Interplay of interactions and disorder in two dimensions

Sergey Kravchenko UNﬂl'fhﬂﬂﬁfErn

N T VT EHRZSETITTY

In collaboration with:

S. Anissimova, V.T. Dolgopolov, A. M. Finkelstein,M. Klapwijk,
A. Punnoose, A.A. Shashkin

9/28/2007 University of Virginia



Outline

e Scaling theory of localization: the origin of the ommon wisdom
“all electron states are localized in 2D”

e« Samples

 What do experiments show?

 What do theorists have to say?

» Interplay between disorder and interactions: expental test

« “Clean” regime: diverging spin susceptibility

Summary

9/28/2007 University of Virginia



\ QM interference

Ohm’s law in d dimensions

metal (dG/dL>0)

[insulator

' G=1R

Insulator

-1 >
anl | 1
D insulator (dG/dl{<0)
-3
A :
In (G) Abrahams, Anderson, Licciardello,

and Ramakrishna®RL 42, 673
9/28/2007 University of Virginia  (1979)



__ Coulomb energy
s Fermi energy

Gas Strongly correlated liquid Wigner crystal

~1 ~35 r

| nsul ator PPP??7?7? | nsul ator

>

strength of interactions increases

9/28/2007 University of Virginia



disorder

Tanatar and Ceperley,
Phys. Rev. B 39, 5005 (1989)

P

| -7 / Paramagnetic Fermi
Wigner liquid, weak insulator
crystal gt

e ——

— 1
-
=
=&
///
-
-
-
//

electron density

strength of interactions increases

9/28/2007

disorder

Attaccaliteet al.
Phys. Rev. Lett. 88, 256601 (2002)

- / H H
- liquid
s ! 6
| 7~ 1 /
/ /'
i :
/
/
]
/

Local moments, strong insulator ~__---]

Wigner 7
crystal __--7 Ferromagnetic Fermi

-

/ Paramagnetic Fermi
! liquid, weak insulator
!

!

I

/ !/
/

electron density

strength of interactions increases

University of Virginia



Scaling theory of localization: the origin of tbemmon wisdom “all
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It turns out to be a very convenient 2D system to study strongly-interacting regime
because of:

» large effective mass m*=0.19 m,
» two valleys in the electronic spectrum
» low average dielectric constant e=7.7

As a result, at low densities, Coulomb energy strongly exceeds Fermi energy: E.>> E.

r, = Ec / EL >10 can easily be reached in clean samples
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Strongly disordered Si MOSFET
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Clean sample, much lower electron densities
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Klapwijk’'s sample: Pudalov’s sample:
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clean sample: disordered sample:
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Shashkin et al., 2000
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Reaction of referees:

Referee A:
“The paper should not be published in PRL. Everjiamawys
there is no zero-temperature conductivity in 2-d.”

Referee B:

“The reported results are most intriguing, but thayst be
wrong. If there indeed were a metal-insulatomgron in
these systems, it would have been discovered pgars

Referee C:

“I cannot explain the reported behavior offhandheriefore, it
must be an experimental error.”

... | remember being challenged over that well-kndact that all states
were localized in two dimensions, something thatlenao sense at all in
light of the experiments | had just shown.

R. B. Laughlin, Nobel Lecture

9/28/2007 University of Virginia



However, later similar transition
has also been observed in other 2D
structures:

*p-Si:Ge (Coleridge’s group; Ensslin’s
group)

*p-GaAs/AlGaAs (Tsui’'s group,
Boebinger’s group)

p (20)

*n-GaAs/AlGaAs (Tsui’'s group,
Stormer’s group, Eisenstein’s group)

*n-Si:Ge (Okamoto’s group, Tsui's
group)

*p-AlAs (Shayegan’s group)

9/28/2007
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(Hanein, Shahar, Tset al., PRL 1998)
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Metal-Insulator Transition Unexpectedly Appears
in a Two-Dimensional Electron System

g GF ronglily the last bwa decpdes, it
hiaa generally been believed among
those interested m Pweedimensionnl
digordered  electyon avaterms - that, in
pore magnetic field, such systems do
matundermo a metal-insalater trans

When the erparature approaches

0K, tan a lero-cimensional elec-
ron syslem Boecomes a metal? Some
recenl experiments supgest it can.

tntrons based an scattering of electrans

from  stabic jmpurites
Lhal o two. dimeneions there was an
enhancerent of back scattering, which
means that

They found

if o send an electran

nlans the o necis ST vt semr s f

(Physics Today “Search and

Discovery” July 1997)

Condsnsed-matter physics

Another surprise fromtwo

dmensons

rioe apain, af et the discover s of the
quariturn Hall effect and high-term-
perature superconducivily, il & a
wts- irnénsiomal sysiern that proy ket a real
surprise in corndensed.-marer physies. For
£Orme years mow [here hat been a peneral
belief, bolsered by experirmnent, thar rhe
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Fur ther more, there are signe thar the metal-
T ground srare rnay be a perfect aonducror,
and an expetirment reporied lasr month’
shwrwt thal thie effecr ditappears if the gpines
of (b #letiro s are polarped — aclear sipn

[hal this & mooTdinary meal.
The echnology behind the s micondue

University of Virginia

(Nature 389,
“News and views”
30 October 1997)



SCIENCE AND TECHNOLOGY

the approach predates him. The “Discov-
ery” programme, which began two years be-
fore he got the job, epitomises what this
means in practice: a reversal of the old sys-
tem. Instead of deciding on big projects
and seeking money for them, NASA manag-
ers setaside lots of small budgets and solicit
proposals from people who think they can
do something useful with the money.
NEAR and Mars Pathfinder were the
first two to fly under Discovery’s aegis. Two
more—Lunar Prospector, which will scan
the moon from a low orbit, and Stardust,
which will taste a comet’s tail—have been
approved. Mars Surveyor was planned us-

took two years to design, build and launch.
By contrast, Cassini—a monster probe to
Saturn that is the last of the old guard—was
begun in 1989, will take off in October, and
cost $1%2 billion.

Less 1s lost, too, if a craft crashes or mal-
functions. Previously, a scientist’s life’s
work could disappear in a few seconds—as
happened to the Russian-European Mars
96 launch, which crashed into the sea last
year with two dozen experiments on board.
(The European Space Agency, ESA, decided
last month to ape NAsA’s approach by sup-
porting more small missions.) Less is also
lost to another kind of havoc—the kind

Superconductors

Silicon waves

Y HE scientist who cries superconductor

1s like the boy who cried wolf. Over the
vears, t00 many sightings of supposedly
new superconductors (materials that lose
all resistance to electrical current at low
enough temperatures) have turned out to
be experimental glitches. As a result, careful
researchers often dare not breathe the word
“superconductor”. This may explain why
the recent discoverv of something that

(The Economist “Science and Technology” July 1997)

Condonsod-mattorphysice

Real metals, 2D or not 2D?

Mohelle ¥. Simmons and Alex B. Hamllton

(Nature 400,
“News and views”
19 August 1999)

iF.I.ELlla‘l'ir.IE. The =lebmted u:lia:-:n'.-'-:r:,' of the

quartum Hall effect in 1980 demonstrated
that it is possible to have merllic states ina

2D systern that persist to T =0 by applyinga

e distinction between metals and

insulators appears simple — metals
conduct electricity whereas insulators

da not. Yet, for the past 25 years, arquments
9/28/2007

University of Virginia
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non-Fermi liquid:
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¥We show that a non-Feumi-liquod state of interacting elections in two dimensions iz stable inthe presence of
dizsarder and iz a perfect canductar, provided the i meractions ave sofficiently stwong. Otherwize, the dizorder
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Superconductivityina
two-dimensional electron gas

Philip Phillips, ¥i Wan, kar Martin, Sergey Knysh
& Denis Dalidovich
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Io 2 series of recent experiments Kravcheoke and colleagues'?
observed unexpectedly that a two-dimensional electren grs in
zero magoctic ficld can become conducting at low temperatures:
the two-dimensionality was imposed by confining the el ectron gas
to the interface batween two semicenductors, The observation of
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_ (superconductivity)

FHYSICAL REYIEW B YOLUME 58, MUMBER L3 L OCTORER L9981

Possible triplet superconductivity in MOSFE'Ts

D). Belitz
Daparmant af Fhysics and Materials Science fazinite, Uanersity of Oregon, Eugens, Oregon 97405

T. R. Kirkpatrick
fazhtute for Flrysical Scrance and Technalagy, and Department aof Fhysicz, Danersity of Morvlond, College Fark, Maryland 20042
(Received 4 Febmary L99%: vevised manusciipt vecemved 20 Apial 1998]

PHYSICAL REYIEW B, YOLUME o4, 245115

P-wave pairing and ferromagnetism in the metal-insulator transition in two dimensions

Clandio l!:"harru:m,1 Ednado K. 13'-|-fI|Ju::::in:|ln:|,2 and A H. Castro Netol*
lﬂEPﬂ!'FmiEJ':IJ‘ g Physics, Aoston Uaversity, Boston, Mossechasetis 02215
*Depriements de Fisice, Ponlficia Universidede Catdlica do Rio de fameiro, Caize Eostel 38071,
22452.970 Rio de Jomearno, Broz!

(Heceived 15 JTone 2001; poblished 10 Decetnber 2001)

9/28/2007 University of Virginia
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Charging/discharging of interface traps:
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...and, finally, an unspecified mechanism:
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ELSEVIELL Physica E & (200L) 209-225
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Metal-insulator transition 1n 2D: resistance inthe critical region

B.L. Altshuler®?, D.L. Maslov®, V.M. Pudalov %*

*NEC Rewarch Instinute, 4 Independence Way, Frinceton, NJ 05850, U754
b Py sics Department, Princetan University, Princetan, NJ 05544, T754
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Now, a more reasonable approach
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Corrections to conductivity due to electron-electmateractions
In the diffusive regimeTr< 1)

VOLUME 44, NUMBER 19 PHYSICAL REVIEW LETTERS 12 May 1980

Interaction Effects in Disordered Fermi Systems in Two Dimensions

B. L. Altshuler and A. G. Aronov
Leningvad Nucleay Physics Institute, Gatchina, Leningrad 188 350, U.5.5.R.

and

P. A, Lee
Bell Labovatories, Murvay Hill, New Jevrsey 07974
(Received 11 February 1980)

Interaction effects in disordered Fermi systems are considered in the metallic regime,
In two dimensions, logarithmic corrections are obtained for conductivity, density of states,
specific heat, and Hall constant. These results are compared with a recent theory of lo-
calization as well as some experiments.

do=(g®/dnH)(2 = 2F) In(T7)

(O<F<1, N.B.:F is not the Landau Fermi-liquid constant)

» always insulating behavior

However, later this prediction was shown to be inaoect

9/28/2007 University of Virginia



Zeitschrift fur Physik B (Condensed Matter) -- 1984-- vol.56, no.3, pp. 189-96

Weak localization and Coulomb interaction in disorcered systems

Finkel'stein, A.M.
L.D. Landau Inst. for Theoretical Phys., Acad. of Sci., Moscow, USSR

PHYSICAL REVFIEW B VOLUME 30, NUMBER 15 JULY 1984

Interaction-driven metal-insulator transitions in disordered fermion systems

O, Caste]land
Pipartimento df Misice, Urioersiia degl] Sruddi $f Rame “La Sapienza,™ I-00185 Roma, Trely
aeeed Fsritedo efl Fisece, Univeesita degff Stedi dollAquila, 671060 Ndguifa, Trefy

C. In Clastro
Dipartimente di Fisica, Unicersitn degl Snadi df Roma “La Sapionza,™ 1-00785 Romo, Ttaly

P.A. Leeand M. Ma
Depareepen of PRycies, Maowackysetan tectitute of Technolagy, Combridee, Mossecfiesetls 02 1389
(Recpived 7 Fohruary 1984

&’ : n{l+F2))
00 = —On(T7)(J1+301- :
iy (T7)0+ F’

Insulating b hen interactions are we
NREtEBRhavior when interactions are stfpmg = = _
Effective strength of interactions grows as tHEderaiie At criases
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Metal-Insulator Transition in
Disordered Two-Dimensional
Electron Systems

Alexander Punnoose'* and Alexander M. Finkel'stein®

We present a theory of the metal-insulator transition in a disordered two-

dimensional electron gas. A guantum critical point_separating the metallic
phase, which is stabilized by electronic interactions, from the inmlatins Ehas&.

where disorder prevails over the electronic interactions, has been identified. The
existence of the quantum critical point leads to a divergence in the density of
states of the underlying collective modes at the transition, causing the ther-
modynamic properties to behave critically as the transition is approached. We
show that the interplay of electron-electron interactions and disorder can
explain the observed transport properties and the anomalous enhancement of

the spin susceptibility near the metal-insulator transition.
www.sciencemag.org  SCIENCE VOL 310 14 OCTOBER 2005 289
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disorder takes over

10

disorder

FIG. 1: The disorder-interaction, -8, flow diaghNam of the
2D alectron gas obtained by solving Eqs. (4) and \&) with
the Cooper channel included (o = 1), Armows indicNe the
direction of the flow as the temperature is lowered. ThNcir-
cle denotes the quantum critical point of the metal-insula\or
transition, and the dashed lines show the separatrices.
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First, one needs to ensure that the system iidiffusive regimeTr< 1).

One can distinguish between diffusive and ballistgimes by studying
magnetoconductance:

- - diffusive: low temperatures, higher disordér<€ 1).
_ - ballistic: low disorder, higher temperaturds % 1).

The exact formula for magnetoconductance (Lee anddRrishnan, 1982):
2 2
0.091 e gl g B
Aocl\B,T )= -4 an ik —
( >/_{ e AT
2

B
2 valleys for [ gl,(u Efr ) <1
Q B

F,°
1+ F,°

In standard Fermi-liquid notationg/ , = —
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Temperature dependences of the
resistance (aandstrength of interactions (b)
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Solutions of the RG-equations fop << Th/e? i

a series of non-monotonic curvep(T). After | p - ——lC
rescaling, the solutions are described by angle |
universal curve: = i
a i

p(T) = pmaxR(n) i Tmax

M= P (T 1/ T) |
o E |

For a 2-valley system (like Si MOSFET), =| =~ N
metallicp(T) sets in whelry, > 0.45 Y, = 0.45 i
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« Scaling theory of localization: the origin of tbemmon wisdom “all
electron states are localized in 2D”

e« Samples

 What do experiments show?

 What do theorists have to say?

» Interplay between disorder and interactions: expental test

« “Clean” regime: diverging spin susceptibility

Summary
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suggested by B. I. Halperin (1998); first implenezhby O. Prus, M. Reznikov, U. Sivanal. (2002)
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Integral of the previous slide givés(ny):
complete spin polarization

J atn=1.5x101 cnr2
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® magnetization data

_| magnetocapacitance data
----- integral of the master curve
—transport data

insulator : -

T-dependent7 {1, ‘¢ . .
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disorder
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Anderson insulator

Wigner crystal? |

Liquid ferromagnet?

paramagnetic Fermi-liquid

electron density
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SUMMARY:

Competition between electron-electron interactionaind disorder leads to
the existence of the metal-insulator transition inwo dimensions. The
metallic state Is stabilized by the electron-eleacbn interactions. In the
Insulating state, the disorder takes over.

Modern renormalization-group theory (Punnoose and Finkelsteidhys. Rev.

Lett. 2002;Science 2005) gives quantitatively correct description of the
metallic state without any fitting parameters.
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