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Outline
Multi-component quantum Hall system
spin, layer, or valley (for SI) degrees of freedom

Spin: Quantum Hall ferro-magnet
Collection excitation and quasi-particle in QHFM
Spin wave, skyrmion
Layer: v=1 Bilayer system as a QH pseudo-FM
Collective excitation and quasi-particle in in QHpFM
Pseudo-spin wave, meron
Josephson-like effect in bilayer system
v=2 Three different quantum phases
Ferromagnet, canted antiferromagnet, and spin-singlet
The effect of in-plane magnetic field



Layout of aquantum Hall system

doped Al Ga, ,As+—10-100nm
""""""""""""" 2DEG

undoped GaAs 1-4 pm

semi-insulating
GaAs

FIG. 3. Typical shape and cross section of a GaAs-
Al Ga;_.As heterostructure used for Hall-effect measure-
ments.

AlGaAs




Landau levels
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Figure 1.22: (a) Landau energy levels for an electron in free space. Numbers
label the Landau levels and +(—) refers to spin up (down). Since the g factor
is 2, the Zeeman splitting is exactly equal to the Landau level spacing, Aw. and
there are extra degeneracies as indicated. (b) Same for an electron in GaAs.
Because the effective mass is small and g & —0.4, the degeneracy is strongly
lifted and the spin assignments are reversed.

Strong magnetic field (> 1 T)

L ow temperature (< 4 K)



Some important parameters

Typical length scale: magnetic length £ = vV/eB < 128 A at 4T

- Didlectric constant: 12.8 e€ld =100K a4T

Material dep.
< Effective mass: 0.068m, hw,=80K at4T
GaAdAlIGaAs 0.38 m, (LH), 0.6 m_(HH)
+ g factor: -0.44, spin-orbit effect

qugB=1Kat4T
Landau level degeneracy: D, | = Bx(sample area)/®,
Sample dep.
mobility (10* — 10°cny/V's), electron density (10* /cn)



Physicsin the Lowest Landau Level (LLL): integer case
Filling factor v=1

{ T=0
{ T>Ez
{ plus e-e interaction

spontaneous ferromagnetic ordering
snglespinflipcosts = (n/2)"?eYel =125K at 4 T
QHFM: an itinerant ferromagnet with quantized Hall resistances
The wave function is ssmply the m=1 Laughlin wave function

— the world s best understood ferromagnet



Manybody effect on the “Zeeman splitting”

vi=1. gugB=qugB+Z, > = (r/2)"? elel

vr <1 gueB = gugB + Z<[m(g)-ni(9)],
need to be solved sdlf-consistently, Ando+Uemura 1974
+ oscillatory behavior



Spin-related elementary excitations in QHFM

Spin wave
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Semiclassical Picture: )
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Dispersion Relation (v = 1) [Lerner & Lozovik, 1980]

= (n/2)Y?e?/el

spin-wave momentum P

P{¢/h — oo = quasielectron/quasihole pair.
Are these the lowest-energy charged excitations?



skyrmion — charged spin-texture excitation [Sondhi et al, 1993] —

different forms of spin texture in 2D:

easy axis, antiskyrmion / skyrmion

easy plane, vortex

LR R O D A T T L Y
SN R A S R S T S S S
SO . I A T T T
E A A L T U
AT A AV A B B UL NN
I A B N
444444 B o = e o e
e e
S e A NN A S e e
S N T T T A A
R P
T T S S S
CE T T T T T T T 2 S 4
LN T T S T S T R
O S L T O D L
L N T T T
R L UL U A A A A A A
L B
e N
TTTTTT = = = = =
e RN
T e A T T
O
S A A S T T T T
A A S T T A
T T T "R T
bt
R
AN A
. &}AC\ P
-~ & a 7

- = TN >

Ve Sa,
V' //
SN



Formation of a skyrmion

bl e iy Noninteracting

Iﬁj\“\“—.«// i llﬂ Rty = / ff; Plus e-e interaction

C xmwem x = 4o

PR ESe 2 ol 1

Plus Zeeman enerqy

g << 1: larger extent of distorted spins is better
— rapid depolarization by adding one skyrmion

g >> 1. only one spinisflipped



The skyrmion is charged

Spin texture determines charge density profile

Topological density

Topological charge of spin texture
Qtop = -él;/dzr P - By X dgm = integer
Qup IS the wrapping number of the S*(r ) S°(m) mapping

stable against smooth continuous distortion of m(r)

Electric charge Q =v € Q,



Barrett et al, 1995. Schmeller et a, 1995.
NMR magnetotransport
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FIG. 3. L"a.*;h'll-..’-l.‘llx‘n'_ !.1| K, on fillma factor v tor K " 705 T FIG. 2. Results of tilted-field experiments on the » = 1 QHE,
fopen amcless at L35 K, As explimed in the text, both higs The energy gaps A at fixed B, are plotied vs the Zeeman
are given by Ego o0k but the solid dine has A =5 = | encrgy g ptp B, both in units of ¢ efy, Each data set stanis
enspEtenwting electrons b, white the dushed line has 24 = § = with & =0 and B, = 8. at the lower left. On the quantum
LA finie-size Sherians well samples we use gate electrodes to tune the electron
| 1P Skan 1l densities [11]. From top to bottom the sa.m_Ehlﬁ had electron

densities 0.6, 1.0, 0.6, and 1.0 * 10" cm™ and mobilities
34, 052, 018, and 0.16 % 10° cm?®/Vs, respectively. For
comparison we include lines with dA/#guglie) =5 =7
(dashed) and 1 (dotted). The inset shows a Hartree-Fock result
of Skyrmion theory (full line) [514].



Maude et a, 1996
magnetotransport
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FIG. 3. The measured energy gap at filling factor » = | as a
function of the bare g factor (bottom axis) and as a function
of g". the ratio of the Zeeman and Coulomb energies (top
axis). The solid line is the expected gap for a Skyrmion-rype
excitation [7], while the short-dashed line indicates the expected
variation for the “bare” Zeeman dependence £y + slglpsB
{with 5 = | as predicted by the spin-wave dispersion model).
Lines with slopes corresponding to s = 7 spin flips (long-
dashed line) and 3 = 33 spin flips (long-short-dashed line} are
shown for comparison.



I|nter-Landau level excitations

Different waysto lift an electron from n=0 to n=1.

v=1 I
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v = 1[Kallin + Halperin, 1984]
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FIG. 3. Energy shifts for a spin-polarized sample with only
the lowest Landau level filled, v,=1 and v,=0, and m=1 are
shown. The energy scale is in units of e”/efy. The solid curve
denotes AE® = Ef(k)—w., where @=Ef(k) is the pole in the
density response function ¥,. The same pole appears in Yo, also.
The dashed curve denotes .-.‘;E.'?" =HT* —w,— | gugh |, where
:;-g.—.!:‘f’ is the pole in the spin-response function ¥, . The

RPA energy shift, Egpa —w,, is denoted by the dotted curve.
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v=2
spin-polarization instability in atilted magnetic field
[Giuliani + Quinn, 1985]
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paramagnetic &+ ferromagnetic phase transition



Daneshvar et al, 1997
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FIG. 3. (a) Filled symbols show the energy paps measured at
» = 4 as a function of the total magnetic field applied to the
sample. A4 drops linsarly to a gap of 3.5 = 0.1 K at its turning
point at 9.13 T. The solid line is a fit to the A, data below
7.2 T with the slope corresponding to a g factor of 1.1. Open
symbaols show similar data for # = 6. (b) The energy gaps A,
and As at odd filling factors. As exhibits distinct curvature
near to its turning point at 5.7 T. The solid lines have the same
gradients as the line in (a), and demonstrate that away from 6 T
the data are consistent with the g factor measured at v = 4,



Summary

v = 1 Quantum Hall ferromagnet
spin-related excitations

N

Spin wave
ANn=0+<
Skyrmion, tunneling

r

magnetoplasma

N

AN=1<

spin flip
v= 2 Quantum Hall paramagnet
Giuliani-Quinn instability, PM — FM transition

/

bilayer system (v = 2), FM/CAM/SY M phases
[Das Sarmaet al, 1998]



