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We investigate the properties of composite fermions with four attached flux quanta through tilted-field
experiments near Landau level filling facter= 3/4. The observed collapse of fractional quantum Hall
gaps in the vicinity of this quarter-filling state can be comprehensively understood in terms of composite
fermions with mass and spin. Remarkably, the effective massgafatttor of these four-flux-quanta
composite fermions around = 3/4 are very similar to those of two-flux-quanta composite fermions
aroundr = 3/2. [S0031-9007(98)08208-8]

PACS numbers: 71.10.Pm, 71.18.+y, 73.40.Hm

Our view of the fractional quantum Hall effect (FQHE) dau energy. For a given specimen all such coincidences
[1] has expanded considerably during the past severalan be understood in terms of an only slightly varying CF
years. The composite fermion (CF) model [2,3] hasmass and; factor. This is a remarkable fact, since the
provided an elegant and rather intuitive interpretation offactor is strongly affected by exchange, which is expected
the different sequences of FQHE states. It transforms thi differ substantially between different FQHE states.
system of interacting electrons into an equivalent system The bulk of the experimental and theoretical work
of noninteracting fermions by the attachment of an evennvestigates the properties of CFs with two attached flux
number2m of magnetic flux quanta to each electron.quanta, i.e.;,n = 1. Very little is known about higher
The resulting particles are named CFs. At exact evewrder CFs atv = 1/2m (m > 1), or aty =i *= 1/2m,
denominator filling factorsy = 1/2m, the attached flux which are particle-hole conjugates of the former or reside
and the external flux cancel exactly in the mean fieldin higher Landau levels. FQHE states associated with any
approximation, and one arrives at a Fermi sea of CFsuch higher order CFs are much more fragile than the
in a vanishingeffectivemagnetic field. In other external states around half filling and have considerably weaker
magnetic fields, the cancellation is not exact; the CF®nergy gaps.
experience a nonzero effective magnetic field, and their In this paper we investigate effective mass aad
orbital motion is quantized into CF Landau levels. Thefactor of four-flux-quanta composite fermiorfGFs, by
magnetic fields at which the = p/2mp * 1) FQHE performing angular and temperature dependent electrical
states are seen in experiment correspond precisely to thoBansport experiments on the FQHE stateg at 3p =
of the CF Landau gaps, and the FQHE can be viewed ap/(4p * 1) around filling factory = 3/4(= 1 — 1/4).
an integral quantum Hall effect (IQHE) of such strangeAs in the case oy = 3/2, all our experimental findings
composite particles. can be parametrized in terms of an effective mass, which

A large body of experimental work has amassed arounds only density dependent and a practically constant
filling factor » = 1/2 in support of the simplest of factor. Mostimportantly, the parameters derived4GFs
CFs, consisting of two flux quanta attached to eactiurn out to be very similar to those &€CFs.
electron(>CFs. Geometrical resonance experiments have The four samples examined are high-mobility
demonstrated the existence of a well-defined Fermi wavenodulation-doped GaA#\IGaAs heterostructures. They
vector [4]. In addition, activation energy and Shubnikov—have electron densities of = (0.86, 1.13, 2.17, and
de Haas measurements on the sequence of FQHE sta®26) X 10'' cm~2 and mobilities ofu = (11, 6.8, 6.2,

v = p/(2p *= 1) converging ony = 1/2 determine an and13) X 10° cn?/Vs, respectively. We refer to them
effective mass, which originatesolely from electron- by their density in 10" cm™2, i.e., sample 1.13 for
electron interactions [5]. the specimen of density = 1.13 X 10! cm™2. The

Tilted-field experiments orfCFs, performed mostly samples are cleaved inth mm X 5 mm squares, each
around » = 3/2, reveal repeated collapses of the sur-of which has eight diffused indium contacts placed sym-
rounding FQHE gaps [6]. Today these features are commetrically around the perimeter. The experiments are
prehensively explained in terms of CFs carrying spin angerformed in a top-loading dilution refrigerator with an
g factor [7]. As a function of tilt, crossing of spin-split in situ sample rotation stage.

CF Landau levels leads to vanishing energy gaps, when- Magnetoresistance data were taken around 3/4 for
ever the CF Zeeman energy is a multiple of the CF Lansample 0.86 at 71 different tilt angles betweén= 0°
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and 70 at temperaturel’ = 55 mK, for sample 1.13 at leads to the simple energy level diagram seen in the inset
36 angles betweed = 0° to 61° at T = 32 mK, for of Fig. 2. For any given FQHE state, the CF Landau
sample 2.17 at 25 angles betwekr= 0°and 5T at7 =  level splitting, Ec, remains fixed under tilt, whereas
42 mK, and for sample 2.26 at 44 angles betwéesx 0° the Zeeman splittingE,, increases linearly withB.
to 51° atT = 41 mK. Figure 1 contains an overview of This leads to level crossings and, hence, disappearances
the FQHE for sample 1.13 at40 mK. of energy gaps wheneveE; = jEc or g*ugBi =

In all samples, the FQHE minima at given filling jhiw. = jheBes/m*, for integral;.
factors show a complex angular dependence, successivelyIn analogy to thé CF behavior around = 3/2, we re-
weakening and strengthening with tilt angle (see insegard the resistance maxima of Fig. 2 as resulting from the
of Fig. 1). In Fig. 2 we plot the amplitude at FQHE crossings of spin-splitCF Landau levels. These FQHE
statesy = (3p = 1)/(4p = 1) as a function of the total states atv = 3p * 1)/(4p = 1) are the IQHE states
external magnetic fieldB,, = B,/cos#. In addition, p of *CFs originating fromy = 3/4. Their orbits are
for each maximum we check whether the FQHE statequantized into Landau levels by the effective magnetic
is actually resolved as a clear minimum in the originalfield Be;s = —3(B, — B ,—3/4), WhereB | ,—3/ is the
data, onboth sides of the maximum in Fig. 2. Maxima perpendicular field av = 3/4, and their cyclotron en-
with bold labels in Fig. 2 have these additional strongergies areEc = fieBs(4v/3)*3/m,_3,, [3]. The fac-
characteristics. Maxima with italic labels show a well- tor (4»/3)°3 establishes electron-hole symmetry. Since
defined state only on one side of the peak in Fig. 2. Sucit varies only from 1.03 to 0.98 for the fractions of
occurrences at the edge of the rangeBef may indicate our experiment, we disregard it for the sake of sim-
a true maximum just beyond reach. Maxima with italic plicity. Therefore, coincidences occur whég, /By =
labels in the center of Fig. 2 may be the result of am;j/g*m*.
underlying rising background. Guided by this relation, we plot in Fig. By VS Begt

The structure of Fig. 2 is similar to the one seenfor all observed resistance maxima afi our samples.
in the angular dependence experiment aroung: 3/2  The ordinate is proportional to tH&CF Zeeman splitting,
[7]. At this half filling, the complex behavior of the and the abscissa is proportional to th€F cyclotron
magnetoresistance is explained by a simple model in
which CFs have a masa* and ag factor g*. This

CF Energy —>

1.2

OO === NN
DE e

13 1
ST —= 5
1.0 I /‘\._/’\ _ u

ResistancgJ (kQ)
N D

e Q) —
o8- £ F Nt 57.62

- 2 /_ ........... _JR=154.12 % 04

S T 44.33 g | 2 eeNea

= 1/ I\ 41.57 g

Vol ] 1. 35.41 @

806 =0 -2 00

g 6.6 S 08—

g7

2]

4

e
'S
]

1
2 0.4}—

02— 0.0 —
6 8 10 12 14
Total Magnetic Field B, (T)

0.0 Y J | J | FIG. 2. Angular dependence of the magnetoresistance at

0 5 4 6 ) FQHE states around# = 3/4. B, = B,/cos@ is the total

Perpendicular Magnetic Field B, (T) external magnetic field at tilt anglé. Maxima are indicated
by vertical lines and brackets. The bold labels indicate maxima
FIG. 1. Overview of the FQHE in sample 1.13 &t ~ supported by stronger evidence, as described in the text. The

40 mK. The FQHE features around even-denominator fillinginset shows a simple energy level diagram for CFs with
factors v (boxes) can be regarded as the magnetoresistancgin (solid lines) for constanB, and increasingB,,. Level
oscillations due to the formation of composite fermion Landaucrossings occur when the CF Landau enef@B.;;/m* is a
levels. The inset shows the magnetoresistance areuad3/4 multiple j of the CF Zeeman energy’ uzB., as indicated by
for the same sample at selected tilt angles. Traces are verticalgrrows. The Fermi levels for CF filling facter = 1, 2, 3, and
offset by 500 ohms for clarity. 4 are shown as dashed lines.
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Electron filling factor v and CF filling factor p hand, all observed maxima are from off; crossings.
4 710 % g8 5 4 710 3] 8 s T.he atf, crossings are inaccessible.in _our_specimens,
V=5 913 117 VS5 913 |4 11 7 since we can probe onlB, = By. This highlights the
p=1 2 3 3 2] p=1 23

question of the origin of the offs; data.

A single-particle CF picture cannot explain these fea-
tures. A simple model calculation shows that the density
of thermally excited CFs is not peaked at &ff-coinci-
dences, nor can we argue for a sharply increased scattering
rate at such coincidences. In fact, if anything, the model
indicates the opposite in both cases. Therefore, in order
to comprehend the off;, resonances, we may have to re-
turn to the underlying many-particle picture. There, each
CF Landau/spin level represents a different many-particle
ground state of different spin and orbital configuration, and
/ a gap separates the ground state from its quasiparticle ex-
=3 citations. At any coincidence, two of the ground states
[ become degenerate, and it seems likely that the gap for

quasiparticle excitation would collapse or, at least, experi-
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loi }=2 ence a strong reduction causing a strong feature in trans-
N\ port. This seems to indicate a limitation of the CF model
sU =] which needs to be addressed in more depth. However,
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nances lie on the same fan, the observedi®ffesonances
1t ool 11 Ay — Hicient e
7 10 1 2 2 o aroundr = 3/4 are sufficient or our analysis. _
Effective Magnetic Field B (T) We now return to the analysis @f and m*. Coin-
. ' ~ cidence measurements determine only the progtiet”.
FIG. 3. By Vvs B, for the resistance maxima, such as in Traditionally, measurements of the thermal activation en-
Fig. 2, for four samples of very different densities. Filled ergy have provided reliable gap energigs which, in

(open) symbols indicate maxima of greater (less) weight. All . . .
data points of all samples reside on fans emanating from thé'€ CF picture, can be translated into masses according

origin using only one fitting parametey:m*, per sample. The 10 E, = fieBer/m™ [3]. However, in the present case, at
regions below the dashed lines correspondBtg < B, and  an arbitrary angle, these energy gaps are a mixture of CF

are inaccessible. Zeeman and CF cyclotron energies. Inspection of the in-
set of Fig. 2 reveals that for higB, i.e., high angles,
the situation simplifies and the Fermi energy resides be-
splitting. Solid (open) symbols indicate maxima with tween CF Landau levels of the same spin direction. Fur-
greater (less) weight and correspond to maxima with boldhermore, the fit of the coincidence data in Fig. 3dne
(italic) labels in Fig. 2. There exists a diverse set of datdan of fixedg*m* for manydifferent;’s in each specimen
points in theB,-B.¢r plane, all of which can be fitted very strongly suggests that, within the range of our experiment,
well in all four samplesby a fan of lines whose slopes the CFg factor does not depend on the CF Landau level.
are exactly in integer ratios, viz. 1:2:3:4:5:6. Ordpe Therefore, a measurement of the energy gap at high tilt
fixedfitting parameterg*m”, is used in each fan. Such angle provides a good measurengf without interference
a constantg*m* for many differentj’s and severalb’'s  from g*.
strongly suggests constancygfandm™ separately. The We have performed several such experiments on the
success of this simple procedure in all four specimenstrongest fractions in three specimens. We use the tem-
establishes the validity of the CF model for four-flux- perature dependence of the Shubnikov—de Haas oscilla-
quanta composite fermions. tions in the high-angle limit to determine the mass in the
Before further evaluating™ and m* we digress to the 0.86 sample at = 4/5 at five angles and at = 5/7 at
origin of the transport maxima. Our coincidence datathree angles and in the 1.13 samplevat 4/5 at one
reveal level crossings occurring at the Fermi energy aangle. In the highest density sample, 2.26, we determined
well as level crossings occurringway fromthe Fermi the mass at = 4/5 at four angles and at = 5/7 at
energy. The first are readily understood as a collapsthree angles (see Table I). We also include Thdepen-
of the gap atE;. The latter have no such simple dence of neighboring peaks whenever possible. In most
interpretation, since the gap &, remains intact and cases we have a dynamic range of more than 1 order of
the coincidence occuwvayfrom E;. Aroundr = 3/2,  magnitude in amplitude. A slight angular dependence of
both kinds of maxima have been observed and both falhe energy gap is taken into account in our evaluation [8].
on the sameB/B.r fan. Aroundr = 3/4, on the other The uncertainties reflect the scatter in the data.

(=]

=1
d _[ since arounds = 3/2 off-E; resonances and & reso-

594



VOLUME 82, NUMBER 3 PHYSICAL REVIEW LETTERS 18 ANuARY 1999

TABLE |. Effective masses:™ and effectiveg factorsg® for CFs with four and two attached flux quantg. m* is derived from
coincidence measurementis; is derived from high-angle Shubnikov—de Haas measurementsg‘aiddetermined by division.
Masses are in units of the bare electron mass®&ndnh units of tesla.

n (10'' cm™2) gm* m*(v = 4/5) m*(v = 4/5) /B, m*(v =5/7) m*(v =5/7)/B. g"

iCF 0.86 0.39 £ 0.03 1.15 = 0.23 0.55 = 0.11 0.58 = 0.17 0.26 = 0.08 0.69 = 0.21

iCF 1.13 0.42 £ 0.03 1.40 = 0.10 0.58 = 0.04

iCF 2.17 0.54 = 0.04

iCF 2.26 0.54 = 0.04 1.80 = 0.24 0.53 = 0.07 0.90 = 0.10 0.25 £ 0.02 0.61 = 0.08
m*(v = 8/5) m*(v =8/5)/VB.

CF 1.13 0.26 = 0.01 0.42 = 0.04 0.25 = 0.02 0.60 = 0.06
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