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Outline:

VI,

Introduction: materials, transport, Hall effects
Composite particles — FQHE, statistical transformations
Quasiparticle charge and statistics

Higher Landau levels

Other parts of spectrum: non-equilibrium effects, electron solid?

A. Overview
B. High magnetic fields — the electron solid
C. Low magnetic fields — response to radiation

Multicomponent systems: Bilayers



V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

A. overview: now examine physics at the extreme ends of the
magnetic field spectrum

2) A new finding
near zero B-field,
radiation induced
oscillations

6 5 10 12 14 16 18
MAGMNETIC FIELD [T]

FIG. 1. Diagonal resistance K., of a sample of n = 1.0 X
10 em™ and o = 10 % 10° cm®/V sec. Arrows mark several
key fractional Landau level filling factors.
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1) An old problem
at high B-field, the
proposed electron
solid: what

happens out here
—



V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

A. overview: some numbers

Contrast high and low field values

using standard density 1x10cm- 0.1 Tesla 15 Tesla

Length scales: magnetic length 813 A 66 A
cyclotron radius 5220 A 35 A
inter-particle spacing 350A

Energy scales: Coulomb energy 16 K 193 K
spin gap 0.03 K 4.3 K
cyclotron energy 2 K 301 K

Different processes to consider:
high field = magnetic localization =>loss of collective effects
low field = no kinetic energy quenching => single particle physics



V. Other parts of the spectrum: - < O
from the electron solid to P } ..
non-equilibrium effects a ‘.

B. High magnetic fields — the electron solid? uncorrelated

Competition between collective effects
(solid or liguid) and magnetic freeze-out

Ground state is expected to be Wigner
solid for sufficiently large r, at given
small filling factor:

The FQHE states may be in competition
with this, or '..P

The ordering may be interrupted by Pinned solid
defects, which if sufficiently strong, could

Iocalize’ the electrons. | ’P‘b
i"o'

Magnetically localized, or
severly pinned = glass

solid

Solid = both positional and
orientational order




V. Other parts of the spectrum:

from the electron solid to

non-equilibrium effects .PI P
B. High magnetic fields — the electron solid? .b b

& Tt

Magnetically localized, or
severly pinned = glass

The ordering may be interrupted by
defects, which if sufficiently strong, could
localize the electrons.




V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

B. the electron solid?
“Theoretical” phase diagram

Given r.and filling factor ?, (numerical studies)
what is expected for the phases and in
transport?
50 I~

Predictions for the electron solid:

ns tor | Y
(magnetically induced electron solid) s N solid

N\
phase diagram line \\
- \\
iquid S

#increase in mass pushes onset to 0 J\/ | |‘.
larger ? o Y03 02 0.1

&increase r by decreasing density n
Filling factor



V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

B. the electron solid?

The pinned electron state should have two
characteristics

In transport: /

1) Insulating in the d.c. limit.

2) Oscillation modes of the electron solid about
the pinning sites.

\

@A




I ' ' o
V. Other parts of the spectrum: L 62 | 5
from the electron solid to i '
. . GO = -
non-equilibrium effects .
B. the electron solid? ml. ]
a2 _
o | Z
20ar -
For pinned solid or glassy : ]
solid, expect transport to j
show insulated properties ”m% :
These are indeed apparent & SRS ) .
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MACMETIC FIELD (TI

FIG. 1. [DMagonal ressstance Ry, vs magnetic feld at T == %)
mk., [Datn are iaken on a square sample 0 that g, =af,,
with @—1. At v=1_ p,, — 0 indicating that the v= 1 quan-
twims liguid forms the ground state, The resistivity oo in the
sharp spike at v—0.21 and for all v= 1 s rising exponentially
on lowering the temperature. All FOHE features at lower
magnetic fiekd are well developed hut practically invisible on
this scale. Inset: Result of a calculation for the total energy
per Aux quantem of the salid (E5 Y and interpalated 1/ar
quantum Hguids (£ ) as a function of Alling factor (Ref. 4). A
classical energy (Eaw=—0782133¢ 7'} s subtracted for
clarity. The dashed lines represent the cusp in the 10tal energy
(Ref, 13} of the liquid at w= 3. Its extrapalalion inlersects
the salid at v—0.21 and 0.19 sugpesting o phase 1ransitions
from quantam liquid to solid around ve=§ .

Jiang PRL ‘89
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Temperature dependence of this FIG. 1. DMagonal ressstance Ry, vs magnetic feld at T =50
| . f h mk., [Datn are iaken on a square sample 0 that g, =af,,
arge resistance part or the with a—1. At v=£, g, —= @ indicating that the v =t quan-
Spectrum iS twm liqued forms the groumd state. The resistivity g in the

sharp spike at v—0.21 and for all v= 1 s rising exponentially

on lowering the temperature. All FOHE features at lower

magnetic fiekd are well developed hut practically invisible on

T~ exp(’?/kT) this scale. lnset: Result of a calculation for the total energy
per Aux quantem of the salid (E5 Y and interpalated 1/ar

quantum Hquids (£;) as a function of filling factar (Ref. 4). A

What are the current carrying classical energy (Eow=—07821330 ) is subtracted for
. . . . clarity. The dashed lines represent the cusp in the 1otal energy
excitations in this system? (Ref, 13} of the liguid o1 we=}. Its extrapalation intersects

the salid at v—0.21 and 0.19 sugpesting o phase 1ransitions
from quantam liquid to solid around ve=§ . )
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V. Other parts of the spectrum: SO0 T T
from the electron solid to - 0.21
non-equilibrium effects i JF'
B. the electron solid? 4001
If this represents a correlated 30{]:
state, then its energy must be ) - Electron solid
close to that of the FQHE states = -
over some B-field range = i
_ 200+ 1/7 1/5 1/3
Re-entrance of 1/5 state in - Filling factor
insulating background observed -
for electrons i
100 1
i 0.302 ARE
- 2 112 3|y
1 3 3|7 H'
OP....*L.t.L.L_._.¢LL¢LInJIU:.
0 5 10 15 20

MAGNETIC FIELD (T)
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V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

B. the electron solid?

At low densities (large r,) re-
entrance observed around 1/3
in holes, due to the larger
effective mass

/ Electron liquid

Re-entrance

4N
hole solid Y.
1/7 1/5 1/3
Filling factor

2 054 1 0.83
36.2 32.3
.I
]
Hs0
25 0
N'_I
@ -
=, 12} 1.70 J} 2.04
5 |27 22 1
o -
|:I
t
I:] Ll L
12| 245 [ 2.5
o907 196
6
3 ¥
% a0 E
B[T]

FIG. 1 {color online).

The longitudinal resistivity g, in units

of the quantum resistance h/e” versus B at 33 mK. Arrows
mark » = 1/3. Each panel is labeled by the density in units
of 10" ¢em ™2 (upper number) and the value of r, {(lower num-
ber). Note the change of the vertical scale for the four largest

densities.

Csathy PRL ‘05



V. Other parts of the spectrum:

from the electron solid to
non-equilibrium effects

B. the electron solid?

At low densities (large r,)
re-entrance observed
around 1/3 and 2/5:
leads to an interesting
phase diagram

36

32

28

L 24

ED"// ® this work| ©s
| ® Reff7] _

A& Hefl8] |~.g

°F fds g
0.2 0.3 0.4 0.5 0.6
AT

FIG. 4 (color online). The boundary of the insulating phases
(solid symbols) and the » = 1 /3 and 2,/5 FQHL {open symbols)
in the ¥ — r, phase space. Lines are guides to the eye. Dotted
contours are loci of points obeying £, = Afw_ (see text).

Csathy PRL ‘05



V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

B. the electron solid?

Transition from liquids to
insulating complex:
Higher temperatures can
reveal FQHE states

T~ 35 mK

211 317 39 213 17
T T |
E.;;n ‘ Do 300t o F
E..,,m 347 - !
1091 | i 0 E 200
= ! of
i ;o = fg-—------- |
P : 100} o8
1/5
- y 5
= 3/19
e / e
D 115mk
T 0.5 [ 1:3|;um</l
0.0
22
MAGNETIC FIELD [T]
FIG. 2. R,, above 20 T at various temperatures. The verti-

8

cal, dashed lines show the positions of the Landau level filling
factors » = 1/5. 2/11, 3/17. 3/19, 2/13, and 1/7. The inset
summarizes high-T limits (open squares) and low-T limits (solid
dots) for the ohservation of features in R,, at various ». The
dashed line is only a guide to the eye. The low-T limits may be
viewed as the melting line from Wigner crystal to FQHE liquids
and the high-T limits are measures of the energy gap of FQHE
states (see text for details).

MAGMETIC FIELD [T]

FIG. 1. Diagonal resistance R,, of a sample of n = 1.0 X
10 em™ and g0 = 10 X 10° cm’/V sec. Arrows mark several
key fractional Landau level filling factors.

Pan PRL ‘02
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20ar -
For pinned solid or glassy ]
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What other properties distinguish a MASHETIC FIELD T
solid from a liquid? What other tests

can be performed?
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V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

B. the electron solid?

The pinned state should have two characteristics
In transport:

1) Insulating in the d.c. limit.

2) Oscillation modes of the electron solid about
the pinning sites.

Are there simple models for pinned electron solid?

Mode may be complicated due to
the mixing by the magnetic field

@A




V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

B. the electron solid?

The pinned state should have
two characteristics
In transport:

1) Insulating in the d.c. limit.

2) Oscillation modes of the
electron solid about the
pinning sites.

Wavevector dependence
should be observed if the
electron solid domains are
sufficiently large
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V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

B. the electron solid?

The pinned state should have
two characteristics
In transport:

1) Insulating in the d.c. limit.

2) Oscillation modes of the
electron solid about the
pinning sites.

For disordered systems, the
pinning mode will be
wavevector independent:

Resonance mode should be
present
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V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

B. the electron solid?

An electron solid can demonstrate shear
mode propagation or the wavevector
independent pinned mode:

This may be detected using surface () 4 .
acoustic waves: o'
Contribution to ?°(?), ?”(? ) when SAW A
dispersion and electron solid modes cross . S
Also true for other frequency, wavevector ”““\(
dependent techniques




V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

B. the electron solid?

Instead of distinct mode
crossings,

a broad resonance structure was
found near 1GHz

log [nﬁ{ﬂ"]]
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_ "’7

,515 Aol plak ol TR SR il e P LY TR TP A T T |
06 05 10 15 20 25 30

Frequency (GHz)

Byt 10
a i
)
L= ]
|
—
_ /_ From d.c.
2
f o transport ..
= =
=) 0.2
@1 =
FT
kO — =
1.0 | T T T T
0.8 F =
0.8 =
_ From d.c.
_ transport 7
2 ] : NPT |
g i I i
100 110 120 130 140 180 180

B (k)

Fli. |. Magnetic-ficld dependence of do resiglancs gy, m
malized SAW attenuation, and vebocity shifts injaample 1 at 80
mk and 235 MHz., The theosry bnes are calculsged from Eq. (1)

using p, , fdel




V. Other parts of the spectrum:
from the electron solid to

non-equilibrium effects

B. the electron solid?
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FIG. 2. Temperature dependence of normalized velocity shift
and attenuation in sample 2 at 160 kG (v=0.167) and 91 MHz.
The theory lines are based on Eq. (1) and on the simultaneously

measured p,, (de) values.
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FIG. 4. High-frequency conductivity o (k,w) of a 2DEG in
the Wigner crystallization regime as a function of inverse tem-
perature. The inset shows T, as a function of filling factor v,

As temperature is lowered, the onset to
this mode can be traced over filling
factor range:

Temperature versus ? phase diagram



V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

B. the electron solid? coplanar waveguide can also be
used to look for ?_(?):

(A)

rf

SOLICS detector

Power absorption P=exp{(2|lZ,/w)Re [? (?)] },
w=width, I=length of waveguide

Re(?,.(?))~In(absorbed power, P)

q ~ 2w, w=30-80?m



V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

B. the electron solid?

With cleaner samples and in hole samples
this mode structure is observed

25 L e
__20f 3 BT) v
iy - j —— B.77 (0.325) -
=2 sl 4 7.42 (0297) |

15 \! e B.81 (0.250)
~ I I 11.50 {0.190)
o 10k P4 e 1437 (0.153)
= i
o

FIG. 2. Real part of diagonal conductivity vs frequency for

several magnetic helds, T = 50 mk.
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V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

B. the electron solid?

Higher mobilities show sharper, multiple
modes at lower frequencies:
(may reflect fewer pinning sites)

One mode at B-field lower than 1/5,
disappears at high fields

Also, possible wavevector dependence

= 3mm -

Coplanar waveguide technique

(LS}

Relg 4y

10 ps

Sample 1 (500m (A
] 5
n=1.0w10 cm™ ;T=d0mk

trnces off=a 3PS eoch
T o
peak “17

1 33,07 (=il 123)

":.. ar
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FIG. 2 (color online)  Sample 1: Re[e's (1] spectr at various
B, in increasing order from & = 156 (hottom) o 33 7T (topl
Adjacent traces are offset by 3 & From each other for clariiy.
Magnetic felds fand selected »'s) are labeled at the right
Measurements were performed at T - &l mE. From left 1o
rght, the long dashed line, dotted line, dot-dashed line, and
short dashed line are guides (o the eyve, comesponding 1o
peaks TR CCT AT and U227 respectively, as explained in the

F=wk
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V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

B. the electron solid?

The pinned state should
have two

characteristics +

In transport:

1) Insulating in the d.c.
limit.

2) Oscillation modes of
the electron solid
about the pinning
sites.

3) Depinning, or non-
linear I-V
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V. Other parts of the spectrum: _
from the electron solid to Non-linear |-V observed

non-equilibrium effects

Shayegan ‘93
B. the electron solid? e (T preverrepr

]
=)

The pinned state should Uo = 600 4| a A

! L5
have two :_‘3| . /mr [
characteristics i - . :

In transport: | P 7 H
1) Insulating in the d.c. ot R I e

& (10~ Al
_ﬂ

| diivdl dvidi

- - ’ u, Vo = 500 ¥ i
limit. r\\[ AN 4
. . ' - | P | 11.147
2) Oscillation modes of | s == ot e
the electron solid Feessrevssevereree | evvreerT TS S s
. . Wl W (mV) W (mV)
abOUt the plnnlng Figure 9.5, l.'--_r|‘|'-l \.!'.'!‘\.'ll-\.!.-\.'!'-.'l.' of H,., near v= 1/5 and the configuration of the sample

sd noise characteristics: (et four-termanil

| Hedom) L arren YVollage ar s H
wlized to the indicated U L {oenier) tano-Ger musal

S|teS. B l‘]“‘.‘|‘;.|!._.!..j;-l.:. -...:-Illlr:u .
3) Depinning, or non-
linear I-V

[ and dVidl vers nt noise power density 5, averaged beiween 50X and
175 Hiz as a fune ata are taken at T =22 mK and at the four B-fickd values

of
E > imted in the right pancl. (Data [rom [ L1 19914

Depinning thresholds and

O ‘ microwave resonances not
consistent in models




V. Other parts of the spectrum: ol i
from the electron solid to N
non-equilibrium effects :
B. the electron solid? N ik
Pl Al

MAGMETIC FIELD (T

Summary:

1) Insulating state observed at small filling factors

2) Competition between insulating state and
fractional quantum Hall states

3) Radio frequency mode observed — broad and
high frequency for low mobility, narrow for
cleaner samples

4) Non-linear I-V

NO DIRECT OBSERVATION OF ORDERING:
we still don’t know if we are observing a true
ordered electron system or a glass

(us)
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V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

C. Low magnetic fields: response to radiation

Pertinent numbers for small magnetic fields: 0.1T, 1x10'tcm-

1) Fermi energy 41 K
2) Spingap 0.03 K
3) Cylotron energy 20K
4) Coulomb energy 16 K

5) Cyclotron radius 5200 A

With little magnetic field to quench kinetic energy, single particle
effects more prominent



V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

C. Low magnetic fields: response to radiation
Apply high frequency radiation (50-120GHz)

through waveguide onto 2D electron system and
look at low B-field end

?7=2

10 B T T T T T T ]
2 I
S
5
_d A 4
3
N— 5 L -
(O]
(&)
C
g
N
4 | V]\/N \/\
4

0 | . | J. R | |

0 20 40 60 80 100
magnetic field (kG)

120



V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

C. Low magnetic fields: response to radiation

Upon radiation on a high mobility
sample with GHz radiation,
oscillations are observed near
zero magnetic field

2

Zudov PRB ‘01

P 10

148.5 GHz o
55 GHz,
; -'-'r.-"'"

Minima at ?? . = j+1/2,
1=1,2,3,...




V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

C. Low magnetic fields: response to radiation
Zudov PRB ‘01

10F 148.5 GHz o

znscillations are observed near
zero magnetic field

&minima at ? 7 . = j+1/2,
i=1,2,3,...
(? . = e/Bm*, m* bare GaAs mass)

2no dependence upon filling factor
(density)

What’s causing this?



Zudov PRL ‘03

V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

C. Low magnetic fields: response to radiation

o
w

For higher mobility samples, the minima
look like quantum Hall effect zeroes

=
-2
R,, (kOhm)
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V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

]
L i— ™ 1T X7 2 T T T T T

10} (a) f=57GHz o9 10|

C. Low magnetic fields: response to radiation

3 L
S
&=Minima show activated £ 6l
temperature dependence: Eﬁ
= 4
consistent with an energy gap )
. . 0 { i f L 5 g
,@Lgrg(_e activation energies: 04 06 08
activation energy E 1/B (kG ™) T (K
photon energy E,
E>sE - FIG. 2: (a) Rzz(B)/Rz2(0) under MW (f = 57 GHz) illu-
2 mination, plotted vs. 1/B at different T from 0.9 K to 3.5
K. Upward arrows mark positions of the minima suggesting
a roughly periodic series in 1/B. (b) R:2(B)/R::(0) at the
Gap energy E~18K, Er, ~3K minima series (open circles) and at the j =1, 2, 3, aEuf?d max-
_ - ' ima series (solid circles), as a function of 1/T. Solid lines are
for ? =57GHz, ]—1 fits to R+ (T) ox exp(—E/T). The inset shows the values of

the fitting parameter E as a function of B revealing roughly
linear dependence with a slope of ~ 18 K/kG.

Zudov PRL '03, see also Mani Science ‘03



V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

C. Low magnetic fields: response to radiation

T T T T T i T
10 (a) f=57 GHz |0.9-
' -
~ g 1.3
% his
x 6 d o
‘é zwhat causes the oscillations?
% H-8] ~what causes the zeroes?
& 4 -
7;2.2_
2 f2.7- |
3.5
0 _f' : - ! '1‘.":"“
3 2 1 0
1/B (kG ™)

Zudov PRL '03, see also Mani Science ‘03



V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

C. Low magnetic fields:
response to radiation

resistance (voltage - arb. units)

3.5

3.0

2.5

2.0

Further work showed
that oscillations can be
observed at lower
frequencies, revealing
same physics

=
N

=
o

[oe]

resistance (voltage - arb units)

0.4

0.6 0.8 1.0

magnetic field (kG)

12 1.4 ;
0.0 0.2

0.4 0.6

magnetic field (kG)

RLW PRL ‘04



V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

C. Low magnetic fields:
response to radiation

Using lower frequencies, consider
possible anomalous current paths
due to radiation

hh
n N n

RLW PRL ‘04



V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

C. Low magnetic fields:
response to radiation

Using lower frequencies, consider
possible anomalous current paths
due to radiation

By looking at different
contact configurations
around samples, found

voltage (arb. units)

1.8

.
KRR
KRl

!

Zeroes not always zeroes

| T T
16| ]
al — 9GHz, 10db ]
L ~ 12GHz, 3db |
1.0 — —
0.8 — |
" |
0.4F | “M _
0'2:_ R0 ;;,'!.‘fi’\ld
0.0
a—y _
0.0 | OI.2 | 0!4 | 0!6 | 0!8 | 1I.0 | 1!2 | 14

magnetic field (kG)

RLW PRL ‘04



V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

10

C. Low magnetic fields:
response to radiation

05

Common structure
INn non-zeroes

e

Using lower frequencies, consider 45
possible anomalous current paths 6.0

due to radiation 5.5
5.0

4.5
4.0
3.5
3.0
2.5

By looking at different ’0
contact configurations 15

around samples, found 1.0
0.5

voltage (arb. units)

. 1 . 1 . 1 . 1
0.0 0.2 04 0.6 0.8

magnetic field (kG)

10

voltage (arb. units)

0.0 _
Zeroes not always zeroes — —> ]
e | . | . | . | . | . | . 7

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

magnetic field (kG)

RLW PRL ‘04



V. Other parts of the spectrum:

from the electron solid to
non-equilibrium effects

C. Low magnetic
fields: response to
radiation

Consider possible
anomalous current paths
due to radiation

In addition to non-zeroes,
found

systematic differences in
zeroes around sample
perimeter

R (voltage - arb. units)

R (voltage - arb. units)

8 8
7F @ 7k
6l S 6}
e‘ -
5F © S5F
at S at
T L
=
3t g 3L
2} T oL
1F 1+
Ok 1 X 1 Ot 1 . 1
0.0 0.5 1.0 0.0 05 1.0
magnetic field (kG) magnetic field (kG)
\_ = 4/
10 10
9 : — 9F
L & L
8 = 8
L = L
7t a8 TF
6| T et
- a) I
L o)) 5|
5 i g I
L S 4t
4 i g i
3t x 3r
2 L 2F
1} it
0 L . \ ) | ()3 1 , ]
0.0 0.5 1.0 0. 05 1.0

magnetic field (kG)

magnetic field (kG)



V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

C. Low magnetic B-field

fields: response to ®

radiation O - - * ]
In addition to non- £ : !
zeroes, found j " i
SyStematIC " ma;:eticfield (kG) N " ma;:etic field (kG) "
differences in Reverse B-field direction
zeroes around .
sample perimeter i} * 7

£ ol — — ik

And anomalous g of E:
response to =l “
reversing B-field 'l I oL N N

magnetic field (kG) @

magnetic field (kG)



V. Other parts of the spectrum:

from the electron solid to
non-equilibrium effects

Clearly odd current paths at work

C. Low magnetic B-field
fields: response to ®
radiation | | Il i
In addition to non- £ : !
zeroes, found j " i
SyStematIC " ma;:eticfield (kG) N " ma;:etic field (kG) "
differences in Reverse B-field direction
zeroes around .
sample perimeter i} * 7
And anomalous g of E:
response to = R
reversing B-field 'l I oL N N

magnetic field (kG) @

magnetic field (kG)



V. Other parts of the spectrum: Among many,
from the electron solid to two theories developed to explain
non-equilibrium effects radiation induced magneto-oscillations:

C. response to radiation:
Theory of oscillations 1o

T 1“:'1'. "I.'j'!.'."m.i”‘

A%

L R (0]
=
|_

_',n' 1
5 - LT 1'.'r o |
=17 ]
3 .Iu-'_ /\
L 7 Nz
o ".'.:"
FIG. 20 Magneto-oscillations of the dwmm ical conductiv-

ity for a system with smooth disorder, 7, /7, = 1. Solid
line: separated LLs, w.7.o/7 = 3.25; dashed line: overlap-
ping LLs, w70/ = 1. Insel: ey, for fixed wry/27 =1
as a function of w .

Cyclotron-Resonance Harmonics in the ac Response
of a 2D Electron Gas with Smooth Disorder

FIG. 1: Simple picture of radiation-induced disorder-assisted L A Dmitriev."* A D. Midin."*" and D. G. Polyakov'*
current. Landau levels are tilted by the applied de biss. Elec- Unstivwt fir Nanotechnologie, Forschungszentrum Karlsruhe, 76021 Karlsruhe, Germany

trons absorh photons and are excited by energy w. Photo- “Institwt fiir Theorie der Kowdensierten Materie, Universitiit Karlsruhe, 70128 Karlsruhe, Germany
excited electrons are scattered by disorder and kicked to the {Received 23 April 2003; published 24 November 2003)

right or to the left by & distance 4d. If the density of states

to the left excesds that to the right, current is enhanced, I The frequency-dependent conductivity ery, () of 2D electrons subjected 1o a transverse magnetic
viee versa, current is diminished. field and smooth disorder is calculated. The inlu:lp]aj, of Landau quantization and disorder scattering

gives rise o an oscillatory structure that survives in the high-temperature limit The relation to recent
experiments on photoconductivity by Zudov & al and Mam et al is discussed,

1) Radiation induced, - |
disorder assisted current 2) Radiation induces change in electron

distribution function
Durst, et. al. PRL ‘03 Dmitriev, et al. PRL ‘03



V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

C. response to radiation: Theory of oscil

15

)

1
LR N ® /@
C

FIG. 3. Photoresistivity (normalized to the dark Drude
value) for separated Landau levels vs w. /w at fixed wrq = 16.

Thg_- curves correspond to different levels of microwave power
P = {0.004, 0.02, 0.04}.

Dmitriev, et al. cond-mat/0310668

lations

Both theories deduce

a) Oscillatory resistivity with
period ~1/B

b) negative local microscopic
resistivity due to radiation

25 Magneto-oscillations covered



V. Other parts of the spectrum: C. response to radiation: Theory of zeroes

from the electron solid to
non-equilibrium effects

Dynamical Symmetry Breaking as the Origin of the Zero-dc-Resistance State
in an ac-Driven System

A.V. Andreev,"? I L. Aleiner,® and A.J. Millis®
1!‘.fr_\'.w'c'.'.' Department, University of Colorado, Boulder, Colorade 80309, USA
2Rell Labs, Lucent Technologies, Room 1D-267, Murray Hill, New Jersey 07974, USA
'zfll".‘j\'.\'."t'.'f Department, Columbia University, New York, New York 10027, USA
(Received 3 February 2003; published 1 August 2003)

Under a strong ac drive the zero-frequency linear response dissipative resistivity p, (j =0) of a
homogeneous state is allowed to become negative. We show that such a state is absolutely unstable. The
only time-independent state of a system with a py(j = 0) <0 is characterized by a current which
almost everywhere has a magnitude j, fixed by the condition that the nonlinear dissipative resistivity
palj%) = 0. As a result, the dissipative component of the de-electric field vanishes. The total current
may be varied by rearranging the current pattern appropriately with the dissipative component of the
dc-electric field remaining zero. This result, together with the calculation of Durst ef al., indicating the
existence of regimes of applied ac microwave field and dc magnetic field where p;(j = 0) <0, explains
the zero-resistance state observed by Mani ¢ ol and Zudov e al.

Negative local resistivity explains
the zeroes:

system unstable with ?<0, current
circulations form

any microscopic mechanism of nonequilibrium drive re-
sulting in p;(j2 = 0) <0 leads to the observed [1,2] zero
dissipative differential resistance:

av,

dl de

=0, (5)

pf."(]j)
P
=

S N i/
/ J

FIG. 1. Assumed dependence of the dissipative (parallel to
current) component of the local electric field £, on the current
density j,. Inset: dependence of the dissipative resistivity on the
square of the current.

Andreev, et al. PRL ‘03



V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

C. response to radiation: Theory of oscillations

Negative local resistivity explains

the zeroes:
system unstable with ?<0:
current circulations form.
These spontaneous current
domains can result in the
observed zero resistance.

Suggested to try to examine
voltage drop from inner to outer
contacts

F/j—@

[ . .
A Y B B ; v,

" ————
( ¥ L'. Lﬂ + J Ui ;

IG. 2. The simplest possible pattern of the current distribu-
tion—domain wall. The net current, [, is accommodated by a
shift of the position of the domain wall by the distance d: see
text. The electric field in the domain is £y = gy fo. The current
pattern in the Corbino disc geometry is obtained by connecting
the broken edges into a ring.

Andreev, et al. PRL ‘03



V. Other parts of the spectrum:
from the electron solid to O
non-equilibrium effects

B

C. response to radiation:
Voltage

!

10 | ' ' ' '
o —— 20 GHz (19dBm/1dB}) ]
8| ]
~ 7t )
@
S 6F il
g 5¢f
S
>4r
S
B 3
3 2
o
Or 1 External
_l L | L | \ | ) | ) A . .
00 02 04 06 08 10 1o Currentdrive

magnetic field (kG)



V. Other parts of the spectrum:
from the electron solid to

non-equilibrium effects

C. Low magnetic fields:
response to radiation

Currents induced by
radiation:

No current driven
through sample from
external source, yet
voltage pickup from
internal to external
contact

resistivity (arb. units)

10

»

N

N

Voltage

No driving current O
N

20 GHz (19dBm/1dB) |
——20 GHz ACVM i

External
current

drive
04?2V

0.2?V

0.2 0.4 0.6 0.8 1.0 1.

magnetic field (kG)

External
current

2 drive



V. Other parts of the spectrum: C. response to radiation:

from the electron solid to
non-equilibrium effects

Microscopic
?7%0

14 1f3 12 r_u:_,l'm

Negative local resistivity explains
the zeroes:

system unstable with ?<0, current
circulations form

Vortices within the sample,
induced by the radiation, and if
large enough potentially
detectable

These may be observed in
experiments

resistivity

experiment and theory of zeroes

le

FIG. 2: The simplest possible pattern of the current distribu-
tion - domain wall. The net current, [, is accommodated by
a shift of the position of the domain wall by the distance d.
see text.

Macroscopic currents

T
- files 4122700
412280 20 GHz (19dBm/1dB) -
20 GHz ACVM
% _
)
I X 1 X I X I X I X I X I .
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

magnetic field (kG)



V. Other parts of the spectrum:
from the electron solid to
non-equilibrium effects

C. Low magnetic fields:
response to radiation

Summary:

1) Resistance oscillations of period ~? ? . occur with GHz radiaiton

2) Higher mobility samples show zeroes in oscillation minima

3) oscillations explained as due to non-equilibrium electron distribution function
4) Negative local resistivity can result, these induce current vortices

5) Current vortices observed experimentally as induced sample voltages



VI,

Outline:

Introduction: materials, transport, Hall effects

Composite particles — FQHE, statistical transformations
Quasiparticle charge and statistics

Higher Landau levels

Other parts of spectrum: non-equilibrium effects, electron solid?
Multicomponent systems: Bilayers

A. Overview - materials

B. Experiments — drag, tunneling, QHE

C

Recent experiments and excitonic
Bose-Einstein condensation

For review see also J.P. Eisenstein, Les Houches ‘04



VI. Multicomponent systems: bilayers

A. materials

To produce a
bilayer system
make two AlGaAs
wells: the important
parameters now are
the well separation
d and the electron
separation |.

Electron

wavefunction
_ﬂ_ﬂ‘/_

Interesting physics
when d close to |, AlLGa, As
so that d is < 20nm.




VI. Multicomponent systems: bilayers

A. materials

To produce a
bilayer system
make two AlGaAs
wells: the important
parameters now are
the well separation
d and the electron
separation |.

Electron

wavefunction
_Mi

AlAs barrier is dirty.
This limits mobility Al Ga, As Al Ga, As
of the individual
layers.

Narrow AlAs barrier

Typical GaAs layer thickness 20nm, AlAs thickness 3nm



VI. Multicomponent systems: bilayers

A. materials

In producing such a structure, AlGaAs

the problem of the reverse
interface is confronted: a

smoother surface occurs when % 5
growing from GaAs to AlGaAs e : RO
than from AlGaAs to GaAs. '

Good
e— |nterface

This fact and the necessary A A
doping scheme mean that the R R, 3 SR,
cpel- . ! ‘ D
mobilities for these bilayer Rough
structures are not as high as interface
for the single interface s e
structures. A
GaAs
5 Y AR o
S LA




VI. Multicomponent systems: bilayers

In or AuNiGe gate 1

A. materials ey

Experimentally need to
contact the layers
independently to really
study the interactions
between the two layers.

Use a set of gates on the
top and on the bottom of
the sample to accomplish
this.

Gramilla ‘91



VI. Multicomponent systems: bilayers

A. materials In or Au\Niie gate 1
. e |

Experimentally need to F .

contact the layers
independently to really
study the interactions
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VI. Multicomponent systems: bilayers

In or AuNiGe gate 1
|

A. materials

Experimentally need to
contact the layers
independently to really
study the interactions
between the two layers.

Use a set of gates on the
top and on the bottom of
the sample to accomplish
this.

Gramilla ‘91



VI. Multicomponent systems: bilayers

A. materials . .

Experimentally need to
contact the layers
independently to really - (a) -+ F (b -8
study the interactions
between the two layers.

Use a set of gates on the
top and on the bottom of
the sample to accomplish
this.

6y,3(107%0™)

Backgating possible by
allignment through sample

Gramilla ‘91



VI. Multicomponent systems: bilayers

A. materials . '
Experimentally need to '

contact the layers
independently to really - (o) e 8

study the interactions
between the two layers.

Use a set of gates on the
top and on the bottom of
the sample to accomplish
this.

61.3{1(}-4 -11

Backgating possible by
allignment through sample

Gramilla ‘91




VI. Multicomponent systems: bilayers

A. materials F - '
Experimentally need to '

contact the layers
independently to really

study the interactions
between the two layers.

Use a set of gates on the
top and on the bottom of
the sample to accomplish
this.

6y,3(107% 2™

Backgating possible by
allignment through sample

Gramilla ‘91



VI. Multicomponent systems: bilayers

A. materials
Independent contacting facilitates a series of experiments:
|
. . o 3 1
1) Drag measurements: probing adjacent layer ’iﬁlg ) |
interactions L
2) Tunneling measurements: response to injecting
charge
¢ T.=1'r".K
2D - 2D H |
3) bilayer transport measurements showing QHE: g * e
collective state of two adjacent layers : A ler<e,
) 2 1| 3D-3D -
20k - ’ _\J- l:'

2

-2 -1 0 1 2
Interlayer Voltage (mv)

20UB)SISDY [BUOT BI(]

Hall Resistance (h

ezl

Magnetic Field (Tesla)



VI. Multicomponent systems: bilayers

B. experiments: 1) drag

e o o T

>

Examines Coulomb scattering

between layers

Rp (m0/0)

100

Tor

50

29 |

“large” separation (>100A)

T

b=

— T
Es— EI

—Ep

2 4
Temperature (K)

Gramila, et al. 1991

&

1 80

-
on

£a
=]
7,1 (108/zec)

,_.
o



VI. Multicomponent systems: bilayers

B. experiments: 1) drag

Guess that Ry (=?51) ? T2

From phase space argument

Rp (m0,/0)

100

To

a0

25

. B0
FA
!
L ] | L
) 1 45
J'f ®
2 7
) -
i " {30 S
o/ =t
P 4 T
o’ 3
B .'-.-_..I = lEl
-:J"ﬁ\* T2
I.I/; 1 1 i ﬂ
0 2 4 =]

Temperature (K)

Gramila, et al. 1991



VI. Multicomponent systems: bilayers

B. experiments: 1) drag

d, =100 A

100 A

3.8 180 A

4.7
N, =N, =52x10" cm?

T(K)

Theory: p,, € ———
D N3d?

M. Kellogg, et al. 2002

MacDonald ‘91
Jauho & Smith ‘93



VI. Multicomponent systems: bilayers

B. experiments: 1) drag and composite fermions

B=0 Electron Fermi Surface

B>>0 wv=1/2
CF Fermi Surface

e/r ) 1 .
—_— D 7, ~ 7T

Landau Levels




VI. Multicomponent systems: bilayers

B. experiments: 1) drag and composite fermions

Drag Resistivity (01,/o)

Drag resistance greatly enhanced at 1/2 filling factor

=

T = 06K

1/2

ve. 0.2K

-

T = 0.BK vs. 03K

pp @/

a ] 10 11
Magnelie Field (T)

12 13

500

400 |

B=0, x1000

0 2 4 6 g8 10
Temperature (K)

Lilly, PRL ‘08



VI. Multicomponent systems: bilayers Lilly, PRL ‘98

_ B=11.4T
B. experiments: 1) drag '
and composite fermions 400 | e =
e
ke 300
. . =
High B-field slow ;-
- g 200 - N
relaxfatlon of ch_arge a'i Theory
denS|ty fluctuations E 100 Ussishkin and Stem

Kim and Millis } singular gauge field fluctuat._.._ sl
Sakhi
Ussishkin and Stern == B = 0 theory + o, (q,0) at v =1/2 Theory gets T43 not overall
magnitude.
B=0: gq,.~ 1/d

v=1/2: 0, xq - Slow relaxation of charge fluctuations Functional dependence due to

Gy ~ TV composite particle
conductivity wavevector
4/3 dependence:
h| T T, ~ 7e’Nd /¢ ~ 190 K

e’ \ T, pp,~ 10Q/0 @ T=05K




VI. Multicomponent systems: bilayers

B. experiments: 2) tunneling

Murphy, PRB ‘95

o] T T T g |
T=175K
2D M
— 4} -
£
Sharp resonance at B=0 due to S
momentum and energy g — J._r << E;
conservation in 2D oer .
= 3D-3D
S

(Tunneling through oxide from . . '_|1 **Dn 1 ’ g
and to normal metals) nteriayer Voliage (mv)



VI. Multicomponent systems: bilayers

B. experiments: 2) tunneling

Tunneling in a Parallel Magnetic Field

F4

A

A=-Bzy

B |

—

—
ks = eBdlh

Experiment

Gyz2 (104 Q1)

MAGNETIC FIELD (T)

TUNNEL CONDUCTANCE (arb. units)

-
L=

.

&h

-

P

=

=
"
o
=)
=]



VI. Multicomponent systems: bilayers

B. experiments: 2) tunneling

Tunneling in a Parallel Magnetic Field

F4

A

B |

S

| ! > Ky Experiment
5 —
(b) B=00T

-—

kg = eBdih

TUNMEL CONDUCTAMCE (arb. units)

0 0.5 1.0 15 2.0



VI. Multicomponent systems: bilayers

B. experiments: 2) tunneling

Tunneling in a Large Perpendicular Magnetic Field

Tunnel Current {pA)

-15 =10 -5 0 3 10 15
Interlayer Voltage (myv)

Zero bias suppression suggests Coulomb gap




VI. Multicomponent systems: bilayers

B. experiments: 2) tunneling

Tunneling in a Large Perpendicular Magnetic Field

ﬁ- -

diidv (10°a™)

-15 -1 -5 0 5 [0 15
[nterlayer Voltage (mV)



VI. Multicomponent systems: bilayers

B. experiments: 2) tunneling

Field Dependence: B =8 —» 14T

(=S
(=)

Current (na)

0 5 10 15 =0 25 30 35
Voltage (mV)

Suppression is generic




VI. Multicomponent systems: bilayers

B. experiments: 2) tunneling

Lowest Landau Level is a Strongly Correlated System

E | | n | | n | | n
T=03K
E_ IS- -
=
=
o
E d -
=
LR T 3 9 e -
[:I -y Y | a_'. e A il
0 2 4 & 8 10 12

Magnetic Field (T)

Vacancy + interstitial

Tunneling is fast compared to relaxation time of 5

charge defects. e
g e it.‘.r"gap = UBE
Result: Tunneling is suppressed at voltages below

mean Coulomb energy.




VI. Multicomponent systems: bilayers Experiment = low temperature
transport through bilayers with
contacts to both layers (not
independent)

B. experiments: 3) quantum Hall effect

2

Hall Eesistance (h/e™)

2OUESIEA Y [EUOTRI(]

vi=1=Y%+"%

(759

(.5

vi=Ye =Y+ Y

v

Magnetic Field (Tesla)

Ly
S

Quantum Hall effect observed at total filling factor 1 =%
in each layer and at Y4 in each layer



VI. Multicomponent systems: bilayers

B. experiments: 3) quantum Hall effect

A _ B d _
= =24 e = 2.7
As d/l increases, the QHE is 51 5
lost at total filling factor 2, o Mk
Yo + Yy E | l
:n + 10 }'U £ 10
The interlayer Coulomb >
Interactions are necessary £l U . | . |
for the QHE at these bilayer = & 8 10 8 & 10 12
- on
filling factors. w g :;12_9 o
o -
-
@ st 5
g 213 =09
l i
0 | | | ol | |
i 10 12 & B 10 12

MAGNETIC FIELD (Tesla)



VI. Multicomponent systems: bilayers

B. experiments: 3) quantum Hall effect
31A barrier

Experiments show 4 No oHE
1) Phase boundary 36 o f’;,f-'f .
2) Phase boundary 2% - n

intercepts vertical axis at N *
finite d/ |, for ? = 1 state - 1 QHE I

El %5

¥ Asas/(€*/€lp)

v=1
AT

025 050 075  1.00 | 1.25
B/B(v=1)

Murphy et al ‘90 40 A barrier



VI. Multicomponent systems: bilayers

B. experiments: 3) quantum Hall effect

Halperin's Generalized Laughlin States

Tl —_ —_ / ) Y d v Y
Vo (2N ) ~ ]_[ (z,-z,) ]_[(u.-, —w,)" ﬂ{,ﬂ. -w,)"
i< <] t<f

At vy =1/2

Yo = [TG-2)" [Tos-w) Tl

i<j i<j i<

—©0—0—0—0000—00-0 -
Hole
Alligned with
electron in Similar to a 1/3 FQHE state plus one hole/electron

other layer



VI. Multicomponent systems: bilayers
B. experiments: 3) quantum Hall effect

Atve=12: Yy ~ [ @E-2) | |on-w)' ] |@-—w)
[ f<

i<

—_0O0—8—0——0—0—"—08—0—0

O

O

e—O0

>
O
o
O
o
O

At vy =1 Yo ~ [1@-z) []os—w] Jz-w)

i< i I<f

Bilayer QHE states related to Halperin generlized Laughlin states?



VI. Multicomponent systems: bilayers

B. experiments: 3) quantum Hall effect

?=1 bilayer
QHE has two
possible
origins:

Single particle
&

Many-body
effect

1. Single Particle Tunneling

Antisymmetric State

Symmetric State

Asas]

Reduce tunneling to get rid of the single particle origin



VI. Multicomponent systems: bilayers

C. Experiments — ?, .., = 1 excitonic Bose condensate

Excitonic Bose Condensate

+ —
For low tunneling regime,
predicted that electrons slectrons
the condensed state at
2o = 1 May be an t +
excitonic Bose electrons holes filled Landau
Condensate? level

Charge neutral excitons —_— f; ; ' ' ' ' '//

J.P. Eisenstein, ‘03




VI. Multicomponent systems: bilayers

C. Experiments — ?

total —

Zero Tunneling Limit

dir

6T T T T T T
| & @ .
3 Vi = |
i MO QHE -
i b & -
® 0 ®
2 & .-—
n ? OHE i
|:| I_ [ - 1 1 | [ 1
w1t e 1wt o1t 1wt 1w

Tunneling Strength, A, J(e/ef)

1 excitonic Bose condensate

('Afa.gGao. 1AS
—)I-I(— 10nm

Ul

«—» 18nm
N~ N~ 8x1070onr2

{- Quan
|

T
L

um critical point
layer spacing
Tz

vr = 1/2 + 1/2

J.P.E. 04



VI. Multicomponent systems: bilayers

C. Experiments — ?.___ = 1 excitonic Bose condensate

total —

?7.« = 1 QHE clearly not due to simple single particle spectrum

:EE \

= 90uK =~ 1.2x10-F6 =

estimated Agy

i
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very low tunneling & large ? = 1 energy gap in these samples
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C. Experiments — ?.___ = 1 excitonic Bose condensate

dlidy (106 1y

total —

Again, examine tunneling near the excitonic phase

Remember:

E=0 Narrow resonance, created by
momentum and energy conservation:;
a single particle effect.  I'~200peV

E>=0 Strongly suppressed tunneling
around zero bias, broad high energy
response; a many-body-effect.
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C. Experiments — ?, .., = 1 excitonic Bose condensate

However, near
condensate

Vacancy + interstitial

Tunneling is fast compared to relaxation time of
charge defects. o AV, ~ E}_S’%
Result: Tunneling is suppressed at voltages below “
mean Coulomb energy.
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C. Experiments — ?, ., =

As phase boundary is
crossed into the QHE
range, tunneling peak
occurs similar to B=0

1 excitonic Bose condensate

Crossing the v =1 Phase Boundary
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C. Experiments — ?, .., = 1 excitonic Bose condensate
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Counter-flow superfluidity rapidly
relaxes charge defects created by
funneling.
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What is expected in transport when the layers can be probed independently?
Counter-flow experiment

10

vr=1
=]

theory

Hall Voltage
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2 4 6 g8 10
Magnetic Field

=

Charge neutral excitons should feel no Lorentz force!
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C. Experiments — ?, .., = 1 excitonic Bose condensate

What is expected in transport when the layers can be probed independently?
Counter-flow experiment — Hall resistance goes to zero

vi=1 —l

1.5

[T =30mK

%)
o
|

(hie
I
|
v

i

0.5F

u experiment

0.5 1.0 1.5 2.0
Magnetic Field (T)

0.0
0

At vo=I R%,F »0 as T—>0  m—(e-

exciton transport dominates counterflow

Kellogg, PRL ‘04
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C. Experiments — ?, .., = 1 excitonic Bose condensate

What is expected in transport when the layers can be probed independently?
Counter-flow experiment — longitudinal resistance goes to zero

19+ - 30 mK

V=1 _l 2.0
1.0 - - - y
-UD

At vp=1: R%'f » 0 and R§§ 0

(hie
}(IH

Ri‘!ﬂ'
(swyOy)
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0.0 L 0.0
0 0.5 1.0 15 2.0
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Excitonic superfluidity?

See also results on drag at total filling factor 1 Kellogg, PRL ‘04
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Conductivities

C. Experiments — ?.___ = 1 excitonic Bose condensate
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Counterflow dissipation small but non-zero at all finite T.

See also results on drag at total filling factor 1
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J.P. Eisenstein ‘04

Results

In closely-spaced bilayer 2D electron systems at vy = 1:

Start with a double layer 2D
O ® O ® ® electron gas
® ¢ © ©
e
@
/ ) o © \

dd a magnetic field

A
o

DD

Presto! A BCS-like superfiuid
comprised of interlayer excitons.
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Summary:

1) Multilayer systems of high mobility (correlations)
possible

2) Drag experiments between layers expose Coulomb
interaction properties

3) Tunneling measurements show the effects of
correlations in the layers through their relaxation

4) Bilayer total filling factor 1 state shows ensemble of

effects that are interpreted as a BEC of excitons
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The end



