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what is known about spin-polarization at v = 5/2: very old and most recent results
adiabatic continuity between Coulomb GS and Pfaffian for systems with NV < 18 electrons
phase diagram in pseudopotential plane: Gapped phase coincides with Pfaffian phase

how to localize quasiholes

adiabatic continuity between Coulomb “GS" and Pfaffian for 2 quasihole system

adiabatic continuity between Coulomb “"GS™ and Pfaffian for 4 quasihole system

conclusions

open questions




a short overview of the early history of v =5/2

See references concerning v = 5/2 in Nayak, Simon, Stern, Freedman and Das Sarma, RMP 80, 1083 (2008)
First observation of FQH state at v = 5/2: Willett et al. PRL 59, 1776 (1987)
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Collapse of v = 5/2 state in tilted field:
Eisenstein et al. PRL 61, 997 (1988)
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Activation energy of p,. in a tilted field: Eisenstein et al., Surf. Sci. 229, 31 (1990)
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Conclusions from Experiment

FQH-plateau at v = 5/2
Gap decreases in tilted field — gap reduction o< Byt

Transition to compressible state for By, > B,

Simplest scenario - generally believed for 10 years until 1998

e FQH state at most partially polarized or fully unpolarized (cf. v = 8/5)
® lowest energy excitations involve spin flip - gain in Zeeman energy
e Transition to gapless fully polarized state at B = B, induced by Zeeman energy



FQH states in half-filled Landau levels
Theoretical ideas

Halperin (1983): generalization of Laughlin wf (bilayers or spin)

°
N/2 N/2

W,y = H(Z’L — z) " (w; — wg)" X 1_[(2:Z — wy)" X Gaussian
i<k ik

2

m + n

Fill Factor v =

e v = 2/5 : spin-singlet state W335 (observed by Eisenstein et al. 1988)

e v = 1/2: for bilayer systems W331:  z; electrons in layer 1, w; electrons in layer 2

Haldane and Rezayi (1988) spin-singlet state (s-wave paired state).
Let z; = zj and w; = z;

1
VUyp = Wi331 X permanent——— = Wy X det

Zi — Wk (zzT — z,ﬁ)2




Moore and Read (1991) «cf. also Greiter, Wen and Wilczek (1991): spin polarized p-wave paired
wave function

Wyp = A (‘;[1331) = ¥y X Pt
Zi — Rk

Pfaffian (antisymmetric function of all variables) defined by

N/2 1
(=1)7F
— 2k PGZSN H ZP[i] — AP[i+N/2]

is exact ground state (zero-energy state) for special 3-body interaction

N
VSbody — H Szkm ( vivfna(zz — Zk)é(zz — Zm) )

1 <k<m

Note W, = AWs3q on disk and sphere, A is the antisymmetrizer. More complicated on torus.



2 quasihole excitation:

(zi —w)(zx — u) + (u +— w)

\IJMR—|-2qh = \112 x Pf
Ri — Rk

4 quasihole excitation:

(zi —wi)(zs —ur)(zr — w2) (2K — u2) + (wr «— wy)

2 — Rk

W rrrtagn = Yo X Pf

Note: There exists a second, linearly independent wf with 4 quasiholes at positions w1, w1, wa, wo: interchanging
U1 > Wo

/ Zi — wi)z; —wo)(zr —ur)(zr — u2) + (up «— w
\IJMRth:%pr( 1)( 2) (2 — u1) (2 — u2) + (ue 0)

Zi — Rk

Nayak and Wilczek (1996), Milovanovic and Read (1996):

2n-quasiholes: 2”7 fold degeneracy for Pfaff-interaction == non-abelian statistics

Moore Read Pfaffian: Wy, characterized by non-abelian statistics (¢ = 1/4)




Numerical investigation Polarized vs. Spin-singlet

Unbiased numerical study (except fully polarized vs unpolarized): RM Phys. Rev. Lett. 80, 1505 (1998)
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Unpolarized system Spin = 0

very large finite size effects
spin-singlet is GS only at N = 6, Ng = 10 (for vanishing Zeeman energy, g = 0)

no consistent energy gap values

no local singlet: pair correlation function resembles that of polarized state with long-wavelength spinwave
excitation to establish Spin = 0. Real GS would be polarized.

Polarized system

e L =0GSat Ng =2N — 3, S = 3 forall even tested (N < 18)

e For all other values of the shift S we obtain GS with L = O(N") = O(1), consistent with charged excitations
in an incompressible background (2 or 4 quasiparticle states).

Quantized state at v = 5/2 is spin polarized!

Recent References: Spin Polarization

lvailo Dimov, Bertrand I. Halperin, Chetan Nayak, arXiv:0710.1921
A.E. Feiguin, E. Rezayi, Kun Yang, C. Nayak, S. Das Sarma, Phys.Rev.B79, 115322 (2009)
A. Wojs, G. Maller, S.H. Simon, N.R. Cooper, PRL 104, 086801 (2010)



excitation energy

Test system by varying 1}
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The Haldane pseudopotential

2 electrons in lowest Landau level with relative angular momentum L
L n—(z11°+l22/%)/4
Grn(z1,22) = (21 — 22) (214 22) €

Haldane pseudoptential:  energy of two-electron state

L < ¢L,n‘v‘¢L,n >
L —_—
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Paired state stable in the window 0.95 < Vl/VlcO“lomb < 1.2

Gap Ag/ & 0.025€%/ely at Vi = V,Coulom?

Gap is maximum for V7 which maximizes overlap of GS with W, r or pair wave function Wy

For V1 2 1.2 transition to Composite Fermion liquid state (like in the lowest half-filled Landau level)

For V1 < 0.9 transition to symmetry broken state (at L = 2). Charge density wave state a la Fogler
and Shklovskii.




Experimental results possibly confirming the spin-polarized nature of v =5/2

W. Pan et al. Sol. St. Comm. 119, 641 (2001): v =5/2vs. v = 8/5 (unpolarized at low density)

N ol
0‘3 " V=8/5 \Q .,_/ (b)
< 0.2} Q /
<01 O v=5/2
0'0 2 | 2 1 1
8 10
B (T)

Smooth dependence of gap on magnetic field, no break in slope or sign of discontinuity, indicates that

neither ground- nor excited state at v = 5/2 is changing its character, while Zeeman energy changes by
~ 2K.

Thus, no phase transition in the spin sector appears to occur in this large range of fields. At the largest
field, the system is likely polarized, implying that it should be SPIN-POLARIZED in the whole range of
magnetic field shown.




Largest density sample

PRL 104, 166801 (2010) PHYSICAL RE'
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v = 5/2 Fractional Quantum Hall Effect at 10 T: Implications for the Pfaffian State 1T ( 1 ’K) Bm (T)

Chi Zhang,"? T. Knuuttila,' Yanhua Dai,' R.R. Du,"** L. N. Pfeiffer,** and K. W. West>*

Decrease of gap on magnetic field cannot be explained by Zeeman effect with a reasonable g-factor

Thus, system is SPIN-POLARIZED in the whole range of magnetic field shown.




But.....
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PRL 105, 096801 (2010) PHYSICAL REVIEW LETTERS 27 AUGUST 2010
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Optical Probing of the Spin Polarization of the » = 5/2 Quantum Hall State

M. Stern,l‘* P. Plochocka,2 V. Umansky,1 D.K. Maude,2 M. Potemski,2 and 1. Bar—Joseph]

'Department of Condensed Matter Physics, The Weizmann Institute of Science, Rehovot, Israel
2Laboratoire National des Champs Magnétiques Intenses, CNRS-UJF-UPS-INSA, Grenoble, France
(Received 17 May 2010; published 23 August 2010)

‘We apply polarization resolved photoluminescence spectroscopy to measure the spin polarization of a
two dimensional electron gas in perpendicular magnetic field. We find that the splitting between the o*
and o~ polarizations exhibits a sharp drop at » = 5/2 and is equal to the bare Zeeman energy, which
resembles the behavior at even filling factors. We show that this behavior is consistent with filling factor
v = 5/2 being unpolarized.

this behavior is consistent with filling factor v = 5/2 being unpolarized
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Adiabatic continuity between Pfaffian and Coulomb GS?

week endin,

PRL 104, 076803 (2010) PHYSICAL REVIEW LETTERS 19 FEBRUARY 2010

Fractional Quantum Hall State at v = g and the Moore-Read Pfaffian
M. Storni,1 R.H. Morf,1 and S. Das Sarma’
'Condensed Matter Theory, Paul Scherrer Institute, CH-5232 Villigen, Switzerland

2Condensed Matter Theory Center, Department of Physics, University of Maryland, College Park, Maryland 20742, USA
(Received 20 December 2008; published 18 February 2010)

Following Wen (1992): study system in the presence of a hypothetical interaction

N
Vine = (]— — x) Veoutomb + @ A‘/Eibodya V3body — N_5 H Szkm( szi(S(Zz — Zk)é(zz — Zm) )

1 <k<m

Visbody IS the interaction for which the Pfaffian ist the exact zero-energy GS.
0.013 T T T T T T

0.012 | -
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0.01 | S i

<Vz>/N
+

0.009

0.008 * =

0007 | | | | | |
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1N < Vapody > /N vs (1/N) at v =1

Vint interpolates between Coulomb and this three-body interaction when «x is varied from 0 to 1.

The parameter \ sets the energy scale of the 3-body interaction such that the gap at * = 1 coincides with the
Coulomb gap in the second Landau level. It is independent of system size.



Adiabatic continuity between Pfaffian and Coulomb GS?

Study system in the presence of a hypothetical interaction

N
‘/int — (]— — m) VCoulomb + x >\‘/3bod'y7 V3body — N_5 H Szkm( Vzvfn§<zz - Zk)(S(ZZ‘ — Zm) )

1 <k<m

which interpolates between Coulomb and the three-body interaction when x is varied from 0 to 1. The parameter A
sets the energy scale of the 3-body interaction such that the gap at £ = 1 coincides with the Coulomb gap in the
second Landau level.
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Phase diagram in the v1, vs-plane at N=16

nu=b/2; N_{ell=1E, N_{phi}=29, gaplv_1.v_3) ru=b/2: N_{ell=1E. M_{phi}=29, overlap}(v_1,v_3)
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Phase diagram in the vy, vs-plane at N=16
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Blue (Red) curve denotes the physically accessible (v1, v3) points in lowest (second) Landau level when varying the
finite width of the wf in the z-direction. The points refer to values w /€y = 0, 1, 2, 3, 4 starting right. The domain
coloured in light blue is compressible.

Black solid line: maximum of overlap < G'S(v1, v3) | Pfaf fian > is very close to maximum of gap

The red line referring to the (w1, v3)-values accessible at v = 1/2 are so close to the compressible domain that no
definite conclusion can be reached on the existence of a Pfaffian phase at v = 1/2.



Energy gap at v = 5/2 in thermodynamic limit
computed from exciton with largest L = N /2
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Charge density of exciton state

To localize gp and gh at the north and south pole, respectively:
Study exciton with maximum L = N/2 and L, = £L

density of exciton at nu=5/2 (N=16) in lowest and second LL density of exciton at nu=5/2 (N=20) in lowest and second LL

density rho(R) and integral 2*(rho(R)-1) R dR
density rho(R) and integral 2*(rho(R)-1) R dR
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To get a better impression, let's look at them from “above”
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5/2 from transport experiments
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Note: Paper on Transport Gaps: N. d’Ambrumenil, B.l. Halperin, RHM, arXiv:1008.0969



Charge density of 2 quasiholes at north and south pole
cf. Toke, Regnault and Jain, PRL 98, 036806 (2007)

Solution:  Use d&-function localization potential which couples to charge and quadrupole moment of

excitations
nu=1/3 2 quasiholes (N=8)
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In v = 1/3 system: a density 'plateau’ forms where the missing charge 1/3 is observed



What about quasiholes

GS density for 2 quasiholes at nu=5/2 (N=20)

in bigger systems?

GS density for 2 quasiholes at nu=5/2 (N=20)
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quasihole and quasiparticle are very large with area Ay 2 (5 — 8) 2743 and Ay, £ (20 — 30) 27763

Y

total area of sphere Agsphere = (N/v) 27768 — for 2 quasiholes, we need at least N 2 6




Use tuned pinning potential F' which couples to the electron density in the second Landau

positions R
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Energy spectrum of system with 2 quasiholes (N=16 electrons)
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| all cases studied, we find that the GS occurs at L, = O even if there is only a pinning at one pole. We do expect
that for very large pinning potential at only one pole, there will be a transition to a GS with L, % 0, see right panel.



density

density of system of 2 pinned quasiholes

12

0.6

0.4

0.2

T
v=5/2 14 electrons (smooth localisation potential at N and S)

density
missing charge _

density

1 1
10

|
4 6 8
great circle distance [magnetic length]

S}

12

0.6

T
v=5/2 14 electrons (smooth localisation potential at S-pole)

density L,=7 e
missing charge L,=7

density L,=0 ——
missing charge L,=0 ——

1
10

great circle distance [magnetic length]

Single pinning potential at S-pole



Energy of L-Eigenstates of 2 quasiholes vs Coulomb energy of 2 pinned
quasiholes
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GS is protected by a small gap for 0 < = < 1.




Adiabatic continuity of “non-abelian doublet” in system with 4 pinned Qholes

Note: To avoid the formation of double quasiholes with charge
interaction: (1 — x) X F
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In both geometries, we observe that the lowest energy doublet (red lines) remains lowest for 0 < x < 1.

The label “Pfaffian” denotes the variational results for the splitting of the non-abelian doublet using MR-limit states

as trial states (cf. Baraban et al. PRL 103, 076801 (2009)).



Adiabatic continuity of “non-abelian doublet” in system with 4 pinned Qholes

Note: Breaking rotation invariance leads to vastly larger Hilbert space dimension 1D and number of 3-body interaction
matrix element
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How to approach MR-limit at & = 1 for finite pinning potential

Duncan Haldane: Use STM-tip with a quarter electron at position R}, as pinning potential:
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The energy of the state that becomes the GS at
x = 1 is the reference zero energy. The red lines depict the lowest energy doublet. It has a finite splitting in the

MR-limit because the pinning potential F'y mixes in states with non-zero energy in this limit. The third state (2nd

excited state) is 3-fold degenerate and corresponds to an excitation in the pinning potential. We find that its energy

separation from the doublet depends sensitively on the strength ¢ of Fiy (not shown).



Conclusions

This makes us hopeful:

e Adiabatic continuity at v = 5/2 between Pfaffian and Coulomb GS for all sizes studied (N <18).

e The gapped phase at v = 5/2 observed in the plane of pseudopontials v1, v3 coincides with the
domain of non-zero overlap between the overlap of the GS(v1, v3) with the Pfaffian state.

e Maximum overlap between GS and Pfaffian essentially coincides with gap maximum when varying v
and keeping v3 fixed.
e Adiabatic continuity at v = 5/2 between Pfaffian and Coulomb GS for 2 quasiholes.

e 'Non-abelian doublet” in the MR-limit for 4 quasiholes remains lowest energy doublet for Coulomb
interaction.

Open questions

Pfaffian or Antipfaffian?
where is the strong-paired phase?
spin- and subband-mixing effects?

tilted fields

correlation length induced by Majorana fermion




