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2D electron gas in strong magnetic fields

Standard realization: GaAs/AlGaAs heterostructures

Disorder: charged donors

o ° e @ donors n;

d ~ 100 nm
2DEG ne

Typical experimental parameters:
ne ~ n; ~ (1+3)-10" ecm™2, d ~ 100 nm
— kpd ~ 10> 1 weak smooth disorder
T/7s ~ (kpd)? > 1
T, Ts — transport and single-particle relaxation times

Magnetotransport: ? B
Resistivity tensor: ‘ E
y q/ * g, /fb
Pzz = Ez/ja ( —j"'
X

pyz = E,/j. Hall resistivity
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Classically (Drude-Boltzmann theory):
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Landau quantization

— Shubnikov — de Haas oscillations and QHE

250 T T T ] I I i i 10

200 | {8
; I=4
| mm

MAGNETIC FIELD (T}

Disorder damping of SAHO o exp{—=/w.7s}

=G5,
1/7 K we K 1/7, w, o

classically strong fields but SdHO suppressed

— quasiclassics applies



Classical magnetoresistance

memory effects neglected in the Boltzmann equation

strongly enhanced by magnetic field
(returns induced by the cyclotron motion)

— classical magnetoresistance

=

important for:
» random magnetic field

— magnetoresistance of composite fermions
near v = 1/2

e rare strong scatterers (disordered antidot arrays)

But: small in a smooth random potential with typical pa-
rameters for B < 0.5 T

Also: essentially T-independent at low T



Quantum correction to magnetoresistivity

e-e interaction —»
quantum correction to resistivity

Altshuler, Aronov ’79

2
Aoy, = = In*EBTT

TTr <€ 1 — diffusive regime
Hartree term —» factor (1 — 3F)
rs, €1 — Frr,nr]'«1

Az f;‘n_l dt D(t) return probability

Txx

Houghton, Senna, Ying ’82, Girvin, Jonson, Lee '82:

e this is valid also at w.7 > 1

e Aoy =0
- -
Ap=s(B) = o e InTT w, = EB
Po ‘ﬂ'kpl mc

interaction-induced T-dependent quantum Ap..(B)



e | Experiment:
B Paalanen, Tsui, Hwang 83
i e W Agreement with the theory?

3 But: T~1=2-10K
1/~ 03K

High-mobility samples: 1/7 ~ 50 mK (while 1/7, ~ 3K)
= T > 1/7 for experimentally relevant temperatures
— ballistic regime.

ol 'r; — multiple small-angle scattering processes
Diffusive theory is not applicable

ad hoc proposals:

e Paalanen, Tsui, Hwang 83

InTr — InTr,, validity — T, <1

e Choi, Tsui, Palmateer 86

1 i 1

Theory is needed!



Interaction correction in the ballistic regime

Gold, Dolgopolov 86 Temperature-dependent screening

Zala, Narozhny, Aleiner 01 Friedel oscillations
— renormalization of the collision integral
White-noise disorder

o Aoy, at B =0

62

ACye ~ —T71 , iT > 1
wh

e Ap;y/Bat B—0

e in-plane magnetic field: magnetoresistance due to
Zeeman effect

Maahﬁromﬁﬁakq_ in @ Transverse field - ?

e smooth disorder — ?

e strong B (w.r > 1) 7
— this work

Correction to the tunneling DOS:
Rudin, Aleiner, Glazman 97



Ballistic-diffuson diagrammatics

!
z ;S RIS 4
% ballistic diffuson D(w;ry,ra;ry,ry) = A
Wigner transformation — D(w;r,n;r'n’) o 2
n — velocity direction, n? =1

describes quasiclassical propagation of an electron in the
phase space

. . e ’ o 2y
diffusive regime: D(w, q) = ;o s

ballistic regime: much more complicated

Strategy: derive general expression for Ao,p in terms of D.



Interaction correction: general formula

5 ® dw 8 w
Ao, = —2e‘vgv —— { w coth—
oo 2% Ow o g

d*q

(2m)?

Short-range interaction: U(w,q) =W

4 Im [ U(w, Q) Baﬁ(“’s Q) ]

Coulomb interaction:

i K
U(w,q) =

2v g+ K[1 + iw(D(w, q))]

inverse screening length k = 4mwe’v

If only small-angle impurity scattering present —

: ¢ ik O~
Bas(@) = “2(DD) + Tar (24(D) — (n,D) ) Tas
- 2Ta.,(n,,Dnﬁ'D) " (‘Dna'Dnﬁ’D),

T =

i [1 —-wc'r]_ o

14+ w?r? |wer 1 e2viv

(...) — averaging over velocity direction n = (cos ¢, sin ¢),

e.g. (n:Dn;) = (27")_2/d¢1d¢2 cos 1D (w, q; 1, P2) cos ¢

diagrams a, b,c — term I
a, f, g — 11
h — S i 1 |
d,e — 1A%



Arbf‘*rqr)/ (Skort' Dr'/ahol [ohg— Fange) disorder :
term I v

TV Ty [KDSysDY — 2D, Wi D] T

W(ﬁ} ﬁ’) . Scaffer.‘r:j cross— Section
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Limiting cases:

e Diffusive regime TT <K 1
B =0 — Altshuler, Aronov

B #0 — Houghton, Senna, Ying;
Girvin, Jonson, Lee

e B = 0, white-noise disorder, arbitrary T

— Zala, Narozhny, Aleiner

B = 0, ballistic regime T'T7 > 1:

Return after one scattering event — 80,.(T) x W (2kp)TT

e White-noise disorder: 80, (T) ~ TT

— agrees with Gold, Dolgopolov; Zala, Narozhny, Aleiner

¢ Smooth disorder, correlation length d > k;lz
00:2(T) ox e *FiT T 4 e—(T7)'/?

exponentially suppressed!

But: strong B —— multiple cyclotron returns after

n =1,2,... revolutions.



Magnetoresistance in a smooth disorder

“Ballistic diffuson”:

it + ivegoosd + 0 10 b, #) = 28($—9
—1W + TVUpqg COS wca¢ "y w, q; ¢, @) = 2md(p—¢')

Strong magnetic field w. s >1 —

D(w, q; ¢, ¢') = exp[—iqR.(sin ¢ — sin ¢')]
s [(1 — i(qR./weT) cos @) (1 — i(qR./w,T) cos ¢')

Dgq? — iw
Z eiﬂ'(qs_qb’)
+ -
o Dpq? — i(w — nw) + n?/T

Dp = R?/27 — diffusion constant in strong magnetic field
o T > w. —> Aocys exponentially suppressed

e T €K w. — characteristic Dpq?, w < w,

— keep only the first term in D —

J3(gR.) Dgptq?
(weT)? (Dpg? — iw)?

By (w,q) =

Diffusion of the guiding center



Short-range interaction

2

©dz exp|z]
M. - % y ¢ , T
Go(a) = w'a® [ Z5 TS () (1~ 2) + 20(2)
[ —Inz+const, z K1 _3¢(3/2)
Solw) = { cow™ /2, z > 1 pdah el el

Gy(T7)

0'0 . = T ' pean s gl x sl L
0.01 0.10 1.00 10.00
diffusive Tt balliskic

Crossover at numerically small T ~ 0.1 !
Hartree term: opposite sign and 2 times larger due to spin

Aoy & Aoy, = APz A0z,

= (wer)*
Oy Oz Po 0o




Coulomb interaction

Apy.(B) K3 (wer)?
po  wkpl

GF(TT)

T Ty
Gr(xz) = @f“ dzz"J;(z)

< p(3n[l — J2(=)] + [8 — J2(2)]2/22)
“~ (n + 22/22)3(n[1 — J§(2)] + 22/2z)?

X

—Ilnz + const, = < 1 _3¢(3/2)

GF({B) = { (c0/2)$"1f2, z> 1 Cy = Tﬁﬁ ~ 0.276
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Quabitative  picture

A6 = [dw 2 (10 esth £2 To (9ke
T dw ) ,r (@x)? TD: ifz
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Hartree contribution, k/kr <1

Uw,g) — —(2+21)U(0,2kpsin252)

singlet (1/2) —— mixing with the exchange term

Diffusive regime
e singlet fully absorbed

o ApH =-3FApf,, F= ﬁln%ﬁ‘E <1

1
2r
Ballistic regime:
— new energy scale Ty~ 77 Ykp/K)?

where Ap;, = Apfz + Apfz changes sign:

o TKTy exchange dominates, negative MR

e T>Ty ApH = —2ApF

— positive MR, the same (T'1)~/2 dependence

1
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Strong interaction

e k/kp is not small:
— strong Fermi-liquid renormalization

e determined by angular harmonics F?“
of the Fermi-liquid functions F”7(8)

e Diffusive regime, TT™ < 1:
Gu(Tt)=3(1-In(1+ Fy)/F5)InTT

e Ballistic limit, T'r > 1:

GH(TT) - (32

Fe
0. 4 Z m P E(TT)_Uz
1+Fg  “1+Fh) 2
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Experiment

‘Bl R

A.K. Savchenko group (Exeter, UK) cond-mat /0207662

PRL 2003
n- GaAs Tt ~ 0.4 =+ 5§

0-2 L
0 -{’- .
0.2
Total,
il " /F =0.15
0.6
D

880 1 T %M

-0.84
4420 1 001 0.1 1 10

I-O T ol 1 1

i 0 1 2 3 4

: Tz
8001 (b) T=02K F e | 360

000 005 010 0.0 0.1
B’ (T) B (T

Small constant Skf{: attn buted o

-_1,-
clasgieal meuory Q:chg;,fg



Mixed disorder

* Smooth random Pd‘en‘f‘fa(,: R Vs ML ( d)? >4
-+ ’

. S‘lort—r'ange e'rnpur-u‘“es (w}n‘f’e noise): Coin
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Hall resistivit i 4
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Summary.

e Ballistic - Jf‘ffusoh d:’agrammaf iCS ——t
Interaction correction to Gap in terms of the classice!
phase~space propagator D(w;rn;rint):
General -formu(a valid for arbitrary _E') WT | ked |

e Tt 21 ballistic regime — characler of disorder :'fnpor'f&n'f' {

- rnaghetoresfsfthe in smooth disorder due 4o

c%clotmh returns :

OPax (w¢r> i, x«

Tr=-tam)  Gw-| RNy
1

ny ny Py .,{ &' X X« q

f‘{iy Trkp G (T) G K) 7 x-f}aJ K))',

e mMmixed diserder (6MOD+}1 : 3 Shorl{'—- r'anje) i fwn « rsm

—>— effect enhanced in the bal(:stic regime
by a factor 4 ( 1:--5*"""/31%) R 1

o Further opplications and generalizations:
e modulated systems (lateral superlatices)
e oOther dimensionalities
. ?uanfial‘hg maghd‘:‘c frields
e thermoelectric P}:eh omena
- leho& ~hduced contribution 4o ms;‘sﬁ‘w‘:‘/



