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The newly discovered even-denominator fractional quantum Hall effect at filling factor v =3

is found

to collapse rapidly as the magnetic field is tilted away from the normal to the two-dimensional-electron-

gas plane.
denominator effect at v=1%
collapse of the v=1%

No similar effect has been reported in tilted-field studies of the spin-polarized, odd-
and }. Since a primary result of such tilting is increased spin splittings, the
effect strongly suggests that the underlying state is not spin polarized. Condensa-

tion into such a quantum liquid must involve substantial spin reversal.

PACS numbers: 73.40.Kp, 73.20.Dx, 73.50.Jt

The recent discovery! of a plateau in the Hall resis-
tance of two-dimensional electron systems (2DES) cen-
tered at p,, =(h/e?)/3, corresponding to the even-
denominator rational quantum number f =3, has pro-
voked reexamination of the basic theoretical picture of
the fractional quantum Hall effect (FQHE). It is now
widely accepted that the FQHE results from the conden-
sation of the 2DES into an incompressible quantum
liquid state at special values of the Landau-level filling
factor v=nh/eB, with n the 2D density and eB/h the
Landau-level degeneracy. In Laughlin’s original work?
this condensation was determined only for Landau-level
filling factors v=1/m with m =357, etc. The restric-
tion to exclusively odd values of m arose from the re-
quirement of exchange antisymmetry for the variational
wave functions describing the fully spin-polarized Fermi
quantum liquid state. Extensive experimental and
theoretical work? has resulted in a hierarchical model of
parent and daughter FQHE states encompassing all ra-
tional filling factors v=p/q with g exclusively odd.
While no fundamental principle has been found forbid-
ding an even-denominator FQHE, the impressive amount
of evidence in favor of solely odd denominators rendered
the discovery of an even-denominator FQHE at v= 3
startling.

There are significant differences between the recent
magnetotransport experiments of Willett et al.! and ear-
lier FQHE studies. Among these are the very low tem-

peratures (=25 mK) required to observe the v=13
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FQHE and the low magnetic fields (=5 T) needed to
obtain v=13% filling (n=3%10"" cm ~2). Furthermore,
the filling factor v=3% =2+ § implies that the Fermi
level lies in the second (4 > v > 2) rather than the lowest
Landau level (2> v). Prior to the work of Willett ez al.
experimental proof of the existence of any fractional
Hall plateaus in the second Landau level was lacking, al-
though suggestive data* had been published. The experi-
mental situation was matched by theoretical work>™’ re-

vealing greatly reduced or vanishing stability margins for
7

the v=7 and ¥ FQHE states as compared to their ro-
bust v=1% and % counterparts in the lowest Landau lev-
el.

The low magnetic fields associated with v=3 filling
factor make the usual assumption of complete spin polar-
ization (of those electrons in the second Landau level)
worth reexamining. Spin reversal has already been sug-
gested®® as a possible mechanism for the production of
reduced quasiparticle energy gaps at low fields. Forma-
tion of spin-reversed pairs of electrons might in fact pro-
vide a mechanism for even-denominator quantization if
the pairs could be regarded as bosons and a Laughlin-
type wave function were applicable.'®!! Very recently
Haldane and Rc:zayi12 have shown that, for a certain
model interaction, a half-integral FQHE can exist. The
explicit state they consider is an unpolarized spin singlet
which, it is argued, is favored in the second Landau level
and by the reduced Zeeman energy at low fields. Since
they ignore the Zeeman energy in their calculation, it is
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not possible to assess the stability of the proposed state.
The degree to which Haldane and Rezayi’s model ap-
proximates real Coulomb interactions between 2D elec-
trons has been questioned.!'® In this Letter we present
strong experimental evidence that the ground state for
the v=73 FQHE is, in fact, not spin polarized.

Varying the Zeeman splitting provides a test of the
spin-reversal hypothesis. Changing the 2D carrier densi-
ty would shift the magnetic field at which v=% filling
occurs and so later the spin splittings. However, the cor-
relation energy of the state and the Landau-level spac-
ings would also change and it would be difficult to isolate
the spin effect. A simpler method for examining the spin
splittings in a 2DES is to tilt the external magnetic field
away from the normal to the 2D plane.'* The spin Zee-
man energy is independent of the direction of the mag-
netic field, while for an ideal 2D system all orbital pa-
rameters (Landau-level spacings and degeneracies,
Coulomb energies, etc.) depend only on the perpendicu-
lar component of the field. A given Landau-level filling
factor v occurs at a higher total field (by the factor
1/cosf, with 8 measured from the normal) when the
sample is tilted. Therefore, for any fixed filling factor
the spin Zeeman energies increase with tilt. If the v=%
FQHE state requires a significant number of reversed
spins, flipped at the expense of liquid condensation ener-
gy, tilting the field should inhibit, or even quench, the
state.

The GaAs/AlGaAs heterostructure used in this inves-
tigation has been described elsewhere.! The low-tem-
perature 2D carrier concentration n=3x10'' cm ~% and
high mobility 4 =1.3x10° cm? V ~! s 7! are established
by illumination with a red light-emitting diode. Since
these sample parameters depend slightly on both the il-
lumination and cool-down conditions, tilting of the sam-
ple must be done in situ at low temperatures. Earlier ex-
periments by Clark et al.* have, in fact, examined a py
minimum at v=13 at two tilt angles obtained in two in-
dependent runs. Aside from the uncertainty associated
with such a cycling procedure, the minimum was very
weak and therefore no conclusion was drawn from the
data. To achieve in situ tilting, we employ a simple
spring-loaded paddle, upon which the sample is mounted,
that can be rotated in a yoke via a string pulled from
atop the cryostat. The sample is enclosed in an rf shield
and coaxial leads fitted with low-temperature rf filters
are employed. With a 10-nA, 17-Hz measurement cur-
rent no observable electron heating is detected in resis-
tivity measurements at 25 mK. Determination of the tilt
angle can be made in several ways. Measuring the slope
of the low-field Hall resistance, the period of the low-
field Shubnikov-de Haas oscillations, or the field loca-
tions of the v=3% and v=% minima in p, all give the
same result.

Figure 1 shows diagonal-resistivity p,, data at 25 mK
over limited field ranges for different values of the tilt
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FIG. 1. Diagonal-resistivity pxx data for various tilt angles 8
at 25 mK. Arrows mark field positions of v=73 filling factor.
Resistivity minima above and below the v=3% feature occur
near v=7% and L respectively.

angle 6. For each angle the field range was adjusted to
scan filling factors 3 > v > 2, thus maintaining the Fermi
level Ef in the lower spin subband of the second Landau
level. The data at 6 =0 show the same basic structure
observed earlier.! The deep minimum at 4.8 T, having
grown rapidly below 100 mK, corresponds to v=3 fill-
ing. Associated with this minimum in p,,, a plateau in
the Hall resistance forms within 0.5% of p,, =(h/e?)/%.

Adjacent to the v=3 minimum in p,, at 4.8 T are addi-

tional minima at 4.5 and 5.1 T near filling factors %
and T, respectively. These minima shift considerably
with temperature and are not accompanied by well-
defined Hall plateaus that straddle the classical Hall

line.

It is evident from the data shown in Fig. 1 that the
v=73 minimum rapidly shrinks as the tilt angle  in-
creases. This collapse of the p,, minimum is accom-
panied by the disappearance of the associated Hall pla-
teau (not shown in the figure). By contrast, the minima
adjacent to the v=3 structure are either unaffected or
actually strengthen with tilt. While the tilt dependence
of the minima near v=71 and % varies somewhat from
run to run, the qualitative collapse of the y =3 FQHE

does not.
It would be desirable to measure an activation energy

associated with the minimum in p,, to study quantita-
tively the collapse of the v=3 FQHE. Unfortunately,
this is not possible since the value of p,, at the minimum
does not fall significantly as the temperature T is re-
duced to around 20 mK. It is the maxima immediately
adjacent to the v=3 minimum that rise dramatically as
T falls. We speculate that the lack of a true zero-
resistance state developing at v=3 down to 25 mK is
due to a competition between the tendency for the aver-
age resistivity to rise as a result of increasing localiza-



VOLUME 61, NUMBER 8

PHYSICAL REVIEW LETTERS

22 AUGUST 1988

8=34 deg
0.2t __O,,__—O—”O’/_—O—‘d
a a 9-48deg

i . b

]
10 20 30 40
(TEMPERATURE)™' (k™)

FIG. 2. Temperature dependence of the strength of the
v=13 FQHE for various tilt angles. Inset: definition of the
strength ratio Apxx/{pxx).

tion, and the development of a zero-resistance state due
to the formation of an energy gap. Support for this pic-
ture comes from studies around v= 7 in this sample and
from the v= 3 effect in other, lower-quality samples. In
both cases the minima “float” upward as the tempera-
ture is reduced. This phenomenon is not unique to the
even-denominator states but has also been observed!® at
less-developed odd-denominator fractions such as v=%.
In the present sample this same upward floating appears
in conjunction with the collapse of the amplitude of the
v=3% feature as the sample is tilted. Given this situa-
tion, we define the strength of the v=3 FQHE as the
ratio Apyx/{pxx) of the amplitude of the minimum in p,,
to the average value of p,, between the maxima and the
minimum. The temperature dependence of this ratio for
various tilt angles is shown in Fig. 2 along with an inset
defining the strength ratio. Note that Fig. 2 is not an
Arrhenius plot. As the figure reveals, the strong temper-
ature dependence of Ap,./{pxx) at zero tilt is rapidly
quenched as 6 increases.

The effect of tilting is to amplify the spin splittings by
a factor 1/cosf. This may be regarded as increasing the
g factor to an effective value g.x=g/cosf at constant
perpendicular magnetic field. It is illuminating then to
plot the strength Ap,,/{p,.) versus the ratio ges/g. This
is shown in Fig. 3 for the 25-mK data. Plotted in this
way, the collapse of the v=3 FQHE appears precipi-
tous. The state appears to be only marginally stable
even for the 6=0 case. In fact, the data suggest that
any reduction of g would significantly strengthen the
effect. Taken together, the data presented in Figs. 1-3
are strong evidence for a v=3 FQHE state with highly
incomplete, or even zero spin polarization. Such polar-
ization obviously requires spin reversal. To produce a
completely unpolarized state at v=3, one-half of the
electrons occupying the second Landau level must be
flipped, the fully filled lowest Landau level being already
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FIG. 3. Strength of the v=3 FQHE at 25 mK vs normal-
ized g factor defined as g.s/g =1/cos@. Vertical dashed line in-
dicates perpendicular-field case.

unpolarized. Figure 3 suggest that the energetic cost of
such a spin reversal cancels a large fraction of the avail-
able condensation energy.

The qualitative collapse with tilt of the v=3 FQHE
state contrasts sharply with the enhancement of the p,,
feature near v= 7] and the roughly angle-independent
minimum near v=". We have also measured the ac-
tivation energy of the v=3 FQHE in this same sample
at 6=0 and 34° and find it unchanged. The v=3 state
is believed to be a spin-polarized FQHE state equivalent
to the canonical v= 1 state. As such it is not expected
to be destabilized by increased spin splittings. There are,
however, additional effects of tilting beyond the obvious
enhancement of the spin-flip energy. The presence of an
in-plane magnetic field component creates both diamag-
netic energy shifts as well as Landau-level and electric-
subband mixing.'®* One result of these mixings is a
compression of the electron wave function perpendicular
to the 2D plane, in effect creating a more “ideal’” 2D sys-
tem. This is expected to enhance the strength of the
FQHE by increasing the quasiparticle energy gaps.'”!8
Experimental studies'>?° of the odd-denominator FQHE
in tilted fields show enhancements of the v=% FQHE
and little effect on the v= 1 state. Being spin-polarized
quantum liquids, the tilt enhancement of the Zeeman en-
ergy does not directly affect these FQHE states. In-
terestingly, recent data'® on the v=% FQHE show a
weakening with tilt. Although this is not understood,
these low-field (=4.5 T) data may also suggest a role for
reversed spins. In fact, recent suggestions?! for unpolar-
ized states at families of odd-denominator filling factors
may stimulate future experiments in this direction. The
qualitative collapse of the even-denominator v=%
FQHE reported here is strong, if not incontrovertible,
evidence for an unpolarized ground state.
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In summary, we have observed a rapid collapse of the
newly discovered even-denominator FQHE at v=1% in
tilted fields. Other resistivity features near v=7% and
> as well as the FQHE at v= %, do not show any signs
of such a collapse. Our data demonstrate that the v= %
state differs qualitatively from the odd-denominator
states that have been studied in tilted fields. These re-
sults strongly suggest that the 3 FQHE does not origi-
nate from a spin-polarized state but represents the first
observation of a nonpolarized 2DES quantum fluid.
While this conclusion leads credence to the spin-singlet
quantum liquid recently proposed by Haldane and Re-
zayi, the data do not allow for discrimination between
different unpolarized ground-state wave functions.
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