowe T on R



Ponrt JI:-

‘Irow. &ra rqu;‘C'—M th @ r\anc(oug po+em1la‘ai

b o deler muinagdic {s‘n&( Ueeory wit
?/#eclfivz luderaciow . B

4 - Pwhrg%@w O-CY'{&’J

U= _EZEu«+ VR) <= ho inlerackio

(U(z) U(?.’)V> = 2 §(r-r’)

Porhcle Qreen’c /damol-io«,. G (nr/)

vz/) U(?
) V&) ’ o
' ]
G = —= &+ 3 5 . >
Go Go €o
U(71 ) U(7¢ ) U(z_g ) U(?..v )
] ! '

s
~)

Ve ™~

'
) ' '
+ -+ 5! = s

I

AVLVC"«ZX":X . wwnecl-iv? dotteod Liwe
M pedrs o

Exqw.rﬂea st degrawy |

_—— -~
= \/

h}
' / \ /7 ! \ )
G ’ ! ) ~—f \/ ) ~
: ) a - a ; P -~ ”~

\
\J

v - - <y

—{2._

= 2 &(r-r’) Effecive (wtevactonc



-13 .

What is :«;Lzo:,alz e e W‘I—Mméw‘éo««_
— v

eries

E E(E,E‘C 2 ‘5 is  dowcsderred
MMJZ%

Dol :’kg—(y‘~"/)

As hnce -?VL%?L%JJAJ%

V d/ - djweericioual Spe e M new - .’uv'éer'qe“w'ﬂg_

Gl,-4) + 1 dinee sioual QPQC—?—‘L'WI i
Cl%@lﬁof'?

@ (Cwofd) No Q»oops‘

-
/'/s \’\
VAT

VAU AR 8 >

non - inlevaeh \'vv;-&v -)—i,
diso rdeyed %729“» e?::o«:é




How 40 kil ngrs om’(vomq%‘c«%?.
,'1>' MLC&/ \LY')'QL.

\‘ /
O = Th CoGoCo e .
/ \
’, )
‘ \

XO@P nweecng FTV'

QG‘MWO&P/V‘ @ Species of /zotV»LI‘c(fd .
e Soquece rawedow. field UR)

D ———

nm



\ G& /
\ 74
2 Gg
6! _
4
v Gé

fde ¢l cf .. ¢cr - o
o /1 refaedles Cree n ﬁ”c Aocwr 5’?
/4

h’/«szé%'éw Ses
A 07/0&1/ %@%///@w&e

fue 2 CL ot - oo

/ aolvor i ced @@ /,ﬁ,,,e,éécojé'f
a e &7’%7404?/// ‘e jee r%e




~ 1& -

3), SW’ Ww&%&?
d-&:’ /fﬁéa/ y e o%e- /za'/féc/ //'M“o
can be boly Bowaws cwd Jerrcioces =

é?fwa Specied Y/ % ) i« e mplica

44’1 C . e 4§ AMosoweC e crecollees
67 ﬁrw osetc
&www / (90}014 Qc»eT

in oy dored Wﬂ wlore Al dion

% VQIAJ’ OM"Q? 1?‘*»’ \tWLUQ/C/“Ll«j f"’”‘h cley

M atlowos Ao obAwin exact
nori — WYI’MV‘ZQ Hn/q, )’Z/X/Lo@v(j




3 -

’/Lm,,, \Wf—urga/ﬁ'!/e, freat et ’
;w/f',waa,wwér.'c azmorocw& Efetov

, S M,eerJ
)canzrk@%ad
C(AC(,OJ”
o o -.(,UWWLM% \/awfa,@@ M% Univ.
Press
SX, %5 - -
{X e \ff t=9
L) )
(Y
Rules of iwdegrafion Jax a -1
[dx =0
[dxx* =0
N X¥ 14 N
ynAX{JXL¥ 62'“/4%“/‘ = r;‘a-‘u‘*‘MA

-
A Ho ,full et of

Grets ner vouw i akle, weekees o non — 2=vo
oo Bec fioc.

?(:ka‘/)(/p X:qu 7(1 X:‘f/vy,v

logroy e = et 4

g o alo&//u 4 Convergenee | kinee
y MMyrwf'o‘x 45 O expern siow 07[#« eww«/‘



@ Mx;«mg over  Ufz)

Sighl refee, 7(
Elec broce Greesr ¢ %”GA”% 5 c

P gL re e of Couver—
V“ ge&rce
4
R(4) v fl'/W¥(£—Ht,‘J)%
G- Jogog g o

* 20 G (e i)Y
\f@ % 2g e

ﬂ Z —
B
L/‘/ = Mo+ U(’G) j
?QBK, ‘p@ - /W/'M%/ (commé'//?)
var)ables .
, o ocec 2bof  Ule)
_?W [rraééw/ : yaert %

both <« e ey e rocfor
awed e &M%’ﬂm

How Ho averezge %

JoA as  peccd¥ Gl e par aoroetn eced
"5&0 WMO/{MV %

x
¥ l\/fﬂ (E—//_{: /J)W

B
a——

= Y M(E‘#f,'d‘)

v -1
y = (@E1i)” (et (E-H%/5)]

“ F R I‘MM
i mﬁw %a&{ Uk)

ho problos. |
\Z Z, = Const " &aﬂf‘f""dﬁ"'u
)

—78-



—42 -

Flv]

GRIV) g@(@‘@ (GRG Pt e
o Ze

Fle) = i[ {9 A, (E-H) P +i3 %G+

« 0ty (E-H)Pe 115N A

Y

—

QB = \{);/\ A {1-:1 . wlarded (R)
—k? \P-* -1, aolyay eed (/4—)
F - TF

I

Fle] = 1 S { Cp (E-H+:13D P + @;(E—HHS/\)‘PF{

= S -q;(E--HJc-.’X/\)\P
— viifred!

/

\ \P N (LPE: j JMCY?PHOVV
\ V2 \ ¥ | l«e—— t o - cow,wne@(-

~ freld

n

: fV)—CEﬂ-{ IRYS )"/’
GR® _ [oda¢ cpwg o

/§®+®«p ; W CE-H i)Y

ZZ« cclivee 7S
S\ £ mmoﬁ' £ Grolkee — ,
f:? L% pre~ ex/,o;zet«o/ (ot rce ferm) SWW{V sece i




Averaging  over UG) - can fo peorforned
wm @ %WW& z(fOVm :

[ Ce-vm i)Y
LGRMN < (27 v %% (8 >
Z, 2,
i qu‘(E“H +/0A )q/ L f‘? (E-'Ho 1‘?5/‘)*

e >t e

- gy € ((Ty)*
R 3 G

. t

/

Encepginy effective  interaction
Hot = Z f(g?g//)zj

E{‘S‘QC{'\'\/Q/ atbion C'/'Q'EA" - awerieging

FI4 = L[ T Cemrovisadd w2 (([Fu)* |
<Gnm>> _ S20ay el e "

ZB Zr:




21 -

G R

Coudluchv: 7
‘ >~ Q — (&Fer 64
"y

GA
Conellako. funchion of dowsilios of- slake

C-6m) (6% 6%y,
<Q OW> — <GR(""”)GAO£V’)>

more - cowsplycafed
Jre - eﬂ’/t—o‘Z&r/f

- _ T ——
(G%e \ - VDT D4, DT, 4 s 95 QP oA oF

ZB £,

F o
o s 9’“ Wt 4 aee /cfowm s Afor <G:R(A)>
v feld o fathe,  oxloeded

v ()




—22 -

Fig - Gy -2 1Fe) -~ @

e H e preecfonecdt

Y- ti\ Yeqa = (iﬁr)

Y
WCJQP iﬁ@as‘f
\l/ 1s % & ~G0u47401¢@“/f‘

——

x) feart , wceans L no %.,&t{,,a, %WWQ%L
p e e ppollow
A5 r/’W al (W’
Huew — veversal ga%“wé,‘g.
eqpeives  furtler  ex

Y
¢ — q):(\:f»\a) o (TW)
where T 4o e oprratrr oA Ao vevpurad

——

b dingr doveol wpcece particle MJ;Z’%
e %ﬁ‘”‘ f  nale fervoer Hhae
S %Q%M;Mﬁ length £ |
Lobet 48 Le (i%c//‘// /ééi/ B ]
/C{ceo/’/ ot acxé L/@,}@, Zoee |




—2% -
Matriv  descrip Foe  cwd Heclboie/~ Saforovicd
%’WM%?W&/@%

(V¥) = 7-3°
g - ‘P@‘F\

Welbarnd — &lodonpvicl ‘I‘Ya/bﬂ{é'rmcoﬂtl%

*%,STVGT YjTrCQ + 1 lrQCV

= (2@ ¢
/zww weatr/x %04/

& %'ﬁe Darecce

<

7Z,e M/ﬂ(cz///kz’ky Crzecctreac iot £ 7 ral
"f ety +iac @ +7/ 7}4

Jog2s e )
- + 7;'@ [E"#o ;—/qQ/Q -f—,'f/‘ :7
e
New @ -~action :

\ Fiq) = ¥{™a? —K’D Log [T -Ho +ia @ +:5/\]\\




—2Y4-



— 25

otegi bslinel  accd bracesverce

/me«z/‘uo%w
Massive (weal ) Lougibudinal _luchotiow

Violahe lee — coetraint @R =1

Traw ver se ko 0&4 ave_ Weacrdess

Q= UAU
. Ww:—e W-—OOQQA
A= 4 thok ey
/)@owaal ZQ/'\WA(
%ypqmnwm/'~
dinede 1

C;Yae@(,e,w(' exfplrtt 4o ovved X Pau Lo (n ) ’

\:(Q\ = % gTr(VQ‘>Z+ ST}AQ /honf@mw
. O - neodel
Q=4
Qow‘/rzowv; Lagst cal L(Q/ww,@szg MC(ﬁVLC/HC
F)y = 3 0 @B + A
—72 )

M=4



—28 —

(/Ul«,a/f' i< hlu, e cena ! ez
bedveew  He 0% ool Ao U

G- meodel ger darordesed %@du“«

srlecs o free qavhicly 7

A?:’{"/ﬂ/ Uy, Ms |

M4JW

% MZ= 1 = ’%Z*/‘/;f?*/‘/z?

/’/,‘Z< Z Locrnded

Crmeetin s non compact

2
@ =4 aloco yér
arbst ra/y yZ arge cazc7u9 weoot ¥ Qj

72"'(- 0///7/14 25 WMV/;'y .% & E

Q bhar e Daecc /)24/%&“09% =g

i Yop
| - +
e = VYot¥ — Crp = Ghe  formionic
deCFoe
oz = oA 0;;: A/jglm/] bosonic

fec fo -




— 2%+

ln  Aolal :

X
< (3Fer) e ()

kfﬁzﬁ

™

Coridor  a é\/? rcodel of  ZX2 wecetiir

N, . .
4 ZZ LetiO
Ve Q@7= 4
0 / cl & 6
4. ' far =
§ oeitay W= (L,
4
epze”

" 0% 1
Z Q= 1 GA a1 [ MBosowdc

Thoe. PN =4

Vit _pronds - ourtayy Q-
msiahl —conh &

norn— cao«/zﬁ(/r‘

(96 [:.oo/ +0~0’7

cokB s w48 )




—2F

’Lz/@ noet — caw7 i&/é/c%

Coveti 20 % Fnverse /za'f/é&/zcz Aece

refio
(Z /%(r)/4d’(€-a,) >
/(oca % iy reds e /&r/fw 2le c Ko

Grens fenctions G ©

Gﬂ(ﬂ) _ Z %(,) %,Y-(r?)

e
E—Eh +/

y

G ) (G 6%),

Il

-2 /(//h/z/%“/a (.Zﬂz'(j—(g—fm))

et E"'Eh +;J

b Creer)er - s (WIS

e (E -E, +}f)

mn h

5 (E-€Eu )

’W%/“y ,&? (5 aud Lo Tlhe LvwaltX T o

Liud{(G5-6#)C%) < 5 3l [ 5 r6)
60 n (€€, 4i5)
(n flc ZM'/_

1
<7




—Z2¢-~

330

L [BOR(ESEME < T g [0 S(E-a,)&

Thn ternes e*f— 6 - neoded

Ln terms of 67 weord
- F(q
(GR(er-eA )y . (2@ @¥¢a*e) e
-——
SChe weakic

Pve_ AZX)?OM

F(Q) =3 STr@Q)L £+ % Tr AQ

* S-(ﬂ»pwdwf {erm
IFaZ( wcu_p,on,ej—; a" Q were Lownded (wworac'LMJx)

Liw §TrAQ > o & v

090

\“QMM > L Gr(Gk- C*)> —> o }

00

Nuee <Ce (C“\ CA")> wou Cef »g,au)o, a
fimike Liwat of 5 a0

COma—v’(’ ‘uxﬂW& wou@ M /40
\ <ihl%l"f(€~eh>> 0 o ‘Hé.lt—-:o X

normaized e 74«/4(/‘/0‘%’ in Cree

g Hon - co frffwff 75 /Wz/aéa// Ao exscrerree
yéd/ /m%fw % 7{/“ /yynéc/ §



—23D~

(&LM‘JS'&% 6 - uadel Wﬂé—yfp

F@):= 90 @@ - i(w+5)p (T AQ
Q’in )\ wean DOS

————

Exlenciown %ov' a(xj{éva«u/(‘
’{(vau/wua? of Gpé+w/z_cg_ o
@ 46«’6“"3’ 4‘3’” %6 )4’1&0&%"&9% AVQ%‘\AO«V

i‘: 2+ duceyerows

W~‘Y€v¢'me
Ro Yvelcor malizadion of e Herwe o ToAQ
=> cowrfent DOS at At trawe Ko point

Reworwecdizalion w& oo Q’Q“’(I”&'“B MM@
@,{Wa AC‘QQ)‘W/X 4«¢ dincew stow log ¢ coreduce farer

Qe L 3’ * TL "d« A"’bdoffm
- V)“I'Cl/%d'l‘ “;044_ H2e
2¢E JAM@« 1 Geen

© 0 diessocad o ueadl Q- const =Q

Xi\&j e - 4 | cificel exfowcnts

T

Q) = =i(w+iT)p (T AQ
Q=4 -
As e?/,avw Ao W«'W-%«aﬂm RMT
Per buvbative  cowsiderstio. 4 Tr(Fa)*
alloos A C»O‘MWW‘& COry'ijLv'OM 4o QMT

/j(fp@{cwx[;ows: Gug nty dots

P




— 31

O, Qua%\/ld 6~ weodel

: R/;%OVW Pyg«e". a,f Q@C@& &af{ou {
multi - digunel — wives

© ocliear oo wodel ob o Mlle Ctfice

F@) = “é ? Tr & Qj —f(k)+'.5)PZ:T/'/\QC
")

@ Efgoiv(f{/mo#&u ceRrelcch ory

<N/}M(r) I\{/)h(,/)> = cerdouin §o0 Q)M)LQ»QL
g Q" QY (v, @§F(O) DQ

| WAA%&’QCL&*@IV% a/“- of—: 2+4¢€

@ Speckal  correlabows  degowd

@ @quu o&m ' 2




