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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 syst&@DES in Here comes the question. One may ask if the concept of

tilted magnetic field has attracted great interest from bottthe composite fermion is still valid when the magnetic field
experimentalists and theorists. The magnetotransport expeiis tilted at an angle. In the present work, we prove that in the
ments on high mobility samples in GaAs/AlGaAs hetero-|imit of thermodynamics, one can construct a Laughlin-type
structures revealed different classes of correlated manywave function based on a similar reasoning of the original
electron stateS. The most prominent findings are the work by Laughlin. The concept of a composite fermion in a
discoveries of the giant anisotropy in the resistivity near halfjjieq field can be deduced from the analysis of the Laughlin-

filling of the top most LL?® It is revealed that anisotropy type wave function in an analogous way taken by J. K.
occurs when the 2DES is applied by an in-plane magnetigy;16

field. The_easy d_irection of transport is perpendi.cular to.the Consider an electron moving in a torus geometry under
in-plane field. Itis generally accepted that the hlghly.a'nlso-the influence of a strong magnetic field which is tilted an
tropic transport is related to the formation of the unidirec-

. . . . angled to thex—y plane, withB,=B tané andB,=B. The

tional charge-density-wav€UCDW) state, i.e., the stripe . ! . x : z -

phase'® The possibility of existence of the UCDW was pre- eleictronz s confined in a harmonic potentia¥(z)
=3m,{2°z~ in the z direction, wheream, is the band mass of

dicted by Koulakov, Fogler, and Shklovskibased on an e
earlier work on the Hartree-Fock treatment of the high Lan{n€ electrozn: If the characteristic frenqueri¢e ., where
dau levels. Specifically, the extotie="5/2 fractional quan- @c=7/mylg is the electron cyclotron frenquence in the per-
tum Hall state, which shows no anisotropy in perpendiculaipendicular magnetic field®, then the electrons move in a
magnetic field, becomes highly anisotropic when the externajuasi-two-dimensional plane. We work in the “Landau
field is tilted an angle. Contrary to other odd-denominatorgauge” by choosing the vector potentiah={0xB,
filling states, which occur as a Jain series, the Hall plateau of-zB,,0}. The single-electron Hamiltonian is then

the incompressible=5/2 state is explained as the appear-

ance of the ground state of spin-singlet pairing of composite . 1

fermions (CF’s).” However, the spin-polarizep-wave BCS H= ﬁ{(—iﬁﬂx)2+
paring of CF’s, or the Moore-Rea¢MR) Pfaffian wave b

function® may be another possibiliyywhich was recently

suggested to be favorabi®! Studies by Eisensteiat al? +(—iha,)?
in the tilted field experiments have shown that the plateau

disappears if the tilted anglé exceeds a critical value. The
explanation of the experiments from the point of view of the
singlet pairing can be understood as a gain in Zeema
energy™® However, the Lande factor is about 30% larger

2

e
—iﬁ&y—E(XBZ—ZBX)

1
+ Embﬂzzz. (1)

Take the length unitf):ﬁc/eB:l and separate out the
Hlane wave in the direction,

than expected. On the other hand, in the picturg-ofave 1 .
paring of CF's, how the tilted field violates the spin- ‘I’(x,y,z)zfe Yb(x,2), )
polarized paired Hall state is still puzzling. Yt al!* pro- y

posed a mechanism to solve the above puzzle. They consid- ol —ki (i -
ered that there exists a competition between the instabilitie‘%?\?; Iéanzg eJ /eLyui\I/(gl eJntI(J re%/\’/fi’tt.e.n. ()a.SThen the Hamil
of the CF Fermi surface to the formation of the UCDW and q y

the paired Hall state. When the tilted angle is small, the

airing state dominates. But as the tilted angle increases, they, 1 2 2. g2 0° 2
BCDVQ\J/ takes energetically over the paired gHaII state as theeH_ pfiwe| —dg—dpt &t 26ztan6+ tart 6+ W27
ground state, which transforms the incompressible state to 3
the compressible state. A recent experiment by &al *°
supports their suggestion. where £=x—Xq with xo=kl,.
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To decouple the two coupled harmonic oscillators, weHence forw- the corresponding eigen wave functions are
make a coordinate rotation in th#e-z plane:

. —(X—Xg)Sina+zcosa
E=ucosa—v sina @ ¢>;"+=N§Hn( »
z=usina+v cosa. -
.a—[—(x—Xg)sina+zcosa] /2l
Take tanw=[ w?/(»? — w?)]tand, then the Hamiltonian be- € . ™
comes
o -
=N, H
1 92 1 92 #n nr
N _ 9 2Lz _2 . 2 _ :
H= zhw( a§2+§ )+ 2hw+( (9772+77 , (5 ><((x xo)cc:smrzsma) _e_[(x—xo)c05a+zsina]z/zlz,,
where {=(lo/1_)u and n=(lo/1)v with 12 =A/myw. -
and ®)
where H,(x) is the Hermitian polynomials and\,
2 72 n . o - .
, 1 02y e +E\/ 02— _° ) 4 40202tarte =1/y2"n! {Jml . is the normalization coefficient.
e cos6/ 2 cosé @e ' As we are concerning the lowest Landau level, the degen-
(6) erate single-particle wave functions are
|
iky
€ 1 (_:‘—[(x—xo)coswrzsina]zlzﬁ—[—(x—xo)sinaJrzcom]2/2|2+

Vo=
SRR N

o e—(1/2)12[(|3/|3)k§cosza+ (g% )KgsirPa] . eilikoy+ (15112 )kgcosa(x cosa+z sina) — (15/12 )kgsin a(—x sin a+2z cosa)]
) e—(l/zﬁ)(x cosa+zsina)2—(1/2%)(~x sina+z cosa)?

1 . .
—e 51215112 kGeoSa+ (1915 Jk3sirPa] elu—v? 9)

i Vi) W(ry)
D(rq,rp, ... rn)=|Valr) Wa(rp)
, .
u=ikgy+ ITOKOCOSa(XCOSCH-ZSina) e't et

2
o e2u1 e2u2 'e—zk Uk

2
- |70kosina(—xsina+ZCOSa), (10
n

. 2
:H (euj_euk)ezk ('koyk_Wk), (12)

1<k

which simply reduces to a Vandermonde determinant. Here

2 (—xsina+zcosa)?. we denote

1
v —2—2(x cosa+zsina)?—

214
(1) W?=[ (x— kol 2)cosa+zsina]2/2I2
+[—(x—kol3)sina+zcosa]?/212 . (13
Since the wave function is localized arourgl in the x
direction, the edge effect can be omitted in the limit of ther-  Until now our wave function has been equivalent to that
modynamics. The many-particle wave function for the filledof in the symmetric gauge except an unimportant phase fac-
lowest LL is expressed in the Slater determinant form tor. Let us now extend it to the fractional filling states
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=1/(2p+1). In analogy to Laughlin's analysis in the sym- andp the average particle densityThe wave functions of
metric gauge in absence of in-plane field, the wave functioyeneral fractional filling factorsy=n/2pn+1) are explic-
must satisfy the following conditiongi) it must be antisym- ity expressed as

metric for exchanging any two electror(§) the statdm) is

the eigenstate of the momentum in theirection. Drzpn=1= PPy X0’ (17)
One finds that the unique form of the wave function foryhered? is the wave function for composite fermions fill-
FQHE statev=1/m (m=2p+1 is an odd numberis ing n LL's. The operatorP,, projects the wave function
onto the lowest Landau level.
dyn=11 (euj—euk)meimkoEk Yke_Ek wi (14) In summary, we have written a many-particle wave func-
<k tion for fractional quantum Hall states with in-plane mag-

netic field. We worked in the Landau gauge due to the in
presence of an in-plane field, where the relative angular mo-
mentum between two electrons is not a good quantum num-
(15) ber. Haldan¥ had written a many-particle wave function in
the torus geometry with the magnetic field perpendicular to
According to J. K. Jairt® we rewrite Eq.(14) as the 2DES plane. It is difficult to reproduce Laughlin’s wave
function in the symmetric gauge in the presence of an in-
plane field. Our result is obtained by the same reasoning
employed by Laughlin. It shows that fractional quantum Hall
states in the lowest Landau level survive even when the
2DES is applied by an in-plane field. Hall plateaus at these
filling factors can be observed in experiments. We conclude
that the concept of a composite fermion in tilted field is still
=, x5P. (16)  valid by a way analogous to that of J. K. Jain. It should be
noted that the explicit form of the composite fermion is dif-
Ctﬁarent from that of Jain's® Our result provides a supplemen-
tary proof to the explanation for the=5/2 state when the
external magnetic field is tilted at an angle, where the com-
picture, the electrons “nucleate” an even number of flux tope.tmOn t_)etween a paired state of composite fermions and a
gmdwecuonal charge-density-wave state leads to the destroy

screen enough of the external magnetic field, so that thof the pairing gap and the anisotropic transport subsequentl
composite fermions exactly fill an integer number of Landau kes Slacé‘g gap P P q y

levels associated with the surplus part of unscreen fieI(tia
(B* =B—2pd¢gp, With ¢y=hcl/e the unit magnetic quanta This work was supported in part by the NSF of China.

The total momentum in thg direction is K=iN(N+1)
-mky with N the number of electrons,

|’:\)yq)llm: KO ym,.

i 2
D yjm= Ek (el — eUk) elko>k. @~ kWi
i

. H (euJ _ euk)Zp_ e2pik0-2kyk
i<k

Here @, is the wave function for one filled Landau level.
This Jastrow-form wave function can be considered as ea
electron carries @ flux quanta, therefore we recover Jain’s
concept of “composite fermions” in the tilted field. In this

1For a review, see J.P. Eisenstein, M.P. Lilly, K.B. Cooper, L.N.  Alaverdian, N.E. Bonesteel, and J.K. Jain, Phys. Re\6&

Pfeiffer, and K.W. West, cond-mat/990928&publishegl 10167(1998; N.E. Bonesteel, Phys. Rev. Le@2, 984(1999.
2M.P. Lilly, K.B. Cooper, J.P. Eisenstein, L.N. Pfeiffer, and K.W. 1°R H. Morf, Phys. Rev. Lett80, 1505(1998.

West, Phys. Rev. LetB2, 394 (1999. 1EH. Rezayi and F.D.M. Haldane, cond-mat/99061@#pub-
SR.R. Du, D.C. Tsui, H.L. Stormer, L.N. Pfeiffer, K.W. Baldwin, lished.

and K.W. West, Solid State Commui09, 389 (1999. 123 P. Eisenstein, R.L. Willett, H.L. Stormer, D.C. Tsui, A.C. Gos-
4T. Jungwirth, A.H. MacDonald, L. Smrcka, and S.M. Girvin, sard, and J.H. English, Phys. Rev. L&1, 997 (1988.
. Phys. Rev. BS0, 15.574(1999- N 133.P. Eistenstein, R.L. Willett, H.L. Stormer, L.N. Pfeiffer, and
T. Stanesca, |. Martin, and P. Phillips, Phys. Rev. L&4%.1288 K.W. West, Surf. Sci229 31 (1990.

(2000. l4yue Yu, Shi-Jie Yang, and Zhao-Bin Su, Phys. Re6B 15 371

SA.A. Koulakov, M.M. Fogler, and B.l. Shklovskii, Phys. Rev.
Lett. 76, 499 (1996; M.M. Fogler, A.A. Koulakov, and B.I.
Shklovskii, Phys. Rev. B4, 1853(1996.

"F.D.M. Haldane and E.H. Rezayi, Phys. Rev. L&€, 956(1988.

8G. Moore and N. Read, Nucl. Phys. 350, 362 (1991).

9M. Greiter, X.G. Wen, and F. Wilczek, Phys. Rev. L&, 3205
(1991; Nucl. Phys. B374, 567 (1992; K. Park, V. Melik-

(2000.

5W. Pan, H.L. Stormer, D.C. Tsui, L.N. Pfeiffer, K.W. Baldwin,
and K.W. West, cond-mat/010314dnpublishedl

163 K. Jain, Phys. Rev. Lets3, 1223(1989; Phys. Rev. B41, 7653
(1990.

F.D.M. Haldane, Phys. Rev. Le5, 2095(1985.

073302-3



