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Magnetization of the Fractional Quantum Hall States
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We observe electron magnetism originating from fractional quantum Hall states in single-layered
GaAs heterojunctions. This magnetization is entirely governed by electron-electron interaction effects.
The studies were performed at temperatures between 0.3 and 7 K on gated high-mobility two-
dimensional electron systems. We observe oscillations in the magnetic moment at various fractional
filling factors, both forv < 1 andv > 1, which persist up to 3.8 K. Most prominent features are found
at filling factors 3, 3, %, and 2. In addition, an intrinsic strongly asymmetric magnetization around
v = 1 is observed. [S0031-9007(98)08279-9]

PACS numbers: 73.40.Hm, 73.20.Dx, 75.20.—g, 75.30.Cr

The magnetization is one of the most fundamentation [7] was proven in agreement with the 65-year old
properties of matter and is, besides spin and orbitaprediction [4]. Various recent theoretical [8] and ex-
magnetism, also governed by many-body effects. Manyperimental works [9] show that in the vicinity of FQHS’s
body interaction effects can be studied advantageously iadditional ground state configurations like skyrmions and
two-dimensional electron systems (2DES) as realized in apin waves exist, which are so far only partly understood,
semiconductor heterostructure, which allows one to tunand their magnetization is not known. The physics of
the 2D electron densitiys and, in a magnetic fiel®, the  skyrmions and the FQHS’s are often probed by activated
filling factor v = Ng/(eB/h). Interaction effects lead to transport [10] or optical excitation spectroscopy [11-13].
a renormalization of the energy states, as it is well knowrHowever, the former method measures the mobility gap,
for the exchange enhanced spin gaps at odd filling factorand within the latter technique, the evaluation has to con-
and less well known also for the Landau gap at even sider carefully the initial and final state interaction of
[1]. A most interesting aspect, which has attracted a broathe electron-hole system which is inherently produced
interest in the last years, is the formation of the fractionain optical measurements. We have performed direct
guantum Hall states (FQHS's) at filling factopg'q with  magnetization experiments on single-layered high mobil-
p integer andg odd by electron-electron interaction [2]. ity Alo34GascAS-GaAs heterostructures at low density
As introduced in the pioneering works of Landau [3] Ns. We have observed the magnetization of humerous
and Peierls [4] in the early 1930s, the magnetizatiorFQHS’s that persist up to higher temperatures than ob-
M of conduction electrons has to be considered as aerved in transport measurements on the same sample.
thermodynamic quantity In addition, we find a strong signal of asymmetric shape

oU in the vicinity of » = 1 which decreases with increas-
v-(5)
JoB

, (1) ing temperature and decreasing. Such a behavior is
Ns not present in transport or in optical measurements on
and should thus directly reflect the renormalization effectdU/9B. This demonstrates that the direct measurement
U denotes the free energy ang is the electron density. of the magnetization gives information which has not been
In particular, it should give rise to a novel type of observed in former studies.
magnetization for the FQHS'’s which is entirely governed We have investigated samples from four different
by the many-body interactions. wafers. The two samples with the highest mobil-
However, experiments on 2DES magnetization arety showed FQHS's. Here we discuss the sample
rather rare and quite a challenge due to the inherent smalthich shows the richest structures. It was a single-
electron number. It lasted for quite a long time until thelayered Al3,GassAs-GaAs heterostructure, where a
first signature of the Landau quantum oscillatory mag3 X 3.4 mn? mesa was covered by a metal gate. After
netization, i.e., the de Haas—van Alphen (dHvA) effect,llumination and for zero gate voltage the 2DES den-
was experimentally proven by Eisensteghal. for con-  sity was0.97 X 10'' cm™2 and the mobilityu = 8 X
duction electrons in a 2DES [5]. Only very recently, it 10° cn? V™ !s™! at 0.3 K. Via the gate voltage we could
was possible to resolve the exchange induced enhanciie Ng down to zero. Magnetization studies at high
ment of the spin magnetization at odd[6,7]. In very fields up to 8 T have been performed using a very sensi-
high-mobility samples also the sawtooth-like magnetizative dynamic method, originally proposed IBhoenberg
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[14]. We have applied a small modulation of the gatenetic background by subtracting a polynomial fit from the

voltage (4—10 mV) and measured the derivative of thentegrated data, here of second order. In agreement with

magnetizationaM /dNs via a superconducting pickup theoretical predictions for the oscillatory behavior Mt

loop surrounding the 2DES. This loop was connectedhe amplitude of the discontinuity at the Landau gap in-

to a low-noise superconducting quantum interferencereases with increasinys, i.e., increasing filling factor

device (SQUID). The setup exhibits a high sensitivity ». We point out that, while monitoringM /dNs(Ns) in

(=107'* J/T) and has been described in detail in Ref. [6].Fig. 1a,Ns is not the only parameter which is increased

It was calibrated to an absolute magnetic scale using iom left to right; at the same time, we get an improve-

current loop of known magnetic moment instead of thement in electron mobilityw. From the sawtooth-like os-

2DES. The temperaturg of the sample could be varied cillations of the magnetization in Fig. 1b we conclude

between 0.3 and 7 K. that the prepared 2DES comes close to the ideal system
In Fig. 1a we present the raw SQUID-output datawithout disorder broadening of the Landau levels. In this

dM /dNs as a function ofNg for various fixed magnetic case the chemical potentigl exhibits a jump whenever

fields B. Starting fromNg = 0 and zero signal strength, it crosses a gap in the energy spectrum, resulting in a

first an onset of the magnetic signal appears and thediscontinuity inM(B). Our dynamic method monitoring

spikelike oscillations occur. These spikes can be idenaM /9N is very sensitive to abrupt changes jn since

tified with integer filling factors. The most prominent thermodynamic relations lead to

signals are found for even = 2,4,6. Smaller ones be- oM 5

long to the odd filling factorsr = 1,3,5. IncreasingB <—> = <—X> (2)

in Fig. 1a results in a shift of the spikes to highéy. If INs/ lg \dB

we integrate the measured signal® /dNs with respect From this it is obvious that spikes in Fig. 1a at=

to Ng and extract the oscillatory part of the magnetiza-1,3,5 are smaller as compared o= 2,4,6 due to the

tion, we get a sawtooth-like behavior at even and odd fillsmaller energy gap between—exchange enhanced—spin-

ing factors. Examples at two different fiel#sare shown  split Landau levels.

in Fig. 1b. This behavior is similar to what was found If we extend these experiments to higher magnetic

for the dHvVA effect in other high-mobility 2DES where fields, we find additional features. Fd# =4 T, we

torque magnetometry was used. This latter technique ofsbserve a structure marked by the arrow in Fig. 1a which

fers the advantage of probing the magnetization directlan be identified with the filling factor = % For B >

[7]. As in Ref. [7] we also have to account for a mag-¢ T, as shown in Fig. 2a, we clearly observe the- l

andv = 3 FQHS. If we integrate theM/dN; data the

Ns

8 r——T— —— T same way as before for the integer filling factors, we also
(@) 21l (b) 120 get a sawtooth-like behavior for the magnetizatignof
I 1 \ ,P the fractional quantum Hall states (Fig. 2b). According
5 i\T/_/\,..-.i i to Eq. (1), this corresponds to a discontinuous change in
i 15 the magnetic field dependent ground state energy at the
- ﬁ B = FQHS's. The signal strength iaM /Ny, represe_nting _
i~ 1 L 410 the ground state energy change at these fractionals, is
c 3T H i —
S 4 \'JL—J 4| =: l:
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FIG. 1. (a) MeasuredM/oNg as a function of the carrier Ng (10" em?) N (10" cm?)

density Ny for different magnetic fields at 0.3 K.  Filling

factors are labeled by numbers. Curves are shifted along thelG. 2. High-field data oM /dNy, revealing the magnetism
vertical axis for clarity, all starting from zero signal strength at of the FQHS'’s: (a)% and % observed forB = 6.5T, B is

Ns = 0. The arrow marks the FQHS = § (b) Sawtooth- incremented by 0.5 T. Curves are offset for clarity. (b)
like oscillations of the sample’s magnetization, obtained bySawtooth-like magnetization of the fractional states, obtained
integration of the 1-T and the 2-T data in (a). from data in (a) by integration.
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about a factor of 30 less than for the even integer fillingl.6 X 10! cm™2 is near to zero (compare Fig. 1a) and
factors, i.e., the Landau gap discontinuity. is found to be constant for a fixed carrier density as
If we integrate, for example, thB = 7 T data in the a function of the magnetic field. Experimental results
regime Ng = 0 to 1.5 X 10'! cm~2, where the back- plotted versusl/B are shown in Fig. 3. In order to
ground can reliably be determined, we find for= % identify the observed structures we have drawn the

(3) a magnetizationAM = 0.32u3 (0.12u3) per elec- calculated positions of various possible fractionals as

tron. (Here, ujy = 1.38 X 10722 J/T is the effective determined from the /B period of the peaks at integer

Bohr magneton for electrons in GaAs.) The estimatedilling factors. Local maxima emerging iaM/dN; at
error, using different backgrounds, 120%. In Ref. [1]  fractional filling factors at a base temperature of 0.3 K are
for slightly different conditionsT = 0.5 K, N = 1.5 x found to depend critically on the carrier density in Fig. 3a.
10" cm2) a value of AM = 0.3} was calculated for Slightly increasingVs results in resolving features nedr
v = . Because of these different conditions one canno@nd 3 in addition to the earlier observeld In curve (1)
absolutely compare these values, however, they are of tHeis difficult to identify the exact positions at < 1 due
same order. to the smaller signal-to-noise ratio at this lovk. At
Interestingly, in Fig. 2 the absolute signal amplitudes afilling factors greater than = 1 the magnetic behavior
y = % and% are almost the same, though differs by a IS compllcated by a ;houlder which v_V|II k_Je discussed
factor of 2.” This is in contrast to the magnetic behaviorln detail below. Starting from smals in Fig. 3a one
observed at the Landau and also at the exchange enhanc@perves different features in the vicinity of= 7 and
spin gaps, where for fixe# the signal strength always 3 merging into the shoulder with increasing. Also a
increases with increasing with a characteristic scaling peak neaw = % becomes more prominent.
for each type of these gaps (compare, e.g., the behavior The observation of this magnetic shoulder fox » <
of the odd filling factors in Fig. 1a as a function &%). 2 is totally unexpected. It might, at first sight, be consid-
Figure 2 indicates that in the case of the FQHS's theered as an asymmetric “broadening” of the= 1 signal.
nature of the magnetization and the corresponding energy
gap is markedly different for each of these fractionals.

If we consider the absolute values per electron, we (@) (b)
find a difference of at least a factor of 2 between the . o8 43 58 o3 a7 5
energy gapsAM X B at » = 5 and 3. One reason °r 107
for the reduction at; might be the smaller degree of [ |45 97 85 415|131 977 8/5
spin polarization as compared to the FQHSat= % 14r dos
which is predicted to be fully spin polarized [2]. From
the values ofAM per electron we can now calculate ¢1-2 -
the corresponding thermodynamic energy gapg X B > dos
for the FQHS's and find fol =03 KandB=7T a S1.0} b
value of 1.9 meV atr = 1 and of 0.7 meV a&. From =
excitation spectroscopy, a smaller gap value of about '208 i 0.4
1.2 meV at 10 T was found far = 5 [13]. >

In order to explore the magnetization in the fractional %2 Mhosgia,
quantum Hall regime in greater detail, we have performed = 061 A ) 103
a series of measurements, where we have increased the
magnetic field stepwise in very small increments of 0.4 I
25 mT at various fixedVs and temperatureE. Here, our ! e 102
technique for testing the thermodynamics on fractionals 0.2
is advantageous. As expected from “classical” theories,
i.e., without considering FQHS'$\M /dNs as a function 0.0 };QL ) . . ._ 0.1
of B decreases to very small signal amplitudetween ' ] > ] >

the integer filling factors [compare curve () in Fig. 3a]. v \

Therefo_re even very small oscillatory changes in the; g 3 (a) MagnetizatiordM /9Ns as a function ofl /B at

magnetic moment due to FQHS’s can be well resolvedy — (.3 K, measured for four differents, from bottom to

This is an improvement with respect to activated transportop: (0.97, 1.08, 1.18, antl6) X 10'' cm™2. Curves are offset
or the optical measurements where small deviations havier clarity by 0.25 X 107! Jen?/T. (b) SQUID signals for
to be discriminated on large background signals such’s = 118 X 10'' cm2 for different 7, from bottom to top:

I - .8, 2.6, 1.7, and 0.3 K. Curves are offset for clarity. In
as the longitudinal 2DES resistance or the electroné” figures the inverse magnetic field is shown in terms of

hole recombination energy. Note, that the magnetiG, — sN,/eB for the differentNg. Vertical lines indicate the
background in our sample a¥s between 0.97 and positions of fractionals calculated from théB period.
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That this behavior is intrinsic and of importance becomes In conclusion, we have presented measurements in
obvious from the temperature dependence in Fig. 3b. Ithe extreme quantum limit which probe the ground
contrast to what might be expected intuitively, one findsstate energy of a high-mobility low-dimensional electron
that the signal ab = 1 sharpens as the temperaturénis  system. By monitoringgM /dNg, we have observed the
creasedfrom 0.3 to 2.6 K. This asymmetric behavior is magnetization of the fractional quantum Hall states. We
considered to be an intrinsic property of a very high mo-find that it is possible to explain the present data on the
bility and homogeneous 2DES since our experiments ooscillatory magnetization aé within the model proposed
further samples from different wafers exhibiting a some-in Ref. [1]. At % the signal per electron is reduced

what lowery but similarNs = 1.2 X 10'! cm™ showed 55 compared to;. This seems to be the precursor of
v = 1 signals which were symmetric in contrast 10 the 5 4netic spin depolarization in this FQHS. However, the
asymmetric shape found in our best sample. In Fig. 3b ifjgiinct asymmetric behavior of the magnetization around
is most striking that the magnetization of fractional states, _ | has neither been observed in experiments nor been
persists up to 3.8 K and that above 2 K, a new featurg, ajicted theoretically before. This demonstrates that
nears is resolved when the shoulder has diminished. Aljirect measurements of the magnetization offer additional

these temperatures, we cannot extract the FQHS'’s fromysignt into the many-body electron system which is not
the transport data which we have taken under the samgesent in activated transport or optical experiments.

conditions on the sample. We note that the magnetization \y/e acknowledge financial support by the Deutsche

of the integer filling facton = 1 could even be observed Forschungsgemeinschaft via the Sonderforschungsbereich
up toT =~ 6 K (not shown here). 508 “Quantenmaterialien.”
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