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Laughlin-type wave function of two-dimensional electrons in a tilted magnetic field
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We study the fractional quantum Hall states in the tilted magnetic field. A many-particle wave function of the
ground state, which is similar to that of Laughlin’s, is constructed in the Landau gauge. We show that in the
limit of thermodynamics, the concept of the composite fermion is still valid in the presence of the in-plane
field.
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Recently, the two-dimensional electron system~2DES! in
tilted magnetic field has attracted great interest from b
experimentalists and theorists. The magnetotransport ex
ments on high mobility samples in GaAs/AlGaAs hete
structures revealed different classes of correlated ma
electron states.1 The most prominent findings are th
discoveries of the giant anisotropy in the resistivity near h
filling of the top most LL.2,3 It is revealed that anisotrop
occurs when the 2DES is applied by an in-plane magn
field. The easy direction of transport is perpendicular to
in-plane field. It is generally accepted that the highly ani
tropic transport is related to the formation of the unidire
tional charge-density-wave~UCDW! state, i.e., the stripe
phase.4,5 The possibility of existence of the UCDW was pr
dicted by Koulakov, Fogler, and Shklovskii6 based on an
earlier work on the Hartree-Fock treatment of the high La
dau levels. Specifically, the extoticn55/2 fractional quan-
tum Hall state, which shows no anisotropy in perpendicu
magnetic field, becomes highly anisotropic when the exte
field is tilted an angle. Contrary to other odd-denomina
filling states, which occur as a Jain series, the Hall platea
the incompressiblen55/2 state is explained as the appe
ance of the ground state of spin-singlet pairing of compo
fermions~CF’s!.7 However, the spin-polarizedp-wave BCS
paring of CF’s, or the Moore-Read~MR! Pfaffian wave
function,8 may be another possibility,9 which was recently
suggested to be favorable.10,11 Studies by Eisensteinet al.12

in the tilted field experiments have shown that the plate
disappears if the tilted angleu exceeds a critical value. Th
explanation of the experiments from the point of view of t
singlet pairing can be understood as a gain in Zeem
energy.13 However, the Landeg factor is about 30% large
than expected. On the other hand, in the picture ofp-wave
paring of CF’s, how the tilted field violates the spin
polarized paired Hall state is still puzzling. Yuet al.14 pro-
posed a mechanism to solve the above puzzle. They con
ered that there exists a competition between the instabil
of the CF Fermi surface to the formation of the UCDW a
the paired Hall state. When the tilted angle is small,
pairing state dominates. But as the tilted angle increases
UCDW takes energetically over the paired Hall state as
ground state, which transforms the incompressible stat
the compressible state. A recent experiment by Panet al.15

supports their suggestion.
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Here comes the question. One may ask if the concep
the composite fermion is still valid when the magnetic fie
is tilted at an angle. In the present work, we prove that in
limit of thermodynamics, one can construct a Laughlin-ty
wave function based on a similar reasoning of the origi
work by Laughlin. The concept of a composite fermion in
tilted field can be deduced from the analysis of the Laugh
type wave function in an analogous way taken by J.
Jain.16

Consider an electron moving in a torus geometry un
the influence of a strong magnetic field which is tilted
angleu to thex2y plane, withBx5B tanu andBz5B. The
electron is confined in a harmonic potentialV(z)
5 1

2 mbV2z2 in thez direction, wheremb is the band mass o
the electron. If the characteristic frenquenceV@vc , where
vc5\/mbl 0

2 is the electron cyclotron frenquence in the pe
pendicular magnetic fieldB, then the electrons move in
quasi-two-dimensional plane. We work in the ‘‘Landa
gauge’’ by choosing the vector potentialA5$0,xBz
2zBx ,0%. The single-electron Hamiltonian is then

Ĥ5
1

2mb
F ~2 i\]x!

21S 2 i\]y2
e

c
~xBz2zBx! D 2

1~2 i\]z!
2G1

1

2
mbV2z2. ~1!

Take the length unitl 0
25\c/eB51 and separate out th

plane wave in they direction,

C~x,y,z!5
1

ALy

eikyf~x,z!, ~2!

where k52p j /Ly5k0• j ( j 51,2, . . . ). Then the Hamil-
tonian can be equivalently rewritten as

Ĥ5
1

2
\vcF2]j

22]z
21j222jz tanu1S tan2u1

V2

vc
2 D z2G ,

~3!

wherej5x2x0 with x05kl0.
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To decouple the two coupled harmonic oscillators,
make a coordinate rotation in thej2z plane:

H j5u cosa2v sina

z5u sina1v cosa.
~4!

Take tana5@vc
2/(v1

2 2vc
2)#tanu, then the Hamiltonian be

comes

Ĥ5
1

2
\v2S 2

]2

]z2 1z2D1
1

2
\v1S 2

]2

]h2 1h2D , ~5!

where z5( l 0 / l 2)u and h5( l 0 / l 1)v with l 6
2 5\/mbv6 ,

and

v6
2 5

1

2 S V21
vc

2

cos2u D 6
1

2
AS V22

vc
2

cos2u D 2

14V2vc
2tan2u.

~6!
er
ed

07330
eHence forv6 the corresponding eigen wave functions ar

fn
v15Nn

1HnS 2~x2x0!sina1z cosa

l 1
D

•e2[ 2(x2x0)sin a1z cosa] 2/2l 1
2
, ~7!

fn
v25Nn

2Hn

3S ~x2x0!cosa1z sina

l 2
D •e2[(x2x0)cosa1z sin a] 2/2l 2

2
,

~8!

where Hn(x) is the Hermitian polynomials andNn
6

51/A2nn!Ap l 6 is the normalization coefficient.
As we are concerning the lowest Landau level, the deg

erate single-particle wave functions are
C j5
eiky

ALy

1

Ap l 2l 1

e2[(x2x0)cosa1z sin a] 2/2l 2
2

2[ 2(x2x0)sin a1z cosa] 2/2l 1
2

}e2(1/2)j 2[( l 0
4/ l 2

2 )k0
2cos2a1( l 0

4/ l 1
2 )k0

2sin2a]
•ej [ ik0y1( l 0

2/ l 2
2 )k0cosa(x cosa1z sin a)2( l 0

2/ l 1
2 )k0sin a(2x sin a1z cosa)]

•e2(1/2l 2
2 )(x cosa1z sin a)22(1/2l 1

2 )(2x sin a1z cosa)2

5e2
1
2 j 2[( l 0

4/ l 2
2 )k0

2cos2a1( l 0
4/ l 1

2 )k0
2sin2a]

•eju2v2
. ~9!
ere

at
fac-
with

u5 ik0y1
l 0
2

l 2
2

k0cosa~x cosa1z sina!

2
l 0
2

l 1
2 k0sina~2x sina1z cosa!, ~10!

v25
1

2l 2
2 ~x cosa1z sina!22

1

2l 1
2 ~2x sina1z cosa!2.

~11!

Since the wave function is localized aroundx0 in the x
direction, the edge effect can be omitted in the limit of th
modynamics. The many-particle wave function for the fill
lowest LL is expressed in the Slater determinant form
-

F~r1 ,r2 , . . . ,rN!5UC1~r1! C1~r2! •••

C2~r1! C2~r2!

A
U

}U eu1 eu2
•••

e2u1 e2u2

A
U•e2(

k
vk

2

5)
j ,k

~euj2euk!e(
k

( ik0yk2wk
2), ~12!

which simply reduces to a Vandermonde determinant. H
we denote

w2[@~x2k0l 0
2!cosa1z sina#2/2l 2

2

1@2~x2k0l 0
2!sina1z cosa#2/2l 1

2 . ~13!

Until now our wave function has been equivalent to th
of in the symmetric gauge except an unimportant phase
tor. Let us now extend it to the fractional filling statesn
2-2
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51/(2p11). In analogy to Laughlin’s analysis in the sym
metric gauge in absence of in-plane field, the wave funct
must satisfy the following conditions:~i! it must be antisym-
metric for exchanging any two electrons;~ii ! the stateum& is
the eigenstate of the momentum in they direction.

One finds that the unique form of the wave function f
FQHE staten51/m (m52p11 is an odd number! is

F1/m5)
j ,k

~euj2euk!meimk0(
k

yke2(
k

wk
2
. ~14!

The total momentum in they direction is K5 1
2 N(N11)

•mk0 with N the number of electrons,

P̂yF1/m5KF1/m . ~15!

According to J. K. Jain,16 we rewrite Eq.~14! as

F1/m5)
j ,k

~euj2euk!eik0(kyk
•e2(kwk

2

•)
j ,k

~euj2euk!2p
•e2pik0•(kyk

5F1•x0
2p . ~16!

Here F1 is the wave function for one filled Landau leve
This Jastrow-form wave function can be considered as e
electron carries 2p flux quanta, therefore we recover Jain
concept of ‘‘composite fermions’’ in the tilted field. In thi
picture, the electrons ‘‘nucleate’’ an even number of flux
screen enough of the external magnetic field, so that
composite fermions exactly fill an integer number of Land
levels associated with the surplus part of unscreen fi
(B* 5B22pf0r̄, with f05hc/e the unit magnetic quanta
.N

.

,

n,

.

07330
n
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and r̄ the average particle density!. The wave functions of
general fractional filling factors (n5n/2pn61) are explic-
itly expressed as

Fn/2pn615PLLLFn* •x0
2p , ~17!

whereFn* is the wave function for composite fermions fil
ing n LL’s. The operatorPLLL projects the wave function
onto the lowest Landau level.

In summary, we have written a many-particle wave fun
tion for fractional quantum Hall states with in-plane ma
netic field. We worked in the Landau gauge due to the
presence of an in-plane field, where the relative angular m
mentum between two electrons is not a good quantum n
ber. Haldane17 had written a many-particle wave function i
the torus geometry with the magnetic field perpendicular
the 2DES plane. It is difficult to reproduce Laughlin’s wav
function in the symmetric gauge in the presence of an
plane field. Our result is obtained by the same reason
employed by Laughlin. It shows that fractional quantum H
states in the lowest Landau level survive even when
2DES is applied by an in-plane field. Hall plateaus at the
filling factors can be observed in experiments. We conclu
that the concept of a composite fermion in tilted field is s
valid by a way analogous to that of J. K. Jain. It should
noted that the explicit form of the composite fermion is d
ferent from that of Jain’s.16 Our result provides a supplemen
tary proof to the explanation for then55/2 state when the
external magnetic field is tilted at an angle, where the co
petition between a paired state of composite fermions an
unidirectional charge-density-wave state leads to the des
of the pairing gap and the anisotropic transport subseque
takes place.14
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